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A cta  Chimica Academiae Sc ien t iarum  Hungaricae , Tom us 72 (1 ) ,  pp .  1 — 24 (1972)

ZUM MECHANISMUS DER DESORPTION 
UND AKTIVIERTEN ADSORPTION VON SAUERSTOFF 

AN UNBEUICHTETEM UND UV-BEUICHTETEM
ZINKOXID

K . H a u f fe  und A. J . H e g e d ű s

( In stitu t f ü r  physikalische Chemie der U niversität Göttingen, B R D  
u n d  Tungsram, F orschungsinstitu t, B u d a p est-Ú jpest) 

E ingegangen  am  23. Ju li  1970

E s w u rd e  die durch E v a k u ie ru n g  und  B e lü ftu n g  v e ru rsac h te  D esorp tion  u n d  
A d sorp tion  bei versch iedenen  k o n s ta n te n  T em p era tu ren  sowie die d u rch  T e m p e ra tu rä n ­
derungen  herv o rg eru fen e  D eso rp tio n  u n d  A d sorp tion , bzw . T herm olyse  u n d  C hem i­
so rp tio n  bei 1— 2 • 10“ 5 T orr u n d  1 a tm , an  Z inkoxid  gem essen. Bei 1,2 • 10- ä  T o rr  
w urde auch die P h o to so rp tio n  v o n  O , +  H „0  u n te rsu c h t u n d  s te ts  n u r  eine P h o to ly se , 
n ie  eine P h o to a d so rp tio n  fe s tg es te llt. A u fg ru n d  de r E rgebnisse  is t der V ersuch u n te r ­
nom m en  w orden , die m öglichen R e a k tio n ssc h ritte  im  e inzelnen zu beh an d e ln .

1. P rob lem ste llung

D a A usm aß  u n d  A rt der F e h lo rd n u n g  in d er O b erflächensch ich t d er ZnO - 
K ris ta llite  fü r die elek trischen  und  e lek tro p h o to g rap h isch en  E ig en sch aften  von 
aussch laggebender B ed eu tu n g  sind , is t es das Ziel d ieser A rbe it, w eitere  In fo r ­
m a tio n e n  ü b er die E rzeugung  d e fin ie rte r  O b erfläch en zu stän d e  zu  e rh a lten . A n 
versch iedenen  Z nO -S orten  wird die Ä n d eru n g  der F eh lo rd n u n g sk o n zen tra tio n  
in o b e rfläch en n ah en  Bereichen sow ohl d u rch  th e rm o ly tisch e  als auch  d u rch  
p h o to ly tisch e  P rozesse  s tud ie rt. N eb en  e lek trischen  L eitfäh ig k e itsm essu n g en  
is t die E rm ittlu n g  d e r zeitlichen Ä n d e ru n g  der M asse eine bequem e M ethode, 
um  die Ä nderung  d e r F eh lo rd n u n g sk o n zen tra tio n  in  den O berflächenbere ichen , 
den so genann ten  R an d sch ich ten , zu stu d ie ren . W äh ren d  eine V ak u u m - 
B eh an d lu n g  zur D eso rp tion  von  G asen u n d  hei höheren  T em p era tu ren  zu r 
T herm olyse  von Z inkox id  fü h rt, f in d e t  darauffo lgend  im  B ereich  n ied rig er 
T e m p e ra tu ren  in  A nw esenheit v o n  S au e rs to ff  eine A u fo x y d a tio n  des a k tiv ie r ­
te n  Z inkoxids s t a t t ,  die bei h ö h eren  S au ersto ffd ru ck en  rasch er v e rläu ft.

W enn  auch  E in s trah lu n g  v o n  U V -L ich t a u f Z inkox id  s te ts  zu e iner 
P h o to ly se , d. h . zu  D esorp tionsprozessen  fü h ren  sollte , sofern T e m p e ra tu r , 
D ru ck  u n d  Z usam m ensetzung  d e r um gebenden  G asphase k o n s ta n t b le ib en , 
w ird  in der L ite ra tu r  im m er w ieder auch  au f P h o to ad so rp tio n  von S au e rs to ff  
an  Z inkox id  h ingew iesen. D urch d ie  E rgebn isse  der nachfo lgend  besch riebenen  
U n te rsu ch u n g en  an g ereg t, haben  w ir u ns an  an d e re r Stelle auch  m it den 
th eo re tisch en  Z usam m enhängen  d ieser E rsch e in u n g  ausfü h rlich  b e fa ß t u n d  
k o n n te n  zeigen, d a ß  an  reinem  Z in k o x id  k au m  m it e iner P h o to ad so rp tio n  v o n  
S au e rs to ff g erechne t w erden k a n n  [1].
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E in  anderes P ro b lem  —  ebenfa lls seh r w ich tig  fü r  den  O b erfläch en zu ­
s ta n d  —  is t die N eig u n g  von Z in k o x id , H 20  u n d  C 0 2 ebenfalls b ev o rzu g t zu 
chem isorb ieren . A u f G ru n d  dieses V e rh a lte n s  is t es auch  n ic h t verw underlich , 
w en n  Z in k o x id -P u lv e r, das lange an  H 20 -h a lt ig e r  L u ft ge lagert h a t ,  eine b e ­
ach tlich e  Menge an  H 20  in  der R a n d sc h ic h t aufw eist. E ine  ähn liche  S itu a tio n  
g ilt fü r  C 02. D em zufolge e rsche in t es w ünschensw ert, d u rch  th e rm o g rav i- 
m e trisch e  U n te rsu ch u n g en  w eitere  In fo rm a tio n e n  ü b e r die F eh lo rd n u n g  im  
O b erflächenbere ich  d e r Z nO -K ris ta llite  zu  e rh a lten .

2. E xperim en telles

Zur B estim m u n g  des zeitlichen V erlau fs de r M assenänderung  w äh ren d  th e rm o ly tisch er 
u n d  p h o to ly tisch er V org än g e  w urde eine th e rm o g rav im e trisc h e  V ersu ch san o rd n u n g  m it e iner 
e lek tro n isch en  M ikrow aage v o n  S arto riu s a u fg e b a u t. Ü b e r die A rbeitsw eise  d ieser V ersuchs­
a n lag e  w urde b e re its  a n  a n d ere r Stelle b e r ic h te t  [2— 4]. Z ur U n te rsu ch u n g  w u rd en  v ier 
Z n O -P rä p a ra te  v e rw a n d t, u . zw. ein a-ZnO  (p . a ., R E A N A L , B u d ap es t), d a n n  b-ZnO  (F o to ­
siegel A von der Z inkw eiß -F o rsch u n g sg ese llsch aft O berhausen), c-ZnO (das R E A N A L -P rä- 
p a r a t  m it 0,27 A to m -%  L i, 2 S tu n d en  bei 1000 °C in  L u f t g e tem p ert) u n d  ein  d-ZnO  (das 2 
S tu n d e n  bei 1000 °C in  L u f t  g e tem perte  R E A N A L -P rä p a ra t) .  Ü b e r au sfü h rlich ere  K e n n d a te n  
d ieser P roben  m u ß  g leichfalls a u f  frü h ere  S te llen  verw iesen  w erden  [2, 4].

3. V ersuchsergebnisse ohne B elich tung  und  D iskussion

V erm in d ert m a n  den G asd ruck  ü b e r  ein Z nO -P ulver, das an  d er L u ft 
g e lag e rt h a t, d a n n  b e o b a c h te t m an  eine M asseabnahm e w egen V erflü ch tig u n g  
u n d  D esorp tion  v o n  ko n d en sie rtem  W asse r u n d  ad so rb ie rten  G asen. E ine  
darau ffo lgende  B e lü f tu n g  m it L u ft v e ru rsa c h t die H erste llu n g  des A usgangs­
zu stan d es . Die m ehrm alige  W ied erh o lu n g  d ieser R e a k tio n ssc h ritte  bew ies 
n ic h t  n u r  die R e v e rs ib ilitä t der A d so rp tio n , sondern  auch  die lineare  A b h än ­
g ig k e it der G ew ich tsabnahm e bzw . G ew ich tszunahm e von  der Z nO -E inw aage. 
E in e  A bw eichung v o n  dieser L in e a r i tä t  n a c h  k leineren  W erten  m ach te  sich 
n u r  d an n  b e m e rk b a r, w enn m it g rö ß ere r E inw aage die Sch ich td icke  des 
P u lv e rh au fen s  in  d e r W ägeschale zu s ta rk  anw uchs. N ah m  m an  zu einer 
g rö ß eren  E inw aage einen T iegel v o n  g rößerem  D urchm esser, so b lieb  die 
L in e a r i tä t  auch  b e i g rößeren  E in w aag en  e rh a lte n . Im  F alle  e iner Q u e rsch n itts ­
f lä c h e  von  1,58 cm 2 verschw and  die bei 100 u n d  200 m g E in w aag e  gem essene 
A bw eichung  von  d e r  L in e a r itä t b e re its  bei ZnO -M engen von  50 u n d  100 m g.

D er lineare  Z usam m enhang  m it d e r E inw aage b e d e u te t ab er n u r  bei 
derse lben  P ro b e  d ie  gleichzeitige lin ea re  A b h äng igke it v o n  der B E T -O ber- 
f lä ch e . D er B efu n d  e in er größeren A d so rp tio n  u n d  D eso rp tion  von  ± 6 9 5  pg /g  
ZnO  beim  b-ZnO  ( s ta t t  565 pg beim  a-ZnO ) m it einer a n n äh e rn d  gleichen B E T - 
O b erfläche  von  3 ,8— 3,9 m 2/g, k a n n  als ein  Bew eis d a fü r angesehen  w erden , 
d a ß  bei der A d so rp tio n  n ich t n u r  die O b erfläch e , sondern  auch  die O berflächen ­
a k t iv i tä t  eine w ich tig e  Rolle sp ie lt.
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Zeit (Stunden)
Abb. 1. E in flu ß  de r ö fters w iederho lten  D ru c k än d e ru n g  d e r u m g eb en d en  Z im m erlu fta tm o sp h äre  
au f das G ew ich t v o n  100 m g a-Z nO -P u lver. D ie  B ew egung des ZnO allein  is t  d u rc h  n o rm al 
ausgezogene L in ien , d ie des m it ZnO b e lad en en  T iegels d u rc h  g estrich e lt v e rlän g erte  an g e­

d e u te t

R e g is tr ie r t m an die d u rch  period isch  w iederho lte  E v ak u ie ru n g  u n d  
B elü ftu n g  e rh a lten en  G ew ich tsänderungen , w ie z. B . in  A bb. 1, so b e m e rk t 
m an , d aß  die G ew ich tsänderungen  lan g sam , w ahrschein lich  einem  G ren zw ert 
zustreb en d , ab n eh m en . A u f G ru n d  dieses S ach v e rh a lts  d a rf  m an a n n eh m en , 
daß es sich hei diesem  V organg  n ic h t n u r  u m  eine A dso rp tion  h an d e ln  k a n n , 
da ja  z .B . m it dem  A u s tr i t t  von  H 20  auch  chem ische O berfläch en -R eak tio n en  
ab laufen , wie z. B .:
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Z n(O H )2 =  Z n 0  +  H 20  (1)
u n d

Z n (C 0 3)1_ x • (0 H )2X • y H 20  — Z n 0 x(C 0 3)1_x +  ( x + y ) H 20  (2)

V e rm u tlic h  trag en  diese chem ischen V orgänge zu r Ä nderung  d er O b erfläch en ­
a k t iv i tä t  und d er F e h ls te llen k o n zen tra tio n  in  der R an d sch ich t bei. D em nach  
b e s te h t zw ischen R an d sch ich t und  u m g eb en d er A tm osphäre  eine stän d ig e  
W echse lw irkung , derzufolge S tru k tu r  u n d  chem ische Z u sam m ense tzung  der 
R a n d sc h ic h t g eä n d e rt w ird , w enn sich

a) das K o m p o n en ten v e rh ä ltn is  des m ehrkom ponen tigen  S o rb a ts  (z. R. 
Ä n d e ru n g  des H 20 -  u n d  C 0 2-G ehalts d er L u ft) , oder

b) auch  die Z ah l d er in  der G asphase  a u ftre te n d en  K o m p o n en ten  (z. B . 
v o n  S äu red äm p fen , H alogenen , A m m oniak , K ohlenw asserstoffe , usw .) w äh ren d  
d e r  L ag eru n g  v e rän d e rn .

V  enn die zu r B e lü ftu n g  v e rw en d e te  L tift der R eihe n ach  m it k o n zen ­
tr ie r te m  H 2S 0 4, g ran u lie rtem  K O H , S ilik ag e l u n d  einer F alle  m it flüssiger 
L u f t  v o rg e tro ck n e t w u rd e , d an n  g e lang ten  w ir zu den in  T abelle  I  —  gem ein-

Tabelle I

E in f lu ß  des Druckes a u f  die M asseänderung des a -ZnO  m it einer В  ET-O berfläche =  3,9 m-/g 
und einer fre ie n  geometrischen Oberfläche in  der Wägeschale von 1,58 cm 2

E v a k u ie ru n g  u n d  B e lü f tu n g  m it  n ic h t  g e tro c k n e te r  L u ft 

760 — 2 • 1 0 -5 — 760 T o rr

163
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sam  m it den v o ran g eh en d  geschilderten  V ersuchsergebn issen  —  angegebenen 
W e rte n , aus denen  h e rv o rg eh t, daß  die bei 25 °C ad so rb ie rten  S toffe aus e tw a 
80 %  H 20  +  C 0 2 b e s te h e n  m üssen. D abe i k a n n  d er A n te il an  C 0 2 höchstens 4 %  
b e tra g e n , weil das A usschalten  e iner F alle  m it flüssiger L u ft keine größere 
A bw eichung als p g  pro E inw aage v e ru rsa c h te . E s s te h t noch die F rag e  
offen, ob die D ifferenz von  ~ 2 0 %  überw iegend  d er A d so rp tio n  an d erer Gase 
( 0 2, N 2, CO, K ohlenw asserstoffe) oder dem  M eßfehler zugeschrieben w erden

Temperatur (°C)

Abb. 2. T herm olyse  des a-Z nO -P ulvers. Z eitliche  G ew ich tsab n ah m e, a)  T G -K urve; zeitliche 
Ä nd eru n g  des D ruckes, b) D ru ck k u rv e  (p u n k tie r t:  a b n eh m en d e r gestrich e lt: an ste ig en ­
d e r P o 2)‘ E inw aage =  20 m g im  Pt-T iegel, T e m p era tu ran s tieg  =  6 °C /M inute, G ru n d v ak u u m

p  =  1 ■ 10 - 5 T o rr

m uß. W enn m an die s ta rk e  H20 -A d so rp tio n  u n te rd rü c k e n  w ill, um  die A d­
so rp tio n  der an d eren  S toffe stu d ie ren  zu kö n n en , d an n  m uß  m an beim  E in ­
se tzen  einer neuen  P ro b e  solange einige M ale ev ak u ie ren  u n d  m it hochge­
tro c k n e te r  L u ft v o rb e lü fte n , bis gleiche D esorp tions- u n d  A dso rp tionsw erte  
e rh a lte n  w erden. U ngenügende T ro ck n u n g  fü h r t  so fo rt zu  höheren  G ew ich ts­
än d eru n g en  infolge zu sä tz lich er A d so rp tio n  v o n  H 20 .

E ine  sim u ltan e  th e rm o g rav im etrisch e  u n d  m assen sp ek tro m etrisch e  A u f­
n ah m e  m it dem  M ettle r  V aku u m -T h erm o an aly ser u n d  B alzers QMG 101 
M assen sp ek tro m eter [5] ergab bei e iner A ufheizgeschw indigkeit von 6 °C /m in 
u n d  einem  A u sg an g sv ak u u m  von 1 • 10 ~5 T o rr  die in  A bb . 2 w iedergegebenen 
D ru ck - u n d  G ew ich tsänderungen . D as M assen sp ek tro m ete r zeigte in n erh a lb  
m  =  0— 50 eine R estg aszu sam m en se tzu n g  von  2 :3  0 + : 22 H 20  1 : 10 CO +
u n d  : 3,5 0 ^  an . D e r Io n en stro m  von  H 20 + wies bei ~ 2 4 0 ° C  ein M axim um  
u n d  bei ~ 5 9 5  °C ein M inim um  auf, w äh ren d  der von  C O Í schon ab 120 °C
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an zu ste ig en  begann  u n d  bei ^ 5 9 5  °C ein M axim um  durch lief. D er A nw uchs 
v o n  fin g  bei ~ 4 5 0  °C an  u n d  n a h m  ü b e r e tw a  750 °C ex p o n en tie ll zu. Die 
S ch w an k u n g en  der C O +-M enge verlie fen  a n n ä h e rn d  p a ra lle l m it den Ä n d e­
ru n g en  des CO^~-Ionenstromes. Z um  V erg leich  sollten ähn liche  m assenspek tro - 
m e trisch e  M essungen von  K o d é r a , K u s u n o k i  u n d  S h im izu  [6] herangezogen  
w erd en . L eider hab en  die A u to ren  keine A nalysen  ü b er das u n te rsu c h te  ZnO 
m itg e te ilt . Aus unseren  u n d  ih ren  E rg eb n issen  k an n  m an  ab er ohnedem  sofort 
e n tn e h m e n , daß  eine solche M ethode, die die s im u ltane  A ufnahm e d er G ew ich ts­
u n d  E n th a lp ie ä n d e ru n g e n  (beim  ZnO  zeig t n a tü r lic h  die D T A -K u rv e  keine 
so lchen  Ä nderungen  an) d er fes ten  P h ase  sowie der genauen  m engenm äß igen  
V e rte ilu n g  der deso rb ie rten  u n d  ex h a lie rte n  Gase in  A b h än g ig k e it von  T em ­
p e ra tu r  u n d  Zeit erm ög lich t, w ohl die gegenw ärtig  zuverlässigste  In fo rm a tio n  
ü b e r  V orgesch ich te  u n d  th e rm isch e  E ig en sch aften  eines F ests to ffes  lie fe rt. 
A us d em  U ntersch ied , d aß  die H a u p tm e n g e  des C 0 2 im  F a lle  unseres P rä p a ­
ra ts  b e i e iner um  e tw a 200 °C h ö h er liegenden  T e m p e ra tu r  en tw e ich t als bei 
K o d é r a , K u su n o k i u n d  S h im iz u , k a n n  m an  a u f  versch iedene H ers te llu n g s­
u n d  L ag eru n gsbed ingungen  des O xids sch ließen . Ih re  A u fn ah m en  s tam m en  von  
e in er Z nO -P robe, die län g ere  Z eit ge lag ert w urde . B ere its be i e iner u n m itte lb a r  
n a c h h e r  ausgefüh rten  zw eiten  A u fn ah m e sch ru m p ften  die m assen sp ek tro - 
m e trisc h e n  In te n s itä te n  a u f  ganz n iedrige W erte  zusam m en. A ußerdem  w ech­
se lten  au ch  die In te n s itä tsv e rh ä ltn is se  d er deso rb ierten  S toffe b e trä c h tlic h . 
N u r d ie  0 +- und  0 2+-L in ien  ersch ienen  bei derselben  T e m p e ra tu r  u n d  m it 
u n v e rä n d e r te r  In te n s i tä t .  Als w e ite re r B e itrag  zu diesen E rw äg u n g en  seien 
noch  die B efunde von  Morim oto , N agao  u n d  T o k u d a  [7] herangezogen . Sie 
h a b e n  m it im  V akuum  bei v e rsch iedenen  T em p era tu ren  v o rb e h a n d e lte n  ZnO - 
P ro b e n  D esorp tions- u n d  A d so rp tio n sv ersu ch e  m it H 20  au sg e fü h rt u n d  ge­
fu n d e n , d aß  die V o rb eh an d lu n g  fü r  das A u ftre te n  von  schw ächer u n d  s tä rk e r  
g eb u n d en em  W asser v e ra n tw o rtlic h  is t, das bei n iedrigeren  oder h öheren  T em ­
p e ra tu re n  abgespalten  u n d  ch em iso rb ie rt w ird.

E s  is t eine an  O xiden  o ft b e o b a c h te te  T a tsach e , d aß  sie beim  E rh itz e n  
im  V a k u u m  zw ischen 200— 800 °C CO abgeben , m an ch m al in  ü b e rra sch en d  
g ro ß er M enge [6]. D abei h a t  es sich gezeigt, daß  sow ohl en tw eichendes CO 
als au c h  C 0 2 am  oder im  ZnO n ic h t u n b e d in g t als CO oder C 0 2, d .h . n ic h t als 
A d so rb a t oder E in sch lu ß v erb in d u n g  v o rh an d en  sein m üssen . K oh len d io x id  
k a n n  sich auch aus Z in k k a rb o n a tre s ten , CO aus Z in k k a rb o x y la t b ild en . Im  
le tz te re n  F a ll w ird  w ohl C 0 2 chem iso rb ie rt, aber CO d eso rb ie rt. E in e  a u f  den 
e rs te n  B lick  u n v erstän d lich e  СО-D eso rp tio n  w ird  jed o ch  v e rs tä n d lic h , w enn 
m a n  b erü ck sich tig t, d aß  beim  E rh itz e n  im  V akuum  sich th e rm o ly tisc h  Z ink 
an  d e r O berfläche b ild e t. Dieses chem iso rb ie rt beim  A bküh len  C 0 2 als K arb o x y - 
la t ,  das beim  W iedererh itzen  u n te r  СО-A bgabe zerse tz t w ird . U n län g st h ab en  
w ir au ch  d a rü b er b e ric h te t [4], d aß  die therm isch e  D issoziation  des ZnO im  
V a k u u m  bei 400—500 °C b e re its  eine g u t m eßbare  G eschw ind igkeit e rre ich t.
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D as h ierbei e n ts te h e n d e  О _(ads) oder O (ads) k a n n  n u n  m it ad so rb ie rten  
K ohlenw assersto ffen  u n d  ih ren  Z e rse tzu n g sp ro d u k ten , m it K ohle oder C O (ads) 
abreagieren  u n d  C 0 2 b ilden . A ls B ru tto -R e a k tio n  w ird  das E n tw eichen  v o n  
C 0 2 und  bei m o n o to n  s te ig en d er T e m p e ra tu r  auch  eine vo rübergehende A n ­
häu fung  von  Zn an  der O berfläche  b e o b a c h te t. D u rch  diese Z ink-A nreicherung  
k ö n n te  die A b n ah m e des M asseverlustes in  der U m gebung  von  700 °C an  d e r 
K u rv e  a)  in  A b b . 2, bzw . das M inim um  bei e tw a 650 °C an  der K urve  b)  v e r ­
u rsach t sein. B ei w e ite rs te ig en d er T e m p e ra tu r  n im m t d an n  die D eso rp tio n s­
geschw indigkeit des Zinks zu ; K u rv e  e r z e ig t  eine b eg innende  steile ze itliche

ő  Temperatur (°C )
Abb. 3. M asseänderung  (N o rm ala tm o sp h ä re  ->- 2 • IO -6  T o rr  R estg as) v e ru rsac h t du rch  re v e r­
sible H 20  -f- 0 2- (o b e re  ausgezogene K u rv e ) u n d  Oä-A d so rp tio n  (u n te re  ausgezogene K u rv e ), 
Aflg/g  ZnO, be i k o n s ta n te n  T e m p e ra tu re n  (T abelle  I). G estrich e lt v e rlän g erte r  K u rv e n te il, 
K on d en sa tio n  u n d  P h y s iso rp tio n ; p u n k tie r t  v e rlä n g e rte r , C hem iso rp tion . E rk lä ru n g  im  T e x t

G ew ich tsab n ah m e, u n d  S au e rs to ff  bzw . Z ink  so llten  im  M assenspek trum  m it 
zunehm ender I n te n s i tä t  e rscheinen . K ö n n en  ab er bei g leichzeitiger D ru c k a b ­
nah m e w eder Z in k d äm p fe  noch  S au ers to ff nachgew iesen  w erden , d ann  d ü rf te  
h ie rfü r ein unzw eckm äß iger Y ersu ch sau fb au  v e ra n tw o rtlic h  sein [verfälsch te  
D ruckw erte  be i a rb e iten d e r D iffusionspum pe; E rm ög lichung  von Zn(gas) 
u n d  0 2(gas) R ek o m b in a tio n  oder Z n -K o n d en sa tio n  u n d  Z n-G ette rw irkung  
in  zu langen, k ü h le re n  u n d  engen R ez ip ien tgängen  zw ischen M assenspek tro ­
m e te ra n a ly sa to r  u n d  P robe, usw .].

Die d u rch  jä h e  D ru ck än d e ru n g  hervo rgeru fene  D eso rp tion  und  A d so rp ­
tio n  haben  w ir au c h  bei 250 u n d  450 °C gem essen. D ie E n d w erte  dieser M es­
sungen  sind eben fa lls  in  T abelle I  angegeben . Sie zeigen, d aß  die so au fg e tre ten e  
reversib le A d so rp tio n  auch  bei höh eren  T e m p e ra tu ren  abhän g ig  von  der E in ­
w aage und  d a m it b e i derselben P ro b e  auch  abhäng ig  v o n  d er B E T -O berfläche 
is t. Die g raph ische  W iedergabe d e r E rgebn isse  is t aus A bb . 3 zu en tn eh m en . 
H ierau s e rk en n t m a n  die T endenz der T e m p e ra tu rab h ä n g ig k e it der rev e rs ib ­
len H 20 - j - 0 2- bzw . 0 2-A dsorp tion . D ie Н 20 + 0 2-K u rv e  ze ig t ein M inim um  e tw a  
zw ischen 200— 250 °C. A uch  an d ere  A u to ren  [7, 8] h a b e n  a u f  einen solchen 
W en d ep u n k t im  e rw äh n ten  T e m p e ra tu rb e re ic h  h ingew iesen. D er in  A bb. 3
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w iedergegebene V erlau f d er H 20 - ) - 0 2-K u rv e  k an n  aus zwei K u rv e n te ile n  zu ­
sam m en g ese tz t angenom m en w erden , v o n  denen  der K u rv e n te il 1 e insch ließ­
lich  d e r gestrichelten  v e rlän g e rten  T eile  die P hysiso rp tio n  bzw . -deso rp tion  
des H 20  aus dem  G asgem isch d a rs te llt , d ie m it s te igender T e m p e ra tu r  k le iner 
w ird . A us dem  K u rv e n te il 2 k an n  m an  dagegen  annehm en , d aß  die m erk liche  
G ew ich tszunahm e m it s te igender T e m p e ra tu r  au f einer chem ischen  O b er­
f lä c h e n rea k tio n  des H 20  m it dem  feh lg eo rd n e ten  Z nO -G itte r b e ru h t:

H 20 (g as)  Z n ‘ =  2 0 H |0 |"  e' -\- ZnO (3)

w obei OHJOj" ein O H -Io n  au f einem  S au ersto ffio n en -G itte rp la tz , Z n - ein 
Z ink ion  au f Z w isch en g itte rp la tz  u n d  e' ein  freies E lek tro n  rep rä sen tie ren . W ie 
in  G l. (3) schem atisch  an g ed eu te t, k a n n  es bei etw as höheren  T em p era tu ren  
zu  e iner m erk lichen  H y d ro x id -B ild u n g  kom m en, die hei w e ite r anste igenden  
T e m p e ra tu ren  d ann  w ieder ab n im m t u n d  schließlich d u rch  A b lau f des T eil­
s c h ritte s  von rech ts n ach  links in Gl. (3) w ieder rückgäng ig  gem ach t w ird .

W ie m an aus A bb . 3 w e ite rh in  e rk e n n t, is t der A nte il d er S auerstoff- 
A d so rp tio n  erheblich  k le iner als der v o n  H 20 .  Dieses is t o ffenbar auch  d er G rund , 
d a ß  ein im  V ak u u m  th e rm isch  b e h a n d e lte s  ZnO am  s tä rk s te n  fü r  H 20  wie ein 
»G etter«  w irk t.

A us der schem atischen  D ars te llu n g  der M eßreihen, die bei 250 bzw . 
450  °C d u rch g e fü h rt w urden , e rg ib t sich  bei 250 °C bzw . bei 450 °C eine 
w esen tlich  höhere A usheilung  von  K ris ta llfeh le rn  als bei 25°€ . Die a llm äh liche 
G ew ich tszunahm e d er P robe nach  m eh rfach er A dsorp tion  u n d  D eso rp tion  
w e is t d a ra u fh in ,  d aß  ein Teil des S au ersto ffs  zu r A usheilung d e r K ris ta llfeh le r 
v e rb ra u c h t und  d a m it irreversibe l e in g e b a u t w ird. Bei 450 °C v e r lä u ft die A u s­
h e ilu n g  so schnell, d aß  sich bere its  n a c h  d e r ersten  De- u n d  A dso rp tio n sp erio d e  
eine k o n s ta n te  O b e rflä c h en a k tiv itä t e in ste llt.

In  A bb. 4 is t die d u rch  jä h e  T e m p e ra tu rän d e ru n g  v e ru rsa c h te  D eso rp ­
tio n  u n d  A dsorp tion  —  einschließ lich  O b e rflä c h en re a k tio n ----von  0 2 bzw .
H 20  bei 1 a tm  (K u rv e  a u n d  b), sowie bei 1,2 • 10 5 T o rr (K u rv e  c) gegen die 
T e m p e ra tu r  au fg e trag en . D abei b e d e u te t  die schnelle T e m p e ra tu rän d e ru n g  
a u f  250 °C oder zu rü ck  auch  im  w eite ren  s te ts  ~ 1 3  M inu ten , a u f  450 °C oder 
z u rü c k  s te ts  ~ 7  M in u ten . N ach  m a x im a l 2 S tunden  w ar im  allgem einen ein 
s ta tio n ä re r  Z u stan d  erre ich t. W äh ren d  K u rv e  a m it H 20 -h a ltig e r  L u ft e rh a lten  
w u rd e , s te llt K u rv e  b eine analoge M eßreihe m it H 20 -fre ie r  L u ft dar. W ie m an  
aus dem  V erlau f d er K u rv en  a u n d  b e rk e n n t, is t bei w asse rd am p fh a ltig er 
L u f t  von  1 a tm  die C hem isorp tion  von  H 20  um  etw a eine G rö ß en o rd n u n g  höher 
als die von  S auersto ff. W enn  auch  die be i 1 a tm  L u ft e rh a lten en  V ersu ch ser­
gebnisse  infolge d er th e rm isch  a sy m m etrisch  au fg eb au ten  W aage u n d  der 
h ie rd u rc h  v e ru rsach ten  S tö rungen  [2, 3, 4] n ich t so zuverlässig  wie die in  
V ak u u m  gem essenen sind , so schein t doch  der bei 250° C e rh a lten e  W ert von
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50 fj,g 0 2/ l  g ZnO n ic h t u n v e rn ü n ftig  zu sein, w eil 50 /xg 0 2 n u r  ~ 0 ,1 6  m 2/g 
von  d er 3,9 m 2/g v e rfü g b a ren  B E T -O berfläche  des u n te rsu c h te n  ZnO bedecken . 
Die A k tiv itä t  der Z nO -O berfläche s te ig t d u rch  die gesch ilderten  therm ischen  
B ehand lungen  e tw a  bis zu jen e r T e m p e ra tu r  an , bei w elcher eine m erkliche 
S in te ru n g  zu einer A bnahm e der O b erfiäch en g rö ß e  fü h r t .  Bei u nsere r P robe 
lag diese T e m p e ra tu r  in  der U m gebung  von 500 °C, so d aß  das M axim um  der 
A d so rp tio n sk a p a z itä t in  der N ähe d ieser T e m p e ra tu r  zu e rw arten  w äre, was 
m it U n tersu ch u n g en  an d e re r A u to ren  [7] im  E in k lan g  zu sein schein t.

Abb. 4. D urch  T em p era tu rän d e ru n g  v e ru rsac h te  reversib le  A d so rp tio n  v o n  H 20  +  0 2 (K u rv e  n) 
u n d  0 2 allein  (K u rv e  b), A fig/g ZnO , bei N o rm a la tm o sp h ä re n d ru ck  bzw . bei 1,2 • 10 “ 5 T orr

R estg as (K u rv e  c)

B ei genügend n ied rig en  D ru ck en  von  < T 0 ~ 4 T o rr  is t  au ch  bei einer geo­
m etrisch -therm isch  asym m etrisch  au fg eb au ten  A p p a ra tu r  völlige S tö ru n g s­
fre ihe it der W ägung  zu erlangen . D ies erm ö g lich t die D u rch fü h ru n g  von  ex ak ­
ten  D esorp tions- u n d  A dso rp tionsm essungen  bei einem  k o n s ta n te n  R estg as­
d ru ck  von 1,2 • 1 0 ~ 5 T o rr  bzw. hei einem  k o n s ta n te n  S au ersto ffd ru ck  von 
1 • 10-5  T orr [9], w obei von einer k o n s ta n te n  D e so rp tio n s te m p e ra tu r  rasch  
a u f die k o n s tan te  A d so rp tio n s te m p e ra tu r  von  25 °C a b g e k ü h lt w ird . Zwecks 
E rre ich en  eines s ta tio n ä re n  W ertes ließen  w ir die D eso rp tio n  bei der gew ünsch­
te n  Y ersu ch s tem p era tu r  e tw a  2 S tu n d e n  lan g  lau fen , k ü h lte n  d a n n  rasch  ab 
und  verfo lg ten  die n u n  e insetzende A d so rp tio n  e tw a  6 S tu n d e n  lang . D anach  
ließen w ir die P ro b e  in  d er W aage be i 3 — 5 • 10-4  T o rr  w äh ren d  einer N ach t 
stehen , b e lü fte ten  ansch ließend  fü r  k u rze  Z eit (■~30 m in) u n d  w iederholten  
eine solche De- u n d  A dso rp tio n sp erio d e  m ehrm als m it derselben  E inw aage. 
Die e rh a lten en  M eßw erte  hab en  w ir in  den  T ab e llen  I I — IY  zusam m engefaß t 
u n d  die au fgenom m enen K u rv en  in  den  A bbildungen  5— 7 w iedergegeben.

D ie K u rv en  b e s tä tig e n  e rn eu t die in  T abelle  I  u n d  A bb . 1 be re its  ange­
gebene du rch  D ru ck v erm in d eru n g  v e ru rsa c h te  G ew ich tsab n ah m e (A bb. 5 —7,
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s e n k r e c h te ------------L in ien), die w ir als V ak u u m d eso rp tio n  b en en n en  können .
B ei d ieser D esorp tion  s te llt sich das G leichgew icht e rfah ru n g sg em äß  ziem lich 
sch n e ll ein  (A bb. 5— 7, obere d ü n n  ausgezogene L in ien , G leichgew ichts-

A bb. 5. Z eitlicher V e rlau f d e r D eso rp tio n  u n d  T herm olyse  h e i 250 °C u n d  d e r darau ffo lgenden  
S au ers to ffad so rp tio n  m it  O b e rfläch en reak tio n  bei 25 °C, in  e inem  k o n s ta n te n  V a k u u m  von 
1,2 • 10 _5 T o rr R estgas (ausgezogene K u rv en ). M it 182,7 m g a-ZnO  gem essen u n d  a u f  1 g ZnO 

u m g erech n e t. E rk lä ru n g  in  T abelle  I I  u n d  im  T ex t

A bb . 6. Z eitlicher V e rlau f d e r D eso rp tio n  u n d  T herm olyse  b e i 350 °C u n d  de r darau ffo lg en d en  
S a u e rsto ffad so rp tio n  m it  O b e rfläch en reak tio n  bei 25 °C, in  e inem  k o n s ta n te n  V ak u u m  von  
1,2 ■ l p -5  T orr R estg as (ausgezogene K u rv e n ). M it 185,89 (K u rv e  a) bzw . 86,33 m g a-ZnO 

gem essen  (K urve  b) u n d  a u f  1 g ZnO u m g erech n e t. E rk lä ru n g  in  T ab e lle  I I I  u n d  im  T ex t

z u s ta n d  bei N o rm ala tm o sp h äre ; m ittle re  d ü n n  ausgezogene L in ien , G leich­
g ew ich tszu stan d  bei 1,2 • 1 0~ 5 T o rr  R estg asd ru ck ). D ie bei 1,2 • 10-5  T o rr 
u n d  250, 350 bzw . 450 °C e rh a lten en  W erte  geben die K in e tik  d er T herm o- 
d e so rp tio n  (Tabelle I I — IV, obere Z ah lensäu len ; A bb. 5 — 7, k o n k a v  ausge­
zogene K urven) w ieder, w äh ren d  die ohne U n te rb rech u n g  bei gleichem  D ruck
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a b e r  bei 25 °C aufgenom m enen  K u rv en  die K in e tik  d er A dso rp tion  anzeigen 
(Tabelle I I — IY , u n te re  Z ah lensäu len ; A bb. 5— 7, k o n v ex  ausgezogene K u r ­
ven). Schließlich w ird  die M eßperiode d u rch  eine L ag eru n g  w ährend  einer 
N a c h t in  einem  V ak u u m  von  3— 5 • 10 T o rr  u n d  infolge einer ku rzen  B e ­
lü f tu n g  d u rch  A d so rp tio n  b een d e t (A bb. 5— 7, — • —  •— K urven).

Abb. 7. Z eitlicher V e rla u f  d e r D esorp tion  u n d  T herm olyse  bei 450 °C u n d  de r d a rau ffo lgenden  
S a u e rsto ffad so rp tio n  m it  O berfläch en reak tio n  be i 25 °C, in  e inem  k o n s ta n te n  V ak u u m  v o n  
1,2 • 10 ~ 5 T o rr R e stg as  (ausgezogene K u rv en ). M it 185,33 m g a-Z nO  gem essen u n d  a u f  1 g 

ZnO  u m g erech n e t. E rk lä ru n g  in  T ab e lle  IV  u n d  im  T ex t

Q u a n tita tiv  k ö n n en  die E rgebnisse  in  den  T ab e llen  I I —IY  z. B . m it 
d e r R o g in sk y — Z e l d o v it sc h  G leichung [8] e rfa ß t w erden :

d n
------ — w e -b n

d t
(4)

wo n  die d eso rb ie rte  bzw . adso rb ie rte  G asm enge, die K o n s ta n te n  a und  b d ie 
A nfangsgeschw ind igkeit u n d  die Ä nderung  der A ktiv ie rungsenerg ie  b ed eu ten .

W ir h ab en  b e re its  e rw äh n t, daß  infolge E v a k u ie ru n g  bei 25 °C vom  
Ь-ZnO um  36 ,6%  m e h r Gase d eso rb ie rt w erden  als v o m  а -ZnO tro tz  gleicher 
B E T -O berflächen . D ie th erm isch en  D eso rp tionsversuche  bew iesen aber, d aß  
beim  Ь-ZnO au ch  die d u rch  E rh itz u n g  abgegebene G asm enge um  30—4 0 %  
größer is t als be im  а -ZnO . D er U m stan d , d aß  diese D ifferenz  m it der A k tiv itä t  
in  Z usam m enhang  s te h t ,  die A k tiv itä t  jedoch  eine F u n k tio n  der F eh ls te llen ­
k o n zen tra tio n  d e r O b erfläche  ist, e r la u b t die F o lgerung , d aß  bei b e s tim m ten  
F ests to ffen , so au c h  beim  ZnO , die th e rm o d eso rb ie rte  G asm enge zu r B erech ­
n u n g  d er F e h ls te llen k o n zen tra tio n  geeignet sein m ü ß te . Solange die d eso rb ie rte  
G asm enge in  je d e m  Z e itp u n k t p ro p o rtio n a l d er E in w aag e  u n d  B E T -O ber- 
fläch e  is t, g ilt d er Z u sam m enhang :

n — a • m ■ v — a • m  • к • c (5)
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Tabelle II

D esorption  und Thermolyse von a-ZnO (182 ,7  m g ) bei konstantem  D ruck von 1,2 • 1 0 ~5 Torr 
beim  E rh itzen  von 25 a u f  250 °C und A dsorption  m it Oberflächenreaktion beim  A b kü h len  von 250

a u f  25 °C

M it d e rse lb en  E inw aage w u rd e  jew eils n a c h e in a n d e r  gem essen u n d  zw ischen d en  einzelnen 
M essungen  14 S tu n d en  lan g  in  einem  V ak u u m  v o n  3 — 5 • 10- J  T o rr g e lag ert. V o r de r e rn eu ten  

E v ak u ie ru n g  w urde  10 M in u ten  g e lü fte t

D eso rp tio n  u n d  Therm olyse 
(jg /g  ZnO

nach 6 m in 355 443 509
9 520 558 613

15 645 618 667

21 684 640 679

30 706 657 690

45 717 679 701

60 722 706 712

90 750 712 722
120 777 722 728

M itte lw ert an  M assenverlust n ach  2 S tunden

742 /tg /g  ZnO

2 5 0 — 25 °C A d so rp tio n  u n d  O berflächenreaktion

nach 30 m in 93 77 60

50 159 148 120

90 213 203 181

120 257 252 224

150 301 301 263

180 345 334 296

210 383 367 328

240 416 400 361

M itte lw ert an  M assengew inn n ach  4 Stunden

392 /«g/g ZnO

wo n d ie desorb ierte  G asm enge, a eine K o n s ta n te  (spezifische O berfläche), tu 
d ie M asse des ZnO, v  die G eschw ind igkeit d er A dsorp tion , к  die G eschw indig­
k e itsk o n s ta n te  der A dso rp tio n  u n d  c die F eh ls te llen k o n zen tra tio n  (A k tiv itä t)  
sind .

D iese F orm el is t id en tisch  m it d e r A usgangsform el von  P a n a s s j u k , 
D a n t s c h e w s k a ja  u n d  K o bo slew  [10], die fü r die m assen sp ek tro m etrisch e
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Tabelle III

D esorption und Therm olyse von a-ZnO  (185.89 und  86,33 mg) bei konstantem  D ruck von 1,2 • 1 0 -5  
Torr beim E rhitzen  von 25 a u f  350 °C und A dsorp tion  m it Oberflächenreaktion beim A bkühlen

von 350 a u f  25 °C

M it derselben  E inw aage  w urde jew eils d re im al n ach e in an d e r gem essen, zw ischen den e inzelnen 
M essungen 14 S tu n d en  lan g  in  einem  V ak u u m  von  3 — 5 • 10 _4 T o rr  g e lagert und  v o r der 

e rn eu ten  E v ak u ie ru n g  10 M inuten  b e lü fte t

D eso rp tio n  u n d  Therm olyse 
g g /g  ZnO

m it  185,89 m g ZnO m it 86,33 m g ZnO

nach  6 m in 802 608 672 1100 950 1008

9 1114 828 818 1402 1066 1124
15 1173 909 888 1460 1124 1193
21 1194 936 904 1194 1147 1216

30 1205 963 920 1506 1158 1239
45 1221 979 936 1517 1170 1263
60 1232 990 947 1529 1182 1274

90 1243 995 958 1529 1182 1274

120 1253 1006 973 1529 1182 1274

M itte lw ert an  Miissenverlus t nach 2 Stu n d en

990 /(g/'g ZnO 1228 /(g/g ZnO

35 0 — 25 °C A d so rp tio n  u n d  O berflächenreak tion

n ach  30 m in 129 91 81 220 151 151

60 221 183 156 359 255 255

90 307 247 221 475 348 336

120 366 312 285 556 417 405

150 420 360 339 625 498 487

180 468 414 393 683 556 544

210 511 457 430 741 614 602

240 554 495 473 811 672 649

M itte lw ert an  M assengew inn nach  4 S tu n d en

507 /(g/g ZnO 711 jttg/g ZnO

I n te n s i tä t  des aus ZnO  v erd am p fen d en  Z n-Ü berschusses diese F orm el a b ­
le ite ten , um  d arau s die F eh ls te llen k o n zen tra tio n  des ZnO zu e rrechnen . 
D abei w urde  allerd ings v o rau sg ese tz t, d aß  die Therm olyse des ZnO e rs t ü b e r 
800 °C b eg in n t, w äh ren d  bei n ied rigeren  T e m p era tu ren  n u r  das überschüssige, 
d. h . n u r  das au f Z w isch en g itte rp la tz  befind liche  Zn v e rd a m p ft u n d  m it dem
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Tabelle IV

D esorption und Therm olyse von a-ZnO (185,33 m g) bei konstantem  D ruck von 1,2 ■ 10 ~ b Torr  
beim E rhitzen  von 25 a u f  450 °C und  Adsorption  m it Oberflächenreaktion beim Abkühlen von 450

a u f  25 °C

M it derselben  E in w aag e  w u rd e  jew eils v ie rm al n ach e in a n d e r gem essen u n d  zw ischen d en  
e inzelnen  M essungen 14 S tu n d e n  lang  in  e inem  V a k u u m  v o n  3 — 5 • 1 0 “ 4 T orr gelagert u n d  

v o r  d e r  e rn eu ten  E v ak u ie ru n g  10 M in u ten  b e lü f te t

25-*- 450 °C
D e so rp tio n  u n d  T herm olyse 

fig/g ZnO

nach  6 m in 442 362 399 405

9 1012 761 777 820

15 1279 928 912 950

21 1327 971 960 993

30 1370 1009 993 1025

45 1419 1047 1025 1052

60 1446 1068 1047 1068

90 1500 1101 1079 1101

120 1533 1127 1106 1127

150 1160

180 1187

210 1203

240 1230

M itte lw ert an  M assenverlust nach  2 S tu n d en
1120 /tg/g ZnO

450-»- 25 °C A d sorp tion  u n d  O b erfläch en reak tio n

ach 30 m in 119 92 70 65

60 221 189 149 140

90 302 270 232 210

120 372 340 291 281

150 426 399 356 335

180 480 448 410 394

210 529 502 464 442

240 577 545 512 491

M itte lw ert a n  M assengew inn nach  4 S tunden
531 ,ug/g ZnO
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M assen sp ek tro m ete r nachgew iesen w ird . D iese A n n ah m e können  w ir ab e r au f 
G rund  u n se re r V ersuchsergebnisse  n ic h t b e s tä tig e n , weil in  einem  V a k u u m  
v o n  2 - IO -5 T o rr  die T herm olyse b e re its  ab  e tw a  200 °C an fän g t einen m e rk ­
lichen  Z n -U b ersch u ß  an  der O berfläche zu  erzeugen , d er bei der gegebenen 
E m p fin d lich k e it u n se re r  M eßeinrich tung  ab  450 °C so groß w urde, d aß  eine 
zeitlich  k o n s ta n te  V erdam pfung  gem essen w erden  k o n n te  [4], die in  d e r 
N ähe von  500 °C z u r vo llständ igen  V erflü ch tig u n g  d er P robe  fü h rte . D em zu ­
folge m üssen w ir die von  P a n a s s ju k , D a n t s c h e w s k a ja  u n d  K o b o sl e w  
e rh a lten en  W e rte  fü r  die F eh ls te llen k o n zen tra tio n  m it gewissem  V o rb e h a lt 
au fnehm en.

Die D ru c k a b h ä n g ig k e it der th e rm isch en  D issozia tion  u n d  d a m it die 
D ru ck ab h än g ig k e it d e r V erdam pfungsgeschw ind igkeit des ZnO is t allgem ein  
b e k a n n t [11, 12, 13, 14]. D ruckabhäng ig  is t  n a tü r lic h  auch  die d eso rb ie rte  
G asm enge. D ieser S a c h v e rh a lt w urde auch  im m er w ieder aus unseren  M essun­
gen gefunden, so z. B . aus A bb. 4 u n d  T abelle  I I  u n d  IV , wo fü r die D ru c k ­
än d eru n g  von  p o 2 =  160 au f jPo2 =  1 ■ 10 T o rr  bei 250 °C 580 (A bb. 4, 
K u rv e  a) u n d  580 742 pg/g  ZnO (A bb. 4, K u rv e  a c); bei 450 °C dagegen
970 (A bb. 4, K u rv e  a) u n d  970 -j- 1120 pg /g  ZnO (A bb. 4, K urve  a -j- c) a n ­
gegeben sind. W en ig e r b e k a n n t is t aber jen e  in  A bb. 1 auffallende T a tsach e , 
d aß  sich die M enge des desorb ierten  Gases m it der u n m itte lb a r  au fe in an d er 
fo lgenden  W ied erh o lu n g  von  De- und  A d so rp tio n sp erio d en  v e rm in d e rt. B ei 
250 °C b e sc h rä n k t sich  diese E rscheinung  überw iegend  a u f  die der T h erm o - 
deso rp tio n  v o ran g eh en d en  H 20 -V ak u u m d eso rp tio n  be i 25 °C (Abb. 5, sen k ­
rech te  ------------L in ien ). B ei 350 °C jed o ch  m a c h t sich d er E ffek t auch  be i d er
T h erm o d eso rp tio n  b e m e rk b a r  (Abb. 6, k o n k a v  ausgezogene K urve). D iese 
E rsch e in u n g  fü h re n  w ir n ic h t n u r bei der V ak u u m d eso rp tio n  des H 20 ,  so n ­
dern  auch h ie r bei d e r T herm odeso rp tion  a u f  A usheilungsvorgänge von  
K ris ta llfeh le rn  z u rü c k . B ei 450 °C sp ielt sich dieses E re ign is bere its  w äh ren d  
d er e rs ten  D eso rp tio n  ab  u n d  es b ild e t sich infolge d er Z n-V erdam pfung am  
E n d e  jed e r e inzelnen  P erio d e  eine p rak tisch  gleiche O b e rflä c h en s tru k tu r a u s , 
weil bere its  nach  d e r e rs ten  Periode an n ä h e rn d  eine G leichgew ichtsm enge an  
Zn u n d  Z n + an d e r O b erfläch e  zu stan d ek o m m t.

Die beiden  m it versch iedenen  E inw aagen  gew onnenen  K u rv en  in  A bb . 
6 bew eisen die E in w aag eab h än g ig k e it der T h erm o d eso rp tio n  u n d  der A d so rp ­
tio n  bei Z im m e rte m p e ra tu r . G leichzeitig m achen  sie ab e r auch  d a ra u f  a u f­
m erksam , daß  b e re its  bei ganz k leinen P u lv e rsch ich td ick en  A bw eichungen 
von diesem  lin ea ren  Z u sam m en h an g  a u ftre te n , indem  m it w achsender S ch ich t­
dicke k leinere G asm engen  deso rb iert u n d  n a c h  A bkü h len  w ieder ad so rb ie rt 
w erden . Die T en d en z  d e r ungenügenden  B edeckung , d e r R ich tu n g  d er A b ­
w eichung bei den  b e id e n  ausgezogenen K u rv e n  bew eist fe rnerh in , daß  bei 
k le ineren  E in w aag en , also be i kleineren  S ch ich td icken , d er s ta tio n ä re  Z u s ta n d  
sich viel schneller e rre ich en  lä ß t. Schon bei so d ü n n en  S ch ich ten  kom m en
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16 H A U FFE , HEG ED ŰS: MECHANISMUS D E R  D ESORPTION

U n te rsch ied e  in  der Sch ich td icke  d u rch  eine w esentlich  bessere E n tg a sb a rk e it 
der d ü n n e re n  Schicht zum  V orschein . Sow ohl dieser B efund , als au ch  d er 
G ra u s tic h  des in  V akuum  e rh itz te n  ZnO m u ß  se lb stv e rs tän d lich  m it der Ä n d e ­
ru n g  d e r S te ilh e it der p o 2"G rad ien ten  an  d er geom etrischen O berfläche des 
P u lv e rh a u fe n s  im  Z usam m enhang  s teh en  insofern , als d er S au ers to ff d ru ck

Abb. 8. S chem atische D arste llu n g  des R eak tio n sro h res  m it B e lich tu n g se in rich tu n g  (alle  M aße 
sind  in  m m  angegeben). 1: W ägeschälchen  m it Z n O -P u lver, 2: P t-D ra h t  als W aag eau fh än g u n g , 
3: H g -H o ch d ru ck lam p e  500 W , 4: Q uarzg laslin se, 5: A sb es tp la tten , 6 : T h erm oelem en t- 
Z u fü h ru n g , 7: H eizw icklung, 8 : M antel zur W asserk ü h lu n g , 9: E in h ä n g eh a k e n  zum  A rm  der

e lek tro n isch en  M ikrow aage

n a c h  in n en  sch re itend  einem  G renzw ert zu streb en d  allm äh lich  zu n im m t, d. h. 
das G efälle von p o 2 an der O berfläche am  ste ils ten  ist.

4. V ersuchsergelm isse bei B elich tung  und  abschließende D iskussion

D ie B elich tung  erfo lg te n ach  A bb . 8 seitlich du rch  das Q u arz ro h r au f 
die O b erfläche  des im  W ägeschälchen  befind lichen  Z nO -P ulvers. W egen E in ­
ze lh e iten  m uß au f frü h ere  A rb e iten  [2— 4] verw iesen w erden . Bei d er A us­
w e rtu n g  w urde der W ärm eeffek t gem äß A bb . 9 b erü ck sich tig t. B e lich te t m an 
53,53 m g а -ZnO u n te r  L u ft von  1 a tm  u n d  bei Z im m ertem p era tu r , so w ird
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H A U F FE , H EG ED Ű S: MECHANISMUS D ER  D ESORPTIO N 17

eine G ew ich tsabnahm e v o n  ~  71 fxg b eo b ach te t, die bei E n tfe rn u n g  des 
L ich ts  (B esch a ttu n g ) versch w an d . Die R ep ro d u z ie rb a rk e it dieses P h o to e ffek ts  
w ar jed o ch  m erk lich  sch lech te r als die R ep ro d u z ie rb a rk e it der m it D ru ck - oder 
T e m p e ra tu rän d e ru n g  h e rv o rg eru fen en  G ew ich tsänderung . M it s te ig en d er E in ­
w aage stieg  auch  diese rev ersib le  G ew ich tsänderung  an , jed o ch  n ic h t lin ea r, 
sondern  einem  G renzw ert z u s treb en d . A nw endung v o n  W ärm efilte rn  h a t te  
eine v e rm in d ern d e  W irk u n g  im  S inne d er A bb. 9, so d aß  sich bei der V erw en-

Temperatur (°C)

Abb. 9. T em p era tu rab h ä n g ig k e it d e r  Ü b e rh itz u n g  de r P ro b e  (/JT  °C) bei U V -B estrah lung  ohne  
W ärm efilte r  a ) ,  d u rch  W ärm efilte r  N G  11 oder 15 m m  H 20 -S c h ic h t b) u n d  d u rch  15 m m  

S ch ich t e in e r w äß rig en  CuSO j-Lösung c)j

du n g  des N G  11 F ilte rs  s t a t t  71 fig  eine G ew ich tsabnahm e von  40 /ig e rgab . 
B em erkensw ert is t  d er B efund , d aß  d er leere Tiegel a u f  B elich tu n g  u n d  B e ­
sc h a ttu n g  sein G ew icht u m  i l l  /tg  än d e rte , w äh ren d  d er m it einer Z n-Scheibe 
von  180 m g beladene eine G ew ich tsän d eru n g  von  i 2 5  /tg zeigte. In  diesen 
beid en  le tz te n  F ä llen  w ar die R e p ro d u z ie rb a rk e it der M essungen gegenüber 
den m it ZnO d u rch g efü h rten  M essungen u n e rw a rte t g u t. D er h ier gefundene 
Z usam m enhang  zw ischen den  e rh a lten en  Z ahlen , leerer T iegel 11, m it 54 m g 
Z n O -P u lv er b e lad en er 71 u n d  m it 180 m g Z n-B lech b e lad en er 25 /tg, w a r 
n ich t v o rau ssch au b ar, weil w ir a lle in  die A u ftr ieb sk ra ft e rrechnen  können , den  
A nte il d er K o n v ek tio n sk ra ft, d er th e rm o m o lek u la ren  u n d  der e lek tro s ta tisch en  
K ra f t jed o ch  n ich t. W ill m an  den  A n te il d ieser K rä fte  bei einer g eom etrisch ­
th e rm isch  asy m m etrisch en  A p p a ra tu r  fü r  eine K o rrek tio n srech n u n g  einzeln  
erforschen , d ann  m uß  m an  u n b e d in g t den  U m stan d  in  B e tra c h t ziehen, d aß  
das Z n O -P u lv er d u rch  B e lich tu n g  u n d  B esch a ttu n g  e le k tro s ta tisc h  (m anchm al, 
je  n ach  O b erfläch en b eh an d lu n g  des O xids, m it ü b e rra sch en d er A usw irkung) 
um geladen  w ird. D as E in s tra h le n  v o n  U V -L icht w äh ren d  des E rw ärm u n g s­
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18 H A U F F E , HEGEDŰS: MECHANISMUS D E R  D ESORPTION

oder A b k ü h lungsvorganges v e ru rsach te  m an ch m a l ü b e r 400 /xg große, s tu n d e n ­
lan g  u n d  bis zu e inem .U ndefin ierten  Q uasig leichgew icht abk lingende G ew ichts­
än d eru n g en . Es ersch ien  d a h e r em pfeh lensw ert, fü r  eine e lek trische  A b le itung  
ales T iegels und  von  d en  ex pon iertesten  S tu tzen w an d te ilen  zur E rd e  zu 
sorgen u n d  die V ersuche be i einem  V ak u u m  von  <  1 • 1 0~ 4 T o rr d u rch zu ­
fü h ren , wo th e rm o m o lek u la re  S törungen  u n d  K o n v ek tio n se ffek te  ab ovo aus- 
b le iben . D am it k o n n te  e rre ic h t w erden, d aß  in  einem  V ak u u m  von  5 • IO-5 —  
5 • 10 -e T o rr sich w ed er d er leere T iegel zw ischen 25— 550 °C, noch der m it

Abb. 10. W irkung  von  ku rzw elligem  L ich t au f das G ew ich t von 53,53 m g ZnO von 1,58 c m 2 
g eom etrischer P u lv e ro b erfläch e , in  einem  V ak u u m  v o n  2 • 10 _ä T o rr, bei 25 °C. B elich tung ,

D esorption; B e sc h a ttu n g , A d sorp tion

Z n-B lech  beladene zw ischen 25— 150 °C [4] d u rch  E rw ärm u n g , A bküh lung , 
B e lich tu n g  oder B e sc h a ttu n g , in w elcher V aria tio n  auch  im m er, bew egte.

In  A bb. 10 is t d e r zeitliche V erlau f d er G ew ich tsänderung  einer a-ZnO- 
P ro b e  bei 25 °C be i B elich tu n g  m it U V -L ich t u n d  ansch ließender D u n k e l­
periode  w iedergegeben . D er bei lau fen d er P u m p e  eingeste llte  R estg asd ru ck  
b e tru g  e tw a 2 • 1 0 ~ 5 T o rr . Im  ersten  A ugenb lick  der L ich te in w irk u n g  k am  es 
sow ohl zu einer v o rü b erg eh en d en  D ru ck erh ö h u n g  als auch  zu  einer G ew ichts­
zu n ah m e. D urch  d ie  explosionsartige D ru ck erh ö h u n g  im  T iegel w ird  d ieser 
v o rü b erg eh en d  n a c h  u n te n  gestoßen, ab e r aus dem  w eite ren  V erlau f der G e­
w ich tsän d eru n g  in  A bb . 10 erg ib t sich d iejen ige G ew ich tsabnahm e, die du rch  
die P ho to lyse  bei au frech te rh a lten em  V ak u u m  v e ru rsa c h t w ird  gem äß:

ZnO  -f- h v —*• 1/2 0 2(gas) -|- Z n’-j-e' (6a)
oder auch

N ull -|- h v —► 1/2 0 2(gas) -|- | О | e ' (6b)

w obei IО I* eine S auersto ffionen -L eerste lle  kenn ze ich n et, die neben Z n-Ionen  
Z n ' a u f  Z w isch en g itte rp la tz  au ftre ten  k a n n . D as S ym bol »Null« soll den h y p o ­
th e tisc h  feh lo rdnungsfre ien  Z ustan d  d a rs te llen . W ie m an  fe rn er aus A bb. 10
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e rk en n t, is t n a c h  e tw a  30 M inuten  u n te r  unseren  Y ersuchsbed ingungen  d er 
s ta tio n ä re  Z u s ta n d  e rre ich t, wo keine M asseänderung  d e r Z nO -Probe w äh ren d  
der B e lich tung  erfo lg t. Sie b e tru g  hei 53,5 m g Z nO -E inw aage bei 1,58 cm 2 geo­
m etrisch er O berfläche  des Z nO -Pulvers im  W ägeschälchen  13 ^  3 /xg. N ach  
A b scha lten  des L ich tes  k o n n te  die G ew ich tsab n ah m e bei g leichbleibendem  
D ru ck  (2 ■ 1 0 ~ 5 T o rr) q u a n tita tiv  rückgäng ig  g em ach t w erden. M an m u ß  
allerdings d a ra u f  ach ten , daß  eine frische Z nO -E inw aage, die m it der N o rm a l­
a tm o sp h äre  in  B e rü h ru n g  w ar, m ehrm alige B elich tungs- u n d  D unkelperioden  
m itm ach en  m uß , b ev o r sich die reversib le g leichm äßige G ew ich tsän d eru n g  
e in ste llt. D ie v o rü b erg eh en d e  kleine G ew ich tsabnahm e be i der B e sc h a ttu n g  
e n ts te h t infolge des Sogs, der wegen der p lö tz lichen  a d so rp tio n sv e ru rsach ten  
D ru ck ern ied rig u n g  im  Tiegel zu stan d ek o m m t.

M it a b n eh m en d em  D ruck  s te ig t die p h o to d eso rb ie rte  G asm enge u n d  d ie  
D eso rp tionsze it w ird  k ü rzer, die A dsorp tionszeit länger. M it w achsender geo­
m etrischer P u lv e ro b erfläch e  w ächst die p h o to ly tisch  ab g esp a lte te  S au ersto ff­
m enge p ra k tisc h  lin ea r  an. D agegen is t die E in w aag eab h än g ig k e it im  allge­
m einen n ich t lin ea r. Sie s tre b t m it w achsender S ch ich td icke  einem  G renzw ert 
zu, so daß  bei d ickeren  S ch ich ten  eine U n ab h än g ig k e it von  der E inw aage zu r 
G eltung  k o m m t. T herm o- u n d  P ho to lyse  w aren  s te ts  a d d itiv  u n d  ließen sich  
in  u nserer V ersu ch se in rich tu n g  m it Hilfe d er A bb. 9 ziem lich  genau tre n n e n .

U m  m it T h erm o d eso rp tio n  die gleiche G asm enge ab zu sp a lten  wie m it 
der P h o to d eso rp tio n , m u ß te n  w ir s ta t t  der d u rch  das U V -L ich t v e ru rsach ten  
E rw ärm u n g  von  25 a u f  30° (Abb. 9) au f e tw a 95 °C erw ärm en . Die T herm olyse  
verlie f d eu tlich  lan g sam er als die zum  gleichen M asseverlust führende P h o to ­
lyse. A u f G ru n d  u n se re r  Y ersuchsergebnisse is t die ph o to ly tisch e  W irk u n g  
von  U V -L icht a u f  Z inkox id  außer Zweifel.

Im  fo lgenden  w u rd e  n u n  der V erlau f der A d so rp tio n  von  S auersto ff an  
reinem  a-ZnO , an  m it 0,27 M ol%  Li20  d o tie rtem  c-ZnO u n d  an d-ZnO be i 
25 °C u n d  einem  D ru ck  von 1 • 10 5 T orr S au ers to ff sow ohl im  D unkeln  als 
auch  u n te r  U V -L ich te in s trah lu n g  u n te rsu ch t. In  A bb. 11 sind  einige E rg e b ­
nisse d ieser V ersuchsre ihen  w iedergegeben. Z ur Z eit t  =  0 w urde  die T em p era ­
tu r  von  400 °C a u f  25 °C e rn ied rig t und  d an n  3 S tu n d en  la n g  die zeitliche A u f­
nah m e des S auersto ffs  im  D unkeln  (obere K u rv en  in  A bb. 11) u n d  auch u n te r  
L ich te in w irk u n g  (u n te re  K u rv en  in  A bb. 11) re g is tr ie r t, w obei im  le tz te re n  
F a ll m it der B e lich tu n g  v o r der A bküh lung  d er P robe , noch  in  der D eso rp tio n s­
periode begonnen  w u rd e . B em erkensw ert is t der B efund , d aß  die aufgenom m erie 
S auerstoffm enge beim  L i20 -d o tie r te n  c-ZnO w eniger w ar als beim  u n d o tie r­
te n  reinen  a-O xid ; m it dem  u n te r  den  gleichen B ed ingungen  — jedoch ohne Li- 
Z usatz  — h e rg es te llten  re in en  d-O xid  von gleicher < T  m 2/g B E T -O berfläche  
k o n n te  ab er p ra k tis c h  kein  un tersch ied liches V e rh a lten  fe s tg es te llt w erden. In  
Ü bere in stim m u n g  m it säm tlichen  E x p e rim en ten  ergab  ein E in s tra h le n  von  UV- 
L ich t s te ts  eine A b b rem su n g  der zeitlichen A ufnahm e von  S auersto ff, w enn v o r-

2* Ada Chim. ( Budapest) 72, 1972



20 H A U F FE  .H EG ED Ű S: M ECHANISM US DER DESORPTION

h e r im  D unkeln  gem essen w urde (siehe die oberen K u rv en v erläu fe  in  A bb. 11) 
oder es w urde  eine Z un ah m e d er G eschw ind igkeit der S au ersto ffau fn ah m e 
b e o b a c h te t, w enn das L ich t a b g esch a lte t w urde  (siehe die u n te re n  K u rv e n ­
v erläu fe  in  A bb. 11).

Abb. 11. E inw irkung  v o n  kurzw elligem  L ic h t a u f  die K in e tik  d e r S au e rsto ffau fn ah m e  an 
145 m g (K u rv en  a) bzw . 58 m g a-ZnO (K u rv e n  c) v o n  gem einsam er 1,58 c m 2 fre ie r geom etrischer 
O b erfläche  u n d  3,9 m 2/g  B E T -O berfläche, b e i 25 °C u n d  /jq2 =  1 • IO -5  T o rr. D ie K u rv e n  b 
w u rd e n  m it 223 m g c-ZnO v o n  ebenfalls 1,58 c m 2 freier g eom etrischer a b e r < 1  m 2/g  B E T - 
O berfläche  e rh a lten . O bere K u rv e n  im  D u n k e ln , u n te re  K u rv en  in  U V -L ich t aufgenom m en

W ie m an  aus den  V ersuchsergebn issen  der A b b ild u n g en  1, 5, 6 u n d  7 
sowie aus den T abellen  I I  bis IV  e n tn e h m e n  kann , v e rlä u f t die A ufnahm e und  
A bgabe von S au ers to ff u n te r  gleichen V ersuchsbed ingungen  rep ro d u z ie rb ar. 
B em erkensw ert is t  h ie rbe i der ex p erim en te lle  B efund , d aß  die G ew ich tsab ­
n a h m e  sowohl bei 250° als auch  be i 350° und  450 °C w esen tlich  ra sch e r a b ­
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lä u f t als die M assenzunahm e bei A bsenken  der T e m p e ra tu r  au f 25 °C u n te r  
K o n s ta n th a ltu n g  des Sauersto ffd ruckes von  etw a 1 • 1 0~ 5 T orr. E in  ähn liches 
E rgebn is w ird  bei B e lich tungsversuchen  e rh a lten . H ie r w urde bei L ic h te in ­
w irk u n g  m it U V -L icht eine w esen tlich  raschere  G ew ich tsabnahm e b e o b a c h te t 
als die im  D unkeln  e in tre ten d e  G ew ich tszunahm e (siehe A bb. 10 u n d  11). 
Die Ä n d e ru n g  des H a lb le ite rch arak te rs  des S o rben ten  von  n-Typ a u f  p -T y p  
d u rch  Li20 -D o tie ru n g  e rb rach te  auch  in  dieser H in s ic h t keinen m it d e r  v e r­
w en d e ten  M ethode e rfaßbaren  U n te rsch ied  zw ischen d o tie rtem  und  u n d o tie r ­
tem  ZnO .

E s is t  k au m  anzunehm en , daß  die ü b e r S tu n d en  ab laufenden  G ew ich ts­
än d eru n g en  a u f reine A dsorp tions- u n d  D esorp tionsvorgänge zu rü ck g e fü h rt 
w erden  k ö n n en . V ielm ehr h a n d e lt es sich , wie b e re its  oben  hingew iesen, u m  
th e rm o - u n d  pho to ly tisch e  V orgänge a u f  d er einen Seite  u n d  um  O b erfläch en ­
reak tio n en  m it feh lgeordneten  Io n en  u n d  E lek tro n en  der R an d sch ich t im  
ZnO  a u f  d e r an d eren  Seite. Im  folgenden soll der V ersuch  u n te rn o m m en  w e r­
den , diese m öglichen R e a k tio n ssc h ritte  im  E inzelnen  zu behandeln . W ir b e ­
tra c h te n  z u n ä c h s t einm al die bei höh eren  T e m p e ra tu ren  (250—450 °C) im  
V akuum  (< H  -10~5 T orr) th e rm o ly tisch en  V orgänge im  Z inkoxid . U n te r  
d er A n n ah m e eines, insbesondere bei höheren  T em p era tu ren , e in g este llten  
O berflächen-G leichgew ich ts:

ZnO Zn + (ads) - f  0 _ (ads) (7)

bzw .

N ull —±  IО I- - f  0 _ (ads) (8)

m it den sich  ansch ließenden  F o lg esch ritten :

2 0 _ (ads) —► 0 2 (ads) -|- e' (9)
und

0 ^ (ads) —► 0 2(gas) e' (10)

w ird  es in  d er N ähe der O berfläche d er Z nO -K örner zu einer B ildung  von  
überschüssigen  Z n-Ionen  und  S auersto ffionen -L eerste llen  | 0 | ‘ kom m en, n eb en  
freien E le k tro n e n . A u f G rund  der A nre icherung  von E lek tro n en  e' u n d  Z in k ­
ionen k ö n n en  le ich t v e rd am p fb a re  Z in k a to m e geb ilde t w erden , gem äß:

Z n +(ads) +  e ' —► Zn(gas) (11)

Die n u n  w esen tlich  langsam er ab lau fende  A ufnahm e von  S auersto ff bei Z im ­
m e rte m p e ra tu r  w ird  v ers tän d lich , w enn m an  die expo n en tie ll m it d er T e m ­
p e ra tu r  ab n eh m en d e  Ionenbew eglichkeit in  der R a u m lad u n g s-R an d sch ich t
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A bb. 12. Schem atische D arste llu n g  des ö rtlich en  K o n zen tra tio n sv e rlau fs  c_ u n d  cZn. de r freien  
E le k tro n e n  u n d  de r Z ink ionen  au f Z w isch en g itte rp la tz  in  einem  Z nO -K orn , a )  w ährend  der 
T h erm o ly se , b) w äh ren d  de r W iederau f n ah m ev o n  Sauersto ff. (R) u n d  (H ) kennzeichnen  die 

R au m ladungszone  u n d  d as  H a lb le ite rinnere

d e r Z nO -K örner b e rü ck sich tig t. Z ur E r lä u te ru n g  dieses S ach v erh a lts  is t der 
in  d en  Z nO -K örnern  a u ftre te n d e  ö rtliche  V erlau f der F eh lo rdnungskonzen - 
t r a t io n  C- u n d  cZn. w äh ren d  der T herm olyse  u n d  w ährend  d er O berflächen ­
re a k tio n  (W ieder-A ufox idation) sch em atisch  in  A bb. 12 w iedergegeben. W ie 
m a n  e rk en n t, b ild e t sich w ährend  der T herm olyse  eine A n re ich eru n g s-R an d ­
sc h ic h t sowohl an  E lek tro n en  als auch an  Z n-Ionen  au f Z w isch en g itte rp la tz  
au s , gekennzeichnet d u rch

C-(R) =  cZn. (R) ^  C_(H) =  cZn. (H) (12)
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Bei k o n s ta n t  gehaltenem  S au ersto ffd ru ck  w ird  bei A bsenken d er T e m p e ra tu r  
von  250 oder 450 °C au f 25 °C n u n m e h r eine Sauersto ff-C hem isorp tion  einset- 
zen gem äß:

0 2(gas) e' 0 7 (a d s )  (13)

die r e la tiv  ra sch  a b läu ft. H ie rd u rch  w ird  eine V erarm ung  an E le k tro n e n  h e r­
v o rg eru fen , so d aß  sich n u n m eh r eine p o sitiv e  R au m lad u n g s-R an d sch ich t 
a u sb ild e t, wie dies in A b b . 12 b) a n g e d e u te t ist. Die nun  e in se tzenden  F o lge­
sc h ritte

e '- |-0 7 (a d s )  -f- Z n - —> ZnO -)- О - (ads) (14)
und

0  _(ads) -f- Z n - —<- ZnO (15)

w erden  n u r  langsam  ablaufen  u n d  in  v e rn ü n ftig en  R eak tio n sze iten  (z. B. 
4 S tu n d en ) auch  n ich t die du rch  die T h erm o ly se  v e ru rsach te  F eh lo rd n u n g  bzw. 
den M asseverlu st w ieder au fheben , w as au ch  b eo b ach te t w ird.

D iesen V orgängen  ü b erlag ert lau fen  die d u rch  U V -L ich te in strah lu n g  
e in se tzen d en  T e ilsch ritte  (6a) u n d  (6b) ab , die zu r P ho to lyse  der Z n O -K ris ta llite  
fü h ren , w as m it e iner A usscheidung v o n  m eta llischem  Z ink v e rb u n d e n  sein 
k an n  gem äß :

Z n - e' — Z n x(Z n-K eim ), (16)

w obei sich  die in  ü b e rsä ttig te r  K o n z e n tra tio n  vorhandenen  Z n - u n d  e' als 
Z n-A tom e an bere its  vo rhandene  Z inkkeim e an lagern . T e ilsch ritt (16) sp ie lt 
auch  besonders im  F alle  der T herm olyse  eine Rolle. H ier k an n  m an  das A uf­
tre te n  v o n  m eta llischem  Zink an  d e r O berfläche  der Z nO -K örner d u rch  die 
D u n k e lfä rb u n g  nachw eisen.

N ach  A bb. 3 Und 9 schein t d er A n te il des reversibel p h y siso rb ie rten  
W assers u n d  die E in w irkung  von  U V -L ich t m it s te igender T e m p e ra tu r  sehr 
ähn lich  ab zu n eh m en . D em gem äß k ö n n te  m an  annehm en, daß  die P h o to ly se  
n u r in  G egenw art von  H 20  s ta t tf in d e t , also ebenso wie beim  ZnS [11, 15]. D a 
w ir ab er au ch  zw ischen 160—225 °C eine s ta rk e  L ich tem p fin d lich k e it der 
O x id an lau fsch ich t an  Z inkblech m essen k o n n te n  [4], neigen w ir zu  d er A n­
schauung , d aß  die H ydro lyse  bei d er P h o to ly se  des ZnS eine b ed eu ten d e  Rolle 
sp ielt u n d  d ah e r die A nw esenheit von  H 20  bei der P hoto lyse des ZnS v ie lle ich t 
als B ed in g u n g  angesehen w erden k a n n , a u f  die P ho to lyse  des ZnO  jed o ch  n u r 
eine fö rd e rn d e  W irk u n g  au süb t.

*

D er M e ttle r  In s tru m e n te  AG m ö ch ten  w ir fü r  die sim ultane  th e rm o an a ly tisc h e  u n d  
m assen sp ek tro m etrisch e  A ufnahm e u n d  de r D eu tsch en  Forschungsgem einschaft fü r  d ie Sach- 
m itte l  u n d  fü r  die F in an zie ru n g  des A u fe n th a lte s  in  G ö ttin g en  des einen von  u n s  (A . J .  H .) 
v e rb in d lich s t dan k en .
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FERROMAGNETIC PRODUCTS 
OF THE EXPLOSION REACTION 

BETWEEN Co(N0 3)2 AND (NH4)4[Fe(CN)6]

W . WoLSKI and A. BuREWICZ

( D epartm ent o f  M agnetochem istry, A d a m  M ick iew icz U niversity, P oznan, Poland)  

R eceived  O c to b er 14, 1970

A m m onium  ferrocyan ide  re ac ts  w ith  co b alt n itra te  exp losive ly  w hen h e a ted  to  
220 °C. T he reac tio n  tak e s  p lace  a t  th e  C o (N 0 3)2 to  (N H 4)4 [Fe(C N )6] m ole ra tio  ran g e  of 
1 : 5 to  5 : 1. T he n a tu re  o f p ro d u c ts  dep en d s basically  on th e  com position  b u t  also on 
th e  a tm o sp h ere  in  w hich  th e  exp losion  is carried  out.

X -ra y  s tud ies , m ag n e tic  m easu rem en ts  and  chem ical analy sis  in d ica te  t h a t  th e  
fe rro m ag n etic  p ro p e rtie s  o f th e  p ro d u c ts  a re  due to  th e  p resence  in  th e  resid u e  o f  
m e ta llic  iron , m eta llic  co b alt, m ag n e tite  an d  som etim es co b alt fe rr ite . I f  th e  p rocess 
occurs w ith  free access o f a ir, m ore  n o n -ferrom agnetic  а -iron  ox ide  is fo rm ed. T h e  
h ig h es t values o f sa tu ra tio n  m ag n e tiza tio n  hav e  been  found  am ong  th e  sa lt m ix tu re s  
w ith  th e  ra tio  Co(NOs)2 : (N H 4)4 [Fe(CN)„] =  2 : 1 .  T he r ich es t in  c ry sta llin e  p h ases  
a re  th e  residues a f te r  th e  explosion  of m ix tu re s  w ith  a 1 : 1 ra tio .

E x p lo sio n  reac tions invo lv ing  ferrocyan ides are o f sh o rt h is to ry . T h e  
l i te ra tu re  availab le  so fa r  is v e ry  scarce an d  alm ost co m ple te ly  p a te n te d .

T h e  f irs t w orks concerning explosion reac tio n s of ferro- an d  fe rricy an id es , 
m ix ed  w ith  n itra te s  of m eta ls  (m ain ly  d iv a len t), w ere p u b lished  in  1959— 1960 
[1, 2]. I t  is s ta te d  th e re  th a t  am m onium  or p o tassium  ferro- an d  fe rricy an id es  
n o t  o n ly  re a c t explosively  w ith  n itra te s  of m eta ls  b u t  th e se  reac tio n s y ie ld  
fe rro m ag n e tic  p ro d u c ts . F ro m  th ese  w orks i t  follows th a t  th e  com position  o f  
p ro d u c ts  is com plex an d  co n ta in s also fe rritic  phases. F ro m  th is  tim e  on a 
n u m b e r o f v e ry  in te re s tin g  p a te n ts  h av e  been claim ed, chiefly  in  th e  U SA , fo r­
m u la tin g  th e  com positions of explosive m ix tu res  based  on ferro- and  fe rr ic y a ­
n ides designed  for specific app lica tio n s as b lastin g  explosives or c a ta ly s ts  o f  
so lid  fuels in  je t  engines [3— 8].

F u r th e r  resu lts  on th e  explosion reac tio n s of m ix tu res of co b a lt n i tr a te  
w ith  am m onium  ferrocyan ide, ta k e n  in  m ole ra tio s  from  5 : 1 to  1 : 5 and  h e a t­
ed to  220 °C, are rep o rted  in  th e  p re sen t p ap er. The explosion reac tio n  o f  
am m o n iu m  ferrocyan ide  alone has also been  exam ined . O w ing to  som etim es 
v e ry  s tro n g  explosions, re s id tin g  in d e s tru c tio n  of th e  ex p erim en ta l e q u ip m en t, 
th e  sam ple  w eight h ad  to  be red u ced  to  5 g. T he experim en ts w ere carried  o u t 
in  a ir. Som e explosions w ere effected  b y  supp ly ing  a given vo lum e of a ir to  
th e  b o tto m  of th e  vessel co n ta in in g  th e  m ix tu re  or b y  passing  a ir above th e  
m ix tu re . O th e r experim en ts w ere co n d u c ted  in  open vessels u n d e r  free access 
o f a ir  an d  still an o th e r group of ex p erim en ts  concerned th e  reac tio n s ta k in g
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p lace in  a closed vessel w ith o u t th e  access of air. R eac tio n s to o k  place u sually  
in  5 to  20 m in a f te r  th e  m ix tu re  h ad  reached  th e  te m p e ra tu re  of 220 °C. As a 
ru le  th e  m ix tu res rich  in  am m onium  ferrocyan ide  reac ted  in tim es close to  
5 m in , w hereas tho se  co n ta in in g  m uch co b a lt n itra te  req u ired  nearly  20 m in. I t  
is believed  th a t  here  th e  c ry sta lliza tio n  w a te r  is th e  ch ief cause of re ta rd a tio n .

B eginning a t  a 1 : 1  cobalt n i tr a te  to  am m onium  ferrocyan ide ra tio  
an d  increasing  th e  am m o n iu m  ferrocyan ide  co n te n t, th e  p ro d u c ts  of explosions 
w ere pow ders of b ro w n  o r deep b row n colour. T he explosion p ro d u c ts  arising  
from  m ix tu res  rich  in  c o h a lt n itra te , w ith  Co(NO;!)2 to  (N H 4)4[Fe(CN)0] ra tio s  
o f 4 : 1, 3 : 1  and  2 : 1, h ad  th e  form  o f h a rd  lum ps w ith  a m etallic  lu s tre . 
T h e ir  colour was b la c k  a f te r  grind ing  in  a m o rta r . T he p rep a ra tio n s  w ith  still 
h ig h er cobalt c o n te n t w ere  again pow ders or slags, a lw ays b lack  b u t  w ith o u t 
a m eta llic  lu s tre .

T he m ag n e tiza tio n  values of th e  explosion  p ro d u c ts  (Table I) show th a t ,  
d epend ing  on th e  m e th o d  of air supp ly , am m onium  ferrocyan ide  alone gives 
p ro d u c ts  of s tro n g ly  v a ry in g  m agnetic  p ro p ertie s . T he h ighest m ag n e tiza tio n  
va lu e  of th e  p ro d u c t occurs a t a 2 : 1 ra tio  o f co b a lt n i tr a te  to  am m onium  
fe rrocyan ide , reg ard less  o f w h e th e r th e  reac tio n  tak es  p lace in  an open or a 
closed vessel, and  o f th e  m eth o d  of a ir su p p ly . R e la tiv e ly  h igh  values are ob­
ta in e d  a t  a 3 : 1 ra tio  an d  considerab ly  low er ones a t  a 4 : 1 ra tio . A t th e  
5 : 1 com position  a d ra s tic  drop of th e  a v a lue  is observed . T he increase of th e  
am m onium  fe rro cy an id e  co n ten t in  th e  m ix tu re  also sh a rp ly  decreases th e  
m ag n e tiza tio n  va lue . F o r  in stan ce  in  th e  case of a 2 : 1 ra tio  of th e  tw o sa lts, 
O2 0 °c is reduced  a lm o st fourfo ld . A fu r th e r  increase in  th e  (N H 4)4[Fe(C N )0] 
c o n te n t from  1 : 1, th ro u g h  1 : 2, 1 : 3, 1 : 4, to  1 : 5 gives p ro d u c ts  of m uch 
th e  sam e values o f s a tu ra tio n  m ag n e tiza tio n . T hey  are  even very  close, as 
m ay  be seen from  th e  ta b le , to  th e  m ag n e tiza tio n  reach ed  by  p rep ara tio n s  
o b ta in ed  on h ea tin g  am m onium  fe rrocyan ide  alone.

T hus th e  m ag n e tic  m easu rem en ts in d ica te  a d is tin c t effect of th e  mole 
ra tio  of th e  s ta r tin g  sa lts  on th e  reac tio n  p ro d u c ts . These d a ta  also help in  th e  
id en tific a tio n  of fe rro m ag n e tic  phases p re sen t in th e  p ro d u c ts  of explosion 
reac tio n s. The v e ry  h ig h  m ag n e tiza tio n  va lues, observed  fo r th e  explosion res­
idue  of a 2 : 1 co b a lt n i t r a te  and  am m onium  ferrocyan ide  m ix tu re , in d ica te  
th a t  a t  least one m e ta llic  phase m u st be p resen t or else th e  p roduc ts m u st 
co n ta in  iron n itr id e  F e4N , because only  m etallic  iron , m eta llic  cohalt or iron  
n itr id e  can reach  th e  m ag n e tiza tio n  va lues, cr2noC, in  excess 150 Gs • cm 3 • g -1. 
In  add itio n  these  re su lts  were of v a lu ab le  help  in X -ra y  p a tte rn  id en tifica tio n  
an d  in te rp re ta tio n .

X -ray  p a tte rn  id en tif ic a tio n  has disclosed th a t  m eta llic  iron and  cubic 
/3-Co are responsib le fo r th e  ferro m ag n etism  in th e  explosion p roduc ts o f a 
2 : 1 m ix tu re  of co b a lt n itra te  w ith  am m onium  ferrocyan ide. The reac tio n s 
w ere carried  ou t in  a ir  fed  above th e  m ix tu re  a t th e  r a te  of 5, 20 and  40 1/hr
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Table I

Saturation  magnetization values Gs • cm 3 ■ g 1 o f the products o f  explosion reactions

Co(N 0 3)2 : (N H ,),[F e(C N )d

1 :7 1 : 5

A m m onium
ferro-

cyan ide5 : 1 4 : 1 3 : 1 2 : 1 1 : 1 1 : 2 1 : 3

L im ited access o f air

prep .-»-sam ple * 2 3 4
1

5 6 7 8 9 10

20 °C 57.7 108.8 124.0 125.6 43.5 41.6 42.4 37.2 42.9 31.5

Free  access of air

prep.-»-sam ple 11 12 ,3  1 14 15 16 17 18 19 20

20 °C 46.9 90.2 103.5 107.9 38.9 36.2 38.1 39.8 40.4 26.5

M axim um  ra te of air flow*

prep.-»- sam ple 21 22 23 24 25 26 27 28 29 30

20 °C 23.6 93.0 111.7 109.0 53.5 62.6 56.4 43.1 41.7 36.7

5 1/hr of a ir  p assed over th e  sam ple

prep.-»-sam ple 31 32 33 34 35 36 37 38 39 40

Q
Jоосч 21.8 33.5 85.2 153.6 45.8 46.0 35.9 44.2 2.75 2.57

20 1/h r  o f a ir  passed over th e  sam ple

prep.-*- sam ple 41 42 43 44 45 46 47 ■ 48 49 50

U0о

1

25.3 36.43 76.0 143.6 37.5 49.8 46.0 46.9 6.9 24.5

40 I/h r o f a ir  passed  over th e  sam ple

prep.-► sam ple 51 52 53 54 55 56 1 57 58 59 60

U0о

24.3 35.6 88.5 144.5 37.6 41.6 39.9 39.7 38.41 48.7

5 1/hr of a ir led in to th e  bulk of th e  sam ple

prep.-»-sam ple ! 6 i 62
63 1

64 65 66 67 68 69 70

20 °C 26.4 24.9 87.8 147.2 44.0 : 40.9 27.5 51.1 ! 37.0 14.4

20 1/h r of a ir led in to th e  bulk of th e  sam ple

prep.-► sam ple 71 72 I 73 74 75 76 1 77 78 I 79 80

20 °C 19.9 25.4 76.8 159.4 40.6 41.0 44.0 36.6 37.6 2.4

40 1/hr of a ir led in to th e  bulk of th e  sam ple

prep .-»-sam ple 81 82 ! 83 84 85 86 17 88 89 90

20 °C 19.9
I

23.3 108.7 151.1 35.4 37.4 35.4 31.9 31.0 35.6

* m ax ~ 5 0  1/h
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(F ig . 1, p a tte rn s  1, 2, 3). M eta llic  iron  is th e  p re d o m in a n t ca rr ie r  o f ferrom agne­
tism  w hen  air p e n e tra te s  in to  th e  m ix tu re  a t  a ra te  of 5 1/hr (p a tte rn  4). To a 
lesser e x te n t cobalt, a cco m p an ied  by  m ag n e tite , also c o n tr ib u te s  to  th is  fe rro ­
m ag n e tism  b u t these  co m p o n en ts  are h a rd ly  visib le on th e  X -ra y  d iagram . 
A t an  a ir  flow of 20 1/hr, co n d u c ted  in to  th e  m ix tu re , th e  id en tifiab le  fe rro ­
m a g n e tic  phases are m e ta llic  iron  and  m ag n e tite , d is tin c tly  v isib le  th is tim e  
(p a t te rn  5). The sam e p h ases  are  also responsib le  for th e  fe rrom agnetism  w hen 
a ir  is led  in to  th e  b u lk  o f  th e  sam ple a t  a r a te  of 40 1/hr (p a tte rn  6). Small 
a m o u n ts  of Co30 4 an d  CoO are  observed in  sam ples o b ta in ed  a t  all flow  ra te s  
in  th e  case of a 2 : 1 m ole ra t io  of cobalt n i t r a te  an d  am m o n iu m  ferrocyanide. 
ß-C o  a n d  a -F e  occur on th e  X -ra y  p a tte rn s  in  ag reem ent w ith  th e  high values 
o f m ag n e tiza tio n . A t th e  e x tre m e  ra tio  of 5 : 1, m eta llic  co b a lt, Co30 4 and CoO 
a re  fo u n d  in  the  re a c tio n  p ro d u c ts  (p a tte rn s  7 an d  8). T he d is tr ib u tio n  of co­
b a l t  betw een  these th re e  c ry sta llin e  phases as a function  o f  th e  air supply  
m e th o d  is ra th e r  d ifficu lt to  estab lish . In  th e  case of th e  second ex trem e com ­
p o s itio n  (am m onium  fe rro cy an id e  alone), th e  observed  low ferrom agnetism  is 
also confirm ed by  th e  X - ra y  p ic tu re . F o r exam ple , p re p a ra tio n  40 (p a tte rn  9) 
o f v e ry  low fe rro m ag n e tism  is P russian  b lue , F e4[Fe(CN )e]3, while sam ple 
50, o b ta in ed  a t an a ir flo w  o f 20 1/hr shows considerab le  m ag n e tiza tio n  w hen 
co m p ared  w ith  th e  p reced in g  one, ob ta ined  a t  5 1/hr. H ere th e  p a tte rn  con ta ins 
m a g n e tite  besides P ru ss ia n  b lue. The am o u n t o f m ag n e tite  rises as th e  air flow 
in creases  during th e  h e a tin g  of am m onium  ferrocyan ide. T h e  products of 
h e a tin g  have lower m a g n e tiz a tio n  values w hen  conducting  a ir  in  d ep th  of th e  
sam p le . This is due to  th e  appearance  of a n o n -fe rro m ag n etic  a -F e 20 3 phase. 
T h e  sam e phase has also b een  observed in  th e  p ro d u c ts  o b ta in e d  under con­
d itio n s  of passing a ir  ab o v e  th e  sam ple a t th e  m ax im um  flow  ra te . The phases 
are  s im ila r regardless o f  th e  w ay  air is in tro d u c e d  (outside th e  sam ple or in to  
th e  b u lk ). A som ew hat h ig h e r  a -F e20 3 c o n te n t is observed o n ly  in  th e  case of 
p ro d u c ts  w ith  th e  in -b u lk  m ethod .

T he diffraction  m e th o d  has been v e ry  useful in th e  in te rp re ta tio n  of 
c ry s ta llin e  phases. W ith  i ts  a id , an  a tte m p t w as m ade to  id e n tify  th e  m ag n etite  
d220 =  2.95 line.

In  Fig. 2 are show n  tw o  sectors of th e  X -ra y  d iag ram s. T he firs t rep re ­
sen ts  th e  p rep a ra tio n  N o . 40, w here th e  ch a rac te ris tic  line of m agnetite  
(2.95) appears as a v e ry  w eak  reflection . M agnetic  d a ta  con firm  th e  low m ag ­
n e tiz a tio n  value of th is  sam p le , 2.6 Gs • cm 2 • g _1. The low er curve in  Fig. 
2 i l lu s tra te s  the  b u ild -u p  o f  th e  ferrom agnetic  p h ase  in  th e  sam ples w ith  excess 
am m o n iu m  ferrocyan ide. T h is is d em o n stra ted  on th e  second sector b y  th e  
in c rease  of the  2.95 m a g n e tite  line, w hich is accom pan ied  b y  enhanced m ag­
n e tic  properties.

T herm om agnetic  an a ly s is  disclosed m ag n e tic  (and  chem ical) changes 
ta k in g  place a fte r ex p o su re  to  e levated  te m p e ra tu re s  and  p e rm itte d  a closer
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Fig. 1. X -ra y  p a tte rn s  o f th e  ex p losion  p ro d u c ts  o f cobalt n i tr a te —am m o n iu m  fe rro cy an id e
m ix tu re s  in  a ir

1 — p rep . —- sam ple 34 — C o (N 0 3)2 : (N H 4)4 [Fe(CN)6] = 2 : 1  a ir  o v er th e  sam ple , 5 1/hr
2 — p rep . —► sam ple  44 — C o (N 0 3)2 : (N H 4)4 [Fe(CN)6] =  2 : 1  a ir  over th e  sam ple, 20 1/hr
3 — prep . sam ple 54 — C o (N 0 3)2 : (N H 4)4 [Fe(CN)6] =  2 : 1  a ir  o v er th e  sam ple, 40 1/hr
4 — prep . sam ple 64 — C o (N 0 3)2 : (N H 4)4 [Fe(CN)6] = 2 : 1

air in to  th e  b u lk  of th e  sam ple , 5 1/hr
5 -  p rep . —*■ sam ple  74 -  C o (N 0 3)2 : (N H 4)4 [Fe(CN)6] = 2 : 1

air in to  th e  b u lk  of th e  sam ple, 20 1/h r
6 — p rep . —► sam ple  84 — C o (N 0 3)2 : (N H 4)4 [Fe(CN)6] =  2 : 1

air in to  th e  b u lk  of th e  sam ple , 40 1/hr
7 — prep . sam ple 31 — C o (N 0 3)2 : (N H 4)4 [Fe(C N )6] =  5 : 1  a ir  o v er th e  sam ple, 5 1/hr
8 — p rep . — sam ple 51 — C o (N 0 3)2 : (N H 4)4 [Fe(CN)6] = 5 : 1  a ir  o v er th e  sam ple , 40 1/hr
9 — p rep . — sam ple  40 — (N H 4)4 [Fe(CN)6] a ir  over th e  sam ple , 5 1/hr

10 — p rep . — sam ple 50 — (N H 4)4 [Fe(CN)6] a ir  o v er th e  sam ple , 20 1/hr
T h e  p a tte rn s  w ere o b ta in ed  in  a ch am b er, 57.3 m m  in d ia m e te r , w ith  CoKa ra d ia tio n  

(exposure  t im e  =  3 h r; 35 kV; 18 m A )
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Fig. 2. D iffrac tio n  cu rves rep re sen tin g  th e  rise of th e  d =  2.95 line

u p p e r  cu rv e  — sam ple 40 — (N H 4)4 [Fe(C N )e] a ir  o ver th e  sam ple , 5 1/hr, low er curve — 
sa m p le  49 — C o(N 03)2 : (N H 4)4 [Fe(C N )6] = * 1 : 5  a ir  over th e  sam ple , 20 1/hr (C oK a rad ia tio n )

C°C] [°C]

L°C1 [°C]
Fig. 3. T h erm o m ag n e tic  curves 

a — sam ple  80 (N H 4)4 [Fe(C N )6]; a ir led  in to  th e  b u lk  20 1/hr
b — sam ple 49 Co(N Ó 3)2 : (N H 4)4 [Fe(CN )6] = 1 : 5  a ir passed  o v er th e  sam ple , 20 1/hr
c — sam ple 45 C o (N 0 3)2 : (N H 4)4 [Fe(CN )6] = 1 : 1  a ir  passed  o v er th e  sam ple , 20 1/hr
d — sam ple  54 C o (N 0 3)2 : (N H 4)4 [Fe(CN )6] = 2 : 1  a ir passed  o v er th e  sam ple , 40 1/hr

in v e s tig a tio n  of th e  m ix tu re  com position  a fte r  explosions. F ig . 3 rep resen ts 
th e  th erm o m ag n etic  cu rves o b ta in ed  on h e a tin g  am m onium  ferrocyan ide  a t an 
a ir  flow  of 20 1/hr, c o n d u c ted  in to  th e  h u lk . The m a g n e tiza tio n  value of th is
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sam ple is low: 2.4 Gs • cm 3 • g _1. The c o n s titu e n t fe rro m ag n e tism  is lo s t b e ­
low 550 °C. T he m agnetic  p ro p ertie s  are im p ro v ed  on fu r th e r  h ea tin g , re a c h ­
ing th e ir  m ax im um  a t 710°C . U p to  580 °C tran sfo rm a tio n s  of iron  ferrocyan ide  
tak e  p lace re su ltin g  in  th e  fo rm atio n  of iron  cyan ide . T he decrease of o rig inal 
m ag n e tiza tio n  is caused  b y  th e  d isappearance  o f F e 30 4, th e  only m agnetic  
phase d e tec ted . Ow ing to  th e  decom position  of iron  cyan ide  from  ab o u t 580 °C, 
a rise of th e  m ag n e tiza tio n  va lu e  is observed. On cooling, th e  m ag n e tiza tio n  
curve rises beg inn ing  from  ab o u t 750 °C, a fa c t p o in tin g  to  th e  fo rm a tio n  o f 
m etallic  iron . F u r th e r  in flex ions observed  while cooling in d ica te  th e  occurrence 
o f iron  n itr id e , iron  carb ide and  m ag n etite . Such curves are ty p ic a l for all 
sam ples of in itia lly  low m ag n e tiza tio n .

The n e x t cu rve  (F ig. 3b) d em o n stra te s  th e  m ag n e tiza tio n  vs. te m p e ra tu re  
re la tio n sh ip  for th e  explosion p ro d u c t of a m ix tu re  low in cobalt co n te n t. T he 
f irs t  p o rtio n  o f th is  d iag ram  is sim ilar to  th e  cu rve  p resen ted  in F ig . 3a b u t  
from  th e  te m p e ra tu re  of a b o u t 570 °C th e  im p ro v em en t of m agnetic  p ro p ertie s  
is d ifferen t due to  th e  fo rm atio n  o f m etallic  iron  an d  co b a lt. H ence th e  d e te rio ­
ra tio n  of m agnetic  p ro p ertie s  a fte r  reaching  a ce rta in  m ax im um  is caused  by  
app roach ing  th e  Curie p o in t for iron and  th en  for co b a lt. On cooling, th e  m ag­
n e tiza tio n  sh a rp ly  rises beg inn ing  from  960 °C, th e n  falls s ligh tly  an d  rises 
again  a t  ab o u t 570 °C. T he f ir s t  rise  in m ag n e tiza tio n  is due to  th e  fo rm ation  
of a co b a lt—iron  alloy , th e  second to  iro n -c o b a lt fe rrite .

T he chem ical analyses of th is  sam ple as well as o f all those belong ing  to  
the low -m agnetiza tion  group y ie ld  h igh co n ten ts  o f n itro g en  (25— 30% ) and  
carbon  (15—24% ).

Sam ples of h igher m ag n e tiza tio n  values h av e  th e rm o m ag n e tic  cu rves o f  
qu ite  d iffe ren t shapes (F ig. 3c). T h e ir carbon  and  n itro g en  co n ten ts  are 3—7 %  and  
1— 1.5% , respective ly . These are  p ro d u c ts  o b ta in ed  w ith  a 1 : 1 in itia l ra tio  of 
cobalt n i tra te  an d  am m onium  fe rrocyan ide. In  th e se  cases ferro m ag n etism  is 
m ain ly  due to  m ag n e tite , w ith  som e co n trib u tio n  from  iron  and  co b a lt w hich  
are bare ly  d iscern ib le  on th e  X -ray  p a tte rn s . T he re tu rn in g  line on th e  th e rm o - 
m agnetic  d iag ram  ru n s m uch  below  th e  in itia l one an d  th e  beg inn ing  o f its  
a scen t becom es observab le  a t  a te m p e ra tu re  of a b o u t 500 °C. This is p ro b a b ly  
associated  w ith  th e  fo rm atio n  of a solid solu tion  of m ag n e tite  and  c o b a lt- iro n  
ferrite .

T he fo u rth  an d  la s t ty p e  of th e rm o m ag n e tic  cu rves (F ig. 3d) is y ie ld ed  b y  
sam ples w ith  v e ry  good m ag n etic  p roperties, and  a 2 : 1 in itia l ra tio  of th e  
com ponen ts. ß-Co an d  a -F e  h av e  been  d e tec ted  b y  X -ra y  analysis. T h e  m ag ­
netic  p ro p erties  o f these  p ro d u c ts  are  lost g radua lly  on h ea tin g . Some ten d en cy  
to w ard  reach ing  th e  Curie p o in t is observed fo r m ag n e tite , iron  an d  co b a lt 
(for th e  la t te r ,  a t  a b o u t 1120 °C). T he re tu rn  of th e  cu rve  beyond  th is  te m p e ra ­
tu re  is a su ffic ien t d em o n stra tio n  of m eta l o x id a tio n  an d  oxide fo rm a tio n  to ­
ge ther w ith  th e  ap p earan ce  of a fe rritic  phase.
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In  general, th e  p u re  m eta ls , m ag n e tite  an d  som etim es a fe rritic  phase 
a re  th e  m ain  carriers o f  m ag n e tic  p ro p ertie s  am ong th e  90 sam ples p rep ared  
in  th e  course of th e  p re se n t w ork. T he ra tio  of th e  s ta r tin g  sa lts  is th e  deciding 
fa c to r  in  th e  phase com po sitio n  o f explosion p ro d u c ts . The m eth o d  of a ir  supp ly  
h a s  a s trong  q u a n tita tiv e  h u t  no q u a lita tiv e  effect. L arger am o u n ts  of a- Fe20 3 
a re  fo rm ed  w hen a ir is c o n d u c ted  in to  th e  b u lk  of th e  sam ple. T he p rep a ra tio n s  
w ith  a  2 : 1 ra tio  o f c o b a lt n i tr a te  an d  am m o n iu m  ferrocyan ide  show  th e  h igh­
e s t  m ag n e tiza tio n  v a lu es . T he g re a te s t d iffe ren tia tio n  o f c ry sta llin e  phases 
( in c lu d in g  th e  fe rro m ag n e tic  ones) occurs in  th e  case of a 1 : 1 p ro p o rtio n  of 
Co(N 0 3)2 and  (N H 4)4[Fe(C N )6], irre sp ec tiv e  o f th e  m eth o d  of a ir  supp ly .
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1. T he cond itions w ere e la b o ra te d  fo r th e  m easu rem en t o f  th e  electrode p o te n tia l 
on  g e rm an iu m  single c ry s ta l su rfaces w ith  a rep ro d u c ib ility  o f + 1 0  mV.

2. T he re s t  p o te n tia l  o f g e rm a n iu m  was m easured  in  0.1 N  K 2S 0 4, KC1, K B r 
an d  K I so lu tions in th e  p H  in te rv a l 2— 12. W ith  the  increase  o f  p H  th e  p o te n tia l is * 
sh ifted  lin ea rly  in th e  n eg ativ e  d irec tio n . T he effect of an ions causes a  p o ten tia l sh if t 
in  th e  n eg ativ e  d irec tio n , increasing  in  th e  above series: th is  is g re a te r  in  acidic th a n  in 
n e u tra l  so lu tion .

3. T he po lariza tio n  p o te n tia l  o f  g e rm an iu m  was m easu red  in  acid ic, n e u tra l  an d  
a lka line  0.1 N  so lu tions of th e  above  sa lts  in  th e  cathodic a n d  th e n  th e  anodic  reg ion  in  
th e  c u rre n t d en sity  in te rv a l 10~7— 10“ 3 А /cm 2. The anod ic  a n d  th e  ca th o d ic  p o la ri­
za tio n  cu rves are  com posed of one a n d  tw o  sections, re sp ec tiv e ly , all o f w hich can  be 
d escribed  by  Tafel equ atio n s.

4. T he fo rm atio n  of th e  su rface  lay ers  was s tud ied  w ith  an  e llipsom eter on an  
e lectro d e  a t  re st an d  d u rin g  th e  p o la riza tio n  process. In  th e  r e s t  s ta te  and  w ith  anod ic  
p o la riza tio n , for a ce rta in  tim e a  c lear th ick en in g  of th e  la y e r  can  be d e m o n s tra ted ; 
th e  ca th o d e  process, how ever, is n o t  accom pan ied  by  a clear decrease  o f  th e  th ick n ess 
o f th e  su rface  layer.

5. On th e  basis o f  th e  e x p e rim e n ta l re su lts , i t  can be s ta te d  w ith  h igh  p ro b a b ility  
t h a t  th e  re s t  p o te n tia l  is o f a corrosion  n a tu re . I t  is likely  t h a t  th e  ca th o d e  an d  anode 
re ac tio n s  a re  id en tica l w ith  th e  low  c u rre n t density  p o la riza tio n  reac tions. I f  th is  is 
a ccep ted , th e  anion effect in th e  case o f th e  re s t  p o ten tia l can  be sim ply  ex p la ined  as 
th e  e ffects o f th e  adso rb ed  an ions in d ecreasing  the  overv o ltag e  o f th e  anode reac tio n .

F ro m  an analysis o f a ll th e  av a ilab le  d a ta , i t  is likely  t h a t  th e  de te rm in in g  anode 
re ac tio n  of th e  corrosion re s t  p o te n tia l  is th e  ox idation  process o f  g e rm an ium . A ccording 
to  ou r a ssu m p tio n s a b o u t th e  ca th o d e  re ac tio n s  in question , i t  can  be  said  th a t  th e  ra te  
o f th e  ox ide red u ctio n  process can be  neg lected . The d e te rm in in g  reac tio n  is th e  evo­
lu tio n  of hydrogen , w ith  th e  in te rm e d ia te  step  of germ anium  h y d rid e  fo rm ation .

As regards th e  anode reac tio n s , i t  is like ly  th a t  we are  co n cern ed  w ith  d iffe ren t 
o x id a tio n  step s of ge rm an iu m , d ep en d in g  on  th e  cu rren t d en sity . T h e  ca thode  reac tio n s 
agree a t  low c u rre n t d ensities w ith  th o se  o f th e  re s t  s ta te , b u t  a t  h ig h er c u rre n t densities 
th e  r a te  o f hydrogen  fo rm atio n  is a lre a d y  significant.

A n u m b e r of au th o rs  [1— 13] h av e  m ade ex p e rim en ta l stud ies of th e  
rest po ten tia l (cpr) of germ an ium , b u t  w ith  regard  to  th e  dependence on th e  
com position  o f so lu tion  and  th e  p H  th ese  provide only few  a n d  co n tra d ic to ry  
d a ta .

The prob lem  has been d ea lt w ith  sy stem atica lly  on ly  b y  L o v r ec ek  
an d  B o ck ris  [1], H a rv ey  an d  Gatos [2] and  B o d d y  a n d  B rattain  [4]. 
T hese au th o rs  s tud ied  th e  p H -d ep en d en ce  of the  p o ten tia l in  a w ide in te rv a l, 
an d  found  th a t  th e  re s t p o te n tia l o f th e  germ anium  e lec tro d e  has a sim ilar

3 Acta Chim. (Budapest) 72, 1972



34 GIBER, V A JA SD Y -PER C ZEL: GERMANIUM SIN G LE CRYSTAL SURFA CES, 1

p H -d ep en d en ce  to  t h a t  o f  th e  hyd rogen  e lectrode. T he ex p e rim en ta l resu lts  
re p o r te d  b y  them , h o w ev er, d iffer s ig n ifican tly  from  each  o th e r  (F ig. 1).

T he d ifferent a u th o rs  m ade d iffe ren t assu m p tio n s as to  th e  n a tu re  of th e  
e lec tro d e  p o ten tia l a n d  th e  m echan ism  o f th e  processes d e te rm in in g  the  po­
te n t ia l .  W ith o u t m ak in g  a n y  concrete  in v es tig a tio n s , an d  assum ing  th a t  th e  
re a c tio n s  determ in ing  th e  p o te n tia l are reversib le , P o u r b a ix  [14] gives m an y  
p ossib le  reactions b a se d  on th e rm o d y n am ic  d a ta  for g e rm an iu m  electro ly te  
so lu tio n  system s, an d  ca lcu la tes  th e  equ ilib riu m  elec trode  p o te n tia ls  of these

+ 200 
-  +100 
— ±0 
ш -100 
1  -200  
ui -3 0 0  
> -4 0 0  

^ - 5 0 0

F ig . 1. R e s t p o te n tia l  d a ta  fro m  th e  l i te ra tu re  
А K 2S 0 4; К О Н  —H 2S 0 4, p H  a d ju s tm e n t [1]. ■  N  N a2S 0 4; su lfa te -b isu lfa te  buffer; 0 2 a t ­

m osphere  [2]. •  O.liV K 2S 0 4; K O H  — H 2S 0 4, p H  a d ju s tm e n t [4]. x 0.1IV K 2S 0 4; 
K O H  — H 2S 0 4, p H  a d ju s tm e n t (th is  w ork)

rev e rs ib le  reactions. F ro m  a com parison  of th e ir  e x p e rim e n ta l d a ta  w ith  
th e rm o d y n am ic  c a lcu la tio n s , L o v recek  an d  B ockris [1] consider th a t  th e ir  
re su lts  can be ex p la in ed  b y  th e  reversib le  reactions

Ge +  H 20  ^  GeObrown+  2 H + +  2e+ ( la )

Ge +  H 20  GeO ye,iow+  2 H + +  2e~ ( lb )

S ince  th e ir  m easured  p o te n tia l  values d ep en d  on th e  s tirr in g , i t  is n o t excluded 
t h a t  th e  p o ten tia l-d e te rm in in g  processes, w hich in  th e ir  o p in ion  can be c h a r­
a c te rized  by  anode re a c tio n  (1) and  th e  ca th o d ic  evo lu tio n  o f hydrogen , give 
a m ix ed  po ten tia l. (T he ca lcu la ted  m ixed  p o te n tia l d a ta  d iffe r sligh tly  from
th e  reversib le p o te n tia l  d a ta .)  H a rv ey  an d  Gatos [2] assum e a m ixed p o ­
te n t ia l  which, in a g re e m e n t w ith  th e  fa c t th a t  th e ir  so lu tio n  was s a tu ra te d
w ith  oxygen, can be ex p la in ed  by  th e  reactions

in  acid ic  m edium : Ge -f- H 20  —► G eO H  H  + -f-e_ (2)

0 2 - j - H + - |- e  -*■ H 0 2 (3)

in  a lkaline m ed ium : G e -)- O H -  —»■ G eO H  +  в“  (4)

0 2 +  H 20  +  e -  -> H O , +  O H -  (5)

pH
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A ccording to  L o v r e c e k  an d  B ockris  [1], th e  p H -dependence  o f  th e  
re s t  p o te n tia l is in  good ag reem en t w ith  th e  in te rp re ta t io n  th a t  th e  p o te n tia l 
is d e te rm ined  m ain ly  b y  reac tio n s ( la )  and  ( lb ) :  re a c tio n  ( la )  is p re d o m in a n t 
in  th e  p H  range  0 —4, an d  reac tio n  ( lb )  in  th e  p H  ra n g e  6 —12. H a r v e y  an d  
Gatos [2] exp la in  th e  p H -d ep en d en ce  b y  a m ixed  p o te n tia l  derived  from  E qs
(2) (5).

T he effect o f an ions on th e  re s t p o te n tia l o f g erm an ium  has n o t been  
stu d ied , b u t  d a ta  are  availab le  [2] on th e  re la tio n  be tw een  th e  d isso lu tion  of 
germ anium  an d  th e  ad so rp tio n  o f anions (Cl- , B r - , I - ). I t  can  be found  from  
th is  p a p e r th a t ,  b y  m eans of specific adso rp tio n , an io n s accelerate  th e  d isso ­
lu tio n  o f germ anium .

O f th e  m easu rem en ts  giv ing an  in d ica tio n  o f th e  n a tu re  of th e  p o te n tia l, 
th e  s tu d y  of th e  dependence  on th e  G e0 2 c o n c e n tra tio n  m u st be m en tio n ed : 
L o v r e c e k  and  B ockris  [1] found  th e  re s t p o te n tia l  to  be in d e p e n d e n t o f th e  
G e0 2 c o n cen tra tio n , w hereas accord ing  to  H a r v e y  a n d  Gatos [8], cpr  becom es 
m ore p ositive  w ith  increasing  G e 0 2 co n cen tra tio n .

I t  can  be e stab lish ed  th a t  th e  n a tu re  of th e  re s t  p o te n tia l and  th e  m ech ­
anism  o f th e  p rocesses have  s till n o t been c leared  u p . T he effect o f an ions 
on  th e  re s t p o te n tia l has n o t been  s tud ied . T he re p o r te d  ex p erim en ta l re su lts  
on th e  value  of th e  re s t  p o te n tia l, on its  p H -d ep en d en ce , an d  on its  dependence  
on th e  G e0 2 co n cen tra tio n , co n ta in  s ign ifican t d ifferences and  co n trad ic tio n s .

N um erous p ap ers  deal w ith  th e  s tu d y  of th e  polarization  poten tia l (qo) 
o f germ anium , b u t  th e se  p rim arily  cover e ith er th e  ano d ic  p o la riza tio n  reg ion  
of h igher c u rren t d en sity  (10~ 4— 10-1  A/cm2) [10, 1 5 —23], or th e  ca th o d ic  
po lariza tio n  reg ion  o f  h igher c u rre n t d ensity  [24, 25]. O nly  a few a u th o rs  
(H a r v e y , L aF l e u r  an d  Gatos [3], B orovkov  [10], G e r isc h e r  an d  B e ck  
[18]) m easure th e  ca th o d ic  an d  anod ic  p o la riza tio n  reg ions to g e th e r, b u t  tw o 
of these  [10, 18] t r e a t  m erely  th e  region of h ig h er c u rre n t density .

On th e  o th e r h a n d , from  th e  v iew poin t o f th e  general s tu d y  o f th e  
classification , th e  n a tu re  an d  m echan ism  of p o la riza tio n  phenom ena, i t  is o f 
fu n d am en ta l im p o rtan ce  to  ca rry  o u t a jo in t, p a ra lle l in v es tig a tio n  of th e  
anode an d  ca th o d e  processes w ith  c u rren t densities sm aller th a n  th e  10“ 4 
А /cm 2 region. In  th is  low  c u rre n t d en sity  in te rv a l, B o d d y  [26] s tu d ied  th e  
sam e anodic p o la riza tio n  region as ou r own p o la riza tio n  m easu rem en ts , B o h ­
n e n k a m p  and  E n g e l  [27] an d  H a r v e y  and Gatos  [3] s tud ied  an  in te rv a l 
sm aller b y  one o rd e r o f m ag n itu d e , w hile th e  d a ta  o f  Y efim o v  and  Y e r u s a - 
limchik  [23] an d  Ge r i s c h e r , H o f f m a n n -P erez  a n d  Mi n d t  [28] p ro v id e  
sporad ic  ex p e rim en ta l p o in ts ; in  th e  cathodic region, how ever, our own s tu d ies  
can be com pared  on ly  w ith  th e  d a ta  o f H a r v e y , L a F l e u r  and  Gatos  [3]
(Fig- 2).

T he m echan ism  o f th e  p o la riza tio n  processes w as s tu d ie d  b y  T u r n er  [21],, 
B a r d e l e b e n  [29], Ge r is c h e r , H o ffm a n n -P e r e z  an d  Min d t  [28], Ge -
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r is c h e r , Maurer  an d  M in d t  [30] an d  H o ffm a n n -P erez  an d  Ge r is c h e r  [31] 
w ith  anod ic-cathodic  cyclic  m easu rem en ts .

In  th e  m e c h a n i s m  o f  the  a n o d i c  d i s s o l u t i o n  of germ anium  (in  th e  region 
o f h ig h  cu rren t densities) B orovkov  [10], J ir sa  [15] and  H a r v e y , Sh e ff

F ig . 2. Com parison of th e  p re sen t p o la riza tio n  p o te n tia l  d a ta  w ith  th o se  in  th e  lite ra tu re  
^  0.11V K 2S 0 4; pH  =  2.1 ( th is  w ork), о 0.1JV K „S 04; p H  — 6.3 (th is  w ork). Щ 0.1 N  K 2S 0 4; 

p H  =  7.4 [26]. a  N  K O H  [27]. □ 0.1IV N a2SÖ4 +  10 ~ J N  K I  [3]. x 0 .Ш  H 2S 0 4 [21].
о 0.1 N  K O H  (th is  w ork)

a n d  G atos [32] assum e GeO., as o x id a tio n  p ro d u c t while GeO is form ed as a 
seco n d ary  p ro d u c t in  th e  reac tio n

Ge GeOa —► 2GeO (6)

P leskov  [17] a n d  T u r n er  [21] p ropose  a m echanism  fo r th e  anodic d is­
so lu tio n  according to  w hich  th e  co v a len t b o n d  of a surface Ge a to m  is b roken  
b y  th e  cap tu re  o f tw o  holes.

B orovkov [10] an d  J irsa  [15] h av e  observed  sa tu ra tio n  p h enom ena  for 
N - ty p e  sem iconductors a t  h igh c u rre n t densities (above 10 3 А /cm 2) in  agree­
m e n t w ith  Ge r isc h e r  an d  B eck  [18] an d  Y efim o v  and  Y e r u s a l im c h ik  [23]; 
th e y  explain  th is as c o n firm a tio n  th a t  th e  ra te -d e te rm in in g  s te p  in  th e  anodic 
d isso lu tion  is th e  t r a n s p o r t  o f a hole w ith in  th e  g erm an ium  to  th e  b o u n d ary
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su rface of th e  sem iconducto r. B o d d y  [26] accepts th e  d e ta iled  m echan ism  
e lab o ra ted  b y  B e c k  an d  Ge r is c h e r  [33, 34] for th e  anodic  d isso lu tion  of 
germ anium .

As th e  cathode process o f  the polarization , B o ro vk o v  [10], Y e fim o v  an d  
Y e r u s a l im c h ik  [24] an d  Gr e e n  [25] consider i t  p ro b a b ly  to  be h y d ro g en  
ev o lu tio n ; acco rd ing  to  B orovkov  [10] and  Y efim o v  an d  Y e r u s a l im c h ik  [24], 
th e  ra te -d e te rm in in g  s tep  is n e u tra liz a tio n  and  i t  can  be described  b y  th e  
T afel eq u a tio n  in  th e  fo rm u la tio n  o f  V olmer  an d  F r u m k i n . Gr e e n  [25] 
proposes th e  fo llow ing m echan ism

Ge -)- H 30 + -(- e~ - - U  GeH +  H.,0 (T,

H 30 + +  G eH  +  e~ _ ^ Ge + H „ + H . , 0 (8)

F ro m  a s tu d y  o f th e  h y d ro g en  ev o lu tion  process Gr e e n  [35] finds t h a t  th e  
n e u tra liz a tio n  of th e  p ro to n  is n o t th e  ra te -d e te rm in in g  s tep  in  th e  case w hen  
th e  process is co n tro lled  b y  th e  diffusion of m in o rity  ch arge-carriers  in  th e  
sem iconducto r.

On th e  basis  of th e ir  cyclic po la riza tio n  m easu rem en ts , Ge r is c h e r , 
Ma u r er  an d  M in d t  [30] propose th e  following m echan ism  fo r th e  a n o d ic -  
ca th o d ic  p o la riz a tio n  tra n s itio n :

> G e  —  O H  +  e“ + H + ^  > G e - +  H 20  (9)

^>Ge- -)- H + ^ ;G e —  H  e+ in  acidic m edium

> G e  —  O H  +  e~ > G e- +  O H “ (10)

;>G e‘ -f- H 20  ^ G e  — H  O H “ -f- e+ in  a lka line  m edium

F ro m  c a p a c ity  m easu rem en ts , H o ffm a n n -P erez  an d  Ge r is c h e r  [28, 31] 
assum e a su rface  covered  w ith  h y d ro x id e  in th e  anod ic  p o la riza tio n  region, 
an d  a su rface covered  w ith  h y d rid e  in  th e  ca thod ic  p o la riza tio n  reg ion , an d  
th e  jo in t  p resence  o f h y d ro x id e  an d  h y d rid e  in  th e  tra n s it io n a l region of sm all 
c u rre n t den sity .

F ro m  c a p a c ity  a n d  charg ing  curve  m easu rem en ts, B o d d y  and  B rattain  
[4], B o d d y  [26], H o ffm a n n -P er e z  an d  Ge r isc h e r  [31] an d  Myam lin  a n d  
P lesk o v  [36] p ropose  th e  follow ing m echan ism  for the explanation o f  the p H -  
dependence o f  the po lariza tion  potentia l: on b o th  th e  su rface covered  w ith  h y d ro x ­
ide and  th a t  covered  w ith  h y d rid e , a d issociation  doub le  la y e r  develops in  
acco rdance  w ith  th e  follow ing d issocia tion  equ a tio n s:

Ge —  O H  +  H 20  ^  G eO “ +  H 30 + (11)

Ge —  H  +  H 20  ^  G e“ +  H 30 + (12)
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a n d  th e  slope of th e  p H -d ep en d en ce  o f  th e  p o te n tia l can  be  expressed  from  a 
co n sid e ra tio n  of these .

The effect o f  an ions on the po lariza tion  potentia l a t  h ig h er anodic  cu rren t 
d e n s itie s  has been s tu d ie d  b y  H olm es  [16], Y efim o v  an d  Y eru sa lim c h ik  
[19, 20] and  T oshim a  a n d  U ch id a  [37]. F ro m  th e ir  m easu rem en ts , th e  con­
c lusion  w as draw n th a t  red u c in g  ions are  ox idized b y  e lec tro n  in jec tio n . As a 
re s u lt  o f electron in je c tio n , th e  e lec tro n  co n cen tra tio n  on th e  su rface  increases, 
th is  g ives rise to  th e  presence  of a g re a te r  n u m b er of holes on th e  surface, 
a n d  th is  in  tu rn  in creases  th e  ra te  o f anod ic  d isso lu tion . H a r v e y , LaF leu r  
an d  G atos [3] s tu d ied  th e  effect of io d ide  ion  ad so rp tio n  on th e  po la riza tio n  
p o te n tia l  in the  low er c u rre n t d e n s ity  reg ion  on b o th  th e  ca th o d e  an d  th e  
an o d e . T he m echanism  o f th e  process w as n o t c larified . Y efim o v  an d  Y e r u ­
sa l im c h ik  [24] s tu d ie d  th e  m echan ism  o f ca th o d ic  h y d ro g en  evo lu tion  in  th e  
h ig h e r  cu rren t d en sity  reg ion  by  an ion  an d  ca tio n  ad so rp tio n  m easu rem en ts. 
T h e y  fo u n d  th a t  h y d ro g en  evo lu tion  proceeds b y  a slow n e u tra liz a tio n  m echan­
ism  on germ anium . F ro m  th e  resu lts  o f  th e ir  po lariza tio n  p o te n tia l  an d  cap ac ity  
m easu rem en ts , B r a t t a in  an d  B o d d y  [38] have  concluded  th a t  th e  iodide 
ion  ex e rts  a specific effec t. In  th e  anod ic  p o la riza tio n  reg ion  th e  effect is ch a r­
a c te r iz ed  by  th e  re a c tio n

Ge —  O H  +  I "  — Ge —  I  +  O H -  (13)

T h e  follow ing assu m p tio n s as to  th e  m ech an ism  of th e  p rocess a re  considered 
co m p a tib le  w ith th e  re su lts : (a) Io d id e  ion d isp laces th e  O H  ion from  th e  
su rface , and  th e  re su ltin g  change in  dipole m om en t c o n tr ib u te s  to  th e  in te rn a l 
p o te n tia l  difference, (b) T he iodide b o n d ed  to  th e  surface ex e rts  an  in d u c tiv e  
e ffec t an d  brings a b o u t changes in  /iQeo — an d  Моеон,-

F rom  a su rv ey  o f th e  l i te ra tu re  on po la riza tio n  p o te n tia l  m easu rem en ts 
i t  c an  be estab lished  t h a t  so fa r th e re  h a v e  been no com prehensive  system atic  
p o la riza tio n  m easu rem en ts , a jo in t  s tu d y  o f th e  ca th o d ic  an d  anodic  processes 
h a s  n o t  been m ade, an d , a t  p re se n t, opinions are d iv id ed  as to  th e  k ine tic  
n a tu re  of po la riza tion  reac tions an d  even  m ore as to  th e  p resum ab le  p o la ri­
z a tio n  m echanism .

In  sum m ary , it can be established t h a t  th e  germ an ium  re s t  p o te n tia l d a ta  
o f  in d iv idua l au th o rs  do n o t agree, th e  s tu d y  of th e  effects o f th e  p a ram e te rs  
is incom plete , an d  th e  n a tu re  of th e  p o te n tia l has n o t been  e lucidated . I t  is 
th e re fo re  our o b jec t to  ca rry  ou t rep ro d u c ib le  a d d itio n a l m easu rem en ts  on th e  
dependence  of th e  re s t  p o ten tia l on p H , anion effect an d  G e 0 2 co n cen tra tio n , 
a n d  also to  clarify  th e  effect o f su rface tre a tm e n t o f th e  e lectrode.

In  order to  s u p p o r t our conclusions on th e  n a tu re  o f th e  re s t p o ten tia l, 
a n d  also because o f  th e  incom pleteness o f th e  g erm an ium  po lariza tio n  p o te n ­
t ia l  studies, i t  seem ed reasonab le  to  p roduce anodic—ca th o d ic  po la riza tion  
cu rv es  in  a w ide p o la riza tio n  c u rre n t d en sity  in te rv a l (1 0 ~ 7— 10~3 A /cm 2).

3 8  G IBER, VAJA SD Y -PERCZEL: GERM ANIUM  SIN G LE CRYSTAL SURFA CES, I
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E xperim en ta l m ethod

M easuring  cell. R e s t an d  po lariza tio n  p o te n tia ls  w ere m easu red  in  th e  p y re x -g la ss  
a p p a ra tu s  to  be  seen in  F ig . 3. T he m easu ring  cell consists o f 3 p a r ts  (А , В , C), sep a ra b le  
from  each  o th e r  b y  ta p s .

A  is th e  m easu rin g  vessel p roper, in to  w h ich  ex ten d s
B ,  a vessel c o n ta in in g  an  aux ilia ry  e lec tro d e  (p la tin u m ), and
C, a  vessel co n ta in in g  a co m p arativ e  (n o rm al calom el) e lectrode.

Fig. 3. M easuring  cell. A  : m easu ring  c o m p a rtm e n t, B :  a u x ilia ry  e lectrode , C : no rm al calo m el 
electrode. 1: c ircu la r o p en in g , 2: sealing rin g , 3: g e rm an iu m  e lectro d e , 4: clam ping  sp rin g , 5: 
c lam ping d ev ice , 6 : L u g g in  cap illa ry  ( 0  1 m m ), 7: calom el e lectrode , 8 : gas scrubber, 9: ta p s ,  

10: p la tin u m  electrode , 11 : N 2 gas in le t

T he en d  of th e  la t te r ,  w hich finishes as a  b e n t  c ap illa ry  o f 1 m m  in te rn a l d ia m e te r , 
ex ten d s  to  th e  su rface  o f th e  Ge sam ple. T he Ge disc u sed  as m easu rin g  electrode (3) is p re ssed  
from  ou tsid e  to  a  c irc u la r , po lished-rim m ed hole in  th e  side o f vessel A b y  a c lam ping  dev ice  
(5). A p las tic  r in g  (2) w as u sed  fo r sealing.

T his m easu rin g  e lectro d e  a rran g em en t, w h ich  w as also used  b y  Sh e f f , Gatos a n d  
Zw erdling  [39], is m ore  ad v an tag eo u s th a n  th e  u su a l e lectro d e  a rran g em en t: here  o n ly  th e  
germ anium  su rface  com es in to  co n tac t w ith  th e  so lu tio n , a n d  hence th e  possib ility  o f c o n ta m ­
in a tio n  is m ark e d ly  re d u ced .

T he m easu rin g  cell w as p laced  in a d a rk  th e rm o s ta t ,  an d  th e  m easu rem en ts m ad e  a t  
25 °C. T he accu racy  o f th e  th e rm o sta tin g  was + 0 .1  °C.

Electrodes. N -ty p e  g e rm an ium  of 6— 10 ohm  • cm  specific re sistance, an d  (111) o r ie n ­
ta tio n , was p re p a re d  fro m  a single crysta l. A fte r c u tt in g  to  size (1 1 X 1 1 X 0 .4  m m ), g rin d in g  
and polish ing , th e  sam p les w ere classified b y  th e  fo llow ing  co n tro l m easu rem en ts: 

m easu rem en t o f specific  resistance, 
m easu rem en t o f d isloca tion  density , 
o r ien ta tio n  m easu rem en t, 
m icroscopic  su rface  s tu d y , 
in te rfe ren ce  m icroscopic  s tu d y .
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A fter c lassifica tion  th e  sam ples were d eg reased  b y  boiling for 5 m in in CC14, r in sed  in 
d is tilled  w a ter, e tch ed  a t  70 °C for 30 sec in CP-4 A e tc h in g  so lu tion  (25 m l ace tic  acid , 25 ml 
n i tr ic  acid , 15 m l h y d ro flu o ric  acid), w ashed  in  d e ion ized  w a te r, an d  th e n  rin sed  in d is tilled  
w a te r . An ohm ic c o n ta c t  w as p rep ared  by  a llo y in g . (The c o n ta c t m ate ria l was t in  fo il; th e  
a llo y in g  was m ade in  a h y d ro g en  furnace a t  420 °C w ith  ra p id  h ea tin g -u p , an d  la s te d  20 m in .)

T he ohm ic n a tu re  o f th e  co n tac t was ch eck ed  b y  reco rd ing  th e  c h arac te ris tic s , a n d  th e  
side o f th e  c o n ta c t w as th e n  covered  w ith  e p o k it resin .

T he fin a l e lec tro d e  surface  was fo rm ed w ith  a  fu r th e r  e tch ing  a t  70 °C fo r 2 m in  w ith  
C P-4A  e tch ing  so lu tio n , follow ed by  th o ro u g h  w ash in g  w ith  doubly  d istilled  w a te r. T h e  re a d y  
sam p les were k e p t fo r fo u r d ay s in doubly  d is tilled  w a te r: e llipsom etric  s tud ies show ed th a t

Fig. 4. M easu rin g  c ircu it

d u rin g  th is  soak ing  th e  th ick n ess of th e  ox ide la y e r  increases (see T able  IV). T he rep ro d u c tio n  
o f th e  m easu rem en ts  on  th e  oxide surface fo rm ed  in  this w ay  was good (th e  s c a tte r  decreased  
b y  a  fac to r of th ree ).

P reparation and p u rifica tio n  o f  the so lu tions. T he m easuring  so lu tions w ere p re p a re d  
fro m  an a ly tic a l g rad e  re ag e n ts  and w a ter w h ich  h a d  been deionized an d  d oub ly  d is tilled  in a 
q u a r tz  vessel; th e y  w ere th e n  purified  by  a s ta n d a rd  shak ing  procedure  w ith  a g iven  a m o u n t 
o f  g e rm an iu m  pow der.

T he no m in a l G e 0 2 c o n te n t of th e  m ea su rin g  so lu tions th u s  p rep ared  w as a d ju s te d  to  
0 .003 g/1. F o r th e  s tu d y  of th e  effect of G e 0 2, th e  ‘G e 0 2’ co n ten ts  o f K 2S 0 4 so lu tio n s w ith  
n o m in a l G e0 2 c o n te n ts  o f  4.0 g/1 and  0.4 g/1 w ere a d ju s te d  w ith  a so lu tion  of G e 0 2 d issolved in 
2iV K O H , before th e  a d ju s tm e n t of th e  p H . T h e  G e 0 2 co n te n t in th e  p rep ared  so lu tio n s w as 
checked  an a ly tica lly  b y  a sp ec tro p h o to m etric  m e th o d  [40]. T he p H  of th e  so lu tions w as a d ­
ju s te d  w ith  H 2S 0 4 or K O H  in n itrogen  a tm o sp h e re . S tab le  and  measurable p H  v a lu es w ere 
o b ta in e d  a f te r  10 m in  in  acidic so lu tion , a f te r  25 m in  in n e u tra l or w eakly  basic  so lu tio n s , 
a n d  a f te r  100 m in  in  s tro n g ly  a lkaline  so lu tion .

M easuring equipm ent. A high in p u t-re s is ta n c e  tu b e  v o ltm e te r (R adelk is ty p e  O P  401/1) 
w as used  for p o te n tia l  a n d  p H  m easurem en ts, w h ile  a tran s is to r-s tab ilized  rec tif ie r  serv ed  as a 
d ire c t c u rre n t source fo r th e  ga lv an o sta tic  p o la r iz a tio n  m easu rem en ts. T he ex p e rim e n ta l se t-u p  
is show n in F ig . 4.

Procedure. T he m easu ring  cell w as c lean ed  in a m ixed so lu tion  of h y d ro g en  p e ro x id e  
a n d  su lfuric  acid, a n d  th e n  w ashed w ith  d e ion ized , d o u b ly  d istilled  w a ter. A fte r th e  a p p a ra tu s  
h a d  been  se t u p , i t  w as filled  w ith  d istilled  w a te r , le f t to  s ta n d  for 24 h ours, a n d  th e n  w ashed  
th o ro u g h ly  w ith  th e  m easu rin g  solu tion  a n d  f illed  w ith  th is .

The re s t  p o te n tia l  w as m easured  a g a in s t a  no rm al calom el reference e lec tro d e  as a 
fu n c tio n  of tim e  u p  to  th e  a tta in m e n t o f a s ta tio n a ry  s ta te ;  during  th is , n itro g en  gas (p u rified  
b y  passage th ro u g h  a deo x y g en a to r, a p o rtio n  o f th e  m easuring  so lu tion , an d  a G-4 glass 
f i lte r )  was bu b b led  th ro u g h  to  ensure th e  ab sen ce  o f oxygen and  carb o n  d iox ide.

In  th e  p o la riza tio n  p o ten tia l m ea su re m e n ts  th e  m easuring  sy s tem  w as f i r s t  c a th o d ica lly  
p o larized  (w ith  th e  use o f a p la tin u m  a u x ilia ry  e lectrode). T he c u rre n t d e n s ity  w as v a ried
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betw een 10-7  and  10“ 3 A /c n r , p roceed ing  from  low er to  h igher c u rre n t densities. T he in d i­
v idual p o lariza tion  p o ten tia ls  w ere read  o ff a f te r  a tta in m e n t o f th e  s ta tio n a ry  s ta te  (generally  
5 m in). A fter th e  ca th o d ic  p o lariza tio n  w as sto p p ed , th e  re -e s ta b lish m e n t o f th e  re s t  p o ten tia l 
va lue  was aw aited , a n d  th en  an  anod ic  p o la riza tio n  curve was reco rd ed , sim ilarly  to  th e  
ca thod ic  one. T he m easu red  p o ten tia ls  w ere co n v erted  to  those  re la tiv e  to  th e  n o rm al h y d ro g en  
e lectrode. Before th e  p o lariza tio n  m easu rem en ts  th e  rest p o te n tia l w as alw ays m easu red  as 
described above.

Conditions o f  reproducibility o f  potentia l measurements. D ecid ing roles a re  p lay ed  in th e  
rep ro d u c ib ility  o f th e  re su lts  b y  th e  in te rn a l (ty p e , specific resis tan ce) an d  surface (m echanical 
an d  chem ical surface  tre a tm e n t,  o rien ta tio n ) p a ram ete rs  o f th e  e lectro d e , th e  te m p e ra tu re  an d

+100

-100 
±  -200  
2  - 3 0 0  
u) - 4 0 0  
> - 5 0 0  

< v - 6 0 0

1 2 3 A 5 6 7 8 9 10 11 12 
PH

F ig. 5. D ependence  of <pr on p H

X O.liV K,SCb; O 0.1JV KC1; 0.1 N  K B r; A 0.1JY K I ;  a d ju s tm e n t o f p H  w ith  H 2S 0 4 a n d
K O H  a t  25 °C in  N 2 a tm osphere

lig h tin g  conditions, th e  com position  of th e  so lu tions, i ts  p u rity , p H , a n d  freedom  from  oxygen  
a n d  carbon  d iox ide. T h is la t te r  can be ach iev ed  by  th e  co n tin u o u s passage  of an  in e r t  gas 
(e.g. n itrogen).

T he change of th e  p H  of th e  so lu tio n  du rin g  th e  m easu rem en ts  w as never m ore  th a n  
0.2 0.3 pH  u n it.

T he p H  of K I  m easu rin g  so lu tion  changes in tim e on th e  effec t of lig h t, as a re su lt  
o f th e  w ell-know n p h o to c a ta ly tic  reac tio n . In  o rd er for th e  p H  to  be stab ilized , i t  was n ecessary  
to  keep th e  so lu tion  in  th e  d ark .

In  th e  case o f  u sing  a n  in e r t  gas a tm o sp h e re  and  keep ing  th e  so lu tions in  th e  d a rk , 
th e  re p ro d u c ib ility  o f th e  re s t  p o ten tia ls  is + 1 0  mV w ith  80%  of th e  sam ples used ; how ever, 
w ith  th e  o th e r 20%  i t  was on ly  40— 50 mV. A p re -p o la riza tio n  for 10 m in  a t  an  anodic  c u rre n t  
d e n sity  o f l X  10“ 6 А /cm 2 b ro u g h t a b o u t a  fu r th e r  im p ro v em en t in  th e  rep ro d u c ib ility . T h e  
re p ro d u c ib ility  w as s im ilar in  th e  m ea su re m e n t o f th e  po lariza tio n  p o ten tia ls .

E xp erim en ta l results

S tu d y  o f  the rest po ten tia l

A ccording to  our ex p e rim en ta l d a ta , th e  re s t p o te n tia l depends on th e  
p H  o f  the solution  an d  in  th e  p H  in te rv a l 2 —12 in all th e  so lu tions s tu d ied  
can  be described  w ith in  ex p erim en ta l e rro r b y  a lin e a r  re la tio n  (F ig . 5, 
T ab le  I).

I f  th e  re su lts  o f ou r m easu rem en ts  in  p o tassium  su lfa te  so lu tion  are 
com pared  (see Fig. 1) w ith  th e  p o te n tia l m easurem ents of H a r v e y  an d  Ga to s  
[2] (tak en  only in  acidic so lu tions) an d  th e  p o ten tia l va lues ca lcu la ted  from
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Table I

R est potential data at d iffe ren t p H  values ( referred to the norm al hydrogen electrode)

E lec tro ly te  so lu tio n
pH

2.5 4 6 9 11

0.1 N  K 2S 0 4 + 4 5 -  55 - 1 8 2 - 3 7 0 - 5 0 0

0 . I N  KC1 - 2 0 - 1 0 0 — 210 - 3 6 0 - 4 7 0

0.1IV K B r - 5 5 - 1 3 5 - 2 3 3 - 3 7 0 — 470

O.liV K I - 9 2 - 1 7 0 — 265 — 450 - 5 0 0

c a p a c ity  m easu rem en ts  b y  B oddy  a n d  B rattain  [4], i t  is seen th a t  these 
a u th o rs  re p o rt va lu es  w h ich  are s ig n if ican tly  m ore positive th a n  our own d a ta . 
T h e  resu lts  of L o v r e c e k  and  B o ck ris  [1], how ever, agree w ell w ith  our m eas­
u rem en ts . The p H  reg io n  stu d ied  com prises th ree  s tra ig h t sections of d ifferen t 
slopes; these  co rresp o n d  to  th e  equ ilib rium  reac tions Ge —► GeObrowm Ge — 
GeOyeiiow, and Ge —*■ GeOe . B oddy  and  B rattain  o b ta in ed  a linear re la tion  
in  th e  p H  in te rv a l 4 .5 — 11.

I t  can  be seen fro m  Fig. 5 th a t  w ith  th e  increase of p H  th e  p o te n tia l is 
d isp laced  in  th e  n e g a tiv e  d irection .

In  th e  a lkaline  reg io n  cpr can be sa id  to  be in d e p e n d e n t of the anion in  
the solution, while p ro ceed in g  tow ards th e  ac id ic  region th e  cpr values a t a given 
p H  are  sh ifted  m ore  in  th e  n egative  d irec tio n , th e  b e tte r  adso rbed  is th e  ion 
in  q u estio n  (F ig. 5). T h e  g re a te s t an ion  effect can  be observed  in  th e  case of th e  
iod ide  so lu tion  in  th e  acid ic region.

T he described  re la tio n  betw een  th e  re s t  p o ten tia l a n d  th e  p H  holds also 
in  m a n y  buffer solu tions  (F ig . 6). A ccord ing  to  our ob se rv a tio n s, an d  in c o n tra s t 
to  th e  p rev ious op in ion  (B oddy  [5]), th e  p o tassiu m  h y drogen  p h th a la te  buffer 
so lu tio n  shows an  an o m a ly  in  th e  acid ic reg ion , and , to  e x te n ts  depend ing  on 
th e  p H , sh ifts cpr in  th e  positive d irec tio n  com pared  w ith  th e  o th e r buffer 
so lu tions.

+100 
>  ±0 
M -100 
^  -200 
z  -3 0 0  
i/i -4 0 0  
> -5 0 0  

<v
2 4 6 8 10 12

pH

Fig. 6. D ependence of <pr on  th e  p H  in  b u ffer so lu tions

О C lark-L ubs; Д  S o ren sen ; ^  M cllvaine; □  W alpo le; x  p o tass iu m  h y d rogen  p h th a la te ;
25 °C, N 2 a tm .
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T he g ra d ie n t o f th e  pH -dependence  of th e  re s t  p o ten tia l (Zl<j9r/z lpH ) 
likew ise depends on th e  an ion  in  th e  so lu tio n : i t  decreases in  th e  o rd er o f th e  
a d so rp tio n  series as show n in  T able I I .

Table II

Slope (A<pr/A p H ) o f the rest p o ten tia l vs. p H  curves

0 .1 /V 0.1 JV 0.1ЛГ 0 . I N po tass iu m  hydro-
K 2S 0 4 KC1 K B r K I gen p h th a la te

0.2 M

Arpr
4 p H

0.063 0.053 0.049 0.047 0.055

5 6 7 8 9 10 11 12 
pH

F ig. 7. D ependence  o f tpr on  G e 0 2 co n cen tra tio n  in  0.1 JV K 2S 0 4 so lu tio n  a t  25 °C; N.. a tm o sp h e re  
x  0.003 g/1; D 0.4 g/1; о  4.0 g/1 GeO,

F o r th e  fu r th e r  c larification  of th e  n a tu re  of th e  p o ten tia l, a s tu d y  w as 
m ade o f th e  effect o f th e  G e0 2 co n ten t o f th e  so lu tion  a t  th ree  co n cen tra tio n s  
(4.0, 0.4 an d  0.003 g/1 G e0 2).

T he re su lts  (F ig . 7) show th a t  in  a w ide co n cen tra tio n  range th e  re s t 
p o te n tia l is in d e p e n d e n t of th e  G e02 c o n te n t: th is  agrees w ith  th e  o b se rv a tio n  
o f L o v r e c e k  an d  B ockris  [1], accord ing  to  w hich  th e  fu r th e r  ad d itio n  of 
GeOa to  a so lu tio n  co n ta in in g  0.036 M  GeOa does n o t cause any  p e rcep tib le  
change in  th e  p o te n tia l. A tten tio n  m u st he d raw n  to  th e  opposite  ex p erim en ta l 
o b serv a tio n s o f H a r v e y  and  Gatos [8], accord ing  to  w hich th e  re s t p o te n tia l  
sh ifts  in  th e  p o sitiv e  d irec tion  w ith  in creasin g  GeOa co n cen tra tio n  (these  
m easu rem en ts  w ere m ade in  an a tm o sp h ere  o f oxygen!).

A s tu d y  w as also m ade of th e  effect o f various chemical treatments on th e  
re s t  p o te n tia l o f g erm an iu m  electrodes, an d  on th e  change of th e  p o te n tia l 
w ith  tim e  (F ig . 8). I t  can  be seen from  th e  m easu rem en ts  th a t  th e  form s of 
th e  p o te n tia l vs. t im e  curves are d iffe ren t fo r th e  v a rio u sly  tre a te d  elec trodes, 
b u t  th e re  is no s ig n ifican t difference be tw een  th e  re s t  po ten tia ls  o b ta in ed . 
T h e  n a tu re  of th e  cu rves depicting  th e  change in  tim e  depends on th e  q u a lity  
o f  th e  oxide lay e r fo rm ed  during  th e  tre a tm e n t.
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t i m e  ( m i n )
F ig . 8. D ependence of (p: on tim e on d iffe re n tly  tre a te d  electrode surfaces, in  0.1 N  K 2S 0 4

a t 25 °C, in  N 2 a tm o sp h e re
x C P-4A ; о  CP-4A -+- s tan d in g  in  d istilled  w a te r ;  •  CP-4A +  H 2 re d u c tio n ; ^  H N 0 3; 
Л H 20 2 -f- Li2C 0 3; ■  H 20 2 -f- Li2C 0 3 -f- s ta n d in g  in  d istilled  w a ter; + h o t  H 20 2; О h o t  
H 20 2 +  s ta n d in g  in  d is tilled  w a te r; A e tc h a n t  8 (period  of s tan d in g  in  d is tilled  w a te r: 24 h rs)

+100

ш - 1 0 0 -

I  -200-
(g -300- 

-400-
°*--500- *

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

F ig. 9. D ependence of rp, on the  ro ta tio n . 0.1 N  K 2S 0 4 solu tion , 25 °C, N 2 a tm o sp h e re

As F ig . 9 show s, th e  rest p o te n tia l  in  a so lu tion  w hich is s tro n g ly  s tir re d  
w ith  a s tream  o f n itro g en  depends v e ry  slig h tly  on th e  r o t a t i o n  o f  the  e lec tro d e .

F ro m  a s tu d y  of th e  t e m p e r a t u r e - d e p e n d e n c e  o f th e  re s t p o te n tia l, i t  w as 
o bserved  th a t  if  th e  te m p e ra tu re  is in c reased  from  25 °C to  60 °C, th e  p o te n tia l 
is sh ifted  in  th e  n eg a tiv e  d irection  b y  a b o u t 100 mV (Fig. 10).

S t u d y  o f  the  p o l a r i z a t i o n  p o t e n t i a l s

I t  can  be seen from  Figs 11— 16, 20 an d  21 th a t  for all th e  so lu tions 
ex am in ed , the  a n o d i c  p o l a r i z a t i o n  c u r v e s  co nsist of one section  in  th e  c u rre n t 
d e n s ity  range 5 x  10—7—-10~ 4 А/cm 2, an d  follow  th e  Tafel re la tio n . A t c u rre n t
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Ю 2 0  3 0  AO 5 0  6 0  7 0  8 0  9 0  

1 ime  ( m i n  )

Fig. 10. D ependence of (fr on tem p e ra tu re . O.liV K „S04 so lu tion , N 2 a tm o sp h ere  
x 25 °C: •  40 °C ; 60 °C
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F ig . 11. P o la riz a tio n  cu rve  in  0.1 IV K 2S 0 4 
so lu tio n  a t  25 °C, N 2 a tm o sp h ere  

x p H  2.21; о  p H  6.5; •  p H  11.4
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F ig . 12. P o la r i z a t i o n  c u r v e  in  O .l iV  KC1 so
lu t i o a a t  25  °С , N .  a t m o s p h e r e

x p H  2 .5 3 ;  О p H  6.0; •  p H  11.6

densities g rea te r th a n  1 0~ 4 А/cm 2, a new p o la riza tio n  stage  begins, for w hich  
th e  Tafel eq u a tio n  is n o t va lid . O ur d a ta  in  th e  low c u rre n t den sity  reg ion  
agree w ith  th e  m easu rem en ts  of B o d d y  [26] m ade u n d er a lm o st th e  sam e co n ­
d itio n s, b u t  in  ou r case a w ider cu rren t d e n s ity  in te rv a l can  be described  w ith  
th e  sam e c o n s ta n t b.
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F ig . 13. P o la riza tio n  cu rv e  in  0.1 N  K B r so­
lu tio n  a t  25 °C, in  N 2 a tm o sp h ere  

x p H  2.71; О p H  6.5; •  p H  11.3

F ig . 14. P o la riza tio n  cu rve  in  0.1JV K I  so 
lu tio n  a t  25 °C, in  N 2 a tm o sp h e re  

x p H  2.22; о  p H  6.59; •  p H  11.5

F ig . 15. P o la riza tio n  cu rv e  in  p o tassiu m  h y d ro g e n  p h th a la te  so lu tio n  a t  p H  5.6

Acta Chim. (Budapest) 72, 1972



G I B E R , V A J A S D Y -P E R C Z E L :  G E R M A N IU M  S I N G L E  C R Y S T A L  S U R F A C E S , I 47

The cathodic po lariza tion  curves a fte r th e  a t ta in m e n t o f th e  necessary  
overvo ltage  can be considered  as consisting  of tw o  sections, I c and  I I C, p ro ­
ceeding to w ard s h ig h er c u rre n t densities, w ith  d iffe ren t slopes, b u t  b o th  follow ­
ing th e  Tafel re la tio n . T he p o in t of b reak  b e tw een  th e  tw o sections sh ifts 
to w ard s  h igher c u rre n t densities in  solutions of h ig h er p H .

Fig. 16. P o la riz a tio n  cu rves in  H 2S 0 4 a n d  in  K O H  
x p H  2.4; •  p H  11.6

T he b values o f th e  T afel equ a tio n s for th e  in d iv id u a l sections were ca l­
cu la ted  (Table I I I ) ;  i t  shou ld  be n o ted  th a t  w hile th e  b va lues fo r th e  anodic 
curve an d  th e  ca th o d ic  I I  sections fo r th e  v a rious so lu tions are  0 .100—0.120 
(a little  h igher in  n e u tra l  so lu tion : 0.130— 0.160) an d  agree well w ith  th e  l i te ra ­
tu re  d a ta  (0 .12—0.16 [10, 18, 23, 24, 25]), th e  f i r s t  sections o f th e  cathod ic  
curves a re  v e ry  steep  w ith  b va lues o f ab o u t 0.4. S im ilar observa tions w ere 
m ade b y  Y efimov  an d  Y e r u s a l im c h ik  [24]; on th e  ca th o d ic  curves tak en  
in  O.liV HC1 a t h ig h er c u rre n t densities th ey  d is tin g u ish  3 sections, for w hich 
th e  b va lues are 0.12, 0.47 an d  0.12.

T he p o la riza tio n  curves follow  th e  ten d e n c y  o f th e  pH -dependence  of 
qpr ; w ith  th e  increase o f p H , a t  a given cu rren t d e n s ity  th e  p o la riza tio n  p o te n ­
tials sh ift in  a m ore n eg a tiv e  d irec tion . H ow ever, th e  g rad ien t o f th e  pH -
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Table III

The coefficient b o f  the Tafel relation

Solution
com position p H

A nodic
p o lariza tio n

C athodic
p o lariza tio n

6 bi %

acidic 0.098 0.370 0.122
0 .Ш  K .,S04 n e u tra l 0.188 0.440 0.120

alka line 0.095 0.418 0.120

acidic 0.120 0.360 0.140
0.1IV KC1 n e u tra l 0.155 0.420 0.110

alka line 0.100 0.400 0.130

acidic 0.100 0.330 0.130
0 . I N  K B r n e u tra l 0.147 0.380 0.170

alka line 0.115 0.360 0.160

acidic 0.110 0.320 0.140
O.liV K I n e u tra l 0.150 0.380 0.150

alka line 0.100 0.395 0.130

potassium
hydrogen
p h th a la te

n e u tra l 0.020 0.520 0.125

d ep en d en ce  of th e  p o la riz a tio n  p o te n tia l does n o t agree w ith  th e  g rad ien t of 
th e  pH -dependence  o f th e  re s t p o te n tia l. A lthough th e  p o te n tia l  difference 
b e tw een  th e  anodic cu rves reco rded  in  a c il ic  and  alkaline so lu tions corresponds 
a p p ro x im a te ly  to  th e  d ifference  of th e  re s t po ten tia ls , th e  p o la riza tio n  curve 
m e a su re d  in  n e u tra l so lu tio n  is no longer para lle l to  th ese  tw o. In  th e  section 
I c o f  th e  cathodic  p o la riz a tio n  curves th e  pH -dependence  of th e  po lariza tio n  
p o te n tia ls  is generally  less th a n  th a t  o f th e  re s t p o ten tia ls , an d  in d eed  th e re  is 
sca rce ly  an y  difference b e tw een  th e  p o la riza tio n  p o ten tia ls  m easu red  in  n eu tra l 
a n d  a lk a lin e  m edia. T he p H -d ep en d en ce  of th e  I I C sec tion  is a b o u t th e  sam e as 
th e  u su a l pH -dependence  o f hyd ro g en  electrodes.

In  th e  case of th e  so lu tions o f d iffe ren t p H , th e  p o te n tia l va lues (Figs 
11— 14), beginning a t  w h ich  ou r anod ic  curves are w ell rep ro d u c ib le  (5 X 10~7 
А /cm 2), an d  w here th e  I I C sections of ou r ca thod ic  curves begin , agree w ith  these 
p o te n tia l  values re p o rte d  b y  G e r is c h e r  et al. [28] (for so lu tions con ta in ing  
less re a d ily  adsorb ing  ions, such  as H 2S 0 4, n itra te  buffer, p h o sp h a te  buffer, 
g lyco l buffer, K O H ), re la tiv e  to  w hich, a t  m ore positive  and  n eg a tiv e  p o ten tia ls , 
th e  a u th o rs  presum e a p u re  h y d ro x id e  (anodic curve) and  a p u re  h yd ride  
(c a th o d ic  curve) surface.

T h e  polariza tion  cu rves in  th e  c u rren t d ensity  range  m easu red  b y  us are 
e sse n tia lly  de term ined , w ith in  ex p erim en ta l error, b y  th e  p H . T h e  effects of 
o th e r  ion ic  species are  su b s ta n tia lly  sm aller, b u t in  th e  anodic c u rre n t density
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ran g e  s tu d ie d , an  o v erv o ltag e-d ecreasin g  effect of th e  iodide w as read ily  o b se rv ­
ab le . T h e  ex p e rim en ta l re su lts  o f H olm es [16] and  Y efim o v  a n d  Y e r u sa l im - 
С Ш К  [19] a re  sim ilar in  th e  h ig h  c u rre n t d ensity  region.

T he p o la riza tio n  curves a re  tem p e ra tu re -d e p e n d e n t in  every  section  
{Fig. 17). F ro m  our ex p e rim en ta l re su lts  a te m p e ra tu re  d ifference o f 20 °C
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F ig . 17. D ependence  of th e  p o la riza tio n  cu rv e  o n  tem p e ra tu re . 0.1IV K 2S 0 4 so lu tio n , N 2 
a tm o sp h ere . X 25 °C; О 40 °C; •  60 °C

co rresponds to  a  p o te n tia l d ifference o f 80 —100 mV. W ith  th e  decrease of 
te m p e ra tu re  th e  anodic curves sh if t in  th e  d irection  of m ore positive  p o ten tia ls . 
T he te m p e ra tu re  coeffic ien t o f c u r re n t  densities referring  to  th e  sam e p o te n tia ls  
is 1.4/10 °C, an d  th e  ca lcu la ted  a c tiv a tio n  energy is 7.1 kcal/m ol. A ccording 
to  H a r v ey  an d  Gatos [2, 41 ], th e  d isso lu tion  of germ anium  a t  low  oxygen  
c o n c e n tra tio n s  is d e te rm in ed  b y  d iffusion  (th e  ca lcu la ted  ac tiv a tio n  energy  is 
4.6 kcal/m o l), w hile a t  h igh  oxygen  co n cen tra tio n  th e  a c tiv a tio n  energy  is
16.2 k ca l/m o l [41], w hich po in ts  to  th e  presence of an ac tiv a tio n  overv o ltag e .

In  b o th  th e  anodic  an d  ca th o d ic  sections th e  p o la riza tio n  p o te n tia ls  
ra p id ly  atta in  the stationary value  (F ig . 18).

I f  th e  p o la riza tio n  c u rre n t is d isco n tin u ed , in  th e  low c u rre n t d en sity  
( ia =  10 5 А /cm 2) section  o f th e  ano d ic  cu rve  and  th e  I c section  o f th e  ca th o d ic  
cu rve , th e  p o te n tia l is re s to red  in  a sh o r t tim e to  th e  p o te n tia l cpr before th e
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1 2  3 4 5
t i m e  ( m i n )

Fig. 18. D ep en d en ce  of po lariza tio n  p o te n tia l  on  tim e . 0.1ЛГ K 2S 0 4 
x 1 • 10 ~ 6 A /cm 2; •  1 ■ 10 ~ 5 A /cm 2

F ig. 19. A n o d ic—cathod ic  d ro p -o u t curves. 0.1ЛГ K 2S 0 4, N 2 atm osphere  
x 25 °C; о  60 °C

po lariza tion . In  th e  h ig h er cu rren t d en sity  sections of th e  anodic curves th e  
re s to ra tio n  tak es  a lo n g er tim e. T h e  tim e  necessary  for th e  re s to ra tio n  of 
cpr in  I I C is very  lo n g , as can be seen in  F ig . 19. T he conclusion can be d raw n 
from  the  curves t h a t  a t  sm all anodic and  ca th o d ic  cu rren ts  th e  surface form ed 
does n o t differ su b s ta n tia lly  from  th e  eq u ilib riu m  surface, w hile a t high ca ­
th o d ic  po lariza tion  a surface of sig n ifican tly  d iffe ren t ch a rac te r m ust be p re s ­
e n t. O ur o b se rv a tio n s  have  led to  conclusions w hich  agree w ith  those d raw n  
b y  Ger isc h er  et al. [28, 31] from  m easu rem en ts  of a d iffe ren t n a tu re  (see 
in tro d u c to ry  sec tion ).
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F rom  a s tu d y  in a w ide co n cen tra tio n  in te rv a l of th e  effect on th e  p o la ­
r iza tio n  curves o f th e  co n cen tra tio n  of germ anium  oxide in  th e  solu tion  (th is  
w as expressed  as G e 0 2, h u t  in  p a r t  o th e r germ an ium  co m pounds m ay  be p re ­
sen t) (F ig. 20), i t  w as found  th a t  th e  course o f th e  curves is id en tica l, th e  cur-

Fig. 20. D ependence o f th e  p o la riza tio n  curve 
o n  G e 0 2 c o n cen tra tio n . O.liV K ,S 0 4 so lu tion , 

x 0.003 g/1 GeO,; □ 0.4 g/1;“ A 4.0 g/1

Fig. 21. D ependence  o f th e  p o lariza tio n  
curve  on  e lec tro d e  ro ta tio n , 

x n o n -ro ta tin g  e lec tro d e ; О ro ta tin g  electrode

re n t  and  p o te n tia l va lu es  o f th e  b reak -p o in ts  agree, an d  th u s  th e  po lariza tion  
curves are in d e p e n d e n t of th e  G e 0 2 co n ten t.

T he s tu d y  o f th e  effect o f e lectrode ro ta tio n  (F ig . 21) show s th a t  w ith in  
exp erim en ta l e rro r th e  anodic  an d  th e  I c p o la riza tio n  sections are  in d ep en d en t 
of th e  ro ta tio n , w hile th e  p o te n tia l va lues of th e  I I C sec tion  are  sh ifted  sligh tly  
(by  10—30 mV) in  th e  d irec tion  o f less nega tive  p o te n tia ls . T h is p rac tica l 
lack  of dependence on th e  ro ta tio n  ind ica tes th a t  in  th e  p o la riza tio n  regions 
s tu d ied  no sig n ifican t d iffusion p o la riza tio n  need be  considered .

To su p p lem en t an d  to  su p p o rt th e  conclusions d raw n  from  th e  previous 
exp erim en ta l re su lts , th e  thickness o f  the oxide layer w as m easu red  by  an  
ellipsometric method.
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G erm anium  sam ples w hich h a d  been fresh ly  e tch ed  u n d e r s ta n d a rd  
con d itio n s were p laced  in  doub ly  d is tilled  w a te r im m ed ia te ly  a fte r  being 
w ash ed . T he th ickness o f  th e  surface oxide layer fo rm ed  d u rin g  th e  e tch ing  
v a rie s  w ith  th e  soak ing  perio d  acco rd ing  to  th e  d a ta  g iven  in  T ab le  IY . These 
m easu rem en ts  exp la in  th e  effect o f th e  soaking in  d is tilled  w a te r.

Table IV

Increase o f oxide thickness during soaking  in  deionized, doubly distilled water

After etching
Soaking for

1 day 3 days 6 days

O xide layer 
th ickness, Á 23.0 49.5 64.5 62.0

A s tu d y  was also m ade w ith  th is  m eth o d  of th e  effect o f e lectrochem ical 
t r e a tm e n t  (anodic or ca th o d ic  p o la riza tio n ) on s im ila rly  fresh ly  e tch ed  elec­
tro d e s . F ro m  th e  m easu rem en t th e  increase of th e  la y e r  th ick n ess  can be 
e s tab lish ed  during  b o th  anodic an d  ca th o d ic  p o la riza tio n s (T able V).

Table V

Effect o f  electrochemical treatm ent on the change o f  oxide layer thickness 
on a chem ically treated g erm a n iu m  single crystal electrode

Sample
number <pr

Polarization characteristics 
A/cm2 Increase of 

oxide layer 
thickness

Á
*=<* »=c

time
min.

l — 280 1.05 X lO - 1 60 27.1

2 - 2 8 4 5 x  10-5 60 10.8

3 - 2 8 6 2.8 x 10-« 60 9.9

4 — 263 l . i  x i o - 1 60 51.4

5 - 2 8 5 5 .0 x 1 0 -« 60 49.6

6 — 282 2.8 x 10-« 60 18.1

T he m easu rem en ts w ere m ade  in  a  O.liV K 2S 0 4 so lu tio n  of p H  6.7.

C onsidering th e  o x id a tio n  cond itio n s, th e  lay e r fo rm ed  in  th e  anodic p ro ­
cess can  only be som e g erm an ium  ox ide. The n a tu re  o f th e  surface com pound 
fo rm ed  in  the  ca thod ic  process is n o t  so c learly  defined. In  acco rdance  w ith  th e  
red u c tio n  conditions d u rin g  th e  ca th o d ic  e lec trochem ical t re a tm e n t, th e  
p ro b ab le  process is th e  decom position  of th e  surface ox ide la y e r  or th e  fo r­
m a tio n  and  increase o f som e germ an ium -hydrogen  co m p o u n d . A lthough  th e
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d a ta  a re  d ifficu lt to  eva lu a te  in  th is  sec tion  because of th e  lack  o f re frac tiv e  
ind ices, i t  seem s likely  th a t  th is  sec tion  is n o t charac terized  b y  sim ple red u c tio n  
o f th e  oxide in  th e  d irection  opposite  to  th e  anodic reaction .

D iscussion of th e  experim ental results

As reg a rd s  th e  n a tu re  of th e  reac tio n s  determ in ing  th e  re s t  p o te n tia l, 
i t  can  be estab lish ed  from  th e  e x p e rim en ta l resu lts  th a t  th e  re s t  p o te n tia l  is 
n o t  a rev ers ib le  ion-exchange, n o r a rev e rs ib le  redox  p o ten tia l, b u t  a corrosion 
p o te n tia l. T he corrosion p o ten tia l is d e te rm in ed  by  th e  sim u ltan eo u s progress 
o f tw o  (or m ore) anode and  ca th o d e  p rocesses w ith  id en tica l ra te s  b u t  opposite  
d irec tio n s. T he s ta tio n a ry  s ta te  in  th e  tw o  or m ore reactions is o b ta in e d  a t  a 
r a te  le ad in g  to  charge equ ilib rium , b u t  a t  th e  sam e tim e  a m a te ria l equ ilib riu m  
does n o t develop . T he reversib le  ion -exchange reactions can be exc luded  b e ­
cause o f th e  an ion  effect and  th e  p H -d ep en d en ce , and  th e  rev ersib le  red o x  
re a c tio n  from  th e  germ anium  d ioxide c o n ten t. The corrosion c h a ra c te r  is 
in d ica ted  b y  th e  fac t th a t  (as show n b y  o u r ellipsom etric m easu rem en ts) th e  
th ick n ess  o f th e  surface oxide la y e r  o f th e  germ anium  electrode increases fo r a 
c e r ta in  tim e  in  a cu rren t-free  s ta te . I n  o th e r  w ords, th e  fac ts  show  th a t  besides 
th e  o x id a tio n  anode reactions th e  re d u c tio n  of th e  oxide does occur a t  a low 
ra te , b u t  th is  is n o t th e  d e te rm in in g  process.

T he analysis o f th e  ex p erim en ta l re su lts  leads to  th e  conclusion th a t  th e  
reac tio n s  d e te rm in in g  th e  re s t p o te n tia l  an d  th e  po lariza tio n  p o te n tia l  are 
closely  co n n ec ted  w ith  one an o th e r. T h e  reac tions form ing th e  corrosion  re s t 
p o te n tia l  are p resu m ab ly  id en tica l w ith  th e  po lariza tion  processes o f low  cu r­
re n t  d en sity . T h is is su p p o rted  b y  th e  fa c t th a t  th e  exchange c u rre n t p o te n tia l 
e x tra p o la te d  from  th e  I a and  I c p o la riza tio n  curve sections (F igs 11 14) is
a lm o st th e  sam e as th e  rest p o te n tia l, an d  also by  th e  fac t th a t  th e  p o la riza tio n  
p o te n tia l  in  th e  I a an d  I c sections ra p id ly  re tu rn s  to  th e  orig inal re s t  p o te n tia l 
level a f te r  th e  c u rre n t is d iscon tinued . I t  can  be concluded from  th is  th a t  th e  
n a tu re  o f th e  surface form ed u n d e r th e se  po lariza tion  cond itions is com plete ly  
o r p a r tia lly  th e  sam e as th a t  ex is tin g  u n d e r  th e  conditions of th e  re s t  p o te n tia l.

To p ro v e  th e  corrosion n a tu re  o f th e  rest potential, i t  is n ecessary  to  
se lect an d  confirm  those anode an d  ca th o d e  processes th e  jo in t  p rogress o f 
w hich de te rm in es th is  p o ten tia l a t  th e  E  ia =  E  ic charge eq u ilib rium .

In  th e  th ird  p a r t  of th is  series [42] we s tu d y  th e  possible reversib le  
reac tio n s. T he schem e for th e  overa ll p rocess lead ing  to  th e  corrosion p o te n tia l  
is show n in  F ig . 22 for th e  case o f p H  2.2.

T he m ost p robab le  of th e  g e rm an iu m  ox idation  reactions p ro d u c in g  th e  
corrosion  p o te n tia l are:

Ge - j-  H 20  Ge О ы -own +  2H  1 -f- 2e_ in  acidic and  n e u tra l m ed iu m ,
Ge -f- OH Ge Оы-own +  H +-f- 2e~ in  alkaline m ed ium
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since th a t  anodic re a c tio n  is th e  m ost p ro b ab le  th e  th erm o d y n am ic  p o te n tia l 
o f w h ich  is th e  m o st p o s itiv e  from  am ong th e  reac tio n s  w ith  reversible p o te n ­
tia ls  m ore n egative  th a n  th e  corrosion. O f th e  sev era l possible ox idation  steps, 
fo r th e  sake of s im p lic ity , only th is  one has been  g iven  in  th e  figure.

F ig . 22 . P o te n t ia l—c u rre n t re la tio n sh ip s in  th e  reg io n  of th e  re s t p o ten tia l.
• —•—•—  e x p erim en ta l p o la riza tio n  c u r v e ;--------- ox ide  fo rm a tio n  and  decom position , an d

h y d rid e  an d  hydrogen  fo rm atio n  an d  d ecom position  curves;
..............p a r tia l  c u rre n t cu rv es  of th e  reac tio n s; <joa , cpc : rev ersib le  p o ten tia ls  of th e  correspond ing

processes: (pr : re s t (m ix ed ) p o te n tia l

T he reac tio n  d e te rm in in g  th e  ca th o d ic  p o te n tia l  c an n o t be only th e  above- 
m en tio n ed  red u c tio n  o f  th e  oxide. O f th e  possib le reactions, th e  ev o lu tion  
of h y d ro g en  can o ccu r w ith  a v e ry  low  ra te , as is in d ica ted  b y  th e  v e ry  sm all 
exchange c u rren t o f  th e  reac tio n  [24, 45]. U n d e r o u r exp erim en ta l cond itions 
i t  c an  be assum ed w ith  h igh p ro b ab ility  th a t  one of th e  steps of th e  h y d ro g en  
ev o lu tio n  process, h y d rid e  fo rm ation , occurs w ith  a considerab le ra te :

Ge -f- H  e~  Ge — H  in  acidic and  n e u tra l m ed ium
Ge -|- H 20  -f- e~  Ge — H -f- O H -  in  a lkaline m edium
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T here  are no d a ta  in  the li te ra tu re  on th e  reversib le  p o te n tia l o f th is  reac tio n , 
and  th e  th e rm o d y n am ic  d a ta  n ecessary  fo r th e  ca lcu la tio n  are also lack ing . 
W e shall re tu rn  to  th e  co n firm atio n  of th e  reac tio n  in  p a r ts  I I  and  I I I  [42].

The p o in ts  i  =  0 of th e  reac tio n s described  w ere assigned a t th e  ca lcu ­
la te d  reversib le  p o te n tia l v a lues; in  th e  co n stru c tio n  of th e  po la riza tion  curves 
we m ade use o f th e  assum ptions for th e  m easured  overall reac tion , th e  m ost 
decisive of w h ich  w as th a t  because o f th e  n a tu re  d e te rm in in g  th e  corrosion 
(irreversible) p o te n tia l, th e  o x id a tio n  and  red u c tio n  d irec tions of th e  oxide 
reaction  are s tro n g ly  asy m m etric : it  could  th u s  be ex p la in ed  th a t  a lth o u g h  
our ex p erim en ta l cond itions were close to  th e  eq u ilib rium , th e  ra te  of th e  oxide 
reduc tion  ap p ears  negligible beside th e  o th e r ca th o d e  reac tio n s  assum ed.

The pH -d ep en d en ce  of th e  corrosion p o ten tia l is d e te rm in ed  b y  th e  pH - 
dependence of th e  in d iv id u a l reac tio n s.

T he an ion  effect too  can easily  be exp la ined  on th e  basis of our m odel. 
In  accordance w ith  th e  l ite ra tu re  a lread y  m en tioned  an d  our own m easu re ­
m en ts [43], th e  specific chem iso rp tion  o f th e  iodide ion  can be accep ted  as a 
fa c t on th e  c u rren t-free  electrode. G i b e r  et a l .  [43] h av e  also show n ex p eri­
m en ta lly  th a t  th is  ad so rp tio n  decreases w ith  th e  increase  of th e  c u rre n t 
density . A ccord ing  to  our assu m p tio n , as a re su lt o f th is  adso rp tio n , th e  i  v s .  

(f curve of th e  g erm an iu m  o x id a tio n  reac tio n  w ill be m ore steep . This can  lead  
to  th e  sh ift o f th e  corrosion p o te n tia l to w ard s m ore n eg a tiv e  values. O th e r 
au th o rs  [44] h av e  also d ea lt w ith  such  an  ex p lan a tio n  o f th e  anion effect in  
o th e r system s.

D i s c u s s i o n  o f  s o m e  c h a r a c te r i s t i c s  o f  the p o l a r i z a t i o n  c u r v e s

The a n o d i c  po lariza tio n  process is som e ox ida tio n  reaction . This is su p ­
p o rted  b y  th e  fa c t th a t  th e  g ro w th  of th e  oxide la y e r  can  be d em o n stra ted  
ellipsom etrica lly  d u rin g  th e  anodic p o la riza tio n , and  b y  th e  fac t th a t  in  th e  
high c u rre n t d e n s ity  p a r t  of th e  m easu red  cu rren t d e n s ity  range, p ro longed  
anodic p o la riza tio n  causes a p H  sh ift in  th e  so lu tion  in  th e  acidic d irec tion .

I f  i t  is assum ed  th a t  th e  p o la riza tio n  reac tio n  in  th e  cu rren t d en sity  
in te rv a l of th e  anod ic  section  m easured  b y  us is the  sam e as th e  anode reac tio n  
of th e  re s t p o te n tia l, th e n  th e  follow ing anodic  p o la riza tio n  reac tion  can  be 
presum ed:

Ge +  H 20  GeO +  2 H + +  2e~

I t  is assum ed in  th is  reac tio n  th a t  th e  free g erm an iu m  surface is oxidized. 
This a ssu m p tio n  neglects th e  fa c t th a t  a t  low  c u rre n t densities th e  su rface is 
n o t exclusively  covered  w ith  oxide, b u t  also w ith  g e rm an iu m  hydride , an d  
du ring  th e  an o d ic  p o la riza tio n  th e  o x id a tio n  of th e  h y d rid e  also tak es  p lace , 
w ith  a low  r a te  an d  as a n o n -ty p ica l process.
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In  anodic p o la riza tio n  in  th e  above ox idation  re a c tio n , an  a c tiv a tio n  
m ech an ism  is assum ed  in  acidic an d  a lkaline  m edia. T he c u rren t densities 
s tu d ie d  b y  us are to o  sm all for th e ir  effects to  be fe lt b y  th e  low  s ta te  o f th e  
ho le  co n cen tra tio n  in  th e  N -ty p e  g erm an ium . T he hole d iffusion  lim itin g  c u r­
re n t  ca lcu la ted  from  th e  know n re la tio n s  fo r room  te m p e ra tu re  in  th e  case o f 
a sp ec ific  resistance o f 6— 10 o h m -cm  tu rn e d  ou t to  be g re a te r  th a n  1 X 10 4 
А /cm 2, an d  during  ano d ic  p o la riza tio n  th is  lim iting  c u rre n t region w as n o t 
reach ed . The b value o f th ese  p o la riza tio n  regions also p o in ts  to  an ac tiv a tio n  
m echan ism . In  n e u tra l m ed ium  th e  b v a lu e  differs s ligh tly . In  our view  th is  
can  be explained b y  th e  fa c t th a t  som e p rocess connected  w ith  th e  s ta te  o f  th e  
o x ide  lay e r form ing (in n e u tra l  m ed ium  th e  so lub ility  o f th e  oxide is d iffe ren t, 
a n d  th e  d ensity  of th e  ox ide m ay  be d iffe ren t) also p lays a p a r t  in  th e  d e te r­
m in a tio n  of the  ra te  o f  th e  overall process.

F ro m  sim ilar consid era tio n s fo r th e  cathodic po la riza tio n , and  from  th e  
fa c t t h a t  there  is no th in n in g  of th e  su rface  lay er in  e ith e r  th e  l c or th e  I I C 
sec tio n s , i t  can he concluded  th a t  th e  ra te  of reduc tion  of th e  oxide is n o t 
ap p rec iab le  in th e  p o te n tia l region s tu d ied ; th e  ch a rac te ris tic  processes are 
r a th e r  h y d rid e  fo rm a tio n  and  hydro g en  evo lu tion  accord ing  to  th e  follow ing 
re a c tio n s ;

Ge +  H 30 + -|- e~ Ge — H  -f- H 20  in  acidic so lu tion  ^

Ge -f- H 20  -(- e~ ;—*■ Ge —  H  +  O H ” in  n e u tra l an d  a lka line  so lu tion

Ge — H  +  H + +  e -  Ge +  H 2 (2)

T he slopes o f th e  p o la riza tio n  sections I t and  I I C d iffer; th e  slope of th e  
I c sec tio n  (b =  0.4) is m u ch  h igher th a n  th a t  of th e  I I C sec tion  (b =  0 .12—  
0.14). F rom  th is  th e  conclusion can be  d raw n th a t  a t  a given p o la riza tio n  
p o te n tia l  d u ring  ca th o d ic  p o la riza tio n  a change of m echan ism  occurs, i.e. th e  
ra te -d e te rm in in g  s tep  o f  th e  above reac tio n  is d ifferen t in  th e  I c section  from  
th a t  in  th e  II,. section . T h e  position  o f th e  appearance  of th is  change of m ech­
an ism  depends on th e  p H  of th e  so lu tion . In  acidic so lu tion  i t  occurs a t  a 
low er overvo ltage  th a n  in  alkaline an d  n e u tra l so lu tions.

As regards th e  k in e tic  n a tu re  o f th e  process, th e  follow ing can be said 
fo r th e  I c section. T h e  fo rm a tio n  o f a d iffusion  overvo ltage  is n o t like ly  since 
th e re  is no need in  th e  e lec trode  process fo r a reag en t th e  slow diffusion of w hich  
to  th e  electrode su rface  w ould  im pede th e  electrode process.

T he best e x p la n a tio n  for th e  ex p e rim en ta l d a ta  is th e  assu m p tio n  th a t  a t 
low  c u rre n t densities th e  ra te  of re a c tio n  (2) can  still be neg lec ted  com pared  
w ith  t h a t  of reac tio n  (1), an d  th u s  in  th e  I c section reac tio n  (1) can  be ta k e n  as 
p o ten tia l-d e te rm in in g .

In  th e  I I C sec tion , how ever, th e  r a te  of reac tio n  (2) is also sig n ifican t.
T h e  ra tes  o f th e  above  reac tio n s a re  affected  in  a decisive w ay  b y  th e  

n a tu re  o f th e  surface in  th e  given p o la riza tio n  section.
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USE OF AMIDE CHLORIDES 
IN RING CLOSURE REACTIONS, IV

A N E W  S Y N T H E S IS  O F  4-A M IN O Q U H Y A ZO LIN E D E R IV A T IV E S  

Z. Csű r ö s , R . Soós, I . B it t e r  and J .  P á lin k á s

( In s titu te  o f  Organic Chemical Technology, Technical U niversity , B udapest) 

R ece ived  A ugust 26? 1970

N ,N -D im ethy l-N '-(2 -cy an o p h en y l)-fo rm am id in e  h y d ro ch lo rid e  w as p re p a re d  
fro m  an th ra n ilic  am ide a n d  d im eth y lfo rm am id e  chloride. N -su b s titu te d  4-am ino- 
q u inazo line  d e riv a tiv es w ere o b ta in e d  from  th e  resu ltin g  tr is u b s t i tu te d  am id in e  in 
cy cliza tio n  an d  sim ultaneous isom eriza tio n  reac tions w ith  am m o n ia , p r im a ry  a lip h a tic  
a n d  a ro m atic  am ines, an d  h y d raz in e .

T h e group of am inoqu inazo lines includes several analgesics, an ti-  
m a la ria l an d  a n tiv ira l agen ts [1, 2, 3]. T he lite ra tu re  lis ts  num erous p rocedures 
fo r th e ir  p re p a ra tio n . In  a lm o st all o f th em , th e  qu inazo line  skele ton  is b u ilt  
up  f ir s t ,  an d  th e  requ ired  p ro d u c t is th e n  o b ta ined  b y  am m onolysis or am ino- 
lysis o f a su itab le  group (chloro, a lkoxy , m ercap to , etc.). T here  are on ly  a few 
m eth o d s  know n in w hich th e  am ino  group is in tro d u ced  sim u ltan eo u sly  w ith  
th e  cyc liza tio n  reaction .

T a y lo r  et al. [4] p re p a re d  4 -am inoqu inazo lines from  a n th ra n ilic  n itrile  
d e riv a tiv e s  and  n itriles. T he above au th o rs  also described  a n o th e r p ro ced u re
[5] in  w h ich  th e  self-condensation  o f 5 -n itro an th ran ilic  n itrile  gave a 4-am ino- 
qu in azo lin e  d eriv a tiv e .

St e v e n s  and  K r e u t z b e r g e r  [6] also used an th ra n ilic  n itrile  d e riv a tiv e s  
as s ta r t in g  m ateria ls . C yclization  w as accom plished w ith  s-triaz ine . J u s t  like 
in  th e  m e th o d s described  p rev io u sly , th e  in te rm ed ia te  o f cycliza tion  w as su p ­
posed to  be N -(2-cyano-4-a lky lpheny l)-fo rm am id ine .

T h e  above syn theses req u ire  long  reaction  tim es an d  h igh  te m p e ra tu re s  
and  give only  m edium  yields. T hese procedures are u n su ita b le  for th e  p re p a ­
ra tio n  o f  N -su b s titu te d  de riv a tiv es .

In  o u r p rocedure , a n th ra n ilic  am ide (I) is used as th e  s ta r tin g  m a te ria l. 
T his com p o u n d  is allow ed to  re a c t w ith  an equ im olar q u a n ti ty  of d im e th y l­
fo rm am ide ch lo ride(II) in ch loroform  solution .

T h is reac tio n  resu lting  in  N ,N -d im eth y l-N '-(2 -ca rb o x am id o p h en y l)- 
fo rm am id in e  h y d ro ch lo rid e (III)  w as described in  a p rev ious p a p e r  [7].

O n fu r th e r  ad d itio n  of d im eth y lfo rm am id e  chloride th e  acid am ide  
group  o f th e  am idine is d e h y d ra te d  and  N ,N -d im eth y l-N '(2 -cy an o p h en y l)- 
fo rm am id in e  hydroch lo ride(IV ) is o b ta in ed .
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O f course, th is p ro d u c t  can  also be p re p a re d  in  one s tep  b y  th e  reac tio n  
o f a n th ra n ilic  am ide w ith  2 m oles of am ide  chloride.

II +  III ------------- X

N ,N -d im eth y l-N '-(2 -cy a n o p h en y l)-fo rm a m id in e  h ydroch lorid e is n ot a 
n ew  com p oun d. Se e f e l d e r  prepared it  an d  its  d er iv a tiv es from  su b stitu ted  
isatin -/S-oxim e and am id e ch loride; som e o f  th e  p rod u cts are im p ortan t in ter­
m ed ia tes  in  the p h a rm a ceu tica l, dye and in sec tic id e  in d u stry  [8].

Since th e  m elting  p o in ts  of th e  su b stan ces p rep a red  accord ing  to  th e  tw o 
m e th o d s  were d ifferen t, th e  s tru c tu re  of th e  p ro d u c t o b ta in e d  in  our procedure 
w as s tu d ied . The ch lo ride  c o n te n t d e te rm in ed  b y  t i t r a t io n  w ith  silver n itra te , 
as w ell as th e  resu lt o f th e  С, H , N analyses w ere in  good ag reem en t w ith  th e  
ca lc u la ted  d a ta . T he in f ra re d  spec trum  of th e  su b stan ce  is show n below, 
to g e th e r  w ith  the  sp e c tru m  of N ,N -d im eth y l-N '-p h en y lfo rm am id in e  h y d ro ­
ch lo rid e , in  order to  m ak e  th e  id en tifica tio n  easier. (This la t te r  com pound was 
p re p a re d  from  aniline a n d  d im ethy lfo rm am ide  ch loride an d  id en tified  on th e  
basis  o f th e  m elting p o in t  and  th e  ch loride co n ten t.)

Microns
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M i c r o n s

F ig . 2. N ,N -d im e th y l-N '-(2 -cy an o p h en y l)-fo rm am id in e  hydroch loride

As can  be seen, th e  tw o sp ec tra  are v e ry  s im ila r to  each o th er. T h e  b an d s
©

co rrespond ing  to  th e  bo n d  ap p e a r a t  1709 cm ’ 1 and 1700 c m * x. T he
dev ia tio n s are due to  th e  presence o f th e  n itrile  g roup . T he b an d  of th e  n itrile  
group is fo u n d  a t  2230 c m - 1 ; th e  ou t-o f-p lane  d e fo rm atio n a l skeletal v ib ra tio n  
a t  690 c m -1 , w hich is ch a rac te ris tic  o f m o n o su b s titu tio n , d isappears in  S pec­
tru m  2, ow ing to  a ro m atic  o -d isu b stitu tio n .

N ,N -d im eth y l-N '-(2 -cy an o p h en y l)-fo rm am id in e  hydroch lo ride  w as cy- 
clized to  4 -am inoqu inazo lines (V) in  reac tio n s w ith  am m onia, a lip h a tic  an d  
a ro m a tic  p rim a ry  am ines an d  w ith  h y d raz in e .

NH—RI

(R  =  H , 1 u ty l, h y d ro x y e th y l, p h e n y l, p - to ly l, p -am in o p h en y l, — N H 2)

In  c o n tra s t  w ith  th e  above discussed p rocedures, th is  m eth o d  is su itab le  
for th e  p re p a ra tio n  o f N -su b s titu te d  d e riv a tiv e s , to o . I ts  fu r th e r  a d v a n ta g e  is 
th a t  th e  4 -am inoqu inazo lines are o b ta in ed  in  a sh o rt reac tio n  period  a t  re la tiv e ly  
low te m p e ra tu re , in  sa tis fac to ry  y ield .

In  o rd e r to  id en tify  th e  p ro d u c ts , th e  req u ired  deriv a tiv es  w ere also 
sy n th e tiz e d  from  4-ch loroquinazoline. T he in fra red  sp ec tra  of th e  substances 
o b ta in ed  in  th e  tw o d iffe ren t p rocedures w ere fo u n d  to  be p e rfec tly  id en tica l.

As an  exam ple , th e  sp ec tru m  of one o f th e  d e riv a tiv e s  is show n in F ig . 3.
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Wavelength microns
2 3 4 5 6 7 8 9  10 И 12131415

S im ilarly  to  th e  case of th e  o th e r com pounds, th e  in fra red  sp ec tru m  of 
4 -(N -phen y lam in o )-q u in azo lin e  co n ta in s  a h igh  n u m b er of b an d s . T he th ree  
sk e le to n  valence v ib ra tio n a l b an d s  c h a ra c te ris tic  o f quinazolines, called qu ina- 
zo line I , I I  and  I I I  b an d s , a p p e a r a t  1614 c m -1 , 1565 cm -1  an d  1497 c m '1, 
re sp ec tiv e ly .

O n th e  analogy  of o th e r  reac tio n s an d  on th e  basis o f our ea rlie r re su lts  
[7, 9, 10], th e  follow ing reac tio n s  are su pposed  to  be invo lved  in  th e  cycliza- 
t io n  m echanism .

T he f irs t s tep  is an  am in o ly tic  sp littin g . T his resu lts  in  th e  m ono- or 
d isu b s titu te d  am idine base  w hich is tran sfo rm ed  to  4-am inoqu inazo line  p ro b ­
a b ly  th ro u g h  th e  4 -im inoqu inazo line  d e riv a tiv e , u n d er th e  cond itions of th e  
re a c tio n .

O ur fu r th e r  s tud ies on cycliza tion , as well as th e  u tiliz a tio n  of th is  
p ro ced u re  for th e  p re p a ra tio n  o f o th e r he te rocyc lic  com pounds w ill be rep o rted  
in  a n o th e r paper.

Experimental

Diinethylformamide chloride [7]

N,N-Dimethj'l-N,-(2-cyaiiO|>heiiyl)-formainidine hydrochloride

27 g (0.21 m ole) o f d iin e th y lfo rm am id e  chloride  was dissolved in  300 m l o f ab so lu te  
ch loroform . U n d er v igorous s tir r in g , 13.6 g (0.1 m ole) o f finely  g round  a n th ra n ilic  am ide w as 
ad d ed  a t  a ra te  allow ing to  m a in ta in  th e  te m p e ra tu re  o f th e  m ix tu re  below  40 °C. A fter co m p le t­
in g  th e  ad d itio n , th e  m ix tu re  w as s tirred  a t  room  te m p e ra tu re  for 30 m in  an d  th e  w h ite  p re ­
c ip ita te  was filte red  off a n d  d ried . T he f i l t r a te  w as c o n cen tra ted  on a  w a te r  b a th , th e  residue
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was f i lte re d  off, w ash ed  w ith  some chloroform  an d  d ried . T he to ta l q u a n tity  o f th e  p ro d u c t 
o b ta in ed  w as 20.1 g (9 5 .8 % ); m. p . 245— 247 °C.

F o rm u la : C10H 12C1N3 M. W. 209.5
Calcd. C 57.28; H  5.73; N 20.05; Cl 16.94. F o u n d  C 57.08; H 5.80; N 19.89; Cl 16 .97% .

4- Am inoquinazoline

20.95 (0.1 m ole) o f N ,N -d im e th y l-N /-(2-cyanopheny l)-fo rm am id ine  h y d ro ch lo rid e  w as 
dissolved in 150 m l o f m eth an o l. A m m onia w as in tro d u c ed  in to  th e  so lu tion  u n til  s a tu ra tio n . 
A fter s ta n d in g  for 2 h rs , th e  so lu tion  was e v ap o ra te d  on a w a te r  b a th . The residue w as w ashed  
w ith  som e w a te r  an d  d ried . T he to ta l  q u a n ti ty  o f th e  p ro d u c t ob ta in ed  was 13.5 g (93. 5% ) ' 
m. p. 264—267 °C.

F o rm u la : C8H 7N 3 M. W. 145
Calcd. C 66.21: H  4 .83; N 28.96. F o u n d  C 66.50; H  4.91; N 29.14% .

4-(N-Butylamino)-quinazoline

20.95 g (0.1 m ole) o f N ,N -d im eth y l-N /“(2 -cyanophenyl)-fo rm ain id ine  h y d ro c h lo rid e  
was d issolved in  150 m l o f  m eth an o l. 7.31 g (0.1 m ole) o f b u ty la m in e  was added . T h e  so lu tio n  
was s tir re d  a t  room  te m p e ra tu re  for 1 h r an d  e v ap o ra te d . T he lig h t yellow oil o b ta in e d  w as 
ru b b ed  w ith  a  m ix tu re  o f w a te r-a c e to n e  (1 : 1). T he p re c ip ita te d  crysta ls were f ilte re d  o ff an d  
dried. T he y ield  was 18.6 g (9 2 .6% ); m . p . 114— 117 °C.

F o rm u la : C12H 15N 3 M. W . 201
Calcd. C 71.64; H  7.64; N 20.90. F o u n d  C 71.55; H  7.36; N 20.91% .

4- [N-(2- Hydroxyethyl) -amino] -quinazoline

20.95 g (0.1 m ole) o f N ,N -d im eth y l-N /-(2-cyanophenyl)-fo rm am idine  h y d ro c h lo rid e  
was d issolved in 150 m l o f  m eth an o l. 6.11 g (0.1 m ole) o f  e th an o lam in e  was a d d ed , a n d  th e  
solution w as s tir red  a t  room  tem p e ra tu re  fo r 1 h r. T he so lv en t w as ev ap o ra ted , th e  resid u e  
d ilu ted  w ith  w a te r , f i lte re d  off, w ashed w ith  som e cold a lcohol and  dried  to o b ta in  16.8 g 
(88.6% ) of th e  o f p ro d u c t:  in. p. 172— 176 °C.

F o rm u la : C10H u N 3O M. W. 189
Calcd. C 63.57; H  5.70; N  22.06. F o u n d  C 63.49; H  5.82; N 22.22% .

4-(N-Phenylamino)-quinazoline

20.95 g (0.1 m ole) o f N ,N -d im eth y l-N '-(2 -cy an o p h en y l)-fo rm am id in e  h y d ro ch lo rid e  w as 
dissolved in  150 m l o f m e th a n o l. 9.8 g (0.105 m ole) o f an ilin e  was added. T he so lu tio n  w as 
boiled for 1 h r , an d  e v a p o ra te d . A lig h t yellow  oil w as o b ta in e d , w hich crystallized  on  ru b b in g  
w ith  w a te r-a ce to n e . T he p re c ip ita te  was f ilte red  off, w ashed w ith  some dioxan an d  d ried  to  
o b ta in  20.4 g (91 .9% ) o f th e  p ro d u c t; m. p. 216— 219 °C.

F o rm u la  C14H n N 3 M. W  221
Calcd. C 70.02; H  4.90; N 19.00. F o u n d  C 76.30; H  4 .91 ; N 19.15% .

4-(N-p-Tolylamino)-quinazoline

20.95 g (0.1 m ole) o f  N ,N -d im eth y l-N '-(2 -cy an o p h en y l)-fo rm am id in e  hy d ro ch lo rid e  w as 
dissolved in  150 m l o f m e th an o l. 11.3 g (0.105 m ole) o f p -to lu id in e  was added. T h e  so lu tio n  
was boiled fo r 1 h r, th e n  ev ap o ra te d . T he re s id u a l c ry sta llin e  m ass was d ilu ted  w ith  w a te r , 
filte red  off an d  d ried  to  give 21.9 g (93 .5% ) o f th e  p ro d u c t;  m . p . 177— 180 °C.

F o rm u la : C15H 13N 3 M. W. 235
Calcd. C 76.60; H  5.53; N 17.87. F o u n d  C 76.79; H  5.36; N  17.69% .

4-[N-(4- Aminophenyl)-amino]-quinazoline

20.95 g (0 .1  m ole) o f N ,N -d im e th y l-N /-(2-cyanopheny l)-fo rm am id ine  h y droch lo ride  w as 
dissolved in 150 m l o f m e th an o l. 11.35 g (0.105 m ole) o f p -p h en y len ed iam in e  was a d d ed . T he
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so lu tio n  w as boiled  fo r 1 h r , th e n  ev ap o ra ted . T h e  re s id u e  w as d ilu ted  w ith  w a te r , f i lte re d  off 
an d  d ried . 21.8 g (92 .3% ) o f th e  p ro d u c t was o b ta in e d ; m . p . 215— 217 °C.

F o rm u la : C14H 12N 4 M. W. 236
C alcd . C 71.19; H  5.08; N  23.73. F o u n d  C 71.20; H  5.25; N 23.81% .

4 -Hydrazinoquinazoline

20.95 g (0.1 m ole) o f N ,N -d im eth y l-N '-(2 -cy an o p h en y l)-fo rm am id in e  h y d ro ch lo rid e  
w as d isso lv ed  in  150 m l o f m eth an o l. 5.0 g (0.1 m ole) o f h y d raz in e  h y d ra te  w as a d d ed . T he 
so lu tio n  w as s tirred  fo r 1 h r , th e n  e v ap o ra ted . T h e  re s id u e  w as filte red  off, w ashed  w ith  w a te r 
a n d  d r ied  to  o b ta in  14.2 g (88 .9% ) of th e  p ro d u c t;  m . p . 184— 185 °C.

F o rm u la : CgH 8N4 M. W . 160
Calcd. C 60.00; H  5.00; N  35.00. F o u n d  C 60.16; H  5.03; N 35.12% .
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INFRARED SPECTROSCOPIC STUDIES 
ON FLAVONOIDS AND MODEL COMPOUNDS, I

IN V E S T IG A T IO N S  ON SO M E IN F R A R E D  F R E Q U E N C IE S  
O F  4-SU B S T IT U T E I) A C E T O P H E N O N E S  BY M EA N S O F  HM O C A LC U LA TIO N S

Z. D in y a  and S. Szabó

(Organic Chemical Institu te  o f  the L . Kossuth U n iversity , Debrecen)

R eceived  A ugust 29, 1970

The л  bond  o rd er o f th e  carb o n y l group was c a lcu la te d  fo r 4 -su b s titu te d  aceto" 
phenones using  th e  sim ple HM O m eth o d  w ith  su itab ly  chosen  p a ram ete rs . T he re su lts  
are in  good ag reem en t w ith  th e  l ite ra tu re  d a ta  calcu la ted  in  o th e r  w ays.

In  th e  case o f b a n d  V  ap p ea rin g  in  th e  1200— 1300 cm -1  region in th e  in frared  
sp ec tra  o f th e  com pounds ex am ined , lin ea r re la tio n sh ip s w ere fo u n d  be tw een  th e  
w av enum bers o f th ese  b an d s  an d  th e  H a m m e tt-сг v a lu es o f  th e  su b s titu en ts  in  p a ra  
position , th e  ,-r-bond o rd er o f th e  carb o n y l group, a n d  th e  т -b o n d  o rd er o f th e  b o n d  
link ing  th e  carbon  a to m  of th e  a ro m a tic  rin g  to  th e  C =  0  c a rb o n  a to m . T hese re la tio n ­
ships are  in  ag reem en t w ith  th e  u su a l in te rp re ta tio n  o f th e  c h a ra c te r  o f b a n d  ‘e’ g iven 
in  th e  l ite ra tu re .

T he ch arac te ris tic s  o f th e  o u t-o f-p lan e  defo rm ation  v ib ra tio n a l b a n d  o f th e  h y d ro ­
gen a to m s a tta c h e d  to  th e  a ro m a tic  rin g  of 4 -su b s titu te d  ace tophenones w ere also 
stu d ied . In  accordance w ith  th e  l i te ra tu re  d a ta  and  acco rd in g  to  o u r m easu red  an d  
calcu la ted  resu lts , th e  decisive fa c to r in th e  w av en u m b er o f th is  b a n d  is th e  — M  effect 
o f th e  su b s titu en ts .

A cta  Chimica Academ iae Sc ien tiarum  Hungaricae, Tom us 72 (1 ) ,  p p . 65 — 74 (1972)

In v estig a tio n s on th e  re la tio n s betw een th e  in fra red  spectroscopical 
p roperties and  th e  s tru c tu re  of 3- an d  4 -su b s titu te d  ace tophenones [ l a — h] 
have  revealed  a lin ea r  re la tio n sh ip  betw een  th e  w av en u m b er o f th e  s tre tc h in g  
v ib ra tio n  of th e  ca rbony l group an d  th e  H a m m e tt a  va lu es  of th e  su b s titu e n ts .

T anaka  et al. [ le ]  w ere th e  f irs t to  s tu d y  th e  e lec tro n  s tru c tu re  of
4 -su b s titu te d  acetophenones b y  m eans of th e  q u a n tu m  chem ical m e th o d . In  
connection  w ith  th e  E S R  sp ec tra  of ca rb o n y l anions, R ie g e r  an d  F r a e n k e l  
[2] carried  o u t HM O (H iickel M olecular O rb ita l) ca lcu la tio n s fo r ace tophenone, 
4-CN- and  4 -N 0 2-ace tophenone; how ever, th e y  re p o rte d  on ly  th e  bo n d  orders 
betw een  th e  a ro m atic  an d  ca rb o n y l carbon  atom s.

I t  is well know n t h a t  all a ro m atic  carbony l co m pounds have  a s trong  
b a n d  in  th e  1150— 1300 c m “ 1 region. In  th e  lite ra tu re  th is  h a n d  is d en o ted  w ith  
“ e”  [4 a—c], as suggested  b y  K ohlra u sch  [3]. This b a n d  is assigned to  a com ­
plex  v ib ra tio n  w hich is due — in  ad d itio n  to  th e  v ib ra tio n  of th e  a rom atic  
ring  —  to  th e  su b s titu e n ts  a tta c h e d  to  th e  ring  [4d—f]..

As a p a r t  o f ou r s tud ies on th e  s tru c tu re  of flav o n o id s , an  in v es tig a tio n  
of th e  re la tionsh ip  b e tw een  th e  in fra red  spectra l p ro p e rtie s  an d  th e  charge 
d is trib u tio n  o f 4 -su b s titu te d  acetophenones seem ed d esirab le . F o r  sim ilar 
purposes, several au th o rs  [5a—h] h av e  applied  successfu lly  th e  sim ple HM O
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m e th o d  in  th e  case o f a ro m atic  ca rb o n y l com pounds. Such in v es tig a tio n s  on 
s u b s ti tu te d  ace tophenones h av e  n o t been  re p o rte d  in  th e  l i te ra tu re .

C alculations

O ur ca lcu la tions w ere carried  o u t b y  m eans of th e  sim ple HM O m ethod  
[6a— e]. T he C oulom b (a,) an d  resonance  (jSy) in teg ra ls  o f th e  su b s titu e n ts  
w ere used  in th e  u su a l form :

« Í  =  « о  + h i  ß 0

ß i j  —  k j j  ß 0

O f th e  several p a ra m e te r  p a irs  (a„  ß у) app lied  in  sim ilar ca lcu la tio n s for th e  
C = 0  group th e  h 0 =  2.0 an d  fcc=o =  ]/2 1.41 values u sed  b y  F u e n o

et al. [7] p roved  to  be  th e  best.
T he follow ing p a ra m e te rs  w ere ap p lied  fo r th e  su b s titu e n ts :

Table I

Substituent 
in position 4 — n h 8 — OH — OCH3 ) c —CS H, — Cl — Br — I ^ ® /° °  

*=-"<0©

Lit. data [9a, b] [9c] [9d] [9c] [6b] [6b] * [9e]

hi

1.0 1.3 1.0

hV =  -0 .1 5
\

hc(= H 3) =  —0.10 

Д = Н з  =. —0.50 2.0 1.5 1.4

h \  =  0.25

/in =  1.8
h0 =  1.5

hi.
0.9 0.8 1.2

fc>C-c(=H3) =  0.7 

H 3 =  2-5 0.4 0.3 0.25

*v>c-N =  0.9 
©

hfi-0 = 1 - 7  
© ©

* Extrapolated on the basis of the electronegativities [8] from the parameters of the 
halogens.

On th e  b as is  o f lite ra tu re  d a ta  [5a, b , d ], th e  frequencies o f th e  carbony l 
s tre tch in g  v ib ra tio n s  w ere ca lcu la ted  b y  m eans of th e  fo llow ing equations:

w here

=  f  P c =o +  a(

v — 2 л / % o .
1 M

(cm  x)

I  =  13 • 95 • 105 dyn /cm  
a  =  5 • 10s dyn /cm
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fec=o =  force co n stan t o f th e  C = 0  bond  
P c = о =  m obile: я -bond o rd e r o f th e  C = 0  bond 

v =  v ib ra tio n a l frequency  (c m ^ 1)
M  - red u ced  m ass of th e  C = 0  group.

O ur ca lcu la tio n s in d ica te  th a t  th e  m e th y l group a tta c h e d  to  th e  ca rb o n y l 
g roup  shou ld  m o st p ro p e rly  be considered  on th e  basis o f th e  so-called ‘h e te ro ­
a to m  m odel’ [6b] u sing  th e  /»ch, =  2.0 an d  fcc- с н , =  0.7 p a ra m e te r  p a ir.

T he ca lcu la tio n s w ere m ade on th e  T y p e  O D R A -1013 in s tru m e n t o f  th e  
U n iv e rs ity  C o m p u tin g  C entre, D ebrecen .

E xperim en ta l

T he in fra re d  sp e c tra  w ere ob ta in ed  wit li Zeiss U R -10 W  a n d  U nicam  Sp-200 G sp e c tro ­
p h o to m e te rs . T he in s tru m e n ts  w ere ca lib ra ted  w ith  a p o ly sty ren e  foil: th e  accu racy  o f th e  
m easu rem en t w as +  2 cm -  l. T he sp ec tra  w ere reco rd ed  in liq u id  film s, K B r p e lle ts  a n d  in 
carbon  te tra c h lo r id e  so lu tio n s o f 0.1— 0.2 mole/1 c o n cen tra tio n  a n d  w ith  0.1— 0.3 m m  lay e r 
th ick n ess.

T h e  p u r i ty  o f th e  sub stan ces exam ined  is ch arac te rized  b y  th e  m .p. an d  b .p . d a ta  
lis ted  below :

1. 4 -A m inoacetophenone
2. 4 -H y d ro x y a ce to p h en o n e
3. 4 -M eth o x y aceto p h en o n e
4. 4 -M eth y lace to p h en o n e
5. A cetophenone
6. 4 -C h lo roacetophenone
7. 4 -B ro m o aceto p h en o n e
8. 4 -Io d o ace to p h en o n e
9. 4 -N itro ace to p h en o n e

m . p. 120 °C 
m. p. 109 °C
m. p. 39 °C; b . p. 160 °C/30 m m H g  
b. p. 113 °C/15 m m H g 
b. p. 97 °C/16 m m H g 
b. p. 126 °C/25 m m H g 

m. p. 50 °C; b . p . 120 °C/20 m m H g 
m. p. 85— 86 °C 
m. p. 80 - 8 1  °C

R esults

T he m easu red  an d  com p u ted  re su lts  are sum m arized  in  T able I I .  T he 
follow ing e x p la n a tio n  w ill help in  u n d e rs ta n d in g  th e  d a ta  in  th e  T ab le . F o r 
ca lcu la tion  p u rp o ses , th e  atom s of th e  com pounds exam ined  are n u m b ered  in  
th e  follow ing w ay :

R

T he n u m b ers  g iven  in  th e  colum n ‘Serial N u m b ers ’ in  T ab le  I I  also 
in d ica te  th e  in d iv id u a l po in ts  in  th e  g rap h s  rep resen tin g  re la tionsh ips to  be 
discussed la te r . In  co lum n  ‘R —’ th e  s u b s titu e n ts  in  p o sition  4 are show n.

In  th e  f irs t  co lum n of ‘E x p e rim en ta l v a lu es’ th e  m easu red  w av en u m b ers  
o f th e  b an d s  of th e  ca rb o n y l s tre tch in g  v ib ra tio n s  are given, th e  second co lu m n
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Table II

S eria l
n u m b ers R —

E x p e rim e n ta l values C alcu la ted  values

.< C = 0 )
c m -1 *

‘e’ b an d  
c m 1 *

г ( > с - н )
c m -1  **

r ( C = 0 )
c m -1 pc -o Е а г- С ^ О

8

2 V
i= 5

l . - N H 3 1675 1281 818 1668 0.637 0.420 3.380

2. -O H 1680 1288*** 820 1672 0.642 0.419 3.350

3. ---OCH., 1684 1274 835 1677 0.650 0.414 2.512

4- -C H 3 1688 1270 819 1694 0.674 0.408 3.356

5. - H 1692 1266 — 1699 0.678 0.397 3.200

6 . -C l 1692 1262 830 1696 0.677 0.402 1.908

7. - B r 1693 1261 829 1969 0.677 0.401 1.902

8. - I 1693 1262 825 1697 0.678 0.400 1.818

9. - n o 2 1700 1248*** 855 1701 0.687 0.379 1.560

* solu tions in  CC14 
** liqu id  film s a n d  K B r pelle ts 

*** sp ec tra  o b ta in e d  in  K B r pelle ts

c o n ta in s  th e  w av en u m b ers  of th e  b an d s , w hile in  th e  th ird  colum n, desig ­

n a te d  w ith  y( "C— H ), th e  w avenum bers of th e  b ands due to  th e  ou t-o f-p lane

C— H  d efo rm ationa l v ib ra tio n  of th e  1 ,4 -d isu b stitu ted  a ro m atic  nucleus can  
be  found .

T h e  f irs t co lum n o f th e  ca lcu la ted  v a lu es  gives th e  ca lcu la ted  w a v e n u m ­
b e r  o f  th e  b an d  of th e  ca rb o n y l s tre tc h in g  v ib ra tio n . Colum ns P c = 0 a n d P Ar_ c ^ o  
c o n ta in  th e  m obile b o n d  orders of th e  b o n d  o f th e  carbony l group and  th a t
e x is tin g  betw een th e  ca rb o n y l group an d  th e  a rom atic  nucleus, re spec tive ly ,

8
in tro d u c e d  b y  Co u lso n  [10]. F in a lly  in  co lu m n  qi th e  sum  of th e  л  charges

i = 5

o n  th e  C-5, C-6, C-7 an d  C-8 carb o n  a to m s, i.e. th e  carbon  a to m s in  o,o' a n d  
m ,m ' positions of th e  a ro m atic  ring , can  be  found .

D iscussion

T he d a ta  in  T ab le  II  show a good ag reem en t betw een  th e  ca lcu la ted  an d  
fo u n d  w av en u m b er values of th e  b an d s  assigned to  th e  ca rbony l va lence  
v ib ra tio n .

F u r th e r  on, i t  can  be s ta te d  th a t  th e  b o n d  order va lues ca lcu la ted  b y  us 
a re  in  excellent ag reem en t w ith  those  o b ta in e d  b y  T anaka  et al. [ le ] , u s in g  
a n o th e r  m ethod . Also th e  Tt-bond o rder o f  th e  bond  betw een  th e  a ro m atic  rin g  
a n d  th e  carbony l ca rb o n  a to m  is in  good ag reem en t w ith  th e  resu lts  g iven by  
B ie g e r  and F r a e n k e l  [2].
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In  using  th e  resu lts  o f th e  HM O calcu lations, o u r p u rp o se  w as to  o b ta in  
fu r th e r  in fo rm atio n  on th e  ch a rac te ris tic s  of th e  in te n se  b a n d  ‘e’ appearing  
in  th e  1200— 1300 cm -1  region o f th e  in fra red  sp ec tru m , as w ell as on  th e  p ro p ­
erties of th e  b a n d  a t tr ib u te d  to  th e  ou t-o f-p lane d e fo rm atio n  v ib ra tio n  o f th e

a ro m a tic ^  C H  found in  th e  8 0 0 —900 cm -1  region.

F ig . 1. W av en u m b er va lues o f th e  ‘e’ b an d s as a  fu n c tio n  of th e  H a m m e tt  a  v a lu es o f th e
su b s titu e n ts  in  position  4

F ig . 2. W av en u m b er va lues o f  th e  ‘e’ ban d s as a  fu n c tio n  o f th e  ca lcu la ted  7r-bond  order
of th e  carb o n y l group

P lo ttin g  th e  w av en u m b er v a lu e  of b a n d  V  as a fu n c tio n  o f th e  H a m m e t 
a [11] va lues of th e  su b s titu e n ts  in  p o sition  4, F ig . 1 is o b ta in ed .

I t  can  be seen th a t  increasing  e lec tronegativ ities o f th e  su b s titu e n ts  
re su lt in  a lin ea rly  decreasing  fu n c tio n  w hose c h a ra c te r  is opposite  to  t h a t  of 
the  ca rbony l s tre tch in g  v ib ra tio n a l b a n d  s tu d ied  from  a sim ilar p o in t o f view  
[ l a - h ] .

Fig. 2 shows the w avenum ber of band V  as a function  of the bond order 
(P c =o) of the carbonyl group calculated by us.

As can be seen, a fu n c tio n  o f ro u g h ly  sim ilar course th o u g h  som ew hat 
d iffe ren t in  ch a ra c te r  as th e  p rev ious one w as o b ta in ed , w ith  som e sca tte rin g .
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Fig. 3 gives th e  w av en u m b er v alue  of b a n d  ‘e’ as a fu n c tio n  o f th e  bond  
o rd e r o f th e  bond  co n n ec tin g  th e  carbony l ca rbon  a to m  to  th e  a ro m atic  ring.

I t  is seen th a t  a  d e fin ite  lin e a r  re la tio n sh ip  —  w ith  sm all sca tte rin g  —  
can  be detec ted  b e tw een  th e  w av en u m b er value o f b a n d  ‘e’ an d  th e  m obile b an d  
o rd e r o f the  bond  co n n ec tin g  th e  carbon  a to m  o f th e  C = 0  group  and  th e  
a ro m a tic  ring.

O f th e  re la tio n sh ip s  reg a rd in g  th e  w av en u m b er o f b a n d  V ,  th e  m ost 
d e fin ite ly  linear re la tio n sh ip  is t h a t  involv ing  th e  m obile b o n d  o rder of th e  
b o n d  betw een  th e  a ro m a tic  an d  ca rb o n y l ca rbon  a to m s (F ig . 3). T his ind ica tes

F ig . 3. W avenum ber v a lu es o f th e  ‘e’ b a n d s  as a  fu n c tio n  of th e  я -bond  o rd e r ex is ting  be tw een  
th e  a ro m a tic  r in g  and  th e  carbonyl-C  a to m

th e  s ign ifican t role o f  th e  v ib ra tio n  of th is  b o n d  in  th e  d ev e lo p m en t of b a n d  ‘e’, 
as also repo rted  in  th e  l i te ra tu re  [3, 4 a — с]. T he charge  d e n s ity  along th is  bo n d  
decreases w ith  in c reas in g  e lec tronegativ ities o f th e  su b s titu e n ts  in  position  4, 
in v o lv in g  a decrease in  th e  w av en u m b er of th e  v ib ra tio n , in  th e  d irection  
(— a) <  0 <  (+<t), as also confirm ed  by  th e  ex p e rim en ta l d a ta . O ur resu lts  
reg a rd in g  the  a lte ra tio n  of th e  b o n d  o rder an d  th e  e lec tro n  d is tr ib u tio n  of th e  
b o n d  ex isting  b e tw een  th e  a ro m a tic  ring  an d  th e  carbonyl-C  a to m  are well 
su p p o rte d  b y  m ass sp ec tro m e tric  m easu rem en ts ca rried  o u t on 4 -su b s titu te d  
acetophenones [12, 13]. A ccording to  these, th e  re la tiv e  p e rcen tag e  occurrence 
o f  th e  (CHgCO) ion  decreases in  th e  d irection  4 -N 0 2 (4 .5% ) —► 4 -N H 2 (0.26% ), 
in d ic a tin g  the  change in  th e  s tre n g th  of th is  b o n d .

B rigodiot  an d  L ebas  [4c] have  show n th a t  th e  freq u en cy  of th e  co r­
re sp o n d in g  b an d  is p r im a rily  decided  b y  th e  valence  v ib ra tio n  o f th e  A r—C ^ O  
b o n d , and  a rom atic  sk e le ta l v ib ra tio n  is of secondary  im p o rtan ce .

T he sign ifican t c o n tr ib u tio n  of th e  A r—C b o n d  to  th e  ap p earan ce  of 
th is  b an d  is also su p p o rte d  b y  ou r q u an tu m  chem ical ca lcu la tio n s described 
above.
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T h e charge  d isp lacem ents cau sed  in  th e  4 -su b s titu te d  ace to p h en o n e  
m olecules b y  th e  su b s titu e n ts  are  v e rified  b y  th e  ch a rac te ris tic s  of th e  b a n d s  
ap p earin g  in  th e  800—900 cm -1  reg ion , w hich  are due to  th e  o u t-o f-p lan e

d efo rm atio n  v ib ra tio n s , \
/

— H ), o f th e  hyd rogen  a to m s of th e  a ro m a tic

ring . K ross et ál. [14] have show n th a t  th e  freq u en cy  of th is  v ib ra tio n  in ­
creases w ith  th e  increasing  M  effect o f th e  su b s titu e n ts . I n  th e  case of a ro m a tic  
ca rb o n y l com pounds, B ellam y  [ Id ]  observed  a p a ra lle l re la tionsh ip  b e tw een

6
Fig. 4. T he y(C H )Ar w av en u m b er v a lues o f 4 - su b s titu te d  ace tophenones as a  fu n c tio n  o f th e

H a m m e tt  a  va lues

th e  freq u en cy  a lte ra tio n s  of th e  o u t-o f-p lan e  defo rm atio n  v ib ra tio n s o f  th e  
h y d ro g en  atom s o f th e  arom atic  r in g  an d  th e  s tre tc h in g  v ib ra tio n  o f th e  
ca rb o n y l group . In  meta- and  p a ra - s u b s ti tu te d  com pounds a lin ear r e la tio n ­
ship w as d e tec ted  be tw een  th e  H a m m e tt a  va lues of th e  su b s titu e n ts  a n d  th e

frequency  o f th e  у  ( ^ C — H) band . O n th e  o th e r h an d , Varsanyy [15] q u e s tio n ­

ed th e  ex istence  o f an  unam biguously  lin e a r  re la tio n sh ip  betw een  th e  H a m m e tt  

a va lues an d  th e  frequencies of th e  y ( ^ C —H ) b an d , how ever, a lin ear r e la ­

tio n sh ip  w as observed  b y  him  b e tw een  th e  spectroscopic  m om ents, in tro d u c e d  

by  P latt  [16], an d  th e  frequency  v a lu es  o f th e  y ( .£ * —H ) ban d .

I n  our case, th e  g raphical re p re se n ta tio n  of th e  w avenum bers o f th e  

y (^ C — H ) v ib ra tio n s  o f 4 -su b s titu te d  acetophenones, as a function  of th e

H a m m e tt a va lues o f th e  su b s titu e n ts , gives th e  re la tio n sh ip  show n in F ig . 4.
O bviously , th e  m easured  w av en u m b er va lu es  fa ll w ith in  a zone of lin e a rly  

increasing  c h a ra c te r ; th e re  is m ed iu m  sca tte rin g .
T h e  re la tio n sh ip  betw een th e  w avenum bers o f th e  y( C—H) b a n d s  

and th e  P latt  spectroscop ic  m om en ts is g iven in  F ig . 5.

I f  th e  w av en u m b ers  of the  y{^ .C — H ) b ands are p lo tte d  as a fu n c tio n

o f th e  P latt  m o m en ts , th e  m easured  v a lu es  fa ll w ith in  a zone of decreasing  
ten d en cy ; th e  sc a tte r in g  is abou t th e  sam e as in  th e  fo rm er case.
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F in a lly , Fig. 6 show s the  w avenum ber values of th e  y ( ^ C —H ) b an d s as

a fu n c tio n  of th e  o v e ra ll я  charge d en sity  a t  th e  C-5, C-6, C-7 an d  C-8 carbon  
a to m s  (i.e. those in  o,o '- an d  m ,m '-positions).

A ccording to  K r o s s  et al. [14], th e  re la tio n sh ip s  observed  can be ex ­
p la in e d  as follows. T h e  bonds betw een th e  ca rb o n  and  h y d ro g en  atom s o f th e

F ig .  5 .  T h e  y ( C H ) Ar w a v e n u m b e r  v a lu e s  a s  a  f u n c t io n  o f  th e  P L A T T |m o m en ts

F i g .  6 .  W a v e n u m b e r  v a lu e s  o f  th e  y(C H )Ar b a n d  a s  a fu n c t io n  o f  t h e  su m  o f  t h e  :t c h a r g e s  
c a lc u la t e d  fo r  t h e  o ,o '- a n d  m ,m '- p o s i t io n s  o f  th e  a r o m a t ic  r in g

a ro m a tic  ring  are  e s tab lished  b y  sp'1 h y b r id e  orb ita ls. In  th e  course o f th e  
ou t-o f-p lane  d e fo rm a tio n  v ib ra tions, w h en  th e  hydrogen  a to m  leaves th e  
p lan e  o f th e  b en zen e  rin g , the C—H  b o n d  undergoes a reh y b rid iza tio n  to w ard s  
th e  sp 3 s ta te , ow ing to  in te rac tio n  w ith  th e  я -electron cloud of th e  ring . T h is 
re su lts  in  a decrease  o f  th e  force c o n s ta n t a n d  th e  frequency  o f th e  ou t-o f-p lane  
v ib ra tio n . H ow ever, a decrease in  th e  я -e lec tron  den sity  a t  th e  carbon  a to m  
c a rry in g  th e  h y d ro g e n  atom  will be acco m p an ied  b y  a s im ila r decrease in  th e  
en e rg y  of th e  in te ra c tio n . This can  co n v en ien tly  be p ic tu re d  b y  considering  
th e  ac tiv a tio n  en e rg y  o f th e  tra n s it io n  in to  th e  sp 3 s ta te  to  be increasing . 
O w ing  to  th is , th e  C —H  bond becom es m ore rigid a g a in s t th e  ou t-o f-p lane

Acta Chim. (Budapest) 72, 1972



D I N Y A , SZ A B Ó : I N F R A R E D  S P E C T R O S C O P IC  S T U D I E S ,  I 73

deform ation  v ib ra tio n , an d  th e  force co n stan t, as w ell as th e  freq u en cy  o f th e  
v ib ra tio n  will increase . T hus th e  crucial fac to r is th e  change o f th e  л -electron  
d en sity  a t  th e  carb o n  atom s o f th e  ring , depend ing  on th e  — M  effect o f th e  
su b s titu e n ts . T hese  considera tions are  com pletely  su p p o rte d  b y  th e  re la tio n sh ip

show n in F ig . 6 rep resen tin g  th e  w avenum ber v alues of th e  у  ( ^ C —H)

b ands of 4 -su b s titu te d  acetophenones as a fu nc tion  of th e  sum  o f th e  л -charges 
a t  th e  carbon  a to m s in  positions 5, 6, 7 and  8 (i.e . th e  o,o' an d  m ,m ' positions), 
ca lcu la ted  b y  m eans o f th e  HM O m ethod . As can be seen, a descending  fu n c ­
tio n  has been o b ta in ed , verify in g  th e  earlier em pirica l ex p lan a tio n .

*

T he a u th o rs ’ th a n k s  are due  to  P ro f. R . B o g n á r  fo r his in te re s t  in  th is  w ork , to  P ro f- 
К . G á s p á r  for v a lu ab le  discussions, a n d  to  th e  w orkers o f th e  U n iv e rs ity  C om puting  C entre  
fo r th e ir  help  in  th e  calcu la tions.
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RACEMIZATION DURING PEPTIDE AZIDE COUPLING

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

L .  K i s f a l u d y  a n d  0 .  N y é k i

( Research Laboratory o f  the Chemical W orks o f  Gedeon Richter, B udapest)  

R eceived  M arch  13, 1971

R ecen tly , i t  h as  been re p o rte d  [1— 3] th a t  un d er ce rta in  cond itions race- 
m iz a tio n  m ay  occur d u ring  acy la tio n  w ith  p ep tid e  azides. T herefo re , i t  w as o f 
in te re s t  to  in v e s tig a te  th e  e x te n t o f racem iza tio n  depend ing  u p o n  th e  q u a n ti ty  
an d  q u a lity  of th e  b ase  applied , u n d e r  v a rio u s  conditions of th e  azide coupling . 
T he reac tio n  Z -G ly-A la-N 3 -f- H -L eu-O B zl has been chosen since, accord ing  
to  I z u m i y a  and  M u r a o k a  [ 4 ] ,  a f te r  rem o v a l of th e  p ro te c tin g  groups in  th e  
u su a l w ay , th e  q u a n ti ty  of th e  D-Ala isom er in  th e  free H -G ly-A la-L eu-O H  
can  be  d e te rm in ed  sim ply  an d  w ith  0 .1 %  accuracy , b y  m ean s o f an  am ino  
acid  analyzer.

Table I

R acem ization  during the coupling o f  Z -G ly -A la -N 3 w ith  L eu-O B zl

N o.

M oles p e r  m ole o f h y d raz id e

A m inea S o lv en t15

Z-G lv-A la-Leu-O B zl
R acem iza­

tio n ,d
%L eu-O B  zl A m in e

M .p.,c
°C

Y ield
%

l l . i l . i E t3N E t 20 9 5 - 9 f 49е 0

2 l l E t3N E t 2Of 9 6 - 9 7 43 0
3 1.18 1.18 E t3N E t 20 9 5 - 9 7 47 4.5
4 1.3 2.6 E t3N CHC13—E t20 9 6 - 9 7 35 9.5
5 1.3 6.5 E t3N CHC13—E t2Og 9 5 - 9 7 42 15.0
6 1.3 1.3 NMM CHC13—E t„0 9 5 - 9 7 39.5 5.5
7 1.3 2.6 NMM CHCI3—E t20 9 5 - 9 6 30 9.7
8 1.3 1.3 E tN P rl CHClg—E t20 9 6 - 9 7 37 11.4
9 1.3 2.6 E tN P r ' CHC13—E t20 9 6 - 9 7 21 12.4

10 1.2 1.2 D E A iP CHC13—E taO 9 6 - 9 7 42 0
11 1.1 2.4 D E A iP CHC13 —E t20 9 6 - 9 7 31 0

a NMM — N -m e th y lm o rp h o lin e ; D E A iP  =  l-d ie th y lam in o -2 -p ro p an o l. b U nless o th e r ­
wise n o ted , th e  reac tio n s were ru n  a t  —5 °C fo r 30 m in. and a t  room  te m p e ra tu re  fo r 20 h rs. 
c T he c ru d e  p ro d u c ts  w ere hom ogeneous b y  t ic ., R r 0.58 in  CHC13 —M eOH (95 : 5). d D e term in ed  
by  th e  m eth o d  of R ef. [4]. e Once re c ry s ta llized . f 2 h rs  a t  —5 °C. g 3 h rs  a t  — 5 °C an d  20 hrs 
a t  ro o m  tem p e ra tu re .
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The above p e p tid e  azide was p re p a re d  as described  in  th e  l ite ra tu re  [5] 
a n d  since the  p H  o f th e  ethereal so lu tio n  o f th e  azide w as betw een  6 —6.5, i t  
w as ex trac ted  w ith  co ld  w a te r  only. T his so lu tio n  w as th e n  reac ted  w ith  fresh ly  
p rep a red  H -L eu-O B zl (see T able, R eac tio n s  1 —3) or w ith  H -L eu-O B zl p - to lu -  
enesu lfonate  (see T a b le , R eactions 4 :—11) in  ch loroform  so lu tion  con ta in in g  
th e  requ ired  q u a n t i ty  o f th e  a p p ro p ria te  am ine. T he reac tio n  m ix tu re  w as 
w orked  up in  th e  u su a l w ay ; th e  p ro te c te d  tr ip e p tid e  w as h y d ro g en a ted  w ith o u t 
fu r th e r  p u rific a to n , a n d  th e  crude tr ip e p tid e  w as su b m itte d  to  analysis. T h e  
re su lts  are su m m arized  in  Table I.

F rom  th e  re su lts  i t  can be seen th a t  in  th is  reac tio n  u n d e r defin ite  con­
d itio n s, racem izatio n  increases w ith  th e  a m o u n t of th e  am ine applied , an d  w ith  
som e bases it  m a y  be  s ig n ifican t even if  on ly  one eq u iv a len t o f th e  base is u sed . 
N o racem ization  ta k e s  p lace w hen l-d ie th y la m in o -2 -p ro p a n o l is applied  even 
in  am o u n ts  as h igh  as one equ ivalen t. T h is o b se rv a tio n  is in  ag reem ent w ith  
experim en ts ca rried  o u t  on highly a c tiv a te d  pep tid e  este rs  [6].

The au tho rs w ish  to  express th e ir sincere g ra ti tu d e  to  D r. T . D é v é n y i  for th e  an a ly se s-
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DEVELOPMENT OF PETROLEUM REFINING 
TECHNOLOGIES

IN GRAPH THEORETICAL REPRESENTATION, I
D IS T IL L A T IO N

M. K O R A C H *  a n d  L. H a S K Ó * *

* Research In s titu te  o f  Technical Chemistry, H ungarian  A cadem y o f  Sciences and  
** Construction B ureau  o f  Petroleum and N atura l Gas In d u stry , Budapest

R e c e iv e d  J u n e  2 , 1 9 7 0

A cta Chim ica Academ iae Scientiarum  Hungaricae, Tom us 72 ( 1 ) .  p p . 7 7 —9 T  (1 9 7 2 )

G ra p h  t h e o r e t ic a l  r e p r e s e n ta t io n  m a d e  p o s s ib le  t h e  q u a n t i t a t iv e  s tu d y  o f  t h e  
c o u r se  o f  d e v e lo p m e n t  o f  in d u s tr ia l  r e f in e r y  t e c h n o lo g ie s .  T h e  r e p r e s e n ta t io n  o f  t h e  
t y p e s  o f  d i s t i l la t io n  e q u ip m e n ts  a s  a  f u n c t io n  o f  th e ir  y e a r  o f  in tr o d u c t io n  p e r m it t e d  
t o  e s ta b lis h  t h a t  t h e  c o r r e sp o n d in g  g r a p h s  le a d  fro n t t h e  o p e n  a n d  u n if lo w  t y p e  g r a d - 
u a lly  to  c y c l ic  g r a p h s  o f  in c r e a s in g  c o m p le x i ty  a n d , o n  t h e  o th e r  h a n d , t h a t  th e  n u m b e r  
o f  g ra p h  e le m e n t s  o f  t h e  s in g le  s y s t e m s  sh o w s  a n  in c r e a s in g  t r e n d  w ith  t im e , a n d  t h e  
c u r v e  se e m s  t o  a p p r o a c h  a l im it in g  v a lu e .

1. Objectives and  m eans of the  study

O ur stud ies on  th e  general law s and  s tru c tu re  of th e  system s of chem ical 
techno logy  w ere b eg u n  ab o u t te n  years ago. S everal com m unications [1 — 5] 
an d  th e  review  a rtic le  “ G raph th eo re tica l re p re sen ta tio n  o f chem ical te c h n o ­
logical processes”  [6] re p o rt on th is  w ork.

T he o b jec t o f  th e  p resen t research  is to investigate the technological devel­
opm ent o f  the most im portant chemical industries on th e  basis o f g raph  theo re tica l 
rep re sen ta tio n , w ith  th e  ex p ec ta tio n  th a t  this m ight uncover fu rther correlations 
between chemical technological systems.

U p to  now  w e have s tu d ied  tw o chem ical in d u s tr ie s  of th e  g re a te s t 
im p o rtan ce , look ing  b a c k  on a long p as t. One is th e  p e tro leu m  refin ing  in d u s try , 
th e  o th e r th e  p ro d u c tio n  of su lfuric acid. P e tro leu m  in d u s try  has been selected  
for in v es tig a tio n  b ecause , in  ad d itio n  to  fu rn ish ing  th e  m o st im p o rta n t raw  
m a te ria l o f m o d ern  chem ical in d u s try  an d  energy  su p p ly , th e  p e tro leu m  
refin ing  de te rm in ed  th e  f irs t developm ent of th e  “ process engineering” .

One of th e  p reco n d itio n s of th is  research  w as th e  c ritica l s tu d y  of p u b li­
ca tions tre a tin g  th e  techno logy  an d  th e  h is to ry  o f in d u s try , using n o t on ly  th e  
d ialectic  ap p ro ach  b u t  also th a t  o f h isto rica l m a te ria lism . Indeed , th e  course 
of developm ent (e.g . th e  tra n s itio n  from  th e  open process or open g raph  ty p e  
to  th e  cyclic p rocess or cyclic g rap h  ty p e , or th e  tre n d  o f increasing  n u m b er o f 
g rap h  elem ents) h a d  also to  be p roved  h is to rica lly  besides rep re sen ta tio n , 
because essen tia l “ new  fea tu re s”  are of necessity  re flec ted  n o t b y  th e  b a re  
s ta te m e n t of fac ts , b u t  possibly only b y  th e  conclusions d raw n from  th e m .
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H ow ever, h is to rica l w orks [15— 18] lis t and  describe only  th e  new 
techno log ies or th e ir  m od ifica tions ap p ea rin g  in  successive periods, giving 
o fte n  d iffe ren t an d  even c o n tra d ic to ry  d a ta , so th a t  i t  w as ra th e r  d ifficu lt to  
p iece to g e th e r th e  co rrec t chronological d a ta .*  H ow ever, in  acco rdance  w ith  
o u r o b jec t, th e  d ev e lo p m en t of basic techno log ies h ad  to  be  s tu d ied  as a  fu n c­
tio n  o f tim e. As w ill be  seen, ce rta in  tre n d s , and  periods w ith in  these , could  he 
e s tab lish ed  in th is  d ev e lo p m en t. P e rio d  m eans here th e  space of tim e  betw een  
th e  ap p earan ce  of tw o  technologies new  in  th e ir  p rinc ip le , because  on ly  th e  
tim e  o f appearance  can  be estab lished  w ith  ad eq u a te  re liab ility , w hile th e  tim e  
o f u tiliz a tio n  and  life o f  a techno logy  m a y  be com pletely  d iffe ren t in  each 
c o u n try  depending  on local cond itions, an d  even w ith in  th e  in d u s try  of th e  
sam e  co u n try , as w ill be show n on h a n d  o f some exam ples.

T he pe tro leum  in d u s try  h ad  to  m e e t th e  s tead ily  in c reasin g  q u a n tita tiv e  
a n d  q u a lita tiv e  re q u irem en ts  of socie ty . H ow ever, i t  w as n o t ou r aim  to  in ­
v e s tig a te  each of th e  severa l h u n d re d  processes rea lized  fo r th e  pu rpose  o f 
m a n u fa c tu r in g  a m u lti tu d e  o f p e tro leu m  p ro d u c ts . O ur p e tro leu m  technological 
in v es tig a tio n s  concern  on ly  th e  tw o p r in c ip a l d irections o f dev e lo p m en t:

1. d is tilla tion  and
2. ch a rac te ris tic  processes used  in  refineries, invo lv in g  chem ical con­

v ersio n .
P rac tica l p ro d u c tio n  is realized  b y  num erous com b in a tio n s of th e  tw o 

d irec tio n s . The o b jec t o f th is  f irs t s tu d y  is to investigate the development o f  the 
ancien t petroleum technology, d istillation, s till in  v ersa tile  use in  each  re fin e ry . 
S ev era l o th e r processes o f th e  in d u s try , ch a rac te ris tic  o f its  deve lopm en t, in-

* In  his book “ A H is to ry  of In d u s tr ia l  C h em istry”  [26], S herw ood F . Taylor  con­
sid e rs  th e  successful d rillin g  p e rfo rm ed  b y  D rake  in 1859 in T itu sv ille  (P en n sy lv an ia , USA) 
th e  beg in n in g  of m o d ern  p e tro leu m  in d u stry . H ow ever, in a n o th e r p a r t  o f th e  book  we can 
re a d  th a t  90 years earlie r, “ a t  ab o u t 1770, sy s te m a tic  p e tro leu m  p ro d u c tio n  ex is ted  in  th e  
n e ig h b o u rh o o d  of B a k u ” . In  c o n tra s t  to  th is , on  p . 270 th e  a u th o r  s ta te s  t h a t  in  B a k u  th e  
u t il iz a tio n  of p e tro leu m  b eg an  in 1873. F in a lly , accord ing  to  th e  te x t  on p. 106, th e  use  o f  
p e tro le u m  fo r ligh ting  w as kno w n  a lread y  in  a n c ie n t tim es in  B aby lon  an d  in  G irgen ti (Sicily).

N a tu ra lly  th e  “ b e g in n in g ”  of p e tro leu m  in d u s try  should be m ark ed  b y  t h a t  tim e  from  
w h ich  th e  m an u fac tu re  o f p e tro leu m  p ro d u c ts  car. be  re ferred  to  as “ in d u s try ” , a n d  th is  
d e p en d s  on th e  co n cep tional c o n te n t of th e  w o rd  “ in d u s try ” , w hich is fa r  fro m  being  u n eq u i­
v o cal. Possib ly , i t  is in  th is  sense th a t  Taylor considers th e  drilling  b y  D rake as th e  a c tu a l 
b eg in n in g  of pe tro leu m  in d u s try . H ow ever, acco rd in g  to  Schönw alder  [15], th e  f irs t  period  
o f th e  p e tro leu m  in d u s try  can  b e  traced  b ack  m u ch  fa rth e r. T his a u th o r  w rites in his w ork 
“ E rd ö l in  der G esch ich te”  t h a t  in R ussia  th e re  a re  earlier d a ta , from  1650, on p e tro leu m  
p ro d u c tio n , and  adds t h a t  “ th e  concept acco rd in g  to  w hich we can  sp eak  of a  p e tro leu m  
in d u s try  only since th e  d rillin g  b y  D rak e , is a c tu a lly  valid  only in  g en era l” . “ In  N o rth e rn  
I ta ly ,  in  th e  environs o f A m iano , pe tro leu m  w as p ro d u ced  a t  ab o u t 1800 in  a q u a n ti ty  suffic ien t 
fo r l ig h tin g  th e  tow ns G enua, P a rm a  and B orgo san  D onnino” . P e te r  th e  G rea t issued orders 
as e a r ly  as 1723 on th e  t ra n s p o r ta tio n  of p e tro leu m  from  B aku , an d  a lre ad y  in  1735 p e tro leu m  
fo r l ig h tin g  was m an u fa c tu re d  in  B aku  b y  d is tilla tio n . W ell, was th is  n o t “ in d u s try ” ?

A ccording to  H a ro ld  F . W illiamson [17], “ T h e  A m erican  was n o t th e  f ir s t  b u t  th e  second 
p e tro leu m  in d u s try  ev er re a liz e d ” [N ot r a th e r  fo u r th ?  (R em ark  of th e  a u th o rs )]. A period  of 
5000 y ears  sep ara ted  th e  f i r s t  pe tro leu m  in d u s try  (M esopotam ia) fro m  th e  second. In  
su m m a ry , according to  Taylor  th e  y ea r of b i r th  o f p e tro leu m  in d u s try  w as 1895, acco rd ing  to 
S chönw alder , th is  is th e  y e a r  o f b ir th  on ly  in  g enera l; and fin a lly , W illiamson  tra c e s  it 
b a c k  to  a b o u t 3000 B.C. In d e ed , th is  can n o t b e  called  a serious h is to rica l re g is tra tio n !
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vo lv ing  m a in ly  th e  chem ical conversion  o f th e  com ponents o f pe tro leu m , w ill 
he ex am in ed  in  a second co m m u n ica tio n  on th e  exam ple o f  th e  m anufacture  
o f Otto engine fu e l  and lubricating oil.

T he m eans o f our in v estig a tio n  is g rap h  theo re tica l rep re se n ta tio n  b y  th e  
m e th o d  developed  b y  us for th e  chem ical in d u s try  [6]. I n  th is  s tu d y , sem i- 
tech n o lo g ica l g rap h s, sim ilar to the theoretical type o f  graph , w ill be  co n s tru c ted , 
com prising  besides th e  reac to r  th e  e ssen tia l a llactors, cooling an d  h e a tin g  
a llac to rs  an d  co n d u its . F o r each g rap h  its  g rap h -th eo re tica l ty p e  will be e s ta b ­
lished , an d  fo r th e  ch a rac te riza tio n  o f  its  technological co m p lex ity  th e  n u m ­
b e r o f e lem en ts c o n s titu tin g  th e  g rap h  w ill be given.

I t  shou ld  be  m en tioned  fin a lly  t h a t  th e  graphs co n s tru c te d  w ere n o t  
developed  b y  d irec t rep re sen ta tio n  of flow sheets of th e  m o st various degrees 
of a b s tra c tio n  fo u n d  in  th e  lite ra tu re , b u t  th ese  were co n v erted  as fa r as p o s ­
sible to  a sim ilar level of a b s tra c tio n , because  otherw ise th e  degrees of te ch n ica l 
d ev e lo p m en t show n in th e  figures w o u ld  n o t have been com parab le . Som etim es, 
due to  th e  lack  o f flow sheets, figures w ere reco n stru c ted  on th e  basis o f d e ­
sc rip tions alone.

2. D evelopm ent of d istillation

As is w ell know n, in  th e  h is to ry  o f pe tro leum  d is tilla tio n  tw o w o rk in g  
p rincip les h a v e  been  realized:

1. f rac tio n a l d is tilla tio n  and
2. f rac tio n a l condensation .

2.1 E q u ipm en t in  fractiona l d istilla tion

In  fra c tio n a l d is tilla tio n , p e tro le u m  is h ea ted  to  increasing  te m p e ra tu re s , 
an d  f irs t  th e  lig h t, th e n  th e  h eav ie r d is tilla te s  are o b ta ined . F o r  th is  p u rp o se , 
tw o k inds o f tech n ica l im p lem en ta tio n  h a v e  been developed:

2.1.1 S im p le  d istilla tion

P e tro le u m  w as d istilled  a lread y  b y  th e  Copts in 100 В . C. in  stills, th e  
neck  of w hich  w as cooled [17, p. 7]. T h e  condensation  of v a p o u rs  in  coiled tu b e s  
w as a lread y  used  in  th e  18th  c e n tu ry . A n in d u stria l scale d is tilla tion  p la n t  
w as c o n s tru c te d  in  1832 in R ussia  b y  th e  B u d in in  b ro th e rs  for b lack  oil 
p ro d u c tio n . T he p la n t w as closed a f te r  a few  years [15], b u t  la te r  a series o f  
sim ilar p la n ts  w as b u ilt  in  th e  e n v iro n m e n t a f B ak u  [25].

In  th e  U n ite d  S ta tes  from  1862 on severa l coal oil p la n ts  w ere c o n v e rted  
a fte r  th e  successful drilling  b y  D r a k e  in to  petro leum  d is tilla tio n  p la n ts , b u t  
new  p la n ts  w ere also erected  in  th e  v ic in ity  o f New Y ork , B o sto n  and  P i t t s ­
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b u rg h  [17, p. 202]. F i r s t ,  these  p lan ts used  w ith o u t changes th e  d irectly  h e a te d , 
c as t iro n  stills o f coal d istilla tio n  p la n ts , to  th e  h ighest p o in t o f which a w ate r- 
cooled coil w as co n n ec ted . D istillates w ere  collected accord ing  to  te m p e ra tu re  
ranges. O pera tion  w as o f  the  batch  ty p e  find slow, p a r tic u la r ly  owing to  th e  
long cooling tim e. T h e  f i r s t  stills w ere re p la c e d  la te r  b y  v e rtic a l or h o rizo n ta l 
cy lind rica l typ es m a d e  o f w rought iro n  a n d  la te r  o f stee l p lates, and  b u ilt

Crude petroleum

s4 __ Distillates 
(gasol ine, 
petroleum, 
gas oil)

Fig. 1. P e tro leu m  re fin e ry  d istilla tion . S im ple d is til la tio n  (accord ing  to  Thorpe’s D iet. Yol.
9, p. 325, F ig . 3). (V ertical s t i l l ,  1860) T h eo re tica l g rap h  

A llac to rs : a 4 =  d is til la tio n  s till:  a2 =  condenser. C onduits: s4 =  c ru d e  pe tro leum ; s., =  d is­
til la tio n  residue; s3 =  d is t i l la te  vapours; s4 =  d is til la te s  (according to  increasing  boiling  p o in t). 

T ype  o f g ra p h :  uniflow, open . N u m b e r o f g rap h  e lem en ts: 6

Crude petroleum

s5

Distillates 
(gasoline, 
petroleum, 
gas oil)

Condensed
water

Fig. 2. P e tro leu m  re fin e ry  d is tilla tio n . Sim ple d is til la tio n  (w ith  s team ) (1863, according to  th e  
d e sc rip tio n  o f W illiamson, I .  p . 216). T h eo re tica l g rap h  

A llac to rs: a ,  =  d is til la tio n  s ti ll ;  a., =  condenser; a 3 =  se ttle r. C ondu its : s 4 =  crude p e tro leu m ; 
s2 =  s te am ; s3 =  d is t i l la t io n  residue; s4 =  d is t i l la te  +  steam ; s5 =  condensate ; s6 =  d is til­

la te s ; s7 =  co ndensed  w a te r. Type of g ra p h : u n iflow , open. N u m b e r o f g raph  e lem en ts: 10

in to  m aso n ry  fu rn ace  cham bers. The c a p a c ity  of th e  stills  was increased w ith  
th e  increase  of p ro d u c t dem and to  600— 800 barre ls an d  m ore. Several o th e r  
in n o v a tio n s w ere in tro d u c e d  in th e  d esign  of stills, d is tilla tio n  being carried  
o u t w ith  steam  an d  u n d e r  vacuum .

In  sp ite  of th e  innova tions th is  m e th o d  of d is tilla tio n  did no t change 
from  th e  v iew po in t o f  th e  process; i t  is ch a rac te rized  on ly  b y  tw o o p era tio n s; 
evaporation and the condensation o f vapours. D istilla tio n  is o f th e  b a tc h  ty p e , 
d istilla tes  are co llec ted  betw een in c reasin g  boiling p o in t lim its . The li te ra tu re  
con ta in s th e  schem e o f  several a p p a ra tu se s  of th is  k in d . S ta rtin g  from  an y  
of th ese , th e  g rap h  show n  in Fig. 1 is o b ta in e d . The g rap h  is uniflow  and open. 
I f  d is tilla tio n  is c a rr ie d  o u t w ith s team , a sep a ra to r m u s t be used a fte r  th e  
condenser for th e  se p a ra tio n  of w a te r a n d  oil. T he g rap h  of such a p la n t is 
show n in  Fig. 2. T h is g ra p h  is also un iflo w  and open.
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To o b ta in  a sh a rp e r sep a ra tio n , E u ro p ean  refineries u sed  a lread y  in  th e  
1870’s fra c tio n a tin g  colum ns b u ilt  on to p  o f th e  still, as h a s  been  cu s to m ary  in  
d istille ries. T he p la n t  op era tes  p eriod ica lly , as a sim ple d is tilla tio n  a p p a ra tu s . 
T h e  g rap h  of such  a p p a ra tu s  is show n in  F ig . 3. This g ra p h  to o  is un iflow  and  
open. T he angle p o in t A-, in  th e  g ra p h  is an  allac to r series consisting  o f tw o  
u n its  (still, co lum n), be tw een  w h ich  th e re  is a c o u n te rc u rre n t process, as can  
be  seen from  su b g rap h  I I .

II .

Ai Sub-graph 
Vapour of

Distillates distillate
(gasoline, ^

F ig . 3. P e tro leu m  re fin e ry  d is tilla tio n . D is tilla tio n  still w ith  f ra c t io n a tin g  co lum n (E u ro p e , 
in  th e  1870’s). (A ccording to  Th o rpe’s D ie t. Vol. 9. p . 326, F ig . 5). T h eo re tica l g rap h  

N u m b er o f  g ra p h  e lem en ts  (I  and  I I ) :  12
A llac to rs : A  j  =  still w ith  co lum n; a2=  co n d en ser; a3 =  sep ara to r. A llac to rs  o f  .1]: a j a  =  h e a te d

still; a j b  =  colum n

C o n d u its : =  crude  p e tro leu m ; s2 =  s te am ; s3 — v ap o u r of d is t il la te ;  s4 =  d is tilla te s ; s5 ==
d is tilla te s ; s6 =  condensed  w a te r; s7 =  s ti ll  re sidue. C onduits: sg =  ascen d in g  s team ; s9 =  
re flu x . T ype of g rap h : un iflow , open . I I .  T y p e  o f g rap h : uniflow , o p e n  (w ith  c o u n te rcu rre n t)

2 .1 .2  C ontinuous battery d istilla tion

In  view  o f th e  rap id ly  grow ing  q u a n tita tiv e  d em an d s  an d  q u a lita tiv e  
req u irem en ts  of th e  m ark e t, th e  d isad v an tag es of “ s im p le”  s till d is tilla tio n  
(low  perfo rm ance, poor h e a t u tiliz a tio n , u n ce rta in  se p a ra tio n , h igh  m anpow er) 
w ere  fe lt increasing ly  in  h igh  c a p a c ity  p lan ts . The rise  in  social d em an d  re ­
q u ire d  a new  technology . R eco m m en d atio n s w ith  th is  goal in  view  w ere n o t 
m issing  in  coun tries w ith  re fin ing  in d u strie s , th u s  in  th e  U .S .A ., as w itnessed  
b y  num erous p a te n t  ap p lica tions in  th e  1860’s and  1870’s. Som e of th e  reco m ­
m en d a tio n s  w ere used  tra n s ito r ily ;  how ever, th e  U .S . m onopolies pecu lia rly  
re fu sed  to  consider th e  in n o v a tio n s  (b a tte ry  d is tilla tion , fra c tio n a tin g  colum n) 
d u rin g  th e  w hole n in e te e n th  c e n tu ry .
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The new d is tilla tio n  o f con tin u o u s o p era tio n  w as so lved  in R ussia, b y  
u s in g  ba tte rie s  co n sisting  of a series of stepw ise a rran g ed  h o rizo n ta l cylindrical 
o il-h ea ted  d is tilla tio n  stills. E ach  h a d  se p a ra te  h ea tin g  a n d  w as equipped  w ith  
a deph legm ato r o f  special design. A ccord ing  to  one source, in v en to rs  were th e  
N o b e l  bro th ers  [17, p . 26], while T u r e v i t c h  gives th e  c re d it to  th e  R ussian  
eng ineer A. F . I n t c h i k  [25, p . 347]. A t th e  beg inn ing  o f th e  1880’s th e  process 
w as already  in use in  B ak u . In  his re p o r t  [21] on a s tu d y  to u r  in  1885, E n g l e r  
a ttr ib u te s  only th e  t r a n s p o r t  in  p ipelines to  th e  N o b e l  b ro th e rs .

C r u d e
p e t r o l e u m  S t e a m

Fuel
S t e a m  °*l

S t e a m

G a s  oi l  R e s i d u e

F ig . 4. P etro leum  re fin e ry  d is tilla tio n . B a tte ry  ty p e  con tinuous d is til la tio n  w ith o u t recu p er­
a tio n  (1880). (R e co n s tru c te d  acco rd ing  to  T ho rpe’s D ie t. Yol. 9, p. 326, F ig . 6 ). T heoretical g rap h . 
A llac to rs : a1 — a4 =  d is tilla tio n  stills ; a5—a9 =  coolers. C onduits : s, =  crude p e tro leu m ; 
s2—*4 =  steam ; s5—s7 =  b o tto m  p ro d u c t o f s till;  =  d is tilla tio n  re s id u e ; s9—s12 =  v a p o u r 
o f  d is tilla te ; s13—«17=  p ro d u c ts . T ype  of g rap h : un iflow , open. N u m b e r o f  g rap h  e lem ents: 26.

As com pared  to  sim ple d is tilla tio n , th e  new  process re p re se n ts  a consider­
a b ly  m ore advanced  s tag e  o f d ev e lo p m en t, its  specific p e rfo rm an ce  is h igher, 
th e  th e rm a l energy  a n d  lab o r re q u ire m e n t lower. T he d esired  p roducts are 
o b ta in e d  s im u ltan eo u sly , w ith  a sh a rp e r sep a ra tio n , an d  th e  rep ea ted  d is tilla ­
tio n  o f d istilla tes is avo ided .

The process w as q u ick ly  a d o p ted  b y  th e  la rger E u ro p e a n  refineries, and  
w ith  m odifications i t  w as s till in  use in  th e  f irs t decades of th e  tw en tie th  
c e n tu ry . A g rea t n u m b e r o f m odify ing  p a te n ts  were filed , concerning m ain ly  
d e ta ils  of th e  a p p a ra tu s . T he n u m b er o f th e  stills is d e te rm in e d  b y  th e  q u a lity  
o f  th e  raw  m ate ria l a n d  by  th e  n u m b er of th e  ta rg e t p ro d u c ts , w hich often  is 
4 , 5 , 6 or m ore. O n his to u r  m en tio n ed , E n g ie r  saw  in  B a k u  b a tte rie s  com ­
p o sed  of as m an y  as 17— 18 stills [21].

A su b s ta n tia l in n o v a tio n  in th e  process w as also th e  im provem en t of 
th e rm a l econom y: c ru d e  p e tro leu m  w as p re h e a te d  b y  th e  d istilla tes  in  h ea t 
exchangers. Of th e  m an y  possible v a r ia n ts , 3 stages of dev e lo p m en t will be 
show n. Fig. 4 re p re se n ts  th e  g rap h  of a p la n t b u ilt a t  th e  e a rly  stages (ab o u t 
1880) of the  b a tte ry  p rocess, w ith  no h e a t recovery . The graph  is open and u n i­
flo w .
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F ig . 5 shows th e  g raph  of a p la n t  s im ilar to  th a t  seen b y  E n g l e r  in  
1885 in  B ak u  (b u t w ith  only 4 stills rep resen ted ), w here c rude  oil is p re h e a te d  
w ith  h o t m azo u t in  h e a t exchangers. M ateria l m oves in  uniflow and open also 
here , b u t  th e  cyclic process rep re sen ted  b y  th e  circulation of part of the heat 
tra n sfe rre d  to  th e  oil a lready  ap p ears  in  i t ,  as can  be seen from  th e  figu re . 
T he b a tte ry  p la n t show n in F ig . 6, w ith  complete heat recuperation, is s im ilar.

Crude patroleum Mazout

F ig. 5. P e tro leu m  re fin e ry  d is tilla tio n  (b a tte ry  ty p e  co n tin u o u s d is tilla tio n ). S y stem  B ak u  
1885. (O n th e  basis of th e  re p o rt on th e  s tu d y  to u r  o f C. E ngler  in  1885). T h eo re tica l g ra p h  
A llac to rs : o15 a2 =  d is tilla tio n  still; a „ , an_ j =  d is tilla tio n  s till;  a5—a8 =  condenser; a9 =  h e a t  
e x ch an g er (m azo u t — crude  p e tro leu m ). C ondu its : Sj, s2 =  crude p e tro leu m ; s3—s5 =  b o tto m  
p ro d u c t o f still; s6—s, =  m azo u t; s8 =  lig h t gaso line  v ap o u rs; s9 =  lig h t gasoline l iq u id ; s10 =  
h e a v y  gasoline v ap o u r; su  =  h eav y  gasoline l iq u id ; sJ2 =  kerosene I v a p o u r; s13 =  kero sen e  I 
l iq u id ; s14 =  kerosene I I  v ap o u r; s15 =  kerosene  I I  liq u id ; s16—s19 =  steam . T ype  o f g ra p h : 

un iflow , open  (m ate ria l); cyclic (h ea t) ; c o u n te rcu rre n t dep h leg m atio n . N u m b er
of g rap h  e lem en ts: 28

In  o u r g raphs, th e  d is tilla tio n  stills of th e  b a tte ry  p la n ts  are  m ark ed  b y  a 
single angle p o in t, b u t  ac tu a lly  th ese  u n its  called stills consist of severa l a lla c ­
to rs  (still and  d ep h legm ato r), be tw een  w hich  th e re  is countercurrent flow , 
re su ltin g  in  a sh a rp e r sep a ra tio n . In  F ig . 6 th is  is show n b y  th e  su b -g rap h .

2 .2  Apparatus with fractional condensation

T he rap id  deve lopm en t of d is tilla tio n  in  th e  p e tro leu m  refin ing  in d u s try  
is due  to  the use of p ipe stills. T he p ipe  s till w as em ployed  fo r th e  f irs t t im e  a t  
th e  beg inn ing  of th e  2 0 th  c en tu ry  b y  C aliforn ia  refineries fo r th e  d e h y d ra tio n  
o f c rude  oils fo rm ing  tenacious em ulsions [9, p . 136]. T he p ipe still design  w as
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Condenser

Deph legm ato r

Still

Furnace
cham ber

Fuel oiI

F ig. 6. P e tro leu m  re fin e ry  d is tilla tio n . B a tte ry  ty p e  con tin u o u s d is tilla tio n  w ith  c o m p le te  
re cu p e ra tio n , E u ro p e  (1890). (A ccording to  W in n a c k e r —K üchler  I . ,  F ig . III-2 6 ). T h eo re tica l 
g rap h . A llac to rs: A y — A 4 =  d is tilla tio n  still; a5—o8 =  h e a t  ex ch an g er; a 9—a u  =  condenser. 
C onduits : Sj—s5 =  cru d e  p e tro leu m ; s6—s9 =  b o t to m  p ro d u c t o f s till;  s10—s13 =  v a p o u r  o f 
d is tilla te ; s14—s20=  d is t il la te ;  s21=  a sp h a lt.T y p e  o f  g ra p h : un iflow , o p en  (m ate ria l) w ith  cyclic  

process (h ea t) ; c o u n te rc u rre n t d ep h leg m atio n . N u m b er o f g ra p h  e lem en ts: 33

fu r th e r  developed b y  th e  California re fin e rie s , and  ex p erim en ts  w ere carried  
o u t on its  ap p lica tio n  in  th e  d istilla tio n  o f  crude  pe tro leu m . T he p rob lem  of 
in d u s tr ia l rea liza tio n  w as solved by  J .  T r u m b l E in  1912, in  th e  M artinez p la n t  
of Shell Co. [18, p. 129].

T r u m b l e ’s process changed th e  w o rk ing  p rincip le  o f d is tilla tio n . In  
d is tilla tio n  carried  o u t in  stills, fractional d istilla tion  ta k e s  p lace. In  T r u m b l e ’s
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process, raw  p e tro leu m  is hea ted  in  th e  p ipe s till to  th e  bo iling  p o in t o f th e  
h ighest-bo iling  p ro d u c t, w hen  u n d e r th e  p ressu re  p rev a ilin g  in  th e  p ipe still 
th e  com ponen ts rem ain  p a r t ly  liq u id , and  so called  “ equilibrium” evaporation 
occurs. F rom  th e  p ip e  s till th e  l iq u id -v a p o u r  m ix tu re  passes in to  an  e v ap o ra ­
to r , w here, as a re su lt of th e  p ressu re  drop, th e  co m p o n en ts  to  be o b ta in ed  are 
ev ap o ra ted . T he v ap o u rs  leav ing  th e  ev ap o ra to r  p ass  th ro u g h  a series of 
deph legm ators w here th e y  are  g rad u a lly  cooled, an d  f i r s t  th e  heav ie r th e n  th e  
lig h te r h y d rocarbons are  condensa ted . T hus, fractional condensation tak es  
p lace. The g raph  o f th e  system  is show n in F ig . 7. T h e  te m p e ra tu re  o f th e  
deph legm ators is re g u la te d  b y  changing  th e  a m o u n t o f re flu x . The process is 
continuous, and here already three material cycles are present.

Fig. 7. P e tro leu m  re fin e ry  d is tilla tio n . S y stem  T rum ble . P ip e  s ti ll  — d ep h leg m ato r d is tilla tio n  
(Shell 1912). (A ccording to  U llm ann , 3rd  E d . Vol 6, p. 614, F ig . 30). T heo re tica l g rap h . 
A llac to rs : a1 =  p ipe  s till;  a 2 =  e v ap o ra to r ; o3—a5 =  d ep h le g m ato rs ; a6— a , =  condensers; 
a8—a 10 =  coolers; a n —a ls =  pum ps. C onduits: =  crude  p e tro leu m , s2 =  crude  p e tro leu m
h o t;  s3—s, =  crude v a p o u r  passage; s8—su  =  steam ; s12— sl3 =  fu e l oil; s14—sl6 =  d is tilla te s ; 
*i7—sis =  b o tto m  p ro d u c t;  s20 =  lig h t gasoline. T ype o f g ra p h : u n iflow , open , w ith  cyclic 

processes (m ateria l). N u m b er o f g ra p h  e lem en ts : 38

The deve lopm en t of d is tilla tio n  in  th e  p e tro leu m  in d u s try  d u ring  th e  
1920’s is based  on th e  p rincip le  of frac tio n a l co n d en sa tio n , an d  has begun  b y  
coupling the pipe still and the fractionating column fo r th e  d is tilla tio n  of crude 
petro leu m . M odern p e tro leu m  d is tilla tio n , w hich g ra d u a lly  d isp laced  b a tte ry  
an d  T rum ble  d is tilla tio n  from  th e  in d u s try , has been  developed  b y  im prov ing  
th e  design of p ipe stills  an d  frac tio n a tin g  colum ns (b u b b le-cap  tra y )  an d  b y  
d is tilla tin g  th e  h ea v y  com ponen ts in  vacuum . T here  are no d a ta  e ith e r on th e  
deve lopm en t of th e  new  d is tilla tio n  system , or on th e  tim e  req u ired  for in tro ­
ducing  im p o r ta n t in n o v a tio n s . T hese d a ta  can on ly  be  e s tim a te d , as develop­
m en t to o k  place in d e p e n d e n tly  in  several coun tries h a v in g  th e ir  own re fin in g  
in d u s try . D evelopm ent o ccu rred  in  tw o d irec tions: sh a rp e r  sep a ra tio n  o f th e  
frac tio n s and  im p ro v em en t of th e  h e a t econom y. O ne w ay  to  a tta in  sh a rp  
sep a ra tio n  is m u lti-co lum n  d is tilla tio n , w hich w as in tro d u c e d  a t  a b o u t 1920. 
T he system  consists o f fou r colum ns w ith  b u b b le-cap  tra y s . T h e  colum ns m ay  
be connected  in  d iffe ren t w ays. F ig . 8 shows th e  g rap h  o f a d is tilla tio n , in
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w h ich  th e  p roduc ts are  o b ta in e d  p a r t ly  as heads, p a r t ly  as side draw s, and 
p a r t ly  as bo ttom s. H ere, two material cycles are involved.

T h e  o ther m ode o f sh a rp  sep a ra tio n , m ost f re q u e n tly  u sed , is to  strip  
w ith  s team  from  th e  side s tream s o f th e  p rin c ip a l colum n th e  lig h te r  p roduc ts 
in  a stripper column. T h e g rap h  o f th is  ty p e  of d is tilla tio n  is show n in Fig. 9, 
w h ich  com prises tw o side stream s. In  th is  a p p a ra tu s , c ru d e  p e tro le u m  passes 
th ro u g h  tw o h ea t exchangers before  i t  en te rs th e  p ipe still, u tiliz in g  th u s  the

C rude  petroleum Light gaso line

F ig . 8. P e tro leum  re fin e ry  d is tilla tio n . M ultico lum n a tm o sp h eric  c ru d e  d is tilla tio n  (E u ro p e  — 
U S A , a b o u t 1920). (A ccording to  W in n a c k e r — K üchleb I, p. 258, F ig . III-3 2 6 b ). T heoretical

graph .
A llac to rs : A 1 — A i =  re c tif ic a tio n  co lum ns; a 4 =  p ipe  still; a2— a 7 =  coolers; a8 — a9 =  pum ps. 
C o n d u its : Sj s2 =  crude p e tro leu m ; s3—s4 =  a tm . residue; s5 =  A x h ead  p ro d u c t vap o u rs; 
s6 =  A 2 head  p roduct v a p o u rs ; s7 =  A 3 h e ad  p ro d u c t v ap o u rs ; s8 s9 =  A 3 b o tto m  p ro d u c t 
re flu x : s10 sn  - A 4 b o tto m  p ro d u c t re flu x ; s l2-  s13 =  lig h t gasoline v a p o u rs ; s 14 s15=  m edium
g aso lin e  v apours; s16-  s 17 =  h eav y  gasoline v a p o u rs ; slg—s19 = gas o il; s20—s24 =  pe tro leum . 
T y p e  o f g rap h : uniflow , open , in te r ru p te d  by  m ate ria l cycles, in  A x — A x b y  co u n te rcu rren ts .

N u m b er o f g ra p h  e lem ents: 34

h e a t  co n ten t of th e  h ead  and b o tto m  p ro d u c ts . A ccording to  d a ta  in  th e  lite ra ­
tu r e ,  th e  first d is tilla tio n  p la n ts  o f th is  k ind  w ere b u ilt in  th e  U SA  s ta rtin g  
fro m  1924 [18, p. 104]. T he g rap h  show s multiple cycles.

T h e com plete fra c tio n a tio n  o f crude  p e tro leum  in  a single p la n t  w as solved 
a ro u n d  1925 by  th e  combination of atmospheric and vacuum columns. T he bo tto m  
p ro d u c t  of the  a tm o sp h eric  co lum n is h e a te d  in  th e  p ipe  s till an d  passes on to  
th e  v acu u m  colum n, th e  p ro d u c ts  o f w hich  are: h eav y  gas oil, lu b ric a tin g  oil 
f ra c tio n s , etc. The g rap h  of such  a p la n t  is show n in  F ig . 10. T h e  eq u ip m en t, 
co m p ris in g  a double cycle, co n ta in s  also a p re -d is tilla tio n  co lum n fo r th e  sepa­
r a t io n  of gasoline.

3. Conclusions

G raphs rep resen tin g  th e  p rin c ip a l ty p es  of p e tro leu m  d is tilla tio n  since 
1860 h av e  been show n. T he in itia l perio d  of th e  re fin ing  in d u s try  w as associated
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w ith  sim ple b a tc h  d iscontinuous d is tilla tio n . T he g rap h s of d is tilla tio n s  are  
uniflow, open graphs (Figs 1, 2, 3). T h is is th e  f irs t  period  of d ev e lo p m en t. 
In  th e  second period , a t  abou t 1880, b a t te ry  system s o f con tinuous o p e ra tio n  
were in tro d u ced . T hese system s w ere fo rm ed  b y  th e  d iv ision  an d  re p e titio n  o f

C r u d e  p e t r o l e u m  R e s i d u e

Fig. 9. P e tro leu m  re fin e ry  d istilla tion . S ingle s tag e  crude  p e tro leu m  d is tilla tio n  (w ith  tw o 
la te ra l  s tream s a n d  h e a t  exchanger, from  1924 on). (A ccording to  W lN N A C K E R  —  K Ü C H L E R  

I, p. 257, Fig. I I I -2 9 ) . T h eo re tica l g rap h .
A llac to rs: - re c tif ic a tio n  colum n; A 2 =  p e tro leu m  s tr ip p e r; A 3 =  gas oil s tr ip p e r ;  at =
p u m p  of crude  p e tro leu m ; a.,- a3 =  h e a t e x ch an g er; a, =  p ipe  s till;  a&—as =  coolers. C on d u its : 
s'! — s4 =  crude p e tro leu m ; s5 =  h o t crude p e tro leu m ; se =  gasoline  v ap o u r; s7—s9 =  resid u e; 
slc —s22 =  gasoline; su  =  gasoline re flu x ; s12 =  p e tro leu m  side d raw ; s13 =  p e tro leu m  s tr ip p in g ; 
s14 =  gas oil side d raw ; s15 =  gas oil s tr ip p in g ; s le—s I7 =  p e tro leu m ; s18—s19 =  gas o il; s20— 
s21 =  steam . T ype  o f g rap h : cyclic (h eat a n d  m a te ria l) ; (colum ns are  c o u n te rcu rren t). N u m b er

of g ra p h  e lem en ts: 33

sim ple d is tilla tio n . T he p rincipal m a te r ia l flow  is un iflow , open, b u t  due to 
heat economy, a specific circulation appeared, w hich is m an ifested  also in  th e  
g raphs.

An essen tia l elem ent of th e  sy stem  is countercurrent dephlegmation 
(F igs 4, 5, 6).

T he d ev e lo p m en t of con tinuous o p era tio n  com bined  w ith  th e  econom y 
of h e a t an d  m an p o w er and  w ith  safe co n tro l w as a tta in e d  b y  th e  use o f  th e
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p ip e  still and  of fractionated condensation m eth o d s , th e  fo re ru n n e r of w hich  
w as T ru m b le  d is tilla tio n . T he g raph  of th is  sy s te m  (F ig . 7) is still uniflow, open, 
b u t  th is  too  is combined with cyclic processes.

T he d o m in an t ty p e  of th e  g raphs o f th e  p ipe  still f ra c tio n a tin g  co lum n 
sy s te m s  is th e  cyclic process (Figs 8, 9, 10).

F ig . 10. P e tro leu m  re fin e ry  d is tilla tio n . A tm o sp h eric  a n d  v acu u m  d is tilla tio n  p la n t  (Shell Oil 
1925). (A ccording to  H . S. B e l l : A m erican  P e tro le u m  R efin ing , p . 198, F ig . X I I - 8).

T heo re tica l g ra p h .
A llac to rs : A j — p re -d is ti l la tio n  colum n; A ,  =  a tm o sp h e ric  d is tilla tio n  co lum n; A 3 — s t r ip p e r  
co lu m n ; A 4 =  v acu u m  co lu m n ; a1— ai =  h e a t ex ch an g ers ; a5—a 14 =  coolers; a 12 a 13 =  p ipe
s tills  a 14—a 15 =  p u m p s. C o n d u its : Sj—ss =  cru d e  p e tro le u m ; s9 =  side s tre am ; s10—s, 2 =  
h e a v y  gasoline; s13—s15 =  kero sen e ; s16—s18 =  D iesel o il; s19—s20 =  gasoline; s21—s22 =  h e av y  
g a s o i l ; s 23—s24 =  lig h t gaso line ; s25—s28 =  a sp h a lt; s29—s31 =  s team ; s32-—s33 =  b o tto m  p ro d u c t 

o f a tm o sp h e ric  colum n. T ype of g ra p h : c o u n te rc u rre n t, open  cyclic.
N u m b er o f g ra p h  e lem en ts : 48

T h u s , in  the case o f d is tilla tio n s in  th e  p e tro leu m  in d u s try  the  tre n d  o f 
d e v e lo p m en t is th e  sam e as in  o th e r techno log ies of th e  chem ical in d u s try : 
tech n o lo g y  s ta r ts  w ith  sim ple a p p a ra tu s , th e  g rap h  is un iflow  an d  open; th e  
in c re a s in g  q u a lity  d e m an d  an d  th e  im p ro v e m e n t o f econom y are m e t b y  th e  
in tro d u c tio n  of c o u n te rc u rre n t and  cyclic processes, w hich is re flec ted  also 
in  o u r  g raphs.

E v e n  on sim ple in sp ec tio n , th e  g rap h s show n are in d ic a tiv e  o f th e  fa c t 
t h a t  th e  d istilla tio n  e q u ip m e n t becom es increasin g ly  com plica ted . T he grow ing 
c o m p le x ity  is i llu s tra te d  b y  th e  d iagram  g iven  in  F ig . 11. Y ears are p lo tte d  on 
th e  abscissa , while th e  n u m b e r of g rap h  e lem en ts  as show n in  th e  g raphs 
(g ro u p  A) and  th e  n u m b e r  o f g rap h  e lem ents p e r  p ro d u c t (group B ), re sp ec tiv e -
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ly , are rep resen ted  on th e  o rd in a te . B o th  g roups show  an  increasing trend. 
T his tre n d  w hich  appears s im u ltan eo u sly  w ith  th e  in tro d u c tio n  of coun te r- 
c u rren t an d  cyclic m ethods, re su lts  from  the  law  o f red u c in g  th e  cost o f p ro ­
du c tio n  [see 1, p . 23]. H ow ever, th e  redu c tio n  o f cost p a ra m e te rs  has also 
fac to rs w hich are n o t d irec tly  re flec ted  by  th e  g rap h s , as e.g. th e  increasing  
perfo rm ance of processes w ith in  th e  o p era tiona l u n its . T he d is tilla tio n  o f 
p e tro leu m  illu s tra te s  th is  well. T h e  la rg est still u sed  in  sim ple d is tilla tio n  in  
USA  p la n ts  h a d  a cap ac ity  o f  800 b a rre l =  128 t /d a y ,  w hereas a tm o sp h eric

crude p e tro leum  colum ns are b u ilt  to d a y  a lready  o ften  fo r a y ea rly  c a p ac ity  o f  
3 m illion tons (ab o u t 10,000 t/d a y ) . This is a lm o st 80 tim es la rg e r th a n  its  
p redecessor of th e  p a s t c en tu ry . T h e  ad v an tag es a re  ev id e n t. N o tw ith s ta n d in g  
th is  fac t, in  our graphs b o th  u n its  are  p resen ted  b y  one angle p o in t. T he h igher 
perfo rm ance in d irec tly  affects th e  s tru c tu re  of th e  g rap h s  to  a ce rta in  degree, 
because la rg e r eq u ip m en t u su a lly  requ ires m ore a u x ilia ry  eq u ip m en t, w hich 
is m an ifested  in  th e  n u m b er of th e  g rap h  elem ents. O th e r  cost fac to rs  can  be 
sim ilarly  reduced  by  ad d itio n a l eq u ip m en t; th u s  e.g. th e  u tiliz a tio n  o f h e a t 
requ ires h e a t exchangers. T his trend towards com plexity  an d  th e  periods are 
ev id en t in  th e  m en tio n ed  d iag ram  p lo tte d  from  d a ta  o f  th e  g rap h s rep resen tin g  
ac tu a l d is tilla tio n s (Table I  a n d  F ig . 11). A tre n d  o f  th is  k in d  can n o t give a 
precise cu rve. H ow ever, Fig. 11 seem s to  have a p p ro x im a te ly  an  asy m p to tic  
course in  d isp lay ing  th e  reg u la ritie s  o f th e  dev e lo p m en t o f  chem ical techno logy  
(see [29]).
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Table I

The com plexity  o f  distilla tion

(see F ig . 11)

G raph
No. Y e a r

N u m b e r  (n) o f  g rap h  
e lem en ts

N u m b e r (f) o f 
p ro d u cts m  =  n/i

l I860 6 4 1.5
2 1863 10 4 2.5
3 1870 12 4 3

4 1880 26 5 5.2

5 1885 28 5 5.6

6 1890 33 5 6.6

7 1912 38 5 7.6

8 1920 34 6 5.7

9 1924 33 4 8.2

10 1925 48 7 6.8
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RECENSIONES

G. H e s s e : Chromatographisches P ra k tiku m . (E in e  A n le itu n g  zur kritischen  
D urch führung  chromatographischer A rbe iten )

B a n d  6 de r R eihe »M ethoden de r A n a ly se  in  de r Chemie«. A kad em isch e  V erlagsgesellschaft,
F ra n k fu r t  am  M ain, 1968

Die ä u ß e rs t rasche  E n tw ic k lu n g  d e r ch ro m ato g rap h isch en  M eth o d en  in  a llen  G ebieten  
d e r  an a ly tisch en  Chemie gab  den  A n laß  zum  Schreiben  von m eh re ren  u m fan g re ich en , je  eine 
ch ro m ato g rap h isch e  M ethode a u sfü h rlich  b eh an d e ln d en  u n d  d ie g esam te  e inschlägige L ite ra tu r  
b e a rb e ite n d en  M onographien . D iese sind  fü r  F ach leu te , die die M ethode  k en n en  u n d  in  der 
P ra x is  anw enden , ä u ß e rs t  w ertv o ll u n d  n ü tz lich , jed o ch  zu m ü h sa m  fü r  A n fän g er u n d  fü r  jen e , 
d ie  sich  ü b e r versch iedene ch ro m ato g rap h isch e  M ethoden in fo rm ie ren  wollen. D iese T a tsa ch e  
v e ra n la ß te  den V erfasser das vorliegende  B uch  zu schreiben, d as im  w esen tlichen  das M ateria l 
des d u rc h  den V erfasser frü h e r  an  d e r U n iv e rs itä t  von  E rla n g en  g e le ite ten  c h ro m a to g ra p h i­
schen  P ra k tik u m s e n th ä lt.

D as B uch  ist in v ie r  A b sch n itte  g eg lied ert; de r e rs te  A b sc h n itt,  d e r  m eh r als die H ä lfte  
d es G esam tum fanges a u sm ac h t, b e h a n d e lt  d ie M ethoden  de r ch ro m a to g rap h isch en  T ren n u n g  
au s  L ösungen . Im  säu len ch ro m a to g rap h isch en  T eil w erden  —  n a ch  den  g rund leg en d en  E x p e ri­
m e n te n  u n d  th eo re tisch en  F rag en  d e r ch ro m ato g rap h isch en  T ren n u n g  —  spezielle A rb e its ­
m eth o d en  d e r S äu len ch ro m ato g rap h ie , A dsorp tions-, Io n e n au sta u sc h er- , V erte ilungs-, M oleku­
la rs ieb - u n d  G e lfiltra tio n sch ro m a to g rap h ie  b eh an d e lt. A nsch ließend  fo lg t d ie D a rs te llu n g  der 
D ü n n sch ich tch ro m a to g rap h ie  u n d  d e r P a p ie rch ro m a to g rap h ie  sow ie d e ren  spezielle A us­
fü h ru n g sa r t,  d ie C ircu la rch ro m ato g rap h ie . Zu jed em  V erfahren  w ird  d ie D u rch fü h ru n g  m eh re rer 
e in fach e r Ü bu n g sau fg ab en  ausfü h rlich  besch rieb en ; d u rch  ih re  A u sfü h ru n g  k a n n  sich je d e r  
A n fän g er die nö tigen  p ra k tisc h en  K e n n tn isse  le ich t aneignen.

D er zw eite A b sch n itt b e fa ß t sich m it d e r G asch ro m ato g rap h ie . N ach  d e r E in le itu n g  
fo lg t die B eschreibung  d e r g ru n d leg en d en  D em o n stra tio n sv ersu ch e . D ie B egriffe  de r E lu tio n s­
g asch ro m ato g rap h ie , d e ren  Z u sam m enhänge  u n d  B en ü tzu n g  bei d e r A u sw ertu n g  de r C h ro m ato ­
g ram m e w erden ausfü h rlich  e rk lä r t. E s fo lg t d e r A ufb au  der fü r  a n a ly tisch e  Zwecke v e rw en d e­
te n  G asch ro m ato g rap h en , V o rr ich tu n g en  zum  M essen de r G asgeschw ind igkeit u n d  zum  D osie­
re n , das E in fü h ren  des P rü fs to ffes  in  d as In s tru m e n t, die A r t  d e r V o rb ere itu n g  d e r Säu len  
u n d  schließlich  die w ich tig sten  T räg e rm a te ria lien  u n d  T ren n flü ss ig k e iten . A uch  d ie F rag en  
d e r  T h erm o sta tie ru n g  d e r Säu len , d ie v e rsch ied en artig en  D e tek to ren  u n d  S ch re ib v o rrich tu n g en  
w erd en  beh an d e lt.

N ach  de r D iskussion  de r w ich tig s ten  G esich tsp u n k te  d e r q u a li ta t iv e n  u n d  q u a n ti ta t iv e n  
A na ly se  w erden  p ra k tisc h e  R a tsch läg e  zu r A usw ahl des fü r d ie  gegebene A ufgabe am  b esten  
geeigneten  In s tru m e n ts  gegeben. A nsch ließend  fo lg t die B eschreibung  ein iger so rg fä ltig  au s­
g ew äh lte r Ü bungsaufgaben .

N ach  einer k u rzen  B eh an d lu n g  d e r P y ro ly sech ro m a to g rap h ie  u n d  d e r p rä p a ra tiv e n  
G asch ro m ato g rap h ie  m ac h t de r V erfasser den  L eser au f d ie rev ers ib len  u n d  irrev ersib len  
Ä n d e ru n g en  au fm erksam , die d e r zu u n te rsu ch en d e  S to ff in  d e r K olonne  gegebenenfalls 
e rle iden  kan n .

Im  le tz ten , k u rzen  A b sch n itt w erd en  A n h a ltsp u n k te  gegeben, m it deren  H ilfe se lb st 
d e r in  de r ch ro m ato g rap h isch en  P ra x is  w enig b ew an d e rte  C hem iker d ie geeigneteste  ch ro m a to ­
g rap h isch e  M ethode zum  T ren n en  eines S toffgem isches m it gegebenen  E ig en sch aften  aus­
w äh len  kan n .

D as B uch  is t eine w ertvo lle  H ilfe  fü r  C hem iker, die d ie H o ch le is tu n g sm e th o d en  der 
C h ro m ato g rap h ie  kennen  le rn en  wollen.

L. M ä z o r
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D . J e n t z s c h  u n d  E . O t t e : Detektoren in  der Gaschromatographie

B a n d  14 der R eihe »M ethoden de r A nalyse in de r Chemie«. A kadem ische  V erlagsgesellschaft,
F ra n k fu r t  am  M ain, 1970

E inen  äu ß erst w ich tig en  B e s tan d te il des G asch ro m ato g rap h en  b ild e t de r D e tek to r; 
se ine  rich tig e  W ahl u n d  e in w an d fre ie  F u n k tio n  ü b t  einen en tsch e id en d en  E in f lu ß  au f die E m p ­
fin d lic h k e it  des N achw eises o d er de r B estim m ung  u n d  a u f  die V e rläß lich k e it de r E rgebnisse 
au s. D ieser U m stand  b e g rü n d e t d ie N o tw end igkeit de r A usgabe e iner M onographie, die sich 
a u ssch ließ lich  m it g a sch ro m a to g rap h isch en  D e tek to ren  b e faß t.

Im  V orw ort weisen d ie  V erfasser d a ra u f  h in , d aß  im  L aufe  de r v e rg an g en en  20 Ja h re  
v iele  neue  D e tek to ren ty p en  en tw ic k e lt u n d  m ehrere , au f an d ersa rtig e n  ph y sik a lisch en  P rin ­
z ip ien  b e ruhende  V o rr ich tu n g en  fü r  D e tek tierungszw ecke  in  de r G asch ro m ato g rap h ie  v e r­
w e n d e t w urden: dennoch w erd en  bei den  im  H an d el v e rtr ieb e n e n  In s tru m e n te n  fa s t  aussch ließ­
lich  W ärm ele itfäh igkeits- o d er F lam m e n io n isa tio n sd e tek to re n  an g ew en d e t, obw ohl diese w eder 
h in s ich tlic h  der S p ezifitä t, n o ch  h in sich tlich  der E ic h b a rk e it den  h eu tig en  g este igerten  A nfor­
d e ru n g en  en tsprechen . M ik rocou lom eter, R eak tio n sco u lo m ete r, M assen sp ek tro m eter bzw. die 
v e rsch ied en en  sp ek tro p h o to m e trisch en  D e tek to ren  w erden  k a u m  an g ew en d e t, obw ohl z.B 
die S p e z if itä t u n d  E ic h b a rk e it  sowie die einfache B e tä tigungsw eise  d e r le tz te re n  die e n tsp re ­
ch en d e n  K enngrößen de r W ärm ele itfäh ig k e its- u n d  F lam m en io n isa tio n sd e tek to ren  ü b e rtr if f t. 
E in  w ichtiges Ziel des B uches is t  die B eschreibung  d ieser D e te k to re n ty p e n  u n d  ih rer V orteile.

Im  ersten  A b sch n itt des B uches w erden —  nach  der B eh an d lu n g  de r g asch ro m a to g rap h i­
sch en  M eßtechnik u n d  dem  Ü b erb lick  der m eß tech n isch en  D efin itio n en  die allgem einen 
G esich tsp u n k te  b eh an d e lt, d ie zur C harak teris ie ru n g  d e r g a sch ro m ato g rap h isch en  D e tek to ren  
d ien en . D er zweite A b sch n itt — in einem  U m fang  von  fa s t  400 Seiten  b e h a n d e lt  den A ufbau , 
die Funk tionsw eise  und  die L eistu n g sfäh ig k eit der D e tek to ren . D er e rs te  Teil dieses A b sch n itts  
b e fa ß t sich m it den th eo re tisch en  u n d  p rak tisch en  Prob lem en  des am  h äu fig s ten  angew endeten  
D e te k to re n ty p s , des W ärm ele itfäh ig k e itsd e tek to rs . A nsch ließend  folgen die m echanischen 
u n d  therm isch en  D e tek to ren , sowie die au f op tische u n d  e lek trische  E ig en sch aften  ansp rechen­
den  D e tek to ren ty p en . J e d e r  Teil b e g in n t m it e iner th eo re tisch en  E in le itu n g , w onach die 
G esch ich te  der E n tw ick lu n g  des be tre ffen d en  D e tek to ren ty p s , sein A u fb au  u n d  seine M eß­
a n o rd n u n g , seine A rbeitsw eise  u n d  L eistun g sfäh ig k eit sowie die gesam te  bezügliche L ite ra tu r  
fo lgen .

Im  nächsten  A b sc h n itt  w erden  die th eo re tisch en  u n d  p ra k tisc h en  P rob lem e jen e r 
D e te k to re n  b eh andelt, die a u f  dem  P rinz ip  des L ad u n g s tra n sp o rte s  im  elek trischen  Feld 
b e ru h e n . N ach den V o rrich tu n g en  m it ra d io a k tiv e n  Q uellen fo lg t die D iskussion  der einfachen 
F lam m e n io n isa tio n sd e tek to re n , d a n n  de r T h e rm o io n en -F lam m en d e tek to ren , d e r Therm oionen- 
S p e k tro p h o to m e te rd e te k to re n , de r E n tla d u n g sd e te k to re n , der P h o to io n isa tio n s-, Feldem is- 
s io n s- u n d  selbständ igen  E n tla d u n g sd e te k to re n . E in  besonderer T e ila b sc h n itt  b eh an d e lt die 
K o n tro lle  der R a d io a k tiv itä t  u n d  des L ed u n g /m aß -Q u o tien ten . E s folgen die D e tek tie ru n g  
a u f  d e r G rundlage von p h ysika lisch -chem ischen  R e ak tio n en  (im  w esen tlich en  C oulom etrie- 
u n d  sonstige  e lek trochem ische M ethoden) u n d  die V erw endung  der D ü n n sch ich tch ro m a to ­
g ra p h ie  als D etek tie rm eth o d e .

D er d ritte  A b sch n itt des B uches b e faß t sich m it p ra k tisc h en  F rag en . H ie r w erden die 
D e te k to re n  als Teil der g esam ten  g asch ro m ato g rap h isch en  A p p a ra tu r  v o r den  L eser h ingeste llt. 
D er T eil »Prüfung der D e tek to ren «  b e fa ß t sich m it dem  P rü fen  au f L in e a r i tä t  m it  einem  G as­
v e rd ü n n e r . Der letz te  A b sc h n itt  b e faß t sich schließlich  m it den Z usam m en h än g en  zwischen 
D e te k to r  und  Analyse u n d  g ib t p ra k tisc h e  R a tsch läg e  zum  A bstim m en  der P a ra m e te r  der Säule, 
d e r  F ü llu n g  und des D e tek to rs .

D ie w ertvolle, th eo re tisch  a u f  hohem  N iveau  geschriebene u n d  zugleich  auch  die p ra k ­
tisch e n  F ragen  n ich t v e rn ach läss ig en d e  M onographie le is te t g u te  D ienste  a llen  A naly tikern  
u n d  Physikochem ikern , die sich  in th eo re tisch e r oder p ra k tisc h e r B eziehung  m it gaschrom a­
to g rap h isc h en  D etek toren  befassen .

L. Mázok
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Z. G. S z a b ó : Anorganische Chemie. E in e  grundlegende Betrachtung

H eidelberger T asch en b ü ch er, Springer-V erlag , B erlin — H eid elb erg — N ew  Y ork , 1969. 
159 Seiten . 16 A bbildungen  u n d  20 T abellen

D as K e n n tn ism a te r ia l, das C hem iestudenten  im  L aufe ih res S tu d iu m s zu bew ältigen  
h ab en , w ird im m er g rößer, w eshalb  es äuß erst w ich tig  ist, die u n b e d in g t no tw endigen  A ngaben 
zw eickm äßig auszuw äh len . E s is t unm öglich , ab er auch  u n n ö tig , alle physika lischen  u n d  chem i­
schen E ig en sch aften  säm tlich er V erbindungen  zu besch re iben ; es sollen v ielm ehr jen e  g ru n d ­
legende G ese tzm äß igkeiten  e r lä u te r t  w erden, aus denen  en tsp rech en d e  Schlußfolgerungen 
gezogen w erden k önnen .

D as B uch  von  P rofessor Z. G. S z a b ó  ist in 8 H a u p ta b s c h n itte  gegliedert. D er B e h an d ­
lung  der a llgem einen, teilw eise physika lisch-chem ischen  G rundlagen  (I)  fo lg t die B eschreibung  
de r E ig en sch aften  de r e inzelnen E lem en tg ru p p en  ( I I )  u n d  V erb in d u n g en  ( I I I ) .  Die w e ite ren  
A b sch n itte  sind den ano rg an isch en  R edoxvorgängen  (IV ), der biologischen B ed eu tu n g  der 
E lem en te  u n d  deren  V erb in d u n g en  (V), dem  geochem ischen V orkom m en  der E lem en te  u n d  
ih rer H äu fig k eit (V I), den D arste llu n g sv erfah ren  de r E lem en te  sowie anorgan ischen  V e rb in ­
dungen  (V II) u n d  ab sch ließend  ih re r  p rak tisch en  A nw endung  (V III )  gew idm et.

N eben dem  bün d ig en  aber dennoch  k la ren  u n d  le ich t v e rs tän d lich e n  Stil des B uches 
is t die A rt de r B eh an d lu n g  des M aterials ein b esonders w ertv o lle r Zug. Es w urde h ier die 
d e sk rip tiv e , eine U nzahl von A ngaben  e n th a lten d e  Schreibw eise de r frü h eren  L eh rb ü ch er der 
anorgan ischen  Chem ie aufgegeben; an  ihre Stelle t r i t t  eine au f m oderne  K en n tn isse  der A to m ­
u n d  M o lek ü ls tru k tu r au fg eb au te  D iskussion der an g efü h rten  T hem enkre ise . D as Ziel lieg t n ic h t 
d a rin , m assen h aft p h y sika lische  u n d  chem ische K en n g rö ß en  u n d  Z ahlenw erte  an zu fü h ren , 
sondern  d a rin , Z u sam m enhänge , Gesetze, period ische F u n k tio n en  g ründ lich  d a rzu ste llen , 
w oraus dann  h in sich tlich  de r v e rsch iedenartigen  w ich tigen  E ig en sch aften  m ehr oder m in d e r 
sichere Schlüsse gezogen w erden können. Aus diesem  G esich tsp u n k t e rg ib t sich eine e in ­
h e itliche  B eh an d lu n g  all dessen, w as die G rund lagen  der m od ern en  anorgan ischen  Chem ie 
b ild e t, fu n d ie r t a u f  das V e rstän d n is  der G ese tzm äßigkeiten  des E lek tro n en sch a len au fb au s, 
de r im  period ischen  System  zusam m engefaß ten  Ä nd eru n g  der E ig en sch aften  der E lem en te , 
d e r  A tom - u n d  Ion en g rö ß e , de r Ionenbildung , de r B in d u n g sty p en , dem  Ü bergang zwischen 
den  B in d u n g sty p en , der E le k tro n e g a tiv itä t ,  der d u rc h  die B in d u n g sty p en  b estim m ten  E ig en ­
schaften .

D er R ezen sen t is t d avon  überzeu g t, daß  dieses B uch n ic h t a lle in  fü r  C hem iestuden ten  
sondern  auch  fü r  die in  v e rsch iedensten  G ebieten  a rb e iten d en  F a c h le u te  von hohem  W e rt 
u n d  N u tzen  sein w ird .

J .  C s á s z á r

U. G r i g u l l : Technische T herm odynam ik

Zw eite e rw eite rte  A uflage, S. 173. Sam m lung G öschen B and  1084/1084a, W alte r de G ru y te r
u n d  Co. B erlin , 1970

D ieser B an d  der ü b e r au ß ero rd en tlich  edle T rad itio n en  v e rfü g en d en  G öschen Serie 
is t  w ieder ein Beweis d a fü r, d aß  die M öglichkeit gegeben ist, ein w eites A nw endungsgebiet der 
P h y sik , die du rch  die T echnische T h erm o d y n am ik  re p rä se n tie r t  is t, in  e inem  m inim alen  U m fang  
und  au f an sp ruchsvo llen  th eo re tisch en  G rundlagen  in B e tra ch t zu ziehen. Im  B üchlein können  
w ir au ß er den G ru n d begriffen , G rößen, E in h e iten  u n d  H a u p tsä tz e n  der T h erm o d y n am ik  
u n d  de r logischen d id ak tisch en  u n d  ex ak ten  B ek an n tg ab e  deren  m a th e m a tisc h e r  F o rm u lie ru n g  
au ch  die physika lische  B eschreibung  der A rbeitssto ffe  von K ra f t  u n d  A rb e itsm asch inen  v o r­
fin d en  sowie die B eschreibung  von K reisprozessen ch ara k te ris tisch  fü r die technische T h e rm o ­
d y nam ik .

Im  W erk  sind  9 K a p ite l e n th a lte n , von w elchen das I .,  I I .  u n d  IV . K ap ite l den G ru n d ­
begriffen  der T h erm o d y n am ik  bzw. der B ek an n tg ab e  des e rs ten  u n d  zw eiten H a u p tsa tz e s  
gew idm et ist. In  d iesen  K a p ite ln  is t die exak te  u n d  konzise E n tw ic k lu n g  der G rund lagen  d e r 
T heorie  v o rzu fin d en , au f w elche die w eiteren  A nw endungen  wie a u f  feste  G rundlagen  g e b au t 
sind. K a p ite l I I I  is t  m it H in sich t au f die T heorie u n d  deren  A nw endungen  von übergänglichem  
C h a rak te r. In  d iesen A b sch n itte n  w erden die physika lischen  E ig en sch aften  von idealen  Gasen
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u n d  M eh rphasen-S ystem en  in  e iner seh r an sp ru ch sv o llen  A rt b e h an d e lt. K a p ite l V I— IX  
b e fassen  sich  h au p tsäch lich  m it A n w endungen . In  diesem  Teil des W erk es sind  a u ß e r d e r 
B e k a n n tg a b e  de r K reislaufprozesse  von  idea len  G asen u n d  D äm pfen  die E lem en te  d e r G as­
d y n a m ik , die B eschreibung  d e r Z u s tan d sän d e ru n g en  u n d  E ig en sch aften  von  Gas—D am pf- 
G em ischen  beschrieben.

W ir em pfehlen das W erk  h e rz lich st n ic h t n u r  den  sich fü r  die tech n isch e  T h erm o d y n am ik  
e in g eh en d  in teressierenden  F a c h le u ten , so n d e rn  a u ch  U n iv e rs itä tsh ö re rn  u n d  auch  säm tlich en  
P e rso n e n , die rasch  eingehende K en n tn isse  in  d iesem  G ebiet der In g en ieu rw issen sch aft e r r in ­
gen m ö ch te n . E s sche in t, d aß  in de r in te rn a tio n a le n  L ite ra tu r  im  T h em en k re is  de r tech n isch en  
T h e rm o d y n am ik  kein  an d eres W erk  e x is tie rt, in  w elchem  die B e k an n tg ab e  des T h em as in  
e in em  so lim itie rten  U m fang  m it äh n lich er Logik  u n d  G enauigkeit g eb o ten  w äre.

I. Gy a r m a t i

D. K i l s h a w : Steroids; P rincip les and Techniques i

B u tte rw o r th , L o ndon  1970

T h is  hook , consisting  o f 64 pages, is d iv id ed  in to  10 ch ap ters  a n d  co n ta in s  50 references. 
As sh o w n  b y  th e  su b -title  (P rin c ip les an d  T echn iques) th e  w ork is in te n d e d  p rim arily  fo r la b o ­
r a to r y  p rac tice . F o r th is  p u rp o se  as a  concise an d  c learly  w ritte n  guide, i t  w ill a p p a re n tly  f in d  
good u se , p rim arily  in  clinical p rac tice . T he A p p en d ix  a t  th e  end of th e  book  is v e ry  h e lp fu l, 
as i t  in d ic a te s , in  a d d itio n  to  th e  ra tio n a l n am es, th e  tr iv ia l nam es u sed  in  clinical p rac tice .

A  specia l m erit o f th e  book  is t h a t  i t  com prises s te ro id  d e te rm in a tio n s  w hich are  in  th e  
fo reg ro u n d  of research  an d  in te re s t to d a y , su ch  as those  used  in endocrino log ical and  g yneco­
lo g ica l te s ts .

T he p a r t  on th e  s tru c tu re  o f s te ro id s in  C h ap te r 1 is in su ffic ien t a n d  u n sa tis fac to ry . 
I t  does n o t  con ta in  an y  new  in fo rm a tio n  fo r th e  ex p ert, and  c an n o t be  used  b y  th e  n o n ­
sp e c ia lis t.  T he f irs t  fo rm u la  is in co rrec t, b ecause  i t  g ives th e  p reg n an e  sk e le to n  as a  cyclopen- 
ten o p e rh y d ro p h en a n th ren e  rin g  system . I t  is n o t  ad v an tag eo u s th a t  th e  scope of th e  book  is 
r a th e r  l im ite d  (colour reac tio n s, m ain ly  th e  Z im m erm an n  reac tion ), an d  i t  does n o t deal w ith  
o th e r  m eth o d s, e.g. th e  use o f  rad io iso to p es, e tc . Som e p a r ts  of th e  bo o k  a re  too sh o rt, an d  
a re  w r i t te n  a lm ost in te leg ram  sty le . T h e  references a re  c ited  in  a n  u n u su a l w ay. T h ey  a re  n o t 
n u m b e re d , b u t  listed  in  a lp h a b e tica l order.

T h e  book has been p u b lish ed  as a m em b er o f th e  “ L ab o ra to ry  A ids Series” .
N o tw ith s tan d in g  its  con sid erab le  sh o rtco m in g s, th e  book can  be  recom m ended  fo r 

p ra c t ic a l  use.
K. K ovács

E . J u c k e r , E d .: Progress in  Drug Research 

Vol. 14, 586 p p . B irk h äu se r V erlag , Basel, 1970

I n  th e  f irs t c h a p te r  (E. J .  A riäns: R ed u c tio n  of d rug  action  b y  d ru g  co m b in a tio n ) 
o f  th e  new , 14 th  vo lum e o f th e  know n series, th e  a u th o r  deals v e ry  concisely  (47 pages), still 
w ith  re fe ren ce  to  a  large  n u m b er of w orks, w ith  th e  red u ctio n  of d ru g  ac tio n  occurring  in  th e  
use  o f  d ru g  com binations, an d  sy s tem atizes  th ese  cases. In  th e  f irs t  p a r t  o f  th e  survey  (R ed u c ­
tio n  in  th e  ac tio n  of a d ru g  due  to  a  decrease  in  i ts  b iological a v a ilab ility )  th e  follow ing possi­
b ili t ie s  o f  th e  red u ctio n  of d ru g  ac tio n  are  d iscussed : a  com pound m ay  change th e  g a s tro ­
in te s t in a l  fu n c tio n  (e.g., M g S 0 4, ch o lino ly ticum ), th e  p H  in th e  bo d y  flu id s , one com pound  
m a y  b in d  th e  o th e r  in th e  s to m ach  or a f te r  a b so rp tio n , th e  com pounds m a y  in fluence  th e  t r a n s ­
p o r t  o f  a n o th e r  d rug , th e y  can  enhance  i ts  b iochem ical conversion , i ts  m etab o lism , o r  m ay  
re d u c e  i ts  b io ac tiv a tio n . T he second p a r t  o f th e  w ork  (R ed u ctio n  of th e  response  to  d ru g s  due 
to  in te ra c tio n s  w hich ta k e  p lace  on th e  p h a rm a co d y n a m ic  level) is a  concise su m m ary  of th e  
p o ss ib ilities  p a r tly  discussed earlie r in  m ore  d e ta il:  co m p etitiv e , n o n -co m p e titiv e , com bined , 
ir re v e rs ib le , fu n c tio n al an tag o n ism . Several ex am ples are  given (co m b in atio n s o f an tib io tic s  
a n d  c h em o th erap eu tic  com pounds, d rugs ac tin g  on th e  c en tra l n ervous sy s tem  and  horm ones,
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w hich reduce th e  ac tio n  of each o ther), a n d  fina lly  a short su rv ey  d eals w ith  th e  p rob lem s of 
cross resistance, to le ran ce , and  tac h y p h y lax is . T hough  concise, th e  w o rk  t re a ts  m an y  prob lem s. 
O w ing to its lucid sty le , well a rran g ed  ta b le s  and  clear schem atic  d iag ra m s , th is  su m m ary  is 
in te re s tin g  and easy  to  u n d e rs tan d  also fo r read ers  less a cq u a in ted  w ith  th e  p a rticu la r  field  
d iscussed.

T he second c h ap te r  (S. E h r e n p r e is : D rug-m acrom olecu lar in te rac tio n s : im p lica tions 
for pharm acolog ical a c tiv ity )  deals w ith  th e  re la tio n sh ip  betw een th e  lin k in g  to  m acrom olecules 
o f a d ru g  and its  ac tio n . T he sum m ary  gives a c lear p ic tu re  of m an y  new  asp ec ts  on the  p rob lem  
of th e  dependence of d ru g  action  on th e  lin k ag e  to  recep tors or a ccep to rs . T his la t te r  b ind ing , 
w hich  m ay  be called  aspecific, m ig h t be th e  cause of u n tow ard  side-effects. In  a d d itio n  to  
a th eo re tica l and  m ethodological su m m ary , th e  a u th o r discusses e x ten siv e ly  th e  b in d in g  of 
a n ti- in fla m m a to ry  agen ts, an tico ag u lan ts , ch em o th erap eu tic  ag en ts , an es th e tic s  and psycho- 
pharm aco log ica l ag en ts  to  m acrom olecules. Special m ention  should  be  m ad e  of th e  p a r t  th e  
co m p ila tion  of w hich discusses th e  b in d in g  of m onoam ines to th e ir  a n ta g o n is ts  and th e  re su lt­
ing  effect.

T he th ird  com prehensive s tu d y  of th e  book (0 . Lin e t : In te ra c t io n s  betw een  androgenic  
an abo lic  stero ids an d  g lucocorticoids) describes p rim arily  those  in v es tig a tio n s  (o b se rv atio n s 
in lab o ra to ry  an im als an d  in clinical te s ts ) , w hich a tte m p t th e  e lim in a tio n  of th e  u n to w a rd  
side-effects of g lucocorticostero ids by  m ean s of anabolic  stero ids (acco rd in g  to th e  n o m en ­
c la tu re  of th e  au th o r: androgen ic-anabo lic  stero ids). In  the  p a p e r, su m m ariz in g  an im m ense 
e x p erim en ta l m a te ria l an d  lite ra tu re , th e  conclusion is reached t h a t  th e  va rio u s to x ic  side- 
effec ts of glucocorticoids can be p re v en ted  b y  th e  use of anabolic  s te ro id s  w ith o u t a decrease 
in th e ra p eu tic  effect. In deed , th e  th e ra p e u tic  effect is even increased  in  c e rta in  cases in  com ­
b in ed  ad m in istra tio n .

In  the  n e x t c h ap te r , G. B. W est a n d  M. S. Star (A new a p p ro a c h  to  th e  m edical in te r ­
p re ta tio n  of shock) e lu c id ate  th e  d ev elo p m en t o f allergic reactions a n d  a n ap h y lac tic  shock from  
a new  aspect. T h ey  s ta r t  w ith  th e  fa c t t h a t  one p a r t  of W ista r s tr a in  ra ts  is no t sensitive  
to o valbum in  and  d e x tra n , and  th is  p ro p e rty  can  be inherited . T h e  a u th o rs  estab lish  th a t  th e  
a m o u n t of b ra d y k in in  fo rm ation  an d  lib e ra tio n  and  th e  m easure o f th e  ou tflow  of ca tech o l­
am in e  are  very  im p o r ta n t  facto rs in  th e  se n sitiv ity  behaviour. T he h is tam in e  and  b rad y k in in  
sen sitiv ity  of sensitive  a n d  non-sensitive  an im als is also d ifferen t. T h e  ex p erim en ts  described 
help  to  solve the  p ro b lem  w hy some people a re  sensitive to ovalbum in  w hile o th ers  are re s is tan t.

The ch ap te r  “ Biological a c tiv ity  in th e  quinazolone series”  (A. H . A m in , D. R. Mehta 
an d  S. S. Samarth) tru e  to  the  tra d itio n s  o f th e  series dem o n stra tes  th e  s tru c tu re  and  b iolog­
ical a c tiv ity  re la tio n sh ip  for a group of co m pounds w ith  im p o rta n t b io log ical a c tiv ity , in  th e  
p re se n t case on th e  exam ple  of qu inazo lone d e riv a tiv e s. I t  is re m a rk ab le  t h a t  a lth o u g h  several 
d e riv a tiv e s  of th e  basic  com pound, 4 (3H )-qu inazo lone, have been k n o w n  fo r a lm ost h a lf  a 
c e n tu ry , only “ th e  iso la tion  of an  a n tim a la r ia l  a lkalo id  from  th e  C hinese p la n t  Ch’ang Shan 
in  1946 and  an  id en tica l alkalo id  from  h y d ra n g ea  in 1952, gave th e  g re a t  im p e tu s to  th e  . . . 
in v estig a tio n s o f b iological a c tiv ity  o f qu inazo lone de riv a tiv es . . .” . E x ten siv e  resea rch  
be ing  in progress since th a t  tim e w hich th e  a u th o rs  give a re p re se n ta tiv e  p ic tu re  in 43 pages, 
has led  finally  to  tw o d eriv a tiv es o f th e ra p e u tic  im portance : 2 -m ethy l-3-(o-to ly l)-4 (3H )- 
qu inazo lone (m ethaq u a lo n e), a h y p n o tic  a n d  an tico n v u lsan t, a n d  7 -c h lo ro -2 -e th y l-l,2,3,4- 
te trahydro -4 -o x o -6 -q u in azo lin e  su lfonam ide (q u inethazone), a d iu re tic . T h e  su m m ary  discusses 
th e  su b je c t in th e  follow ing grouping: q u inazo lones as an tim alaria ls ; qu inazo lones acting  on th e  
c e n tra l  nervous sy s tem ; m eth aq u alo n e; q u inazo lones as d iuretics; q u in e th a zo n e ; quinazolones 
as a n tih y p e rten siv es , as an titu b erc u lo tic  ag en ts , as b ro n chod ila to rs, as an ti- in flam m ato ry  
ag en ts ; an tiam oebic  action  of quinazo lones, an d  finally , m iscellaneous b io lo g ical ac tiv ities .

T he s ix th  c h a p te r  of th e  volum e is th e  w ork  of K . Munzel: G alen ische  Form gebung  u n d  
A rzn eim itte lw irk u n g  —  N eue E rk en n tn isse  u n d  Festste llungen , T eil 1 (G alenic fo rm ula tion  
and  d ru g  action  —  New know ledge an d  find ings). I t  is a long-needed  su m m ary  on a v e ry  
im p o r ta n t  problem . I ts  im p ortance  lies in  th e  fa c t w ell-know n to e v e ry  m ed ic ina l chem ist and  
pharm aco log ist th a t  i t  is n o t suffic ien t to  p rep are  com pounds w ith  fav o u ra b le  ac tiv ity , b u t  
th e y  m u st be in tro d u ced  in to  th e  o rgan ism  in a form  w hich ensures o p tim u m  action . In  th is  
f i r s t  p a r t  o f th e  w ork , th e  “ drug  form s” of pestic ides, official prob lem s ( “ B iopharm azie  als P o li­
t ik u m ”  [Policy in B io pharm acy]), th e  possib le  reasons of u n sa tis fac to ry  d ru g  action  an d  th e  
possib ilities of th e  re d u c tio n  of th e  side-effects o f drugs are b riefly  d e a lt  w ith .

T he m ode in w hich  th e  chem ical, physico-chem ical and  p h y s ic a l p ro p erties  (sa lt an d  
e s te r  fo rm , c ry sta l fo rm , so lub ility , p a rtic le  size, e tc .) affect th e  a b so rp tio n  of drugs is d is­
cussed  in detail. T he la s t  c h ap te r  of th e  f i r s t  p a r t  deals w ith th e  ro le  p lay e d  b y  aux ilia ry  (c a r­
rier) substances in  th e  abso rp tion  of d ru g s: stab ilizers, various co m p lex in g  agen ts, tensides 
(su rface-ac tive  substan ces , d e te rg en ts), e tc . T he im p o rta n t w ork o f 117 pages gains fu r th e r  
v a lu e  b y  th e  m ore th a n  300 references, g iven  w ith  fu ll title .
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In  th e  las t rev iew  of th e  vo lum e (К . E . Schulte u n d  G. R ü c k e r : Synthe tische  u n d  
n a tü r lic h e  A cety len -V erb indungen  als A rzneistoffe [S y n th e tic  and  n a tu ra l  ace ty lene  com pounds 
as d ru g s]) the  au th o rs  c learly  sy s tem atize  ab o u t 1500 com pounds co n ta in in g  acety lene groups, 
b o th  from  the  p o in t o f v iew  of chem ical s tru c tu re  an d  biological a c t iv ity .  Considering th e  
m a te ria l  trea te d , th e  e x te n t  o f th e  w ork  is n o t large : 176 pages, o u t o f w h ich  th e  te x t is ab o u t 
55 pages, tables occupy  88 pages, while 1092 references are listed  on 33 pages.

T he grouping of th e  co m pounds is tw ofold , being  based on th e  p h arm aco log ica l action  
a n d  on  th e  chem ical s tru c tu re . T he seven groups of pharm acolog ical a c tio n  are: (1) n a rco tics, 
h y p n o tic s , sedatives an d  a n tic o n v u lsan ts ; (2) com pounds acting  on th e  sy m p a th e tic  nervous 
sy s tem ; (3) am ine o x idase  in h ib ito rs ; (4) analgesics, an titu ssiv es, local an es th e tic s  and  sm oo th  
m uscle  spasm olytics; (5) h y p o ten s iv e  agen ts; (6) c y to s ta tic s ; (7) b ac te ric id e s  and fungicides. 
A n in te res tin g  fea tu re  o f th e  w ork  is th a t  th e  a b o u t 80 n a tu ra l ace ty len e  d e riv a tiv es occurring  
in p la n ts  of h igher an d  low er o rd e r are discussed in sep ara te  ch ap te rs .

W ith in  th e  g roups of p h arm aco log ica l ac tion , th e  com pounds a re  g rouped  in 56 tab les 
acco rd ing  to th e ir chem ical s tru c tu re s . These tab le s  a re  well a rra n g e d , easy  to  survey, and 
c o n ta in , w herever possib le , in  a d d itio n  to  th e  chem ical s tru c tu re  also th e  pharm acological 
d a ta .T h is  allows in severa l cases a qu ick  and  good o r ien ta tio n  on th e  re la tio n sh ip  betw een chem ­
ical s tru c tu re  and biological a c tiv ity .

The work describes th e  p re p a ra tio n  of th e  m o st im p o rta n t co m p o u n d s , gives references 
to th e  chem ical l i te ra tu re  a n d  th e  p e r tin e n t p a te n ts . I t  gives a d e ta ile d  descrip tion  of th e  
bio logical, pharm aco log ica l, tox ico log ical, b iochem ical effects an d  side-effects of th e  m ost 
im p o r ta n t  and c h a ra c te ris tic  com pounds, discusses th e ir  m etab o lic  fa te  an d  tran sfo rm a tio n  
w ith in  th e  organism , a n d  in d ic a te s  th e ir  possible uses in clinical p ra c tic e . T h e  s tru c tu re  o f th e  
w ork  p e rm its a qu ick  o r ie n ta tio n  in th e  im m ense su b jec t b o th  fo r th e  pharm aco log ist and 
th e  chem ist.

Gy . D e á k , L. G y ö r g y , К . P f e i f e r

N M R  Basic P rincip les and  Progress. \ o l .  4. N atura l and S yn thetic  High Polymers

E d ito rs :  P . D ieh l , E. F luck , R. K osfeld  
S p rin g e r V erlag , B erlin— H eidelberg— New Y o rk , 1971

T his volum e co n ta in s  th e  m ain  lec tu res p re sen ted  a t  th e  S e v e n th  Colloquium  on NM R 
S pectroscopy  held in  A ach en , G erm an y , April 13— 17, 1970; o f 17 lec tu re s  p resen ted , 12 dealing  
w ith  N M R  spectroscopy , th e  rem ain in g  5 are d ev o ted  to  such re la te d  to p ic s  as copolym erization  
th e o ry , electron spin  reso n an ce , d ie lectric  re la x a tio n  an d  in frared  spec tro sco p y . The volum e 
(309 p p .) con ta ins 202 fig u res ; 13 p ap ers  are w ritte n  in  E nglish , 4 in  G erm an.

In  th e  field of h igh  re so lu tio n  NM R, F. A. B ovey  (New Je rse y )  review s recen t resu lts  
o b ta in e d  in his lab o ra to ry , u s in g  a 220 M Hz superco n d u c tin g  sp e c tro m e te r.

A nalysis of th e  s p e c tr a  of po lypropylene, po lyv iny lch loride  a re  d iscussed  in de ta il w ith  
specia l reference to  s te reo c h em ica l analysis. T he 13 C m ethod  is also rev iew ed  briefly . The 
p a p e r  is no t in tro d u c to ry  a n d  does n o t in te n d  to  cover th e  whole fie ld . T h e  exam ples chosen 
a re  v e ry  im p o rtan t a n d  th e  re su lts  are illu s tra tiv e .

The second m ain  fie ld  d e a lt  w ith  is th e  ana ly sis  of copolym ers b y  h ig h  resolu tion  NM R 
(4 pap ers), a -m e th y ls ty re n e -b u tad ie n e  copolym ers a re  tre a te d  by  H . J .  Canto w , K. F. E lgert, 
E . Seiler  and II. F r iebo lin  (F re ib u rg , G erm any). In  th is  p ap er th e  ste reochem ica l analysis 
o f  p u re  p o ly -a -m eth y ls ty ren e  is discussed on th e  basis of 220 M H z N M R  spectra , and  the  
sequence lengths of its  co po lym ers w ith  b u tad ie n e  are  d e te rm in ed . M eth y l m eth acry la te -  
m e th acry lic  acid co po lym ers a re  discussed in th e  p ap er of E. K l e s p e r , W. Gronslei and  
A. J ohnsen  (F re ib u rg ).

Copolymers co n ta in in g  a ro m a tic  rings such  as s ty ren e-m eth y l m e th a c ry la te , sty ren e- 
b u tad ie n e , s ty re n e -m e th a c ry lo n itr ile  are discussed in de ta il by  H . J .  H arwood (A kron, Ohio). 
T h e  prob lem  of c o ta c tic ity  in  a c ry lo n itr ile -m eth y l m e th acry la te  co po lym ers is s tu d ied  by  
Q. T . P ham (F rance), u s in g  th e  60 M H z techn ique.

In  2 papers th e o re tic a l p ro b lem s of copolym erization  are d e a lt  w ith : th e  k inetic  s tu d y  
o f th e  p en u ltim a te  e ffects in  ra d ic a l copo lym erization  b y  J .  Guillot (F ra n c e )  and  new concepts 
in  copolym er s ta tis tic s  b y  C. T o s i (I ta ly ) . In  these  p ap ers  th e  N M R  m e th o d  is no t used.

The th ird  m ain  fie ld  d iscussed  in th e  book is th e  ap p lica tio n  o f th e  NM R m eth o d  fo r 
s tu d y in g  polym eric solids. T h is fie ld  is excellen tly  review ed by  E . P . Slichter  (New Je rsey ).
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In  his p a p e r  th e  physical basis o f th e  m eth o d  is described  very  b riefly  an d  th e  possible a p p li­
cations to  v a rio u s  po lym eric  sy s tem s are  i llu s tra te d  by  well chosen exam ples. In  th is  vo lum e 
Slichter’s p a p e r  is th e  only one w hich  fulfills th e  a im  expressed  in th e  ed ito ria l preface, nam ely  
th a t  th e  p a p e rs  should  “ tak e  th e  re ad e r from  th e  in tro d u c to ry  stage to  th e  la te s t  d ev elopm en t 
o f th e  f ie ld ” .

F ro m  th is  review  it  ap p ears  c learly  how7 th e  prob lem  of m ultip le  re la x a tio n  phenom ena 
an d  m o lecu la r m o tio n  in po lym ers can  he s tu d ied  by  m easuring  nu c lear m ag n e tic  re lax a tio n  
tim es. T h e  re su lts  of NM R ex p erim en ts  are  com p ared  w ith  those o b ta in e d  b y  d ielectric  and 
m ech an ica l re la x a tio n  m ethods. T he prob lem  of m olecu lar m obilities in po lym eric  solids is 
also d iscussed  in  K . B ergmann’s (L udw igshafen ) p ap er. T his pap er is cen te red  on a p h en o ­
m enolog ical ana ly sis  of th e  w ide-line N M R  line shapes in am orphous a n d  c ry sta llin e  system s.

A specia l p a p e r of T. M. Connor  is d ev o ted  to  th e  ro ta tin g  fram e  spin-echo m ethod  for 
m easu rin g  m ag n e tic  re lax a tio n  in po lym ers. T h is pow erfu l new  m eth o d  fo r s tu d y in g  m olecular 
m ob ilities in po lym ers is ex ten siv e ly  rev iew ed  in  th e  p aper.

T h ree  fields re la ted  to  th e  N M R  tech n iq u e  are  discussed in th e  la s t th re e  pap ers  of th e  
book: d ie lec tric  re lax a tio n  of am o rp h o u s po lym ers by  G. W illiams an d  D. C. W atts (W ales), 
co n fo rm atio n  o f chains as rev ea led  by  in frared  spec troscopy  by  Shimanouciii (T okyo) and  
E S R  by  F ischer  (Zürich). In  these  p ap ers  special p rob lem s of th e  co rrespond ing  fields a re  
d iscussed  w ith  no in ten tio n  to  rev iew  th e  re ce n t re su lts . In  a book dealing  w ith  N M R  sp ec tro ­
scopy it  w ould  have  been m ore useful to  include  such  review  articles w hich  w ould  inform  th e  
re ad e r  a b o u t th e  possible connections be tw een  N M R  an d  th e  re la ted  fields. T h e  p ap ers  p resen ted  
in  th is  boo k  c e rta in ly  do n o t fu lfill th is  req u ire m e n t, th ey  are w ritte n  fo r specia lists of th e  
p a r tic u la r  fie ld  ra th e r  th an  for those  of NM R.

P .  H e d v i g

Fortschritte der chemischen Forschung

New7 R esu lts  in B oron C hem istry
V o lu m e 15, N u m b er 2, Ju ly  1970. S p ringer V erlag , B erlin . 280 pp ., illu s tra tio n s  an d  tab les .

T h is  p a r t  o f th e  exce llen t series p ro v id es in fo rm a tio n  on th e  follow ing top ics: th e  new  
ch em istry  o f sm alle r boron h y d rid es (H . D. J ohnson  an d  S. G. Shore), th e  p re p a ra tiv e  aspects 
o f cyclic  b o ro n  n itrogen  co m pounds (A. Meller ), th e  1 ,3 ,2 -d iazoboracycloalkanes (K . N ie - 
d enzu  a n d  C D. Miller) and  f in a lly , th e  re p re se n ta tio n  and  sy s te m a tiza tio n  of b o ra te s  an d  
p o ly b o ra te s  (G. H eller). I t  does n o t seem  likely  th a t ,  according to  th e  ed ito rs , th e  to p ics 
lis ted  h a v e  specia l significance in  to d a y ’s boron  c h em istry ; on th e  c o n tra ry , som e pap ers  d eal 
w ith  n o t  q u ite  “ fash ionab le”  su b jec ts . T h u s, fo r exam ple  th e  h y d rid e  ch em istry  of boron  
seem s la te ly  to  p red o m in ate  over th e  ch em istry  of b o ra te s  in our op in ion , w ith o u t convincing 
reasons. T h e  in te n tio n  of th e  e d ito rs  to  draw a tte n tio n  to  such to p ics is, th erefo re , to  be 
a p p rec ia ted . O f course, th ere  a re  also “ to p -h its ”  in th e  book, such as th e  В — N rin g  and th e  
sim ila rly  e x c itin g  cyclic d iazo -boron-alkanes.

T h e  f i r s t  p ap er deals w ith  “ co n v en tio n a l”  bo ro n  hydrides co n ta in in g  a m ax im um  of 
e ig h t bo ro n  a to m s. T he a u th o r rev iew s and  sy s tem atize s  th e  papers pu b lish ed  since 1964. T he 
m ain  v ir tu e  o f th e  p ap er is its  un ifo rm  asp ec t, based  on m olecular s tru c tu re  a n d  re ac tiv ity . F ro m  
th is p o in t o f view  a very  in te re s tin g  c lassifica tion  princip le  has been app lied : th e  boranes can  
be d iv id ed  in to  tw o large groups dep en d in g  on w h e th e r or no t th ey  co n ta in  a B H 2group. T h e  
p a p e r  d iscusses recen t s tru c tu ra l a n d  energy  d a ta  reg ard ing  th e  В H — В bridge and  th e  
3 -cen ter b o n d . T he sum m ary  g iven  in ta b u la te d  form  is of g rea t v a lu e ; i t  rep re sen ts  th e  f ir s t  
d e ta iled  review  on th e  ad d u c ts  o f b o ran e , describ ing  61 com pounds. I t  g ives th e ir  s tru c tu re s , 
th e  p h y sicochem ical in fo rm atio n  re p o rte d  up  to  now , as well as th e ir  source. A fte r th e  ta b u la te d  
su m m ary , p re p a ra tiv e  deta ils a re  also re p o rte d  fo r selected  groups of co m pounds, and  th e  
reac tio n s  a n d  p ro p erties in te re s tin g  from  th e  v iew p o in t o f general in o rgan ic  ch em istry  a re  
em p h asized . T h e  p re sen ta tio n  o f th e  e x p erim en ts  an d  resu lts  based  on th e  analogy  of B H 3 
an d  oxygen  suggested  b y  Mu llik en  is v e ry  in te res tin g . T he ad d u c ts  o f B H 3 an d  p h o sph ine  
p rov ide  a p ic tu re  ab o u t th e  e lectron ic  s tru c tu re  o f th e  la t te r  com pounds. Also th e  re la tiv e  
basic ities o f  tra n s it io n  m eta l c a rb o n y la te s  could be ev a lu a te d  on th e  basis o f th e  s ta b ilitie s  o f  
th e  B H 3 a d d u c ts . T he p ap er gives an  exce llen t su m m ary  of th e  ch em istry  o f th e  d iffe ren t 
b o ron ium  ions form ed from  B2H (i. H ere , as in o th e r  p a r ts , th e  a u th o r  show s a preference fo r  
co llecting  analog ies and , in d isp u ta b ly , th is  is o f th e  g re a te s t value for th e  read e r.
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In  accordance w ith  th e ir  n a tu re , th e  h ig h er boranes p rov ide  a m ore lim ited  su b jec t. T he 
fo llow ing topics should  b e  m en tio n ed  from  th is  field . In  com plexes o f th e  o c ta h y d ro tr ib o ra te ( l- )  
io n , a double hydrogen  b r id g e  is form ed, th e  th ird  k ind  of th e  В — H  bond  know n up  to  now . 
T h e  tau to m erism  of th e  B 5H ^  ion draw s a tte n tio n  to  th e  fa c t th a t  th e  field  m ost closely re la te d  
to  o rg an ic  chem istry  is th e  boron-hydrogen  ch em istry  (and  n o t  silicon chem istry !). In  th e  
d iscussion  of the  c h em is try  o f h igher bo ran es one has to  realize th e  g re a t c o n trib u tio n  o f th e  
N M R  m ethod  and ra d io c h em istry  to  th e  in v es tig a tio n  of th e  s tru c tu re  of th e  o ften  v e ry  
com p lica ted  cage-m olecules an d  isom ers.

T he survey b y  A. M eller , th e  second in th e  book, d iscusses th e  su b jec t in th ree  p a r ts :  
sy m m etric  borazines w h ich  are  essentia lly  rin g s consisting  of В — N u n its ; boron n itro g en  
rings con tain ing  also В —В bonds and , f in a lly , those  invo lv ing  N — N bonds. T he tw o la t te r  
c h a p te rs  are sho rt, b u t  th e  f ir s t  gives a com p le te  survey . W e h av e  to  p o in t o u t th e  v a lue  of 
review s o i l  the d e riv a tiv e s , e.g., of th e  f irs t  ta b u la te d  su m m ary  of o rganofluo r borazines. T he 
p re p a ra tiv e  m ethods are  c ritica lly  ev a lu a ted  in  each  case and , w h enever possible, th e  re la tiv e  
reac tiv itie s  and s ta b ilitie s  o f th e  p ro ducts are  also given. In  th e  В —N ch em istry  th e  h y d ro ly tic  
s ta b il i ty  and p o ly m erizab ility  are p a rticu la r  to p ics. These asp ec ts  a re  con tinuously  p re sen t in 
th e  p ap er. The a u th o r em phasizes th e  new, a d v an c in g  and  m ost ex c itin g  tren d s , such as th e  su b ­
s t i tu t io n  reactions (a t  b o th  th e  boron and  n itro g e n  a tom s) an d  th e ir  p ro d u c ts , th e  я -com plexes 
fo rm ed  of chrom ium  a n d  m oly b d en u m  w ith  b o razines an d  CO, as well as th e  group of s-diazo- 
b o rin es w hich seems to  be v e ry  a ttra c tiv e  fro m  several p o in ts  o f view , th o u g h  no sa tis fac to ry  
p re p a ra tiv e  p a th  has b een  developed for th em .

K . N iedenzu  a n d  C. D. Miller rev iew  an  in te res tin g  g ro u p  of (7-bonded h e te ro cy c lo ­
a lk an es , 1 ,3 ,2-diazoboracycloalkanes. P ra c tica l ex p ec ta tio n s  an d  b o n d -th eo re tica l in te res ts  
a re  a tta c h e d  to  these  co m p o u n d s, since som e of th em  and  th e ir  d e riv a tiv e s  m ay  a c t as carcino- 
s ta tic  a n d  sedative  d ru g s, insecticides, and  fungicides. W ith  su itab le  su b s titu en ts  a t  th e  boron  
a to m  th e y  can p e rh ap s be  condensed, to  la rg e r m olecules, possib ly  po lym ers of considerab le  
th e rm a l stab ility . T he a u th o rs  m ake no a t te m p t  to  p red ic t w h e th e r or n o t these ex p ec ta tio n s  
w ill com e tru e , b u t  th e y  g ive  an  excellent su m m ary  of th e  d ev elo p m en t o f p rep ara tiv e  m eth o d s 
a p p lied  for these co m p o u n d s, th e ir ch a ra c te ris tic  reac tions a n d  of th e  resu lts  dealing  w ith  
th e ir  m olecular s tru c tu re . W e have to  em phasize  th e  fa c t,fo r  w hich  th e re  is now am ple ev idence 
t h a t  th e  rings, in sp ite  o f th e ir  ap p a re n t а -ch a ra c te r , involve я -ty p e  bonding and  th e ir  co- 
p la n a r ity  ex ten d s even  to  th e  alkane com p o n en t.

T he d a ta  re g a rd in g  these  com pounds are  sum m arized  in th ree  tab les: th e  p h ysico ­
ch em ica l aspects are b a se d  on m olecular spectroscopic  and m ass-spectrom etric  investig a tio n s.

T he las t, v e ry  d e ta ile d  p ap er of th e  book  w ritte n  by  G. H eller , can be regarded  as an  
o rig in a l w ork, ra th e r  th a n  ju s t  a review  of th e  l ite ra tu re . T he a u th o r  se ts o u t from  th e  co rrec t 
in o rg an ic  chem ical idea  t h a t  th e  ch em istry  o f b o ra te s  has u n d erg o n e  too m uch d is to rtio n  
becau se  of an a tt i tu d e  overem phasiz ing  th e  sim ila rity  betw een  b o ra te s  and o th e r po lyacid  
d e riv a tiv e s , such as s ilic a te s  and  phosphates . T he a u th o r  is r ig h t in speaking against th is  an d  
suggesting  original a p p ro a c h  and  sy s tem atiza tio n  in b o ra te  c h em istry . F o r th is p u rpose , he 
goes b ack  to  the fu n d a m e n ta ls , p resen ting  th e  su b je c t as a w hole, in  ad d itio n  to  review ing th e  
m o st recen t results in th is  field . His b o n d -th eo re tica l sy s te m a tiza tio n  is based  on th e  th ree  
ru les  o f E dw ards an d  R o ss to  which he a tta c h e s  his own, v e ry  d e ta iled  investiga tions. T hese 
inv o lv e  a very ingenious p re p ara tiv e  tech n iq u e , viz ., th e  hydro ly sis  o f boric esters w ith  a 
s to ich iom etric  a m o u n t o f  w a te r  in an organic so lv en t, follow ed b y  th e  n B —NM R and  *H— PM R  
d e te rm in a tio n  of th e  b o ra te  insoluble in th e  o rgan ic  so lv en t, th u s  fo rm ing  a p rec ip ita te . T he 
m eth o d  suggested by  th e  a u th o r  provides in fo rm a tio n  on severa l new  s tru c tu re s , since th is 
p ro ced u re  gives su b s tan ces  free of h y d ra te -w a te r , th u s  e lim in a tin g  thej in te rference  from  
w a te r : species sensitive to  hydrolysis can also be d e tec ted . T he p a p e r  p rovides d e ta iled  in fo r­
m a tio n  on th e  d a ta  w ith  re sp ec t to  th e  ca tio n s an d  suggests a  sy s tem atiza tio n  princip le  for 
b o ra te s  and  p o lyborates . I t s  essence is v e ry  sim ple: th e  c lassifica tion  should  be based  on th e  
iso la ted  or polym eric c h a ra c te r  of th e  com plex  an d  on th e  n u m b er of boron  a tom s in  th e  
s tru c tu ra l  u n it. D o u b tless, a sim ple n o m en c la tu re  can be c o n s tru c ted  in accordance w ith  th is  
sy s te m , th e  only q u e s tio n  being w hether o r n o t  th e  com pounds in cluded  in th e  in d iv id u a l 
c lasses a re  really  re la te d  to  each  o ther. T he m ain  v ir tu e  o f th e  p a p e r  seems to  be n o t th e  p re ­
s e n ta tio n  of th is sy s tem  b u t  th e  excellent rev iew  of th e  new  re su lt  an d  th e  lite ra tu re .

T. S z é k e l y
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В. L ő c s e i: M olten Silicates and their Properties

A kadém iai K iadó, B u d ap est, a n d  C hem ical P u b lish in g  Co. Inc ., New Y o rk , co -pub lishers, 1970. 
135 p p ., 13 tab les , 129 figures, 199 references. E ng lish  tra n s la tio n  b y  F . Sós

T he book is th e  ex ten d ed  E n g lish  tra n s la tio n  of th e  w ork of B. Lőcsei: “ M olten  sili­
ca tes  an d  th e ir  p ro p e rtie s” , pub lish ed  as th e  8 th  vo lum e of th e  series “ M onographs on  S ilicate 
C h em istry  (A kadém iai K iadó , B u d ap es t 1967).

T o d ay  m olten  silicates fo rm  one of th e  ta rg e ts  o f scientific  re sea rch  an d  p ra c tic a l in ­
te re s t. In  H u n g ary , B éla Lőcsei is one of th e  p ioneers o f th is  re sea rch  w ork . H is book  su m ­
m arizes sc ien tific  re su lts , o b ta in ed  in  H u n g a ry  an d  ab road , re le v an t to  m o lten  silica tes. 
A considerab le  p a r t  of th e  fo rm er c o n stitu tes  his ow n research  work.

P e tru rg ic a l (m olten  rock) and  v itro ce ram ic  p ro d u c ts  can be p re p a re d  b y  c ry s ta lliz a tio n  
from  m elts. C h arac teristic  o f th e  p ro d u c ts  o f b o th  groups is th e  fa c t th a t  th e y  can  be p rep ared  
from  th e  m elts by  casting , cooling a n d  h e a t t r e a tm e n t  according to  e x ac t p rescrip tio n s .

A fter a sh o rt in tro d u c tio n  an d  h is to rica l su rv ey , th e  a u th o r  discusses th e  basic  p r in ­
ciples o f  th e  p re p ara tio n  of m olten  silicates. T he cond itions o f p rim ary  n u c lea tio n  o f m olten  
rocks an d  of secondary  n u c lea tio n  of v itro ceram ic  p ro d u c ts  (p roduced  b y  m ineralizers) are 
g iven.

T he n e x t c h ap te r  on th e  o rien ted  c ry s ta lliz a tio n  of glasses is a h igh-level sc ien tific  
d e sc rip tio n  of th e  n u c leation  process. T he in fluence  of th e  ac tiv a tio n  en erg y  on  th e  n u c lea tio n  
ra te  is discussed. In  connection  w ith  th is , th e  a u th o r  discusses his own th eo re tic a l con sid era tio n s 
u n d e r  th e  nam e “ m icroeu tectic  p rin c ip le” , an d  com pares his own re su lts  w ith  th o se  re p o rte d  
in th e  lite ra tu re . He e luc idates th e  effect o f n u c lea to rs , th e  effect o f cooling ra te ,  liquidus  
te m p e ra tu re , and  viscous energy  on nuc lea tio n . U n fo rtu n a te ly , th is  c h ap te r  is n o t  su ffic ien tly  
long  an d  deta iled .

T he d e fin ition  of “ m in era lize r”  and  “ n u c le a to r”  used  in th is  c h a p te r  (IY /B ) m ay  be 
d isp u ted . In  th e  E ng lish  l i te ra tu re  these  tw o concep ts are clearly  d istin g u ish ed , w hereas th e  
a u th o r  uses th em  a lte rn a tiv e ly  a t  th e  expense of c la rity .

C h ap te r Y discusses in  general th e  o p e ra tio n s  of th e  p re p a ra tio n  of m o lten  silicates 
such  as p re p a ra tio n  c f  th e  raw  m ate ria l, m eltin g , processing of th e  m elt, cas tin g  a n d  c ry s ta l­
liza tio n . T his sh o rt ch ap ter, g iv ing  a good su m m ary  of th e  technology , does n o t  call for th e  
am p lifica tio n  on c ry sta lliz a tio n , ad d ed  in th e  A m erican  ed ition . T his v e ry  v a lu ab le  m ate ria l 
cou ld  hav e  been a rranged  m ore su itab ly  as p a r t  C in C hap ter IV .

T he c h ap te r  discussing v itro ceram ics on fe ld sp ar — diopside basis co n ta in s  th e  re su lts  
o f th e  a u th o r , accord ing  to  w hich  th e  v itro ce ram ic  p ro d u c ts  can be p re p are d  on b la s t  fu rn ace  
slag basis b y  som e co rrections in  th e  chem ical com position  and  b y  th e  use  o f  m in era liza to rs . 
T h ereb y , th e  p rincip le  o f th e  p re p a ra tio n  of v itro ceram ics is a c tu a lly  e x te n d ed  to  “ m olten  
a rtif ic ia l sto n es” . T he p ro p e rtie s  an d  th e  te x tu re  o f th e  p ro d u c t o b ta in ed  a re  d escribed  in  d e ta il.

T he la s t  c h ap te r  of th e  book  deals in genera l w ith  th e  p ro p erties  an d  possib le ap p lica tio n s 
o f v itro ceram ics.

A b ib lio g rap h y  of 199 references com ple tes th e  m onograph.
In  th e  H u n g arian  l ite ra tu re , th e  book is a p ioneering  w ork. T he re sea rch  w ork  u n d e r­

ta k e n  b y  B éla Lőcsei in th e  field  o f m olten  silica tes has b ro u g h t reco g n itio n  fro m  vario u s 
p a r ts  o f th e  w orld . U n fo rtu n a te ly , he has n o t  u sed  th e  A m erican  ed ition  fo r a  m ore  ex tensive  
d iscussion of his own resu lts  an d  h y p o th eses m ad e  in th is  field. I t  is re g re tta b le  t h a t  som etim es 
th e  bo rd erlin e  betw een  th e  in d iv id u a l find ings o f th e  a u th o r and  th e  rev iew  of th e  p e r tin e n t 
l i te ra tu re  becom es in d is tin c t. T he book has no a u th o r  or sub jec t indexes, w hich  su b s ta n tia lly  
h in d ers  i ts  easy  handling .

T he figures and  m icroscopic p h o to s a re  m u ch  b e tte r  in the  A m erican  th a n  in th e  H u n g a ­
ria n  ed ition .

T his book will be of g re a t in te re s t  also in  o th e r  countries for th eo re tic a l an d  p ra c tic a l 
e x p e rts  in  silica te  chem istry .

I t  can  be recom m ended  also as a u n iv e rs ity  tex tb o o k .
M. D é r y

W . D e m t r ö d e r : Laser Spectroscopy 
Springer V erlag , B erlin , 1971. I l l  +  95 pp ., 16 figu res

T he ra p id  dev elo p m en t of laser tech n iq u es in  recen t years w idened  su b s ta n tia lly  th e  
possible ap p lica tio n s of lasers in  th e  m o st v a rio u s  fields o f physics an d  c h em istry . Several 
th o u sa n d  k inds o f laser b eam s, w ith  w av elen g th s from  th e  m icrow ave to  th e  u ltra v io le t  reg ion ,
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Can be produced  to d a y , w h ich  p e rm it th e  spectroscop ic  u til iz a tio n  of lasers. L asers enab le  
th e  so lu tion  of p rob lem s w hich  are  unso lvab le  w ith  c o n v en tio n a l l ig h t sources, and  experim en ts  
unfeasib le  w ith  o th e r  l ig h t  sources can  be easily  carried  ou t. T he ad v an tag es  o f lasers can  be 
sum m arized  as follow s:

1. A single sp ec tro sco p ic  tra n s it io n  p ro d u ces ra d ia tio n  o f v e ry  h igh energy.
2. The coherence o f th e  induced  em ission p e rm its  a lm o st p e rfec t focussing.
3. The n a tu ra l sp e c tra l  lin e-w id th  is b y  several o rd e rs  o f m ag n itu d e  sm aller th a n  in 

th e  case of com m on m o n o ch ro m atic  lig h t sources.
4. W ith in  a n a rro w  freq u en cy  range, th e  freq u en cy  o f la se r  beam s can be tu n ed , w hich 

m akes lasers p a r tic u la r ly  su itab le  fo r special in v estig a tio n s.
5. The peak  p o w er o f  p u lsa tin g  lasers m ay  a t ta in  10 G W , an d  a t  th e  sam e tim e  th e  

p u lse -w id th  m ay be re d u ce d  to  0.1 ^fs, w hich p e rm its  th e  s tu d y  o f v e ry  ra p id  processes (decay  
o f excited  sta tes , life tim e  m easu rem en ts , flash -p h o to ly sis , e tc .).

The te x t of a b o u t 80 pages is d iv ided  in to  fo u r p a r ts . In  th e  f ir s t  p a r t  the  ch arac te ris tic  
p ro p e rtie s  of lasers a re  d iscussed  an d  com pared  w ith  th o se  of o th e r  lig h t sources from  th e  
v iew p o in t of sp ec tro sco p ica l ap p licatio n .

The second, a n d  lo n g es t, p a r t  deals w ith  spectroscop ic  ex p erim en ts  w hich use “ ex ­
te rn a l”  lig h t sources, i.e. th e  sy s tem  stu d ied  is o u tsid e  th e  laser re so n a to r. The exam ples given 
concern  th e  follow ing sp ec tro sco p ic  fields: ab so rp tio n , fluorescence, life tim e m easu rem en ts of 
ex c ited  s ta tes , in v es tig a tio n  of collision processes, pho to ch em ica l processes, R am an  sp ec tro ­
scopy , m easu rem en t o f l ig h t  sc a tte rin g , p lasm a spec tro sco p y , m icroanalysis and  sp ec tro ­
p h o to m e try , spec tro sco p y  of solids.

In  th e  th ird  p a r t  th e  a u th o r  discusses th o se  new  m eth o d s o f h igh-reso lu tion  sp ec tro ­
scopy  w hich are based  on v a rio u s  sa tu ra tio n  p h enom ena. Som e of th e  ex p erim en ts a re  carried  
o u t  w ith in  the  laser re so n a to r ;  th is  re su lts  in th e  coupling  be tw een  th e  abso rp tio n  of ra d ia tio n  
a n d  th e  m echanism  b y  w h ich  ra d ia tio n  is p roduced . T he feed -b ack  effects arising  from  th is  
p e rm it h igh precision freq u e n c y  stab iliza tio n  and  th e  m ea su re m e n t o f frequency  sh ifts  and  
line shapes, w ith  an  a cc u rac y  fa r beyond  th e  reach  o f earlie r m eth o d s. B y  stu dy ing  th e  in te r ­
a c tio n  of ligh t ra d ia tio n  a n d  m a tte r , th e  re su lts  o f th eo re tic a l ca lcu la tio n s can be checked.

T he fo u rth  p a r t  is concerned  w ith  th e  spectroscop ic  s tu d y  o f various laser processes. 
T hese  investiga tions a re  a im ed  a t  c larify ing  th e  n a tu re  o f e x c ita tio n , th e  precise assignm en t 
o f tran s itio n s  and  th e  fu n d a m e n ta l collision processes. F o r chem ists, th e  s tu d y  of chem ical 
lasers (q u an tu m  g en era to rs )  is o f p a r ticu la r  in te res t. In  th ese , th e  h e a t  o f reac tion  is d irec tly  
co n v erted  in to  lig h t en erg y .

W. D emtröder , H e ad  of th e  P hysics D e p a rtm e n t o f th e  U n iv e rsity  of T rier — K aise rs­
la u te rn , tre a ts  a v e ry  w ide  fie ld , b u t  in  view  of th e  re s tr ic te d  e x te n t  o f th e  book, obviously , 
th e  discussion can be n e ith e r  com plete  nor d e ta iled . F ro m  o b jec tiv ity  tow ards th e  to p ics 
d iscussed , th e  a u th o r  d id  n o t  even  un ify  th e  u n its  u sed  by  th e  d iffe re n t au tho rs . T he a im  of 
th e  a u th o r  was to  give a  su rv e y  on those  m ethods o f m o d ern  sp ec troscopy , th e  in tro d u c tio n  of 
w hich  was m ade possib le Ly th e  d iscovery  of th e  laser. R eview s of th is  k in d  do excellen t service 
to  those  researchers w ho w o rk  in re la ted  fields, an d  w ish to  keep  a b re a s t o f th e  rap id  techn ica l 
developm en t.

Gy. V a r s á n y i

Reactive Interm ediates. Topics in  Current Chem istry

R . A. Abramovitch, R. G. Su t h er la n d : C hem istry  o f  S u lphony l N i t re n e s ,— H. H e a n e y : 
C h em istry  of H ighly  H a lo g en a te d  A rynes, — E . W in t e r fe l d t : H etero -C ope-R eak tionen .

F o rtsc h ritte  d e r C hem ischen F o rschung , B an d  16, H e ft 1, N ov. 1970.
Springer-V erlag , B erlin , H eidelberg , New Y o rk , pp . 102

As ind ica ted  b y  th e  t i t le  page of th e  book, “ R eac tiv e  In te rm e d ia te s”  con ta ins 3 r e ’ 
view s. Chemistry o f  S u lp h o n y l N itrenes. S u lphonyl n itren es , like o th e r  n itrenes and th e  iso- 
e lectron ic  carbenes can  e x is t in e ith e r  th e  sing let (R S 0 2N ) or t r ip le t  s ta te  (R S 0 2N*) and  th e ir  
chem ical and physical p ro p e rtie s  will v a ry  accord ing ly . T h o u g h  th e  in te rm ed ia te  is u sua lly  
g en era ted  as th e  sing le t, since th e  g round  s ta te  is th e  tr ip le t,  in te r-sy s te m  crossing can occur if  
th e  in te rm ed ia te  su rv ives sev e ra l collisions o r if th e  su b s tra te  is re la tiv e ly  in ert. I t  is im p o rta n t 
to  b e a r in m ind th a t  th e  re ac tio n  observed  m ay  n o t be due o n ly  to  a n itre n e  in te rm ed ia te  b u t 
to  a p recursor such as th e  su lp h o n y l azide, e.g. triazo lin e  fo rm atio n  follow ed by loss o f n itro g en
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to  give th e  sam e p ro d u c t as w ould be derived from  th e  free n itren e . T h e  chem ical re ac tio n s  
th ro u g h  th e  su lp h o n y l n itre n es  a re  som etim es com p lica ted  and  d iversified .

T he rev iew  gives a su rv ey  on th e  fo rm atio n  of su lp h o n y l n itre n es  and  on th e ir  v a rio u s  
reac tions. T he follow ing title s  o f ch ap te rs  illu s tra te  th e  scope of th e  m ate ria l w hich is co m p le ted  
b y  a lis t of n ea rly  80 u p -to -d a te  references: G en era tio n  of su lp h o n y l n itren es from  su lp h o n y l 
azides (by  th erm o ly sis , pho to lysis and  m eta l ca ta ly sis) and  o th e r  com pounds. R eac tio n s  
occurring  th ro u g h  n itre n es : 1. H ydrogen  ab strac tio n , 2. In se rtio n  in to  a lip h a tic  C— H bo n d s, 
3. A rom atic  su b s ti tu tio n , 4. A dd ition  to olefines, 5. T rap p in g  by  nucleophiles, 6. M olecular 
rea rran g em en t, 7. A p p lica tio n s (includ ing  th e  sy n th esis  o f cyclic su lphonam ides).

Chemistry o f  H igh ly  Halogenated A rynes. R ece n tly , a tte n tio n  was d irec ted  to w a rd s  
a ry n es (d ehydrobenzenes), reg ard ed  as stro n g ly  e lectroph ilic  in te rm ed ia te s  reac tin g  w ith  
nucleophiles a n d  en te rin g  in to  cycloadditions w ith  v a rio u s com pounds. T he a u th o r  g ives a 
su rv ey  on s tu d ies  w h ich  are  concerned  w ith  th e  p re p a ra tio n  and  reac tio n s  of a ry n es o f e n ­
h anced  e lectroph ilic  c h a ra c te r  due to  th e  p resence of 4 e lec tro n -w ith d raw in g  su b s titu en ts . O f 
special in te res ts  a re  th e  s tu d ies  a im ed  a t th e  p re p a ra tio n  and  reac tio n s o f te tra flu o ro b en zy n e  
and  o th e r halogenobenzynes. T h u s, by  reac tin g  e.g. b u ty l lith iu m  w ith  b ro m o p en taflu o rd - 
benzene, p ro d u c ts  a re  fo rm ed  w hich  ind ica te  th e  p resence of a  te tra flu o ro b en zy n e  in te r ­
m ed ia te . B enzyne fo rm a tio n  w as observed  in  th e  p y ro ly tic  decom position  of num erous com ­
pounds. A c o n v en ien t sy n th e tic  ro u te  is aryne  fo rm a tio n  th ro u g h  d iazo tiza tio n  of te tra s u b -  
s t i tu te d  a n th ra n ilic  acids, in w hich benzyne gives a  1,4-cy clo ad d u c t w ith  benzene p re se n t as 
th e  so lven t. T he re ac tio n s  of benzynes w ith  o th e r  a ro m a tic  h y d ro carb o n s, sty renes, a lk o x y - 
a ro m a tic  com pounds, th io e th e rs , d im ethy lan iline , s te ro id  dienes a n d  carbony l com pounds are 
also tre a te d  in th e  review .

T o g eth er w ith  th e  a u th o r’s ow n pub lica tio n s, th e  rev iew  is com ple ted  w ith  a l is t  o f  172 
references.

Hetero Cope Reactions. T he te rm  H etero  Cope R eac tio n  refers to  a special class o f sigm a- 
tro p ic  re a rra n g em en ts  in  w hich tw o allyl rad icals are  s im u ltan eo u sly  fo rm ed and  recom bined . 
A ccording to  m o d ern  te rm ino logy , th is  m ay  involve on ly  a t ra n s it io n  s ta te  allow ed b y  th e  
p rincip le  of o rb ita l sy m m etry  conserva tion . The a u th o r ’s ob jec tiv e  is to  give a su m m ary  on 
th e  so-called 3 ,3 -sigm atrop ic  rearran g em en ts  (Cope reac tio n s) o f su b s tra te s  con ta in ing  h e te ro - 
a tom s. T he energy  o f th e  tran s itio n  s ta te  is decreased  b y  th e  p resence of th e  h e te ro a to m , th u s  
th e  re a rra n g em en t can  be  carried  o u t  even a t  re la tiv e ly  low tem p e ra tu re s .

T he review  beg ins w ith  th e  descrip tion  o f C laisen-analogous h e tero  re a rra n g em en ts , 
th en  new  deta ils  are  g iven  concerning th e  th io  C laisen and  aza C laisen reactions. A se p a ra te  
c h ap te r  is d ev o ted  to  F ischer-ana logous he tero  Cope reac tio n s, a n d  fina lly , th e  re ac tio n s  in ­
vo lv ing  ionic tra n s it io n  s ta te s  are  discussed. T he m o n o g rap h  co n ta in s 97 references.

T he rev iew er w ishes to  express his g rea tes t a p p rec ia tio n  of th e  h igh  s ta n d a rd  of m o n o ­
graphs p u b lished  in  th e  series “ F o rtsc h ritte  de r C hem ischen F o rsch u n g ” , b u t  co n sid ers i t  
necessary  to  call a tte n tio n  to  an  am b ig u ity  in th e  t it le  o f th is  vo lum e. O f th e  th ree  rev iew s in 
th e  p re sen t vo lum e, th e  f ir s t  is concerned  w ith  n itren es , an d  th e  second w ith  a rynes, w hich  are  
indeed  reac tiv e  in te rm ed ia te s . T he su b jec t of th e  th ird  rev iew  (H e te ro  Cope R eac tio n s), 
how ever, is a re ac tio n  o ccurring  in  a single step , a p p a re n tly  w ith o u t a n y  in te rm ed ia te . In  th e  
rev iew er’s op in ion , th is  excellen t m onograph  e ith e r  shou ld  hav e  been  published  in a n o th e r  
volum e or, if in cluded  in  th e  p re sen t one, its  t itle  shou ld  hav e  been  m odified . An in tro d u c to ry  
n o te  calling th e  re a d e r’s a tte n tio n  to  these  essen tia l d ifferences in th e  m echanism  w ould h av e  
served th e  sam e p u rpose .

A. Me s s m e r

E . P a r h a m : Syntheses and Reactions in  Organic Chemistry 

Jo h n  W iley an d  Sons, Inc ., New Y ork , 1970. 553 pp.

T his bock  p ro v id es a p ro g ram  for som e s tu d ies  b y  u n d e rg ra d u a te s  and  young g ra d u a te s  
on o rgan ic  chem ical reac tio n s. In  th e  rev iew er’s op in ion , th e  a u th o r  has reached  h is a im .

T he book consists o f ten  m ain  ch ap ters : a ro m a tic  su b s titu tio n s , e lectrophilic  re ac tio n s  
in a lip h a tic  sy s tem s, m olecu lar rea rran g em en ts , nucleophilic  reac tio n s in a lip h a tic  sy s tem s, 
e lim ination  reac tio n s , nucleophilic  su b s titu tio n s , nucleophilic  a d d itio n s  (including organo- 
ineta llic  com pounds), cond en sa tio n  reac tions o f carb o n y l com pounds, red u ctio n  processes, p re p ­
a ra tio n  an d  reac tio n s o f free rad icals, m olecular reac tio n s , p h o to ch em is try . The sequence of
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th e  c h ap te rs  corresponds to  t h a t  ap p lied  in  th e  te x tb o o k  w ritten  by  R . C. F u s o n  (“ R eactions 
o f  o rg an ic  co m pounds” , W iley , New Y ork , 1962), so th e  la t te r  is recom m ended  b y  th e  au th o r 
as a  su p p le m e n ta ry  te x t.

T he purpose  of th e  book is n o t to  p re se n t a g re a t n u m b er o f reac tio n s, processes and 
en cycloped ic  in fo rm a tio n  in  th e  field  o f o rgan ic  c h em istry , b u t  to  g roup  va rio u s o rgan ic  p ro c ­
esses w hich  m ay  seem  v e ry  d iffe ren t a t  f i r s t  s ig h t, an d  to  analyze th e m  in such de ta il as to 
o b ta in  a reasonab le  fo rm u la tio n  of th e  m echan ism s in v o lved . T his a sp ec t m u st be g iven  s tro n g  
em p h asis  from  th e  v iew p o in t of u p -to -d a te  te a ch in g  since in th is  w ay  th e  tr e a tm e n t  o f th e  
su b je c t,  b y  focusing a tte n tio n  on  th e  re ac tio n  m echanism , revea ls th e  essen tia l fea tu res , 
ap p ly in g  a d ialectic  m e th o d  an d  s tim u la tin g  th e  s tu d e n ts  to  c o n cen tra te  on  th e  m o st im p o r ta n t  
p a r ts  o f th e  g re a t a m o u n t o f  o rgan ic  chem ical in fo rm a tio n . This ap p ro ach  based  on th e  m ech an ­
ism s o f th e  d iffe ren t processes p e rm its  to  show  th e  in te rre la tio n  of severa l a p p a re n tly  in d e ­
p e n d e n t  reac tions, th u s  th e y  can be rem em b ered  m ore easily. In  fa c t, som e of th e  reac tio n  
m ech an ism s are oversim plified , th u s  n o t p e rfe c tly  accu ra te , b u t  th is  does n o t red u ce  th e  
v a lu e  o f th e  book. T he s im plifica tions serve to  re ac h  th e  purpose of th e  book m ore easily  and  
th e  om ission of com plica tions h in d erin g  th e  u n d e rs tan d in g  p ro m o tes learn ing  th e  su b jec t.

I t  can be considered  v e ry  useful th a t  th e  a u th o r , being a u n iv e rs ity  p rofessor, u tilized  
in  th e  book th e  re su lts  of his ow n research  a n d  h is ed u ca tio n a l experience . T he defin itio n s 
re g a rd in g  th e  reac tio n s are  concise, accu ra te  a n d  c lear. T he use o f a d v an ced , easily  av a ilab le  
m o n o g rap h s  and  w ell-know n jo u rn a ls  in co llecting  th e  su b jec t m ate ria l g rea tly  assis ts  th e  
re a d e r  who wishes to  fin d  an  a u x ilia ry  te x tb o o k  or searches for ad d itio n a l in fo rm a tio n . The 
lis t  o f  references also increase  th e  usefu lness o f th e  book. I ts  special v ir tu e  is its  sh o rtn ess . 
In s te a d  of len g th y  an d  verbose  e x p la n a to ry  te x ts ,  an  ex ac t, easily u n d e rs tan d a b le  discussion 
m e th o d  offered by  organic chem ical fo rm ulas is ap p lied , w hich is to  be g rea tly  ap p rec ia ted . 
W ith  re sp ec t to its  te x tb o o k  c h a ra c te r, how ever, c e rta in  form al ad d itio n s  w ould  h av e  m ade 
th e  h an d lin g  of th e  book easier. T he om ission of title s  to th e  c h ap te rs  and  th e  absence 
o f a c lear sep ara tio n  of th e  su b -ch ap te rs  is a sh o rtcom ing . So, a t  th e  f ir s t  sig h t th e  s tru c ­
tu re  o f  th e  ind iv idual c h ap te rs  an d , in som e cases, also th e  se lected  m ate ria l seem s to  be 
q u e stio n ab le , an d  th e  logical co n stru c tio n  is n o t  a lw ay s clear.

F ro m  th e  v iew p o in t o f  d id ac tic s , th e  follow ing suggestions o f th e  a u th o r  on th e  t r e a t ­
m e n t o f  th e  su b jec t are a p p ro v ab le ; in  each exercise  period  th e  s tu d e n ts  should  s tu d y  th e  te x t  
f i r s t ,  su p p lem en t th e ir  know ledge from  th e  Fuson  book or o th er sources, and  th en  answ er th e  
q u e s tio n s  given a t  th e  end of each  ch ap ter.

B eside d id ac tic  a spects, th e  a u th o r to o k  special care to  t r e a t  o n ly  those  organ ic  p ro c ­
esses h av in g  m echanism s p ro p e rly  confirm ed  on th e  basis of our p re se n t know ledge. The 
co n s tru c tio n  of th e  book is such  th a t  no su p erflu o u s encyclopedic in fo rm atio n  is given an d  no 
d e sc rip tiv e  sections are included .

F in a lly , em phasis m u s t be p laced  on th e  m erits  of th e  book in p o in tin g  o u t th e  c h a ra c ­
te r is tic s  o f its  su b jec t an d  in s tim u la tin g  th e  m odern  ap p ro ach  to o rganic ch em istry . T he en tire  
s tru c tu re  o f th e  book reflec ts  th is  p u rpose  of d iscussing  and  clearing up  th e  m o st im p o rta n t 
re la tio n s  by  m eans of se lected  p rac tica l exam ples a n d  by  presen ting  th e  m echanism  and 
th e  s te reo ch em istry , w hen necessary  -— of th e  re ac tio n s . In  the  process o f learn ing , th is  aspect 
is o f g re a t im p o rtance .

In  accordance w ith  its  c h a ra c te r  d iscussed  ab o v e, W. E . Parham’s book is a v e ry  usefu l 
sou rce  fo r th e  m o dern iza tion  of o rganic chem ical teach in g  of u n iv ers ity  s tu d e n ts  a n d  in  in ­
c reasin g  its  level.

M. B a r t ó k

F . W . E a s t w o o d , J .  M. S w a n , J e a n  B . Y o u a t t : Organic Chem istry  

Cam bridge ^U n iv ersity  P ress 1970, 2nd  ed ition , 245 pages - f  index

T h e  au th o rs  w orking a t  th e  M onash U n iv e rs ity  (A ustra lia ) designed th is  vo lum e as a 
h a n d b o o k  for th e  f irs t  u n iv e rs ity  course o f th e  p ro g ram m ed  teach in g  of o rganic ch em istry . 
T he bo o k  is n o t in ten d ed  fo r rep lacing  the  co n v en tio n al organic c h em istry  tex tb o o k s  b u t 
on ly  fo r  enab ling  th e  s tu d e n ts  to  learn  th e  su b je c t in c lu d ed  in th e  p rogram .

T h e  read e r w ith  less experience in p ro g ram m ed  education  and  u n fam ilia r w ith  th e  top ics 
o f  th e  su b seq u en t organic chem ical courses a t  th is  p a r tic u la r  u n iv e rs ity , has a r a th e r  d iff icu lt 
ta s k  in  fo rm ing  an  ob jec tive  op in ion. One m u st re s is t th e  te m p ta tio n  of d e ta iled  critic ism , 
u sing  th e  p re te x t  of review ing th e  book, there fo re , i t  is m ore adv isab le  to  rem ain  re s tr ic te d  to 
a g en era l ch arac te riza tio n . T he book m u st be v e ry  usefu l for s tu d e n ts  a tte n d in g  th e  a c tu a l 
course, b u t  a m ore general re su lt seems to  be also ach iev ed  by  th e  a u th o rs : th e y  arouse in te re s t
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in th e ir  m ethod  and  suggest several v e ry  usefu l ideas to  teachers o f  o rg an ic  chem istry . B eyond  
th is , all teachers who hav e  read  th is  book w ill recom m end it  to  s tu d e n ts ,  even if th e  to p ics  of 
th e  lec tu res are d iffe ren t in volum e an d  in d e ta ils , toge th e r w ith  th e  m eth o d s  of teach in g . T he 
p o sitive  resu lt is u n q u estio n ab le  for th e  s tu d e n ts  in sp ite  of these  d ifferences: in fac t, s tu d e n ts  
n o t p a rtic ip a tin g  in p ro g ram m ed  teach in g  b u t  hav in g  a certain  know ledge  of th e  su b je c t will 
p e rh ap s  be m ore s tim u la ted  to  s tu d y  th e  bo o k , since i t  is n o t o b lig a to ry  fo r th em  an d  helps 
th em  to  check th e ir  know ledge b y  m eans of a new  and  in te res tin g  m eth o d .

T he question  arises how  effective th e  connection  can be b e tw een  o rgan ic  ch em istry  as a 
su b je c t and  th e  p ro g ram m ed  teach in g  m eth o d . In  view  of th e  s tro n g ly  descrip tive  c h a ra c te r  
o f th e  su b ject, req u irin g  th e  com m unica tion  of in fo rm ation  in g re a t  a m o u n ts , th e  ad v an tag es  
o f p rogram m ed  teach in g  can n o t a lw ays be  as d e fin ite  as in th e  case o f o th er sub jects. T his 
m eth o d  seems to  be th e  m ost successful in th o se  fields of organic c h em is try  w here th e  p rim ary  
a im  is to  teach  th e  fu n d a m e n ta ls  e ffectively  an d  rap id ly . W ith  re sp ec t to  o u r teach ing  m eth o d s, 
th is  book could be used  in tra in in g  b io log ists o r a certa in  group of chem ical engineers.

The f irs t tw o p rogram s (“ N am ing  o rgan ic  com pounds”  a n d  “ Form ulae , s tru c tu re s , 
e q u a tio n s  and  reac tio n  m echanism s” ) suppose a certa in  know ledge  of chem istry  b y  th e  
re ad e r and  discuss step  b y  step  an d  in a s t r ic t  logical sequence all th e  co n cep ts and  in fo rm a tio n  
essen tia l for learn ing  th e  fu n d am en ta ls  o f o rgan ic  chem istry , as w ell as those  fa c ilita tin g  th e  
use o f su b sequen t p rogram s. T he “ fram e ”  system  used in co n s tru c tin g  th e  p rogram s p e rm its  
th e  use of sim ple exam ples (fo rm ula ted  as questions) a fte r a sy s te m a tic  descrip tion  of de fi­
n itio n s  and  sim ple in fo rm atio n . T hese q u estions are  sim ple, easy to  u n d e rs ta n d , being  designed 
w ith  th e  purpose of a t  least m ak ing  th e  re a d e r  to  s tu d y  th e  t e x t  th o ro u g h ly  and  re -read  it 
som etim es. The purpose  of th e  “ te s t  fram e s”  is ev iden tly  d iffe ren t, th e y  presum e th e  k n o w l­
edge and  u n d e rs tan d in g  of th e  su b ject. H ow ev er, th e  f irs t tw o p ro g ram s can n o t be reg ard ed  
as “ even ing  s tu d ies”  fo r one evening each , as recom m ended by  th e  a u th o rs . On th e  co n tra ry , 
i t  is adv isab le  to  re -read  th em  a tte n tiv e ly  before  s ta rtin g  w ith  th e  follow ing program s. The 
sequence and co n te n t o f th e  o th er p ro g ram s essentially  co rre sp o n d  to  th e  co n v en tional, 
genera lly  applied  t re a tm e n t  of o rgan ic  ch em istry .

On th e  basis o f o u r experience w ith  dom estic  teaching m e th o d s  and  trad itio n s , a  few 
critica l com m ents m ay  be m ade. A lth o u g h  th e  au th o rs  allow an o p tio n a l sequence in th e  use 
o f  th e  p rogram s — ex cep t for P ro g ram  12 (“ Syn thesis of o rganic c o m p o u n d s” ) — it  seem s to 
be  adv isab le  to s tu d y  P ro g ram  11 (“ Iso m erism ” ) before P ro g ra m  6 (“ A lcohols” ). H e re  we 
m a y  p o in t o u t an u n u su a l fea tu re  of th e  book , nam ely  th a t  in  th e  sec tions dealing w ith  d if­
fe re n t groups of com pounds no m en tio n  is m ad e  of geom etrical a n d  o p tic a l isom erism , p lay in g  
a v e ry  im p o rta n t role in o rgan ic  c h em istry ; th is  strong ly  n arrow s th e  horizon  of th e  s tu d e n t. 
On th e  o th er h an d , th e  re la tiv e ly  low n u m b e r o f exam ples given in P ro g ra m  11 does n o t  sa tis ­
fa c to rily  p rom ote  th e  u n d e rs tan d in g  o f th ese  im p o rta n t concep ts . T h e  co n stru ctio n  a n d  size 
o f P ro g ram  9 (“ B enzene d e riv a tiv e s” ) a re  also u n usual. A lth o u g h  iso la ted  and condensed  
po lycyclic  a ro m a tic  h y d ro carb o n s are  e v id e n tly  discussed in su b se q u e n t organic chem ical 
courses, th e  usefu lness o f  th e  book as a w hole w ould have been  en h an c ed  by  supp lem en tin g  
P ro g ram  9 w ith  th is  fu n d a m e n ta l in fo rm a tio n  and  th u s  th e  p ro g ram  could  have carried  th e  
title  “ A ro m atic  h y d ro c a rb o n s” . O w ing to  sim ilar reasons, i t  is re g re t ta b le  th a t  no p ro g ram s 
are  d evo ted  to  th e  fu n d a m e n ta ls  o f th e  ch em istry  of heterocyclic  com pounds. As co m p ared  
w ith  o th e r cap te rs , P ro g ram  10 (“ A ry lam in es an d  diazonium  s a l ts ” ) seem s to  be som ew hat 
oversized , a lth o u g h  th e  th eo re tica l an d  p ra c tic a l im p ortance  of th is  g ro u p  of co m pounds is 
ev id en t.

T he p re sen ta tio n  an d  s tru c tu re  o f th e  book  are a ttrac tiv e . T h e  “ flip  c a rd ”  system  serv ing  
fo r th e  re p e titio n  a n d  deepening  of th e  m a te ria l t re a te d  in th e  p ro g ra m s is v e ry  usefu l. T he 
specia l a rran g em en t of th e  P ro g ram s 1— 6 an d  7— 12 is w orth  o f a tte n tio n .

Á. K u csm á n

Peptides: C hem istry and B iochem istry
B oris W einstein  an d  Saul L ande (ed ito rs), M arcel D ekker, Inc ., N ew  Y o rk , 1970. XV -j- 538 pp.

T he f irs t  sym posium  of E u ro p ea n  p e p tid e  chem ists w as h e ld  in  P rague  in  1958. I ts  
m ain  scope included  sy n th e tic  m eth o d o lo g y  an d  th e  syn thesis o f n a tu ra l  pep tides. T h is f irs t 
m ee tin g  was follow ed b y  ten  such  sy m posia  on  ex ten d ed  and v a ry in g  top ics , w ith  th e  p a r t ic ­
ip a tio n  of p ep tid e  chem ists  from  o th e r  c o n tin e n ts  as well. S ince th e  in te re s t  in  th ese  useful 
conferences w as in creas in g  ra p id ly  b u t  th e  n u m b er of guests re m a in e d  lim ited , in d ep e n d en t 
m eetings w ere soon o rg an ized  in J a p a n  a n d  th e  U n ited  S ta tes . T h e  co m p le te  te x ts  o f the? lec­
tu re s  held  a t  th e  E u ro p ea n  P e p tid e  S ym posia  w ere reg u la rly  p u b lish ed . T he book rev iew ed
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h e re  rep resen ts such  a tre n d , be ing  th e  p u b lica tio n  of lec tures p re sen te d  a t  th e  f irs t A m erican 
P e p tid e  Sym posium  h eld  a t  Y ale  U n iv e rs ity  in 1968. Since th e  book  co n ta in s  only th e  lec­
tu re s ,  th is  review  deals a c tu a lly  w ith  th e  sc ien tific  session itself.

Sim ilarly  to th e  E u ro p ea n  P e p tid e  Sym posia , th e  f irs t  A m erican  Sym posium  was also 
co n cern ed  w ith  th e  m o st u rg e n t  a n d  th en  u p -to -d a te  problem s o f p e p tid e  ch em istry . Since th e  
sy n th e tic  m ethodology , th e  se lec tive  ap p lica tio n  o f sensitive  p ro tec tin g  g ro u p s, th e  accom plish­
m e n t  o f coupling w ith o u t racem iza tio n , as well as th e  p u rifica tio n  o f th e  p ro d u c ts  are alw ays 
re tu rn in g  and a c tu a l p ro b lem s, i t  is n o t su rp ris in g  th a t  60%  of th e  p a p e rs  were devo ted  to  
th e se  topics.

T he o th er ex ten siv e  su b je c t o f th e  sym posium  w as th e  re la tio n sh ip  b e tw een  the  s tru c tu re  
(chem ica l com position a n d  co n fo rm atio n ) an d  th e  biological effect o f p ep tid e s . A few lec tu res 
in v o lv ed  s tru c tu ra l s tu d ie s  a n d  som e special su b jec ts , b u t  these  w ere o f lesser significance.

T he only th in g  th e  re ad e r  feels th e  absence o f is th e  m ate ria l o f th e  discussions follow ing 
th e  in d iv id u a l lec tures. T h is is a lw ays th e  m ost v a lu a b le  a t  sym posia , since  th e  lecturers ra re ly  
em p h asize  th e  d ifficu lties a n d  p e rh ap s  nev er th e  co n trad ic tio n s ; th e  tab le s  m ostly  include 
fa v o u ra b le  d a ta  on ly  a n d  c e r ta in ly  ev ery b o d y  rep ro d u ces his m o st b e a u tifu l ch rom atogram  
fo r p u b lic  d em o n stra tio n . T h e  curious, som etim es slig h tly  suspicious q u estio n s asked in th e  
d iscussions provide an  o p p o r tu n ity  to  o b ta in  a m ore  realis tic  p ic tu re  o f th e  sub ject discussed 
in  th e  lecture; so th is  m a te ria l  is s tro n g ly  lack ing . T h e  ed ito rs m ay  h a v e  b een  de te rred  from  its 
p u b lic a tio n  by  th e  d ifficu lties  o f g e ttin g  th e  d iscussions on record .

T he f irs t lec tu re  o f th e  sy m p o siu m  — a n d  th u s  th e  f irs t  p ap er in  th e  boo k  — is a su m m ary  
b y  B odánszky on th e  s tra te g y  of p e p tid e  sy n th esis  an d  its  p e rsp ec tiv e s. T h is lec ture  re p re ­
se n ts  a new  b a ttle  in  th e  sev en -y ear w ar be tw een  th e  classical sy n th e tic  p a th s  (stepw ise and  
f ra g m e n t condensation) a n d  th e  M errifield  solid p h ase  syn thesis. A fte r  re ad in g  th is p ap er one 
feels t h a t  n e ither w ill w in : a com prom ise  m ay  be reach ed , or th e  tw o  princip les will m erge 
to  p ro d u ce  a b e tte r  a p p ro a c h  to  th e  ideal so lu tion . I t  is n o tew o rth y  th a t  in th is pap er B o­
d á n szk y  has in tro d u ced  th e  co n cep t o f  “ efficiency y ie ld ”  in to  th e  c a lcu la tio n  of th e  yields of 
in d iv id u a l sy n th e tic  s te p s , ta k in g  in to  acco u n t also th e  large excess o f th e  acy la ting  ag en t 
p re s e n t  during  th e  co up ling  steps.

Am ong th e  to p ics o f th e  o th e r  lec tu res  b o m  sy n th e tic  m eth o d s a re  a b u n d a n tly  re p re sen t­
ed . B ayer  has s tu d ied  th e  p e rfo rm an ce  of solid s ta te  syn thesis as a fu n c tio n  of th e  m olecular 
w e ig h t of th e  po ly p ep tid e  to  be  p re p are d . Mer rifield  illu s tra te s  th e  ap p lic ab ility  of his m eth o d  
a lso  fo r th e  p re p a ra tio n  of cyclic  d ep sipep tides on  th e  syn thesis o f v a lin o m y cin . A n fin sen  
h a s  p re p are d  a frag m e n t, co n sistin g  o f 43 am ino acids, of a nuclease  iso la te d  from  a cu ltu re  
o f  Staphylococcus aureus , on  a p o ly m er c arrie r a n d  p o in ts  o u t th e  in a d e q u a c y  of th e  m ethods 
a v a ila b le  for d e te rm in in g  th e  id e n ti ty  and  ho m o g en e ity  of th e  p ro d u c t.

S ix papers deal w ith  th e  p h enom enon  of racem iza tio n  w hich  acco m p an ies  th e  fo rm atio n  
o f  th e  p ep tid e  bond. T hese  cover th e  d e tec tio n  of racem iza tio n , as w ell as th e  d e te rm in a tio n  of 
i ts  deg ree  (Ander so n , Izu m iya , W estley , W e in s t e in ) and s tu d ies  on  th e  m echanism  of 
race m iz a tio n  (Goodm an , K ovács).

T he papers on th e  re la tio n sh ip  be tw een  b io log ical a c tiv ity  a n d  s tru c tu re  cover a ra th e r  
e x te n d e d  field; th e  e ffects o f an g io ten sin , th y ro ca lc ito n in , th e  p o ly p ep tid e  horm ones of th e  
s to m a c h  and  in testin es , a n d  th e  fa t-m ob iliz ing  p e p tid e s  were d iscussed  in d ifferen t lec tures. 
Ma zur  an d  cow orkers in v e s tig a te d  the re la tio n sh ip  betw een  th e  s tru c tu re  an d  ta s te  of p e p ­
tid e s  o f low m olecular w e ig h t. A lm o st all p ap ers  c learly  in d ica te  t h a t  th e  s tru c tu ra l changes 
(a lte re d  functional g ro u p s) a ffec t so m an y  ch ara c te ris tic s  of th e  m olecu le  (po larity , dipole 
m o m e n t, lipid so lub ility , d isap p ea ran ce  or d ev elo p m en t of essen tia l fu n c tio n s , conform ation) 
t h a t  th e  change in th e  e ffec t c an n o t be a ttr ib u te d  to  a single fac to r. Marshall em phasizes 
th e  im p o rtan ce  of physico -chem ical m ethods (N M R  spectroscopy  co m b in ed  w ith  th e  com p u ­
ta t io n  of th e  m ost s tab le  co n fo rm a tio n  of th e  m olecule in  solution).

O f the  special su b je c ts  t h a t  could n o t be in c lu d ed  in th e  c h a p te rs  d iscussed  above, th e  
s tru c tu ra l  studies on th e  a n tib io tic  nisine (Gross), th e  syn thesis o f ac tin o m y cin -D  (Me ie n - 
h o fe r ) and  the  sy n th esis  o f am ino  acids and  p ep tid e s con ta in ing  se len iu m  in stead  of su lfur 
(W a lter ) should be n o ted . T he la t te r  com pounds can  be co n v en ien tly  u sed  in study ing  th e  
b io log ical im portance of th e  su lfu r a to m  and  p e rm it rad io ac tiv e  in d ic a tio n , as well as X -ray  
c ry sta llo g rap h ic  in v es tig a tio n s.

A lm ost all of th e  p a p e rs  in  th e  book  are i l lu s tra te d  w ith  d raw ings, d iag ram s, p h o tographs 
a n d  fo rm ula  tables. T he m a te ria l, com plete  w ith  ex ten siv e  lists of re fe ren ces, is indispensable 
fo r th o se  wishing to keep up  w ith  m o d ern  p ep tid e  c h em istry , and is v e ry  u se fu l for chem ists and  
b io lo g ists  engaged in re la te d  fie lds, as well as for endocrinologists an d  pharm aco lo g ists  dealing 
w ith  p e p tid e  horm ones.

K . M ed zih ra d szk y

A d a  Chim. (Budapest) 72 .1972
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Organic Peroxides

V ol. 1. D aniel Sw er n , E d . W iley —  In tersc ien ee . New Y ork , L o ndon , S idney, T o ro n to , 1970.

The f irs t  o rgan ic  perox ides w ere p re p a re d  ab o u t 100 y ears  ago. H ow ever, ow ing to  th e ir  
u n p lea sa n t p ro p erties , th e y  are  d e a lt w ith  ex tensively  only since th e  beg inn ing  of th e  1930’s. 
T he per-com pounds w ere in tro d u c ed  in to  th e  in d u stria l p rac tice  a t  th e  beg inn ing  of th e  1930’s 
in connection  w ith  th e  p re p a ra tio n  of v a rio u s polym ers. T h o u g h  th e  m a jo rity  o f pero x id es is 
h aza rd o u s, th e ir  in d u s tr ia l  im p o rtan ce  a n d  fie ld  of ap p lica tio n  in creased  a t  a h igh  ra te  in th e  
la s t  th ir ty  years.

T he techn ica l l ite ra tu re  dealing  w ith  peroxides suffers from  th e  sam e fa u lts  w hich  are 
m en tio n ed  m ore an d  m ore freq u e n tly  also in  connection  w ith  th e  l ite ra tu re  o f o th e r  fields. 
V olum es of com prehensive  c h a ra c te r  su m m arize  e ither only th eo re tic a l p roblem s, o r th e  fu n d a ­
m en ta ls  o f p ractice . A m ong th e  books p u b lish ed  so fa r on p e rox ides, th e  b e tte r  kno w n  discuss 
e ith e r  th e  p re p ara tio n  of perox ides (Mesr o bia n—T obolsky: O rganic  Perox ides) o r on ly  th e o ­
re tica l prob lem s (H a w k in s: O rganic Perox ides). T herefore, chem ists concerned  w ith  b o th  
th eo re tica l an d  p ra c tic a l p rob lem s of pe ro x id es m u st look fo rw ard  w ith  h igh ex p ec ta tio n s  to  
th e  w ork  ed ited  by  D. S w e r n , to  be p u b lish ed  in th ree  vo lum es. As m en tio n ed  b y  th e  E d ito r  
in  th e  in tro d u c tio n  to  V olum e 1, rev iew ed  below , th is w ork a tte m p ts  to  give a com prehensive  
p ic tu re  on th e  ch em istry , p ro p e rties , re a c tiv i ty  and field  o f a p p lica tio n  of o rgan ic  pe r-co m ­
p o u n d s, in such  a m an n e r th a t  i t  could  serve  as a useful h an d b o o k  for b o th  th eo re tica l ex p erts  
a n d  th e  users of perox ides.

V olum e 1 is d iv id ed  in to  11 c h ap te rs . A u thors of th e  single ch ap te rs  a re  specia lists 
well know n  to  those  s tu d y in g  th e  l i te ra tu re , th u s  e.g. L. A. Sin g e r , th e  renow ned  spec ia lis t 
o f p e roxy  esters, S. W . B e n so n , th e  em in e n t physico-chem ist, K . F . O’D iscoll, e x p e rt  on 
ra d ic a l po lym eriza tion , to  m en tio n  on ly  a few  of th e  c o n trib u to rs .

T he f irs t  ch ap te r  gives a su rv ey  on th e  classification  of p e r-com pounds and  th e  general 
ch a rac te ris tic s  of th e ir  sy n th eses, sum m arizes b riefly  th e  p rob lem s assoc ia ted  w ith  th e  a p p li­
ca tio n  of peroxides an d  th e  m o st im p o r ta n t  sa fe ty  regu la tions. C h ap te r 2 discusses p rac tica l 
p rob lem s re le v an t to  th e  th e rm o ch e m is try  o f per-com pounds. T his ch ap te r , th o u g h  dealing 
w ith  several im p o r ta n t p ra c tic a l p rob lem s, is nevertheless th e  w eakest p a r t  o f th e  book . To 
u n d e rs ta n d  th is  c h ap te r , a  know ledge of th e  su b jec t pub lished  in  periodicals in  connection  
w ith  th e  them e is ind isp en sab le . W ith o u t th is , th e  m ethods described  c an n o t be u n d ersto o d . 
C h ap te r  3 describes th e  m o st im p o r ta n t  ty p es  and  chem ical reac tio n s  o f rad icals fo rm ed 
fro m  organic per-com pounds. C h ap te r 4 sum m arizes th e  m echan ism s of p o lar p e rox ide  re ac ­
tions. T he in tro d u c to ry  p a r t  o f th e  c h a p te r  gives useful advice concern ing  th e  in v es tig a tio n  of 
th e  reac tions. C hapters 5, 6 an d  7 d iscuss th e  p re p a ra tio n  of o rgan ic  p e ro x y  acids a n d  p e reste rs, 
to  a d e p th  giving concrete  p re scrip tio n s , th e ir  p rop erties  and th e  a n a ly tic a l prob lem s connected  
w ith  these  com pounds. C h ap te rs  8, 9 an d  10 give a good su m m ary  of th e  perox ide reac tio n s 
c a ta ly zed  b y  bases. C h ap te r 11 t re a ts  th e  ro le  of organic perox ides in v in y l p o lym eriza tion . 
I t  is re g re tta b le  th a t  th is la s t  c h ap te r  su m m arizes p ractica l p rob lem s b u t  b riefly , while it d is­
cusses th e  th eo re tica l asp ec ts  m ore ex tensively .

T he lite ra tu re  dealing  w ith  th e  to p ics o f th e  single c la p te r s  is p rac tica lly  com plete . T he 
m ore im p o r ta n t references fo r th e  period  1930— 1967 are all lis ted . T he l ite ra tu re  on th e  p re p ­
a ra tio n  o f peroxides d u ly  em phasizes th e  possib le sources of h a za rd  d u rin g  th e  o p era tio n s , 
a n d  gives useful reco m m en d a tio n s in  con n ec tio n  w ith  th e  sto rage  an d  use o f per-com pounds. 
T he sam e holds tru e  for th e  sum m aries in connection  w ith  th e  a n a ly tic a l p rocedures. Som e 
p ro b lem s are tre a te d  for th e  f ir s t  tim e in th is  book in an encyclopedic m an n er, as e.g. th e  su m ­
m a ry  on th e  p e roxy  e s te r  reac tio n s  c a ta ly zed  b y  m etal ions, u sed  to d a y  in  an  increasing ly  
w ide field  for th e  o x id a tio n  of sa tu ra te d  an d  u n sa tu ra te d  hyd ro carb o n s.

I f  th e  tw o volum es to  follow  will give a sim ilarly  m odern t re a tm e n t  o f th e  o th e r  p rob lem s 
concern ing  per-com pounds, th e n  a useful h a n d b o o k  w hich was lack in g  v e ry  m uch  in th e  last 
te n  y ears has finally  been published .

B .  L o s o n c z i

A'ta Chim. (Budapest) 'i2, 1972
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R . F . H e c k , F . W . F r e y , H . Sh a pir o , A . H u m bo ld t , H . W e b e r , A. B o kranz .
H . P lu m : Organometallic C om pounds io In d u s try

A new  vo lu m e in th e  series “ F o r ts c h r i t te  der C hem ischen Forschung . T opics in C u rren t Chem ­
is t ry ” , Vol. 16, Nos 3/4, F e b ru a ry  1971. Springer V erlag, B erlin , H eidelberg , New Y ork. 

182 p p ., 27 tab les , 5 flow sheets a n d  5 figures

T h e  volum e “ O rg an o m eta llic  C om pounds in I n d u s try ”  is com posed o f m onographs by  
ren o w n ed  a u th o rs  in th is fie ld . T h e  book deals w ith  several p ro b le m s, fu rn ish in g  im p o rt­
a n t  in fo rm a tio n  no t only to  th eo re tic a l specia lists b u t  also to  eng ineers an d  researchers 
w ork ing  in  th e  in d u stry . P a r t ic u la r ly  in recen t y ears, o rg an o m eta llic  ch em istry  developed very  
ra p id ly . T h e  sy n th e tic  o rgan ic  a n d  p las tic s in d u strie s  a p p ly  an d  use o rg an o m eta llic  com pounds 
in  in creas in g  am ounts.

T herefo re , th is volum e fills  a gap by  discussing th e  p ro p e rtie s  o f in d iv id u a l o rg an o m eta l­
lic co m p o u n d s and th e ir possib le  ap p lica tio n  in co m b in a tio n  w ith  th eo re tica l p roblem s. Am ong 
o th e rs , i t  describes the  m ech an ism  of som e chem ical processes in te res tin g  also from  th e  v iew ­
p o in t o f th eo re tica l o rganic c h em istry .

T h e  m onograph  co n ta in s  th e  follow ing ch ap te rs :
1. R . H . H e c k : The ad d itio n —elim in a tio n  reac tio n s o f pa llad iu m  co m pounds w ith  olefins

(pp. 221 - 2 4 2 )
In  th is  ch ap ter th e  a u th o r  gives a general desc rip tio n  of th e  com plexes of pa llad ium  

w ith  o lefins an d  of th e ir a d d itio n -e lim in a tio n  reac tio n s from  th e  v iew p o in t o f o rgan ic  chem istry . 
T he ad d itio n —elim ination  re ac tio n s  o f pa llad ium  com pounds w ith  olefins p ro v id ed  new  w ays 
for th e  p re p ara tio n  of v in y l a n d  a lly l d e riv a tiv es, even  in those  cases w here o th e r  conventional 
m e th o d s  w ere unsuccessful. A  d e ta ile d  descrip tion  is g iven of th e  ad d itio n  re ac tio n  of pa llad ium  
ch loride  w ith  olefins in a q u eo u s  a n d  alcoholic m edia a n d  of va rio u s e lim in a tio n  reac tions in 
th e  p resence  of pa llad ium  ch lo rid e , pa llad iu m  a c e ta te  and  copper(I) ch loride. In  th is  w ay, 
sev era l v in y l halide an d  p seu d o h a lid e  (cyan ide) m onom ers, as well as v in y l ace ta te  can 
be  p re p a re d , and  by m eans o f  carb o x y la tio n  reac tio n s  oxo-olefin  d e riv a tiv e s  can also be 
o b ta in e d .
2. F . W . F r e y , H. Sh a p i r o : C om m ercial o rganolead  com pounds (pp . 243— 298)

A fte r  a historical rev iew , th e  ty p es of o rgan ic  lead  com pounds, th e ir  bo n d  s tru c tu res  
an d  m eth o d s of p rep ara tio n  are  d iscussed  to g e th e r w ith  th e ir  physical a n d  chem ical p roperties. 
In  th is  ch ap te r , th e  m echan ism  of an tik n o ck  action  in  th e  in te rn a l co m b u stio n  cham ber of 
eng ines and  its  economic a sp e c ts  a re  discussed in d e ta il by  th e  au th o rs .

O th e r possible ap p lic a tio n s  o f organic lead  com pounds are also g iv en : th e y  m ay  serve 
as a d d itiv e  to  p a in ts  p ro tec tin g  sea-going ships ag a in s t co rros ion , an d  as ad d itiv es  to  lu b rican ts . 
T he po ison ing  effect of o rg an ic  lead  com pounds an d  th e ir  toxicological m ode of action  are d is­
cussed .
3. A. G u m b o l d t : M etallo rgan ische  V erb indungen  als K a ta ly sa to re n  de r O lefin -P olym erisation

[O rganom etallic  co m p o u n d s as olefin po ly m eriza tio n  c a ta ly s ts ] (pp . 299— 328)
A fte r an in tro d u c tio n , th e  a u th o r  deals w ith  th e  ca ta lysis o f p o ly reac tio n s, m ainly  from  

th e  v iew p o in t of Ziegler ty p e  c a ta ly s ts . The su b jec ts  o f d iscussion are  th e  po ly m eriza tio n  m ech­
an ism  of olefins in th e  p resen ce  of Ziegler c a ta ly s ts , m ixed  o rg an o m eta llic  c a ta ly s ts , in d u s­
tr ia l  m an u fa c tu re  o f th e  c a ta ly s ts  and  th e  steric  con fo rm atio n s an d  m o d ifications o f th e  p o ly ­
m ers fo rm ed . The re la tio n sh ip  be tw een  c a ta ly s t s tru c tu re  an d  c a ta ly s t  e ffic iency  is also d ea lt 
w ith . In  th is  p a r t,  th e  a u th o r  review s v ery  th o ro u g h ly  b u t  a t  th e  sam e tim e  w ith  m odera tion  
th e  in d u s tr ia l ca ta ly sts  o f p o ly ad d itio n  reac tions, an d  th e ir  th eo re tica l p rob lem s.
4. H . W e b e r : M etallo rgan ische V erb indungen  als K a ta ly sa to re n  zu r H e rste llu n g  von S tereo ­

k au tsch u k en  [O rg an o m eta llic  ca ta ly sts  u sed  in th e  p re p a ra tio n  of ste reo-caoutchouc] 
(pp . 329 364)
A n in tro d u c tio n  is fo llow ed by  th e  discussion of th e  po ly m eriza tio n  an d  co-polym eri­

z a tio n  of con jugated  d io lefins in  th e  presence of o rgan ic  a lkali, a lka line  e a r th  an d  e a rth  m etals. 
T he po lym erization  of o lefins and  dio lefins in th e  presence of Z iegler c a ta ly s ts  is described. 
V a rious p roperties and fie ld s  o f app lication  of th e  po lym ers p rep ared  on b u tad ien e , isoprene 
a n d  p ropy lene  basis are d e a lt  w ith  in  detail.
5 .  A. B okranz , H. P l u m : T echnische H erste llu n g  u n d  V erw endung  v o n  O rganozinnverb in ­

dungen  [Technical p re p a ra tio n  and use o f o rgan ic  t in  com pounds] (pp . 365— 400)
T he au th o rs  discuss ex ten siv e ly  th e  possible in d u s tr ia l p re p a ra tio n  of organic t in  com ­

p o u n d s, technological a n d  econom ic aspects included . T hey  describe th e  in d iv id u a l t in  com ­
p o u n d s according to  the  n u m b e r  o f fu n c tio n al g roups an d  th e ir  field  o f ap p lica tio n , as e.g b io ­
cides, PVC stabilizers, silicone ru b b e r  vu lcan izing  ag en ts , lu b ric a n t ad d itiv es , etc. T he p o i­
sonous effects of o rganic t in  com pounds are  also d iscussed  in d e ta il.

Acta Chim. (Budapest) 72 .1972
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T he m o n o g rap h  “ O rganom etallic  C om pounds in  In d u s try ”  is an  exce llen t techno log ical 
a n d  th eo re tica l book  com prising  well se lec ted  to p ics w hich w ill be useful to chem ical eng ineers, 
chem ists, an d  p a r ticu la r ly  to  in d u stria l spec ia lis ts  ac tive  in th e  sy n th e tic  and  p las tic s  in d u s ­
trie s. E a c h  c h a p te r  is com plete w ith  am ple  b ib lio g ra p h y , help ing  th e  read e r to  o b ta in  m ore 
d e ta iled  in fo rm a tio n .

J .  N a g y

Acta Chim. (Budapest) 72, 1972
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In  th e  issue 71 (1), p . 97.: Direct p repara tion  o f  phtiocol, th e  sen tence 

beg in n in g  a t  th e  en d  o f th e  4 th  голу h a d  u n fo r tu n a te ly  been m isp rin ted , its 

co rrec t spelling is: T he so lu tio n  is h e a te d  on a w a te r -b a th  a t  100 °C for ab o u t 

15 m in , while th e  so lu tio n  tu rn s  p rog ressive ly  red . A fte r cooling th e  so lu­

tio n  is acid ified  w ith  40 m l of 2 N ace tic  acid .
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A C T A  C H I M I C A

TOM 72—ВЫП. 1

РЕЗЮМЕ

Механизм десорбции и активированной адсорбции кислорода на окиси 
цинка, облученной УФ светом и в отсутствии облучения

■ К. ХАУФФЕ и А. Й. ХЕГЕДЮШ

Были исследованы десорбция и адсорбция на окиси цинка, вызванные эвакуирова­
нием и введением воздуха при постоянной температуре, а также были измерены вызван­
ные изменением температуры десорбция и адсорбция,термолиз и хемисорбция при остаточ­
ных давлениях 1—2 • 10~5 торр и 1 атмосфере. При остаточном давлении 1,2 • 10-5 торр 
была исследована также фотосорбция 0 2 + Н20, где был найден только фотолиз, а фото­
адсорбцию обнаружить не удалось. На основе результатов измерений проводятся попытки 
обсуждения отдельных возможных ступеней реакции.

Ферромагнитные продукты реакции взрыва между Co(N03)2 
и (NH4)4 [Fe(CN)6]

В . В О Л Ь С К И  и  А . Б У Р Е В И Ч

Нагрев аммониевого ферроцианида с нитратом кобальта при температуре 220°С 
приводит к взрывообразной реакции. Реакция носит такой характер при молекулярном 
отношении Co(N0 3)2 : (NH4)4[Fe(CN)6] от 1 :5 до 5 :1. Состав продуктов зависит в основном 
от и сходного состава, а также от атмосферы, в которой проводится взрыв.

На основе рентгеновских исследований, магнитных измерений и химического ана­
лиза было установлено, что ферромагнитные свойства продуктов обусловлены присутстви­
ем в осадке металлических железа и кобальта, а также магнетита и, иногда, феррита ко­
бальта. Если процесс проводится при большом избытке воздуха, то образуется большее 
количество неферромагнитной а-окиси железа. Наибольшие величины магнитного насы­
щения были найдены в смеси солей с отношением Co(N03) : (NH4)4[Fe(CN)6] = 2 : 1 .  Осадки, 
наиболее богатые кристаллической фазой, были получены при составе исходных солей 1 : 1 .

Изучение потенциала в состоянии покоя и поляризационного 
потенциала на поверхности химически обработанного 

монокристалла германия, I

Э ф ф е к т  p H  и  а н и о н н о й  а д с о р б ц и и

я . Г И Б Е Р  и  И . В А Я Ш Д И — П Е Р Ц Е Л

Были разработаны условия измерения электродного потенциала на поверхности 
монокристалла германия в пределах воспроизводимости +10 мв. Были измерены потен­
циалы в состоянии покоя для германия в 0,1 N растворах K2S 04, KCl, КВг и KJ в интер­
вале pH =  2 — 12. С возрастанием pH потенциал линейно сдвигается в отрицательном 
направлении; анионы вызывают возрастающий сдвиг потенциала в отрицательном направ­
лении в вышеупомянутом ряду. Был измерен поляризационный потенциал германия в



растворах этих солей при различных pH в катодной, а затем в анодной областях в интер­
вале плотности тока 10~7— НИ3 А/см2. Анодные и катодные поляризационные кривые со­
стоят из одного и двух участков, описываемых уравнением Тафеля, соответственно. Об­
разование поверхностных слоев в состоянии покоя и в процессе поляризации исследова­
лось с помощью эллипсометра.

На основе результатов измерений кажется вероятным, что потенциал в состоянии 
покоя представляет собой коррозионный потенциал, что катодные и анодные реакции явля­
ются идентичными с поляризационными реакциями, протекающими при небольших плот­
ностях тока; анодная реакция является окислением германия, а катодная реакция явля­
ется выделением водорода с образованием гидрида германия на промежуточной стадии.

Использование амидохлоридов в реакциях циклизации. IV

Н о в ы й  с и н т е з  п р о и з в о д н ы х  4 - а м и н о х и н а з о л и н а

3 .  Ч Ю Р Ё Ш , Р . Ш О О Ш , И . Б И Т Т Е Р  и Й . П А Л И Н К А Ш

Из амида антраниловой кислоты и хлористого диметилформамида приготовлялся 
гидрохлористый 1Ч,М-диметил-1Ч’-(2-цианофенил)-формамидин. Из полученного таким 
образом трёхзамещенного амидина под действием аммиака, первичных алифатических и 
ароматических аминов, а также гидразина за счет циклизации с одновременной изомери- 
ацией были синтезированы N-замещенные производные 4-аминохиназолина.

Изучение флавоноидов и их модельных соединений с помощью 
ИК спектроскопии, I

И с с л е д о в а н и е  н е к о т о р ы х  ч а с т о т  И К  с п е к т р а  4 - з а м е щ е н н ы х  
а ц е т о ф е н о н о в  с п о м о щ ь ю  м е т о д а  М О  Х ю к к е л я

з .  д ы н я  и  ш . С А Б О

С помощью упрощенного метода МО Хюккеля при подходящим выборе параметрон 
были рассчитаны л-хар актер карбонильной группы в 4-замещенных ацет фенонах. Расчет­
ные данные хорошо согласуются с литературными данными, полученными другими путями.

В случае появления полосы «е» в области 1200—1300 см-1 ИК спектра изученных 
соединений, были получены линейные зависимости между волновыми числами полос и 
значениями <5 Гамметта для п-замещенных, а также между зг-характером карбонильной 
группы и зг-характером связи карбонильного углерода с ароматическим кольцом. Наблю­
даемые зависимости также подтверждают обычное в литературе объяснение характера 
полосы «е».

Были исследованы свойства полос деформационных колебаний водородных атомов 
ароматического кольца 4-замещенных ацетофенонов, перпендикулярных к плоскости 
кольца. На основе результатов измерений и расчетов, в согласии с литературными дан­
ными, было найдено, что фактором, определяющим волновое число этой полосы, является 
(—)М-эффект заместителя.

Графтеоретическое изображение развития промышленной 
технологии нефтепереработки, I

Д и с т и л л я ц и я

М. К О Р А Х  и  Л . Х А Ш К О

Применение графтеоретических изображений позволяло количественное изучение 
хода развития промышленных технологий нефтепереработки. Изображение типов дистилля- 
ционных установок в зависимости от года появления отдельных типов приводит к за­
ключению, что, с одной стороны, соответствующий граф приводит от открытого прямоточ­
ного типа к все усложняющемуся типу графов с несколькими циклическими процессами; 
с другой стороны, число элементов графов отдельных систем в зависимости от времени обла­
дает возрастающим характером и, вероятно, стремится к предельному значению.
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R eceived  S e p tem b e r  10, 1970

I t  w as p ro v e d  by  d e riv a to g ra p h ic , in fra re d  and  chem ical analysis t h a t  p y rid in e - 
b o ran e  u n d erg o es rea rra n g em en t a t  a b o u t  120' C. In  th is  re ac tio n  th e  h y d rogens bon d ed  
to  th e  b o ron  m ig ra te  to th e  p y r id in e  r in g  a n d  th e  r in g  becom es p a r tia lly  sa tu ra te d . 
T he p ro d u c t is a  chain  p o ly m er in v o lv in g  b o ro n -b o ro n  bonds. C om petitive  reac tio n s  
a re : th e  th e rm a l d issociation  o f  p y rid in e -b o ran e  a n d  th e  decom position  of th e  chain  
po ly m er a t  h ig h er tem p era tu res . S tu d ies  w ith  bo ran es o f sim ilar ty p e  (e.g. qu ino line- 
b o ran e , e tc .)  in d ic a te  th a t  a re a r ra n g e m e n t o f  th is  k in d  a lw ays occurs to  som e e x te n t  
d u rin g  th e  h e a tin g  of borane  a d d u c ts  in  w h ich  th e  n itro g en  do n o r is in  an  a ro m a tic  rin g .

T he th e rm a l decom position  o f  o rg an o b o ro n  com pounds is genera lly  a 
com plex  process. T h e  fina l p ro d u c ts  a re  n o t p u re , w ell-defined  com pounds 
ow ing to  th e  m a n y  side reactions ta k in g  p lace  d u rin g  h e a tin g  [1]. T he th e rm a l 
reac tio n s of th e  re la tiv e ly  sim ple R XH 3_XN  • B H :i am ine-ho ranes , how ever, 
a re  r a th e r  well u n d ersto o d . T he ty p e  o f th e rm a l decom position  depends on 
th e  su b s titu e n ts  a tta c h e d  to  th e  n itro g en . I f  th e re  is no h y drogen  on th e  
n itro g en , th e rm a l d issociation  ta k e s  p lace , p ro duc ing  th e  co rrespond ing  free 
am in e  an d  d ib o ran e . H ow ever, b o razen e  an d  borazo l ty p e  com pounds are 
fo rm ed , in  co m b in a tio n  w ith  h y d ro g e n  ev o lu tio n , in  th e  case o f di- an d  m ono- 
s u b s ti tu te d  am ine ligands, re sp ec tiv e ly . Som e o th e r  reac tio n  ty p es  are  also 
k n o w n  from  th e  lite ra tu re . A n in te re s tin g  exam ple  is th e  b eh av io u r of th e  
a d d u c ts  o f v o la tile  cyanides w ith  d ib o ran e  (R  • CN • B H 3; w here R : C H 3 or 
C2H 5). T hese d issocia te  a t  room  te m p e ra tu re  or b e tw een  —10° C a n d  0° C, 
b u t  a t  th e  sam e tim e  a re a rra n g em e n t re a c tio n  also ta k e s  p lace. I n  th is  process 
h y d ro g en s bon d ed  to  th e  b o ro n  a to m  m ig ra te  to  th e  ca rb o n  a d ja c e n t to  
the  n itro g en , an d  b o razene  and  b o razo l a re  p ro d u ced  w ith o u t h y d ro g en  evolu- 
t ion  [2, 3, 4 ]:

C H 3 • CN • B H 3 — CH3 • CH =  N =  B H , — (C H 3 • C H , —  N =  B H )3

S im ilar h y d ro g en  m ig ra tion  w as o bserved  b y  Mik h e e v a  an d  F e d n e v a  [5] 
in  th e  case of p y rid ine-bo rane . T h ese  a u th o rs  supposed , w ith o u t an y  ex p e ri­
m e n ta l proof, th a t  th e  following re a rra n g e m e n t ta k e s  p lace if  p y rid in e -b o ran e  
is h e a te d , or allow ed to  s ta y  a t  ro o m  te m p e ra tu re :
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T h e aim  of th e  p re se n t w ork w as to  s tu d y  th is  re a c tio n  an d  th e  s tru c tu re  
of its  p ro d u c t.

E xperim en ta l

P y rid in e- an d  p ip e rid in e-b o ran e  w ere p re p a re d  b y  th e  d irec t re ac tio n  of d ib o ra n e  
w ith  th e  ice-cold e th e r so lu tio n  of th e  co rresp o n d in g  free am ine. P ip e rid in o -b o ran e  has been  
o b ta in e d  b y  th e  th e rm a l decom position  of p ip erid in e-b o ran e  a t  a b o u t 130° C. T he p ro g ress 
o f th e  re ac tio n  w as fo llow ed b y  m easu ring  th e  vo lu m e o f th e  hy d ro g en  evolved.

A  P aulik— P a u lik— E r dey  ty p e  MOM d e riv a to g ra p h  (N 2 gas a tm o sp h e re , h e a tin g  
ra te  6°C /m in) was u sed  fo r  th e  s tu d y  of th e  th e rm a l re ac tio n s  o f p y rid in e -b o ran e . T h erm al 
d ecom positions w ere also c a rried  o u t w ith  g re a te r  sam ple  w eigh ts in  an  oil b a th  o f g iven  
c o n s ta n t tem p e ra tu re . In  th ese  experim en ts  th e  vo lu m e o f th e  n o n-condensab le  gases ev o lved  
w as also m easured .

S ta r tin g  m ate ria ls  a n d  decom position  p ro d u c ts  were iden tified  b y  chem ical ana ly sis  
and  in fra re d  spec tra . B o ro n  has been t i t r a te d  in  th e  p resence of m an n ito l a f te r  acid  hyd ro ly sis  
and  d is tilla tio n  w ith  m e th a n o l; n itrogen  w as an a ly sed  b y  th e  K je ld ah l m eth o d . T he n u m b e r 
o f В —H  b o n d s was d e te rm in e d  b y  m easu rin g  th e  a m o u n t o f  h y d rogen  evolved u p o n  ac id  
h y d ro ly s is  o f th e  p ro d u c ts .

In fra re d  sp ec tra  w ere  recorded w ith  a U R -1 0  (Zeiss) sp ec tro p h o to m eter.

R esults an d  discussion

A  v e ry  v io len t exo therm ic  re a c tio n  ta k e s  p lace a t  a b o u t 150— 160° C 
if  p y rid in e -b o ran e  is h e a te d  in th e  d e riv a to g ra p h . In  th e  p resence of an  in e r t 
m a te r ia l (A120 3) th e  exo therm ic  p e a k  is reso lved  in to  severa l steps (curves 
a a n d  b, F ig . 1). A n orange-yellow  resid u e  w as fo u n d  in  th e  crucib le  in  each  
case if  th e  reac tio n  w as sto p p ed  a t  300° C an d  th e  m ix tu re  cooled. P ro d u c ts  
o b ta in e d  in  ex p erim en ts  sto p p ed  a t  h ig h er te m p e ra tu re s  w ere d a rk e r, due to  
som e ta r r y  c o n s titu e n ts .

As th e  reac tio n  is v e ry  v io len t a t  150— 160°C, a low er te m p e ra tu re  w as 
ap p lied  in  th e  decom positions carried  o u t in  th e  oil b a th . I f  p y rid in e -b o ran e  
w as k e p t  a t 120° C in  a th e rm o s ta t, th e  v iscosity  of th e  o rig inally  colourless 
liq u id  increased  g rad u a lly , its  co lour changed  to  yellow , an d  a fte r  a b o u t 
4— 6 h o u rs  th e  sam e orange-yellow  solid w as o b ta in ed  as in  th e  d e riv a to g rap h . 
W e reco rd ed  th e  D T A  curves of th e  decom position  p ro d u c ts  form ed a t  120° C 
a f te r  v a rio u s tim es o f tre a tm e n t. T he ex o therm ic  p eak  a t  a b o u t 150— 160° C 
w as observed  to  decrease  g rad u a lly  w ith  increasing  tim e  o f th e rm a l p r e t r e a t ­
m e n t. A fte r  a su ffic ien tly  long t r e a tm e n t a t  120° C th e  tra n sfo rm a tio n  is 
com ple te . This is ev id e n t also from  th e  D TA  cu rve , w hich  does n o t show  th e  
ex o th e rm ic  peak  a n y  m ore (curves c an d  d F ig. 1).

A ccording to  th e  TG  curves, th e  exo th erm ic  reac tio n s a t  ab o u t 150 —  
160° C are  accom pan ied  b y  w eight loss. T he m ag n itu d e  o f th e  w eigh t loss is  
b a d ly  rep ro d u c ib le , a m o u n tin g  to  a b o u t 20 w .% .
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Fig. 1. D TA  curves o f p y rid in e -b o ran e  and  o f i ts  d ecom position  p ro d u c ts , a) P y rid in e -b o ra n e  
(68.0 m g; sen sitiv ity  1/10), in e r t  m ateria l: A 1 ,0 3. b ) P y rid in e-b o ran e  w ith o u t in e r t  m ate ria l 
(66.2 m g; sen sitiv ity  1/20). c) P y rid ine-borane  t r e a te d  p rev io u sly  a t  120°C fo r 5 h rs  (176.2 m g; 
se n s itiv ity  1/10). d) P y rid in e-b o ran e  trea te d  p re v io u s ly  a t  120°C fo r 10 h rs  (158.5 m g; se n s itiv ity

1/ 20)

32  3 0  2 8  2 6  24  2 2  18 16 14 12 10 8  
cm '1 10 '2

Fig. 2. In fra re d  sp ec tru m  of (1) p y rid ine-borane , (2) p ip e rid in e -b o ran e , (3) p ip e rid in o -b o ran e r 
(4) decom position  p ro d u c t o f pyrid ine-borane . (S p e c tru m  (1) in  CHC13, sp ec tra  (2) —(4) in  K B r)

T he decom position  p roduc ts o b ta in e d  in  th e  d e riv a to g rap h  or in  the- 
th e rm o s ta t  w ere found  to  h av e  nearly  id e n tic a l p h ysica l an d  chem ical p roper^  
ties. T h ey  a re  insoluble in  b o th  po lar a n d  n o n -p o la r so lv en ts ; th e  m ole ra tio  
of bo ro n  an d  n itro g en  is a b o u t 1 : 1 ;  one m ole o f h y d ro g en  is evolved  p e r b o ro n  
a tom  u p o n  hydro lysis  in  acid. The resu lts  o f  b o ro n , n itro g en  and  ac tiv e  h y d ro -
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gen  d e te rm in a tio n s  s c a tte r  a round  th e  above  v a lu es , depend ing  on th e  deg ree  
o f  u n av o id ab le  ta r r if ic a tio n  ta k in g  p lace  d u rin g  th e  th e rm a l tre a tm e n t.

A ttem p ts  a t  p u rific a tio n  o f th e  p ro d u c ts  w ith  selective so lven ts w ere  
unsuccessfu l.

T he c h a ra c te r is tic  in fra red  b a n d s  o f th e  p y rid in e  ring  do n o t a p p e a r  in  
th e  spec tru m  o f th e  decom position  p ro d u c t, b u t  th e re  are  new  b an d s  in  th e  
2800 3000 c m -1  ra n g e , w hich co rresp o n d  to  th e  С —H  stre tc h in g  v ib ra tio n
o f  s a tu ra te d  h y d ro ca rb o n s . A t th e  sam e tim e  th e  В — H  s tre tc h in g  v ib ra tio n s  
(2300—2500 c m -1 ) a re  g radually  su p p re ssed ; th e y  are  ab se n t in  th e  s p e c tra  
o f p ro d u c ts  tr e a te d  fo r sufficient t im e  a t  120° C. In  F ig . 2 (curves 1 a n d  4) 
th e  spec trum  o f p y rid in e -b o ran e  is co m p ared  w ith  th a t  of an  in co m p le te ly  
tran sfo rm ed  p ro d u c t;  in  the  la t te r  w eak  В H  b an d s  are s till observed . T h u s  
th e  p a r tia l s a tu ra t io n  of th e  p y rid in e  ring  on hea tin g , b y  th e  h y d ro g en s  
b o n d e d  o rig inally  to  th e  boron, is p ro v e d  b y  th e  in fra red  sp ec tra .

The fo llow ing s tru c tu re s  m ay  he  supposed  for th e  in te rm e d ia te s  an d  
f in a l p roduc ts o f  th e  rea rran g em en t reac tio n :

H 4 .H

/  N = B H ,  

I/a

l \

H '' XH

Л  Л
\ ] у /  \ ] \ /

I I 
\ f

lb

II

These s tru c tu re s  seem to  be  su p p o rte d  h y  th e  presence of В —N d o u b le  
b o n d s as show n b y  th e  in frared  sp e c tra  a n d  b y  th e  a m o u n t of h y d ro g en  ev o lv ed  
in  th e  h y d ro lysis  o f com pletely  tra n s fo rm e d  sam ples w hich  do n o t c o n ta in  
В —H  bonds a t  all.

The ass ig n m en t of th e  B N  v ib ra tio n s  is a m uch d isp u ted  p ro b lem  in  
th e  lite ra tu re . I n  th e  case of b o ro n —n itro g en  d a tiv e  bonds (single b o n d ) , 
spectroscopic  s tu d ie s  suggest a v a lu e  in  th e  range  betw een  980 an d  1250 c m -1 . 
L a te r  i t  has b e e n  concluded on th e  basis  o f th e  sp ec tra  o f d e u te ra te d  d e r iv a ­
tiv e s  th a t  th e  В — N b and  ap p ears  in  th e  650— 750 c m -1 region [6 ,7 ] . I n  p r a c ­
tic e , how ever, th e  fo rm atio n  of a d a tiv e  В — N  bo n d  is accom pan ied  a lw ay s b y  
th e  ap p earan ce  o f  a strong  b a n d  n e a r  1100— 1250 c m -1 , th e  ex ac t p o s itio n  
o f  w hich can  b e  co rre la ted  w ith  th e  re la tiv e  donor s tre n g th  of th e  lig an d . 
T h u s  to  th e  В — N  coord inate  b o n d  we h av e  assigned th e  s tro n g  b a n d  of
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1095 c m “ 1 of p y rid in e -b o ran e , in  acco rd an ce  w ith  K a t r it z k y ’s v a lu e  [8], an d  
th e  1235 c m -1 m ed ium  in ten s ity  b a n d  of p ip erid in e-b o ran e , co rrespond ing  
to  th e  В —N freq u en cy  rep o rted  in  th e  l i te ra tu re  [9] fo r p ip e rid in e -b o ro n  t r i ­
ch lo rid e  (1245 c m “ 1).

T h e  В N b an d s  are a t 1300— 1550 c m “ 1 in  th e  case o f bo razenes 
a n d  bo razo ls, w here p a r tia l  doub le -b o n d in g  m ay  occur as a re su lts  o f back- 
d o n a tio n  b y  th e  non -bond ing  e lec trons o f n itro g en . T here  are, how ever, m a n y  
a ss ig n m en t problem s in  th e  spectra  o f th e se  com pounds too . N i e d e n z u  et al. [10]

/ N
h a v e  in v es tig a ted  th e  sp ec tra  of co m p o u n d s co n ta in in g  В — B (^  —  u n its

(R : a lk y l o r ary l). T h ey  found  n o to n ly  one, b u t  genera lly  tw o ,n ew  s tro n g  b an d s  
in  th e  1300— 1600 c m “ 1 region; one a t  1340— 1400 c m “ 1, an d  one a ro u n d  
1500 c m “ 1. I t  was concluded  th a t  th e  second b a n d  is r a th e r  a m a n ife s ta tio n  
o f a В —N  v ib ra tio n  th a n  of an  a ro m a tic  С —-H  bond . T he b an d s belong ing  to  
th e  fou r-m em bered  В —N — В —N r in g s , com posed of B — N single bon d s in  th e  
d im eric  am ino-bo ranes, are  a t  freq u en c ies  h ig h er b y  ab o u t 250— 400 c m -1 
th a n  t h a t  o f th e  coo rd in a te  В —N b o n d  in  th e  co rrespond ing  am ine-bo rane  [11]. 
I f  we also consider th a t  th e  m ost s ig n ifican t a lip h a tic  an d  a ro m atic  C—H v ib ra ­
tio n s  a re  also in  th e  frequency  range  d iscussed  above, an d  th a t  th e se  m ig h t 
su ffer considerab le  w ave-num ber a n d  in te n s ity  changes in  th e  b o ran e  a d ­
d u c ts , i t  is clear th a t  th e  spectra  of th e  b o ro n -n itro g en  com pounds m u s t be 
an a ly zed  w ith  g rea t p recau tio n .

D ue  to  th e  d ifficu lties m en tio n ed , we com pare  th e  sp ec tru m  o f th e  
decom p o sitio n  p ro d u c t w ith  th a t  o f a m odel com pound , th e  s tru c tu re  o f  w hich  
is s im ila r to  th e  com pounds assum ed to  b e  p re se n t in  th e  decom position  p ro d ­
u c t. F o r  th is  pu rpose , p ip erid in o -b o ran e  w as chosen. I t  is know n th a t  th e re  
is a  m onom er-d im er equ ilib rium  in  th e  p ip e rid in o -b o ran e  [12]:

N=BH„ N N
S---/ \ ß

H '  NH

I t  can  be seen from  F ig . 2 th a t  th e re  is a p ro m in en t resem blance  be tw een  
th e  sp e c tra  o f p iperid ino -bo rane  and  th e  o range-yellow  decom position  p ro d u c t, 
especia lly  in  th e  freq u en cy  region c h a ra c te r is tic  o f th e  B N doub le  bo n d  
(1300— 1500 c m “ 1). O n th e  basis o f th e  sp e c tra  one m ay  assum e th e  p resence 
of in te rm e d ia te s  I /a  an d  I/b  in  th e  deco m p o sitio n  p ro d u c t, b u t  i t  is c e rta in  
th a t  th e  В — N  bond  o rd e r has increased  co rre la tiv e  to  th a t  in  th e  s ta r t in g  
p y rid in e -b o ran e .

T he presence of В — В bonds in  s tru c tu re  I I  m ay  be su p p o rted  b y  th e  
h y d ro ly sis  d a ta  for th is  com pound. As m en tio n ed , a b o u t one mole o f h y d ro g en  
is evo lved  p e r bo ron  a to m  during  th e  h y d ro ly s is  o f a com plete ly  tran sfo rm ed
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p ro d u c t. B earing  in  m in d  th a t ,  accord ing  to  th e  sp ec tru m , th is  m a te ria l does 
n o t c o n ta in  В —H  b o n d s  a n y  m ore, we m u s t suppose  th a t  th e  h y d ro g en  orig i­
n a te s  from  the  В В b o n d s via  th e  fo llow ing reac tio n  schem e:

T— В —  В ------(- H  —  О — Н  (acid) -+  —  В —  Н  +  Н  —  0  —  В —
_ в  — н + н — о — н-^в — о — н + н2

T he h y d ro lysis  of one В — В b o n d  gives one m ole o f hyd rogen , th a t  is 0.5 m ole 
of h y d ro g en  per b o ro n  a to m . T hus o u r d a ta  co rrespond  to  two b o ro n -b o ro n  
b o n d s  fo r one b o ro n  a to m .

T h e  presence o f B 4 or B e rings is n o t  like ly , am ong o th e rs , because  th e  
m o lecu la r w eight o f th e se  rings w ould  s till allow  d isso lu tion  o f th e  p ro d u c t in 
som e so lven ts. O w ing to  th e  in so lu b ility  o f th e  p ro d u c t, we could  n o t d e te r­
m in e  th e  m olecular w e ig h t. T he X -ra y  sp e c tru m  of th e  decom position  p ro d u c t 
also su p p o rts  th e  su p p o sitio n  of a ch a in  s tru c tu re .

W e m ay  th u s  conclude  from  th e  re su lts  o f th e  in fra red  s tu d ies  th a t  th e  
th e rm a l re a rra n g em e n t of p y rid in e -b o ran e , supposed  b y  Mik h e e v a  an d  
F e d n e v a , ac tu a lly  ta k e s  p lace. In  th is  re a c tio n  a chain  p o lym er is fo rm ed . 
I t  is ev id en t from  th e  D T A  an d  TG  curves an d  from  th e  q u a lita tiv e  analysis  
o f  th e  p ro d u c ts  re leased  b y  th e  system  u p o n  h e a tin g  th a t  co m p e titiv e  reac tio n s 
also  occur. One of th e se  is th e  th e rm a l d issoc ia tion  of th e  n o n -reac ted  py rid in e- 
b o ra n e . The p ro d u c t o f  rea rra n g em e n t, th e  ch a in  po lym er, is n o t th e rm a lly  
s ta b le :  i t  decom poses slow ly b e tw een  150 an d  450°C w ith  th e  fo rm a tio n  of 
ta r r y  p ro d u c ts  c o n ta in in g  m ain ly  a lip h a tic  am ines.

F u r th e r  s tu d ie s  on  th e  th e rm a l b eh av io u r o f bo ranes o f sim ilar ty p e  
(e.g. q u in o line-bo rane , etc.) in d ica te  th a t  th e  above re a rran g em en t a lw ays 
ta k e s  p lace to  som e e x te n t du ring  th e  h e a tin g  o f b o ran e  a d d u c ts  in  w hich  th e  
n itro g e n  donor is in  th e  aro m atic  ring .
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THE PYROLYSIS OF GASEOUS HYDROCARBONS, Y
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T he th e rm a l c rack ing  of a  50— 50 m ole%  i-b u tan e-re -b u tan e  m ix tu re  w as s tu d ied , 
a t  1 a tm  to ta l  p ressu re , in a te m p e ra tu re  ran g e  of 640— 790°C , using  a  flow  re a c to r . 
K in e tic  e q u a tio n s , describ ing  th e  o v e ra ll  decom position  r a te  in  fu n c tio n  of th e  f ic tiv e  
a n d  a c tu a l reac tio n  tim e , were g iven . T h e  co n stan ts  o f th e  equ atio n s ex p ress in g  th e  
decom position  r a te  o f th e  co m p onen ts, re-butane and  i-b u ta n e , were d e te rm in ed .

T he degree of decom position o f  h y d ro c a rb o n  m ix tu re s  w as ch arac te rized  b y  th e  
su m  of th e  conversions o f th e  co m p o n en ts , w eigh ted  b y  th e  m ole frac tio n s o f th e  o rig in a l 
co m ponen ts o f th e  m ix tu re . F o r m u ltico m p o n e n t m ix tu re s  re la tiv e  e x p an s io n  w as 
defined . In  k in e tic  equ atio n s e la b o ra te d  fo r flow  re ac to rs  conversion  w as rep laced  b y  
th e  degree of decom position  a n d  e q u a tio n s  w ere o b ta in e d  describing th e  o v e ra ll 
decom position  ra te  o f hydro carb o n  m ix tu re s . T he c o n s tan ts  o f th e  eq u a tio n s  w ere 
de te rm in ed . B y using  these eq u atio n s th e  degree of decom position  could be e v a lu a te d  
fo r g iven  te m p e ra tu re  and  reac tion  t im e .

The preparation of unsaturated C2— C4 hydrocarbons, which are the  
starting com pounds in  a large num ber o f industrial scale chem ical syntheses, 
is performed either b y  the thermal cracking (pyrolysis) of individual hydro­
carbons (ethane, propane) or hydrocarbon m ixtures (gas m ixtures, petrol 
distillates). D etailed  investigations h a v e  been carried out on the therm al 
decom position o f several pure hydrocarbons; the pyrolysis of m ixtures, h ow ­
ever, has been less extensively  studied , and very few  reliable data are know n. 
As far as data on the decom position rates o f hydrocarbon m ixtures are con­
cerned the situation  is even worse.

In  studies on the pyrolysis o f petro l distillates the severity function , 
introduced by L i n d e n  et ál. [1, 2], is m ost w idely used for the description  
of the cracking process. This function g ives the change o f the yield of ethylene  
product in terms of a variable con sistin g  o f the outlet tem perature o f the  
furnace m ultiplied b y  th e  0.06th power o f  the average sojourn tim e. R ecently , 
Z d o n i k  et al. [3] introduced the so-called  kinetic severity  function, w hich  
characterizes the degree o f the cracking o f  petrol distillates by the decom posi­
tion  rate constant calculated from th e  conversion o f re-pentane under the  
given conditions, or, more precisely, from  the first order kinetic equation based  
on the above.
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N o m ethod has b een  found so far for expressing product yields or the  
com position of reaction m ixture as a function  o f the conditions o f the pyrolysis 
of m ixtures. Calculations o f such type, how ever, would be of v ita l im portance 
in th e  analysis of up to  date pyrolysing tu b e furnaces and in the setting o f  
their optim al operating conditions.

For characterizing the degree of decom position of hydrocarbon m ixtures 
we have introduced th e  sum of the conversions of the com ponents of the  
feed m ixture, w eighted b y  their mole fractions. For m ulticom ponent m ixtures 
relative expansion has b een  introduced. B y  using these terms a m ethod has 
been developed for th e  determ ination of overall decom position rate and prod­
uct y ield  curves. W e report the application o f this m ethod on the pyrolysis 
of a 50— 50 mole%  i-b u tan e—n-butane m ixture.

Experim ents w ere carried out in a flo w  reactor [4], in  a tem perature  
range of 640— 790°C, under isotherm and isobar conditions.

D efin ition  o f  th e  decom position  grade in  term s o f  the expansion

In the cracking o f m ulticom ponent hydrocarbon m ixtures the decom ­
position  of the com ponents can be described by the follow ing system  o f  
equations:

A y “*■ v n ^ i  +  v ii^2 +  v n R s +  . .  • +  v uR j  -f- • • •
A 2 “ V 2 l ^ l  “H %>̂ 2 + v 2 3 ^ 3  + • • •+ 2̂f i i  4" • • • (1)

A j  —► F/i-Ki +  v j2R., -f- v j3R 3 +  • • ■+ vj jRi  +  • • •

where A 1,A 2 . . .A j  are molar amounts o f the com ponents of the feed m ixture, 
R^,R2 ■ • •R j  are molar amounts o f the products,
v xi,v2i. . .Vjj are the mole num bers o f the ith  reaction product formed  

b y  the complete decom position  of one mole o f A VA 2 . . .A  ., 
respectively  (i.e. overall stoichiom etrical coefficients), 

j  =  1,2 . . .k  is th e  number of com ponents in the feed m ixture, 
i  =  1,2 . . ./c’ is the number of com ponents formed in the cracking  

reaction.

In the above reaction  scheme it has been  assumed th at the stoichiom etry  
of th e  decom position o f  a given com ponent in the m ixture is not influenced  
b y  th e  presence o f th e  other com ponents.

The number o f m oles fed into the reactor during unit tim e (not tak ing  
inert diluents into account) can be g iven by the following expression:
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к  к

n° =  ^  n°j =  j j  n° (m ole/sec) (2)
i  i

where у  j  is the mole fraction of com ponent j  of the feed m ixture.
The number of moles leaving th e  reactor during unit tim e can be given  

by th e  following expression:

У  n =  У  n,
k '

_У m, =  n°
j

к  к '  к

У  j j  С1 -  x D +  2  У1 v j i  у
■ j  i  j

(m ole/sec)

(3)

where x.
T lj r i j

is the conversion o f com ponent j  o f the feed m ixture, and

'/ =  n° 2 ^  уs vj‘ Xj is the am ount o f product i formed during unit tim e.
j

The first term of the right-hand side of Eq. (3) refers to the am ount o f  
the still unchanged feed hydrocarbons, whereas the second term  represents 
the am ount of reaction products.

E xpansion is defined by the ratio o f the mole numbers o f the m ixture  
leaving and fed into the reactor during unit tim e [4] and can be expressed  
b y  the follow ing relation:

E n  к  к  к  к

Е  =  — г  =  У  у  j +  2  2  ví ‘ У] XJ — 2  У1 xi  =

=  i  +  2  y j xJ
k ' к '

2 v j i - 1. i
=  У 1 1 + 2 V и  -  1, i

x i

У2 1 +  I y v 2i- 1 ■ • • +  J ; 1 + 2 V»  1 +  ■■■ +  =  2 y j E J

(4)

where E j  =  1 > ' v H 1 __ j ‘ Xj is th e  expansion due to the decom position

up to a conversion value o f Xj o f com ponent j  of the feed  
m ixture.

According to Eq. (4), in the pyrolysis o f hydrocarbon m ixtures, expan­
sion can be given as the sum of the expansions arising from the decom position  
of the com ponents of the feed m ixture. Consequently, if  the com position of 
the feed m ixture and the E(x)  function, or the stoichiom etrical coefficients of 
the reaction  products in  the decom position reaction o f individual com ponents, 
as w ell as the conversions of com ponents in  the m ixture are know n, the e x ­
pansion of the m ixture can be evaluated.
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T he expansion  o f th e  m ix tu re  can  also be o b ta in ed  b y  an  o th e r m eth o d . 
E x p a n s io n  fo r th e  p y ro ly sis  o f p u re  h y d ro ca rb o n s  is defined  b y  th e  follow ing 
ex p ressio n  [4]:

E =  1 + 1 x ~ l + ( E v 1) x (5)

B y  rep lac ing  conversion  an d  overall s to ich io m etric  coefficients w ith  th e  co r­
resp o n d in g  sum s of conversions and  sto ich io m etric  coefficients, w eigh ted  b y  
th e  m ole frac tions o f th e  com ponen ts, th e  follow ing eq u a tio n  is o b ta in ed :

w here

E  =  1
к

2 ’ 2 ’  yj vß  - 1 2  У] xí =  1 +

к
х  =  2 у]*] is th e  degree of d ecom position  and

j

E v
к к'

2 2 y j vJf
j  i

1 ) X ( 6)

T he expansion  v a lu es  ca lcu la ted  from  E qs (4) an d  (6) using  pyro lysis  
d a ta  o f p u re  iso -b u tan e  [5] an d  n -b u ta n e  [4], as w ell as th e  correspond ing  
v a lu es  m easured  b y  th e  pyro lysis o f th e  m ix tu re  o f th e  above h y d ro carb o n s 
are  lis te d  in  T ab le  I .  T h e  d a ta  refer to  severa l te m p e ra tu re s  and  degrees of

Table 1

A  comparison o f  the calculated and experimental expansion values

T e m p era ­
tu re

°C

C onversion D egree
o f

decom position

X

E x p an sio n

xi —В xn—В
C alculated  

f ro m  E q . (4)
C alcu la ted  

fro m  E q . (6) E x p .

644 0.6846 0.8344 0.7557 1.8582 1.8520 1.851

644 0.2866 0.3287 0.3060 1.3317 1.3330 1.328

644 0.1642 0.1971 0.1797 1.1863 1.1880 1.203

675 0.7926 0.8885 0.8539 2.0024 1.9967 2.026

675 0.4750 0.5724 0.5210 1.5755 1.5724 1.593

675 0.3053 0.3677 0.3263 1.3486 1.3492 1.376

712 0.9349 0.9456 0.9346 2.1992 2.1923 2.226

712 0.7737 0.7431 0.7536 1.9072 1.9035 1.881

712 0.4623 0.4408 0.4487 1.4971 1.5206 1.521

752 0.9627 0.9586 0.9548 2.3267 2.3186 2.331

752 0.7565 0.7623 0.7548 1.9179 1.9134 1.900

792 0.9895 0.9942 0.9859 2.4035 2.3948 2.473

792 0.6934 0.6847 0.6848 1.8192 1.8163 1.834
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•decom position. T h e  good ag reem en t o f th e  ca lcu la ted  an d  e x p e rim e n ta l d a ta  
proves th e  v a lid ity  of the  a ssu m p tio n  m ade a t  th e  co n stru c tio n  o f E q . (1).

T he d iag ram  in  Fig. 1 show s a p lo t o f th e  expansion  values o b ta in e d  
a t  th e  pyro lysis  o f th e  m ix tu re  a g a in s t th e  degree of decom position . I n  th is  
ty p e  of p lo t ex p an sio n  can be g iv en  b y  a “ sing le-curve” , in d e p e n d e n t of 
te m p e ra tu re . In  th e  case of d eco m p o sitio n  reactions of sim ple s to ic h io m e try  
ex p an sio n  is a lin e a r  function  o f co n v ersio n , or, in  th e  case of m ix tu re s , t h a t  
of th e  degree of decom position  o v e r th e  w hole range [4]. I f  th e  degree  of 
d ecom position  is h ig h e r th a n  5 0 % , th e  a c tu a l expansion  curve dev ia tes  g ra d u ­
a lly  u p w ard s from  th e  tan g en t d ra w n  to  th e  in itia l section  of th e  cu rve . T h is

X ( d e g r e e  o f  d e c o m p o s i t i o n )

F ig . 1. T he v a r ia tio n  o f expansion  as a fu n c tio n  o f  th e  degree o f decom position  in  th e  m ix tu re

b e h a v io u r  is due to  th e  grow th of m o le  n u m b ers  caused  b y  secondary  re a c tio n s . 
S im ila rly  to  th e  v a lu e  of expansion , th e  va lu e  of E v also changes w ith  th e  
degree o f decom position . In  th e  case  o f sim ple m ix tu res  (con ta in ing  h u t  a 
few com ponen ts) th e  v alue  of E v b e lo n g in g  to  a given degree of d ecom position  
can  be  ca lcu la ted  fro m  E q . (6) or d e te rm in e d  g rap h ica lly  from  Fig. 1.

T he ap p lica tio n  of Eqs (4) o r (6) fo r m u ltico m p o n en t m ix tu res  (e.g. 
p e tro l d is tilla tes) is n o t s tra ig h tfo rw a rd , since th e  conversion values of th e  
com p o n en ts  o f th e  feed  m ix tu re  c a n n o t be de te rm in ed  w ith  th e  re q u ire d  
a c c u ra cy ; and  fo r th e  above ca lcu la tio n s pyro lysis d a ta  of a g rea t n u m b e r o f 
p u re  h y d ro ca rb o n s  w ould  he needed.

In  o rd er to  overcom e these d ifficu ltie s , th e  degree of decom position  in  
m u ltico m p o n en t m ix tu re s  has been  ch a rac te rized , on th e  basis of E q s  (5)
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an d  (6), b y  th e  re la tiv e  expansion  [6]. B y  re a rra n g in g  eq u a tio n s (5) an d  (6) 
conversion , or th e  deg ree  o f  decom position  can  be  expressed  b y  th e  following 
re la tio n :

is the  degree o f decom position  o f th e  m ix tu re , 
is th e  in s ta n t  v a lue  of th e  e x p an sio n ,
is th e  v a lu e  o f th e  expansion  co rrespond ing  to  th e  com plete  d e ­
com position  o f  one mole of th e  feed  m ix tu re  (necessarily  E  <[ E v) ..

T he  num erical v a lu e  of the  degree o f  decom position  defined  above, 
s im ila rly  to  th e  v a lu e  o f  th e  conversion, shou ld  lie betw een  zero and  one. 
T he use  of E q. (7) is th eo re tica lly  su p p o rte d  b y  th e  fac t th a t  for pu re  su b ­
s tan ces  th e  degree o f decom position  defin ed  th e re  becom es id en tica l to  th e  
conversion .

W hen  app ly ing  E q . (7) d ifficu lties arise  a t  th e  d e te rm in a tio n  of th e  
v a lu e  o f E v. N am ely , fo r  m u ltico m p o n en t m ix tu re s  th e  su m m atio n  of th e  
o v era ll sto ich iom etric  coefficients, req u ired  in  E q . (6), c an n o t he carried  ou t 
due to  th e  lack of su ffic ie n t d a ta , and , a t  th e  sam e tim e , th e  conversion values 
of th e  com ponents a re  u n k now n . In  th is  case th e  va lu e  of E v shou ld  be d e te r ­
m ined  g raph ically , on  th e  basis of ex p ansion  cu rves, w here expansion  is p lo tte d  
a g a in s t th e  reac tio n  tim e  or against th e  conversion  of a slow ly decom posing 
c o m p o n en t (e.g. n -p e n ta n e ) . I t  should be  s tre ssed  th a t  if  equ a tio n s con ta in ing  
E v a re  used  for d esign ing  in d u stria l re a c to rs , th e  value of E v m u st be d e te r ­
m ined  from  ex p e rim en ta l d a ta  th a t  be long  to  p ressu re , te m p e ra tu re  and  re a c ­
tio n  tim e  ranges used  in  in d u stria l re a c to rs . T h is is im p o rta n t because u n d e r 
co n d itio n s th a t  d iffer su b s ta n tia lly  from  th e  above p a ram e te rs  th e  value of 
E v m a y  be qu ite  d iffe re n t due to  seco n d ary  reac tio n s.

w here  X  
E  
E„

Overall d ecom p osition  rate o f  th e  iso b u ta n e—n -b utane m ixture

I f  in  th e  o v era ll decom position  ra te  eq u a tio n s of pu re  h y d ro carb o n s 
conversion  is rep laced  b y  th e  degree o f decom position  defined  b y  E qs (6) 
an d  (7), a re la tiv e ly  sim p le  expression is o b ta in e d  for th e  ev a lu a tio n  of th e  
o v era ll decom position  ra te  of m ix tu res.

E q u a tio n s c o n s tru c te d  by  us fo r exp ressing  th e  overall decom position  
ra te  o f h y d ro ca rb o n s (conversion curves) a re  based  on f irs t  o rd er k in e tic  
eq u a tio n s . F or iso th e rm , isobar flow  re a c to rs  these  equ a tio n s are th e  fo l­
low ing [4]:

со = E„ In — - (E v - 1 )«
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3 1 1r  = -----In
к 1 л ;

(9)

w here  &> = ------ is a fic tiv e  re a c tio n  tim e  (sec), and
B o

f d co
is th e  a c tu a l re a c tio n  tim e  (sec), w hich can  bp ev a lu a ted

from  th e  f ic t iv e  reaction  tim e and th e  exp a n sio n , and  

is th e  Tate co n sta n t o f  th e  d ecom p osition  (s e c -1 ).

t  (sec )

F ig . 2. T he v a ria tio n  of n -b u tan e  co n v ersio n  as a fu n c tio n  o f th e  a c tu a l re ac tio n  tim e in  the
m ix tu re

I t  has been  in v es tig a ted  w h e th e r on  th e  basis of E qs (8) an d  (9) th e  
in d iv id u a l conversion  curves o f n -b u ta n e  an d  iso -b u tan e  m easu red  in  th e  
m ix tu re , as well as th e  v a r ia tio n  o f th e  degree of decom position  defined  by  
E q . (6), an d  c h a rac te ris tic  o f th e  m ix tu re , can  be given as a fu n c tio n  of th e  
a c tu a l an d  fic tiv e  reac tio n  tim es . T h is in v es tig a tio n  m ay  be based  on an y  of 
th e  e q u a tio n s , because th e  fc-values ca lcu la ted  fo r th e  sam e ex p erim en ta l p o in ts  
from  b o th  equ a tio n s are  equal to  each  o th e r.

C onversions m easu red  in  th e  m ix tu re  h av e  been  p lo tte d  ag a in s t ac tu a l 
re a c tio n  tim e  a t  d iffe ren t te m p e ra tu re  va lues. T he conversion  curves o b ta in ed  
a re  g iven  fo r  n -b u ta n e  in  F ig . 2 a n d  fo r iso -b u tan e  in  F ig . 3. T he decom posi­
t io n  r a te  o f b o th  com ponen ts s ig n ifican tly  increases w ith  increasing  tem p era -
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F ig . 3. T h e  v a ria tio n  of i -b u ta n e  conversion  as a  fu n c tio n  of th e  a c tu a l re ac tio n  tim e in  th e
m ix tu re

Хп̂ в (conversion)

F ig . 4 . T he v a r ia tio n  o f th e  decom position  ra te  ‘co n s ta n t’ o f n -b u tan e  as a fu n c tio n  of th e
conversion  in  th e  m ix tu re
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tu re  (i.e. co n v ersio n  curves becom e m ore an d  m ore s teep ). I t  tu rn s  o u t from  
th e  m ore d e ta ile d  inv estig a tio n  of th e  cu rves th a t  below  700° C th e  d eco m p o ­
sition  ra te  of re-butane is h igher, w hereas a t  h ig h er te m p e ra tu re s  th e  d eco m ­
position  ra te s  o f  th e  above tw o su b stan ces  a re  ap p ro x im a te ly  th e  sam e. 
A t th e  p y ro ly sis  o f p u re  re-butane an d  iso -b u tan e  ju s t  th e  opposite  b e h a v io u r  
was fo u n d ; below  700° C th e  decom position  of iso -b u tan e , above th a t  te m p e ra ­
tu re  th e  deco m p o sitio n  of re-butane w as fa s te r  [4, 5]. T hese facts in d ica te  t h a t  
th e  decom p o sitio n  ra te  of th e  com ponen ts differs in  th e  m ix tu re  from  th a t  
o f th e  p u re  su b stan ces . This m ay  be due  to  th e  d iffe ren t conditions (p a r tia l 
p ressu re , c o n c e n tra tio n  of chain -carrier rad ica ls) ex is tin g  in  th e  m ix tu re .

Xj_B ( c o n v e r s i o n  )

Fig. 5. T he v a r ia tio n  of th e  decom position  ra te  ‘c o n s ta n t’ o f i -b u ta n e  as a fu n c tio n  o f the-
conversion in  th e  m ix tu re

D ecom position  ra te  constan ts  w ere d e te rm in ed  on th e  basis of E q . (9) 
from  th e  d a ta  show n in Figs 2 and  3. T he va lu es  o b ta in e d  w ere p lo tted  a g a in s t 
conversion. T h ese  p lo ts  are  given in  F ig . 4 fo r re-butane an d  in  Fig. 5 fo r iso ­
b u tan e . I t  can  be  estab lish ed  on th e  bases o f th ese  d iag ram s th a t ,  a t a g iven  
te m p e ra tu re , th e  v a lu e  of th e  decom position  ra te  ‘c o n s ta n ts ’ ca lcu la ted  from  
f irs t o rder k in e tic  eq u a tio n s  decreases w ith  th e  conversion . T he v a r ia tio n  can  
be given b y  th e  fo llow ing linear fu n c tio n :

к  =  k° —  ß x  (10>
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w h ere  k° is th e  r a te  c o n s tan t of d eco m p o sitio n  e x tra p o la te d  to  zero co n v e r­
sion, an d

ß  is a ‘re s tra in in g  coeffic ien t’ rep re sen tin g  th e  in h ib itio n  effect of 
th e  re a c tio n  p ro d u c ts  e x e rte d  on  th e  feed h y d ro ca rb o n .

O n su b s titu tin g  E q . (10) in to  th e  in te g ra te d  E qs (8) an d  (9) th e  co n ­
v e rs io n  curves o f no rm al- and  iso -b u ta n e  can  be expressed  in  fu n c tio n  o f th e  
a c tu a l  and  fic tiv e  reac tio n  tim es. T he fu n c tio n s  can he given b y  th e  follow ing 
exp ressions (using decim al lo g arithm s):

c o = — -1-—-- E v 2.303 log  --------- (E r 1) ж
к" px  L 1 — x

2.303 , 1
r  = -------------- lo g  --------------

k° — ßx  1 x

( И )

( 12)

T he values o f k° and  ß c o n s ta n ts  in  E q s (10), (11) an d  (12) are  d e te r ­
m in e d  from  e x p e rim e n ta l d a ta  on th e  b asis  of Figs 4 an d  5. T he te m p e ra tu re  
d ependence  o f k° an d  ß  is given in  F ig . 6 fo r n -b u tan e  an d  in  F ig . 7 for iso ­
b u ta n e . These d iag ram s are A rrh en iu s-ty p e  p lo ts , w here th e  lo g arith m s o f th e

1000
T

Fig. 6. Temperature dependence of the decomposition rate ‘constant’ and restraining coefficient
of n-butane in the mixture
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co n sta n ts  are p lo tte d  aga in st th e  reciprocal tem p eratu re m easured  in  K e lv in  
d egrees. I t  has b een  foun d  th a t  th e  tem p eratu re d ep en d en ce o f  b o th  co n sta n ts  
can  b e  d escribed  b y  A rrh en iu s-typ e exp ression s. T h e exp ression s h a v e  th e  
fo llo w in g  n um erica l form s:

F o r  re-butane:

log  k® =  12 .765 -

log  ß =  11 .667 -

5 6 4 9 0

4 .5 7 6  T

52300

4 .5 7 6  T

1000
T

F ig . 7. T em p era tu re  dependence  of th e  decom position  r a te  ‘c o n s ta n t’ a n d  re s tra in in g  coefficien t
of i-b u ta n e  in  th e  m ix tu re

F or i-b u ta n e:

log  k° =  15.040
66850  

4 .5 7 6  T

log ß 14.617
65510  

4 .5 7 6  T

( 14)
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I n  o rd er to  check  re la tio n s (10)— (14) th e  conversion  curves, belonging 
to  th e  te m p e ra tu re  u sed  in  th e  ex p erim en ts , w ere ca lcu la ted . F o r  th is  pu rpose  
f ir s t  k° an d  ß  values w ere  e v a lu a ted  fo r th e  g iven  te m p e ra tu re  using  E qs (13) 
a n d  (14). These c o n s ta n ts  w ere s u b s titu te d  in to  E q . (12), an d  a c tu a l reac tio n  
tim es , be longing  to  d iffe re n t conversion  v a lu es , w ere ca lcu la ted . T he ca lcu l­
a te d  p o in ts , given in  F igs 2 and  3, are  in  a good ag reem en t w ith  th e  curves 
f i t te d  to  th e  e x p e rim en ta lly  de te rm in ed  p o in ts .

I n  th e  follow ing p a ra g ra p h s  th e  o v era ll decom position  ra te  o f m ix tu res  
w ill b e  d iscussed. I n  th e  d iscussion th e  degree of decom position  defined  b y

со ( s e c )

Fig. 8. T he v a ria tio n  of th e  degree of decom position  in  th e  m ix tu re  as a fu n c tio n  of th e  fic tiv e
re ac tio n  tim e

E q . (6) will he used . T h e  v a ria tio n  of th e  degree of decom position  as th e  fu n c ­
tio n  o f th e  fic tive  an d  ac tu a l reac tion  tim e  is given in Figs 8 and  9. A ccording 
to  th e  d iag ram s, th e  degree of decom position  o f m ix tu re s  can  be expressed  
b y  cu rves q u ite  s im ila r to  th e  conversion curves of th e  in d iv id u a l com ponents. 
T h e  slope of th e  cu rv es  (w hich is p ro p o rtio n a l to  th e  decom position  ra te ) 
r a p id ly  increases w ith  increasing  te m p e ra tu re .

T he s tu d y  of th e  overall decom position  ra te  (curves in  Figs 8 and  9) 
is b a sed  on th e  m e th o d  given earlie r in  th is  p ap er. F ro m  E qs (8) an d  (9), 
b y  rep lac in g  conversion  w ith  th e  degree o f decom position  th e  values of к w ere 
ca lc u la ted  for d iffe ren t exp erim en ta l p o in ts . T he v alues o b ta in ed  were p lo tted  
a g a in s t th e  degree o f decom position  (F ig . 10). I t  can  be seen th a t  th e  decom ­
p o sitio n  ra te  c o n s ta n ts  ca lcu la ted  for th e  m ix tu re  decrease w ith  th e  increasing  
e x te n t  of decom position  and  a t  a fix ed  te m p e ra tu re , E q . (10) also holds.
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H ence, a t  a g iven  te m p e ra tu re , th e  v a ria tio n  of th e  degree of decom position  
for m ix tu res  can  be  expressed  in  fu n c tio n  of th e  a c tu a l an d  fic tiv e  reac tio n  
tim e  b y  eq u a tio n s  sim ilar to  E q s (11) and  (12). T he c o n s ta n ts  k° and  ß  w ere 
e v a lu a ted  from  F ig . 10. T h e ir te m p e ra tu re  dependence is given in  F ig . 11, 
an d  b y  th e  fo llow ing fu n c tio n s:

Fig. 9. T he v a r ia tio n  of th e  degree of decom position  in  th e  m ix tu re  as a  fu n c tio n  of th e  a c tu a
reac tio n  tim e

(15)

U sing th e  m e th o d  described  above, and  on th e  basis o f E qs (15), (11) 
an d  (12) th e  v a r ia tio n  of th e  degree of decom position  w as ca lcu la ted  as a 
fu n c tio n  of th e  f ic tiv e  an d  a c tu a l reac tio n  tim e. C alcu la tions w ere carried  
o u t fo r th e  te m p e ra tu re  used  in  th e  experim en ts. T he ca lcu la ted  p o in ts  are  
show n in Figs 8 a n d  9. C alcu la ted  values are in  a good ag reem en t w ith  th e  
cu rves f i t te d  to  th e  ex p erim en ta l va lues. C onsequently , th e  m ethod  an d  th e  
re la tio n s d iscussed  in  th e  p a p e r  p rov ide  an  ad eq u a te  d esc rip tio n  of th e  overall 
decom position  ra te  o f m ix tu res .

F in a lly , i t  h as  been  ex am in ed  w heth er th e  c o n s ta n ts  o f th e  k in e tic  
equ a tio n s fo r th e  d esc rip tio n  o f th e  decom position  ra te  of i-b u ta n e  an d  n -b u tan e

logic0 13.113 

log ß  =  11.811

58134

4.576 T

5 2 8 7 8 ^

4.576 T
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X ( d e g r e e  o f  d e c o m p o s i t i o n )

F ig . 10. T he v a ria tio n  of deco m p o sitio n  r a te  ‘c o n s ta n ts ’ o f th e  m ix tu re  as a fu n c tio n  of th e  
deg ree  o f decom position  in  th e  m ix tu re

1000
T

F ig . 11. T em perature  d ep en d en ce  of th e  re s tra in in g  coefficient a n d  decom position  ra te  con­
s ta n t  o f th e  m ix tu re
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(bo th  in  p u re  s ta te  an d  in  m ix tu res) can  be  co rre la ted  to  th e  c o n s ta n ts  o f th e  
k in e tic  eq u a tio n s  th a t  describe th e  d ecom position  ra te  o f  m ix tu res  in  fu n c ­
tio n  o f th e  degree o f decom position . F o r th e  tim e  being, no q u a n ti ta t iv e  
re la tio n sh ip  h as  been  found  b e tw een  th e  c o n s ta n ts  o f th e  above eq u a tio n s . 
The ex istence  o f  such  a re la tionsh ip  w ould  m ean  th a t  th e  pyro lysis o f m ix tu re s  
could be co m ple te ly  in te rp re ted  b y  th e  py ro lysis  d a ta  of pu re  h y d ro ca rb o n s  
alone. No such  a t te m p t  has been p u b lish ed  in  th e  l ite ra tu re  so fa r, hence, 
accord ing  to  o u r p re sen t know ledge, th e  ex p erim en ta l s tu d y  of th e  pyro lysis  
of m ix tu res  is ind ispensab le .
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T h e  d is tr ib u tio n  of th e  reac tio n  p ro d u c ts  as a fu n c tio n  of th e  degree o f decom po­
sition  w as s tu d ied  a t  d iffe ren t tem p e ra tu re s . T he q u a lita tiv e  a n d  q u a n ti ta t iv e  d is tr i­
b u tio n  of th e  reac tio n  p ro d u c ts  as well as th e ir  v a ria tio n  w ere in te rp re te d  on th e  basis 
o f free ra d ic a l chain  th eo ry .

I t  was p o in ted  o u t  t h a t  th e  y ields o f th e  m ain  reac tio n  p ro d u c ts , in th e  te m p e ra ­
tu re  and  reac tio n  tim e  ran g e  used in in d u s tr ia l  pyro lysis, can  be given in  fu n c tio n  of 
th e  degree of decom position  by  te m p e ra tu re  in d ep e n d en t ‘sing le-curves’.

A re la tio n  w as given by  w hich  th e  p ro d u c t yields o f th e  pyro lysis o f m ix tu re s  
could be  calcu la ted  using  th e  pyro lysis d a ta  o f p u re  com ponents.

I t  was also p o in te d  ou t th a t  th e  v a r ia tio n  of th e  m olecu lar w eigh t o f th e  p ro d u c t 
m ix tu re  can  also be g iven  in  fu n c tio n  of th e  degree of decom position  b y  a te m p e ra tu re  
in d ep e n d en t ‘single cu rv e ’.

In  th e  th e rm a l c rack ing  process of n -b u tan e  and  iso b u tan e , accord ing  
to  th e  free rad ica l chain  m echan ism , th e  chain  ca rry in g  rad ica ls  sp lit off 
h y d ro g en  a to m s from  th e  b u ta n e  m olecules. This reac tio n  leads to  th e  fo rm a­
tio n  of p rim a ry  and  secondary  n -b u ty l rad ica ls in th e  case o f n -b u ta n e  and  
to  p rim ary  an d  te r t ia ry  i-b u ty l rad ica ls in  th e  case of iso -b u tan e , as well as 
to  s a tu ra te d  p ro d u c ts  accord ing  to  th e  follow ing eq u a tio n s:

C4H 10 +  -H H 2 +  C4H 9*

C4H 10 +  C H 3 -  C H 4 +  C4H 9- 

c4H10 +  C2H 5 -  C2H e +  C4H 9-

T he decom position  of b u ty l rad ica ls  of d iffe ren t ty p es  p roduces olefin 
h y d ro ca rb o n s of low m olecular w eigh t, an d  th e  ch a in  ca rry in g  rad ica ls  are 
reg en e ra ted  in  th e  reac tio n . T he decom position  of b u ty l  rad icals p roceeds 
accord ing  to  th e  follow ing equa tions.

re-butyl rad ica ls:

C H 3— C H 2— C H 2— C H y -------------*  C 2H 4 +  C 2H 5-

C H 3— C H 2— C H — C H 3 ------------- > C 3H e +  C H 3-
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F ig . 1. T h e  v a ria tio n  of h y d ro g e n  y ield  a t  th e  p y ro ly sis  o f  th e  m ix tu re , in  fu n c tio n  o f  th e
degree of decom position

I so -b u ty l rad icals:

C H 3

C H 3— C H — C H 2- ----------- * C H 3— CH =  CH2 +  C H 3-

CH3— C— C H 3 ----------* CH3— C =  CH„ +  H-
I I
C H 3 C H 3

A  p a r t  of th e  e th y l rad icals form ed in  th e  decom position  reac tio n  o f  
n -b u ty l rad icals y ields e th y len e  and hydrogen  in  th e  follow ing reac tion :

C2H 5 — — -  c2H4 +  H-

A ccordingly , th e  p r im a ry  decom position  reac tio n  o f n -b u tan e  y ields 
e th y le n e , p ropy lene, h y d ro g en , e th an e  an d  m e th a n e , w hereas th a t  of i-b u ta n e  
y ie ld s p ropy lene , iso -b u ty len e , hydrogen  an d  m eth an e .
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A ccording to  ex p erim en ts  on th e  th e rm a l d eco m position  of n -b u tan e  
an d  i-b u tan e , th e  p r im a ry  d is tr ib u tio n  of p ro d u c ts  w as in  q u a lita tiv e  and  
q u a n tita tiv e  ag reem en t w ith  th e  d is tr ib u tio n  ca lcu la ted  on th e  basis of th e  
free rad ica l chain  m echan ism  [1, 2]. I t  can  be ex p ec ted  th a t  th e  th e rm a l 
decom position  of th e  m ix tu re  of th e se  h y d rocarbons p roceeds via  th e  sam e 
reac tio n s, yield ing th e  follow ing m ain  reac tio n  p ro d u c ts : hyd rogen , m ethane,, 
e th an e , e thy lene, p ro p y len e  an d  iso -bu ty lene .

X ( d e g r e e  o f  d e c o m p o s i t io n )

Fig. 2. The v a ria tio n  of m e th a n e  y ield  a t  th e  pyro lysis o f th e  m ix tu re  in  fu n c tio n  of th e  degree
of decom position

Figs 1— 6 show  th e  y ields o f th e  m ain  re a c tio n  p ro d u c ts  (mole o f  
p roduct/m o le  of feed  m ix tu re ) p lo tte d  aga in st th e  degree o f decom position  
defined  b y  E q . (6) o f th e  p reced ing  p ap er [3]. (In  th e  d iag ram s yield d a ta  
belonging to  d iffe ren t te m p e ra tu re s  a re  m arked  w ith  d iffe ren t sym bols.) I t  can  
be seen from  th e  d iag ram s th a t  i t  is th e  above lis ted  p ro d u c ts  th a t  are form ed 
in  reasonab ly  h igh a m o u n t (i .e . exceeding 10 m ole% ). T h e  y ie ld  values of th e  
reac tio n  p ro d u c ts  show  d iffe ren t v a r ia tio n  w ith  th e  degree o f decom position  
an d  tem p era tu re .

H ydrogen  an d  m e th an e  y ields increase w ith  th e  degree of decom posi­
tio n  over the  w hole ran g e  s tu d ied . T hese p ro d u c ts  a re  s ta b le  u n d e r th e  cond i­
tions of th e  p y ro lysis . T he e th y len e  y ield  also increases u n ti l  X  =  0.95, an d  
th e  y ield  curves co rrespond ing  to  h igher te m p e ra tu re s  h av e  m axim a. T h e
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y ie ld  curves of p ro p y len e  an d  iso -b u ty len e  are also m ax im u m  curves. The 
m a x im a  of p ropy lene  y ie ld  cu rves a p p e a r in  th e  range  o f  X  =  0.77 —  0.8, 
a n d  th o se  of iso -b u ty len e  y ield  cu rves can  be found in  th e  ran g e  o f X  =  0.7 — 
—  0.76.

A m ong th e  above re a c tio n  p ro d u c ts  th e  yields of h y d ro g en  and  e thy lene 
a t  a fixed  degree o f d ecom position  increase , w hereas th o se  o f e th an e  and  iso-

X ( d e g r e e  of d e c o m p o s i t io n )

I' lg. 3. T he va ria tio n  o f e th a n e  and  p ro p a n e  y ields a t  th e  pyrolysis o f th e  m ix tu re , in function
of th e  degree  o f decom position

b u ty le n e  decrease w ith  th e  te m p e ra tu re . T he m ethane y ield  s lig h tly  decreases, 
a n d  th e  yield of th e  coup led  p ro d u c t, p ropy lene, s ligh tly  increases w ith  th e  
te m p e ra tu re . The v e ry  low  yield  o f p ro p an e  fu rth e r  decreases w ith  increasing  
te m p e ra tu re .

T he above changes w ith  th e  te m p e ra tu re  are due to  th e  follow ing fac ts . 
T h e  ac tiv a tio n  energies o f th e  a b s tra c tio n  reactions o f h y d ro g en  atom s b o und
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X ( d e g r e e  of d e c o m p o s i t io n !

Fig. 4. T he v a r ia tio n  o f th e  e th y lene  y ield a t  th e  py ro lysis of th e  m ix tu re , in fu n c tio n  o f th e
degree of decom position

X ( d e g r e e  of d e c o m p o s i t i o n !

Fig. 5. T he v a r ia tio n  of p ro p y len e  y ield a t  th e  p y ro ly sis  o f th e  m ix tu re , in  fu n c tio n  o f th e
degree of decom position
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to  p r im a ry , secondary  a n d  te r t ia ry  carbons o f b u ta n e  m olecules as w ell as 
th o se  o f  th e  tw o-w ay  reac tio n s  of e th y l an d  p ro p y l rad icals are  d iffe ren t; 
m o reo v er th e  rad ica ls o f d iffe ren t ty p es fo rm ed  in  th e  hyd ro g en  a b s tra c tio n  
re a c tio n  m ay  isom erize b efo re  th e  decom position  reaction .

A ccord ing  to  K o s i a k o v  an d  R i c e  [4] th e  difference be tw een  th e  a c ti­
v a tio n  energies req u ired  fo r hyd rogen  a b s tra c tio n  from  carbon  a tom s o f d if­
fe re n t ty p e  is cca. 2 kcal/m o le . (The h ig h est a c tiv a tio n  energy is req u ired  for 
th e  sp lit t in g  of h y d ro g en s b o und  to  p rim a ry  ca rb o n  atom s.) C onsequently ,.

X ( d e g r e e  o f  d e c o m p o s i t i o n )

F ig . 6. T he v a ria tio n  of iso -bu ty lene  y ield  a t  th e  p y ro ly sis of th e  m ix tu re , in fu n c tio n  o f th e
degree of decom position

w ith  increasing te m p e ra tu re , th e  a m o u n t o f p rim ary  b u ty l rad ica ls  s lig h tly  
increases in  com parison  w ith  th e  a m o u n t o f secondary  an d  te r t ia ry  rad ica ls . 
I t  follows from  th is  fa c t th a t  in  th e  decom position  of iso -b u ty l rad ica ls th e  
a m o u n t of p ro p y len e  and  m eth y l rad ica ls  increases, w hereas th a t  o f iso-bu- 
ty le n e  and  h y d ro g en  atom s decreases w ith  increasing  te m p e ra tu re . O n th e  
o th e r  han d , in  th e  decom position  of n -b u ty l rad icals th e  a m o u n t o f e th y len e  
a n d  e th y l rad ica ls  increases, w hile th a t  o f p ropy lene  an d  m e th y l rad ica ls  
decreases. M ethy l rad ica ls , a p a r t  from  th e  v e ry  low fra c tio n  th a t  ta k e  p a r t  
in  reco m b in a tio n  reac tio n s , give rise to  m e th an e .

M ethane y ie ld  curves show n in F ig . 2 an d  iso -bu ty lene  y ield  cu rves 
show n in F ig . 6 in d ica te  th e  above d iscussed  effect; th e  a m o u n t o f b o th
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p ro d u c ts  decreases w ith  th e  te m p e ra tu re , a t  c o n s ta n t degree o f  decom po­
sition .

Since m eth an e  an d  p ro p y len e  are coupled p ro d u c ts  (m e th y l rad ica ls  and 
p ropy lene  m olecules are  fo rm ed  in  th e  sam e reac tion ), i t  can  be ex p ec ted  th a t  
th e  y ield  of p ropy lene  also decreases w ith  th e  te m p e ra tu re . As i t  c an  b e  seen 
in  F ig . 5, how ever, th e  y ield  o f p ro p y len e , a t  c o n s ta n t degree of decom position  
slig h tly  increases w ith  th e  te m p e ra tu re . This experience m ay  be a t t r ib u te d  to 
th e  fa c t th a t  besides th e  decom position  of secondary  b u ty l rad ica ls  an d  p rim ary  
iso -b u ty l rad ica ls  th e re  is a n o th e r  reac tio n  th a t  tak es  p a r t ,  to  a sm all e x te n t, 
in  th e  p ro p y len e  fo rm atio n . T h is reac tio n  is th e  decom position  of secondary  
p ro p y l rad ica ls  form ed via  th e  th e rm a l d issociation  of iso -b u tan e  m olecules. 
T he p ro d u c ts  of th is  decom position  are hydrogen  atom s and  p ro p y len e . (Sec­
o n d a ry  p ro p y l rad icals m ay  also be form ed in th e  ad d itio n  reac tio n s o f chain 
ca rry in g  h y drogen  atom s on th e  p ro d u ced  propy lene  m olecules.) A frac tio n  
of secondary  p ro p y l rad ica ls  ta k e s  p a r t  in  hydrogen  a b s tra c tio n  reac tio n s  y ie ld ­
ing p ro p an e . W ith  increasing  te m p e ra tu re  th e  decom position  re a c tio n  becom es 
d o m in an t due  to  its h igher te m p e ra tu re  coefficient. C onsequen tly , a t  con­
s ta n t  degree of decom position  th e  y ield  of p ropane decreases (F ig. 3), w hereas 
th a t  o f p ro p y len e  increases (F ig . 5).

T he su b seq u en t reac tio n s o f e th y l rad icals form ed in  th e  decom position  
o f  p rim a ry  n -b u ty l rad ica ls  h a v e  m uch g rea te r in fluence on th e  hyd rogen , 
e th a n e  an d  e th y len e  y ields th a n  th e  reactions discussed above [1]. A  frac tio n  
o f th e  e th y l rad ica ls tak es  p a r t  in  hyd rogen  a b s tra c tio n  reac tio n s y ield ing  
e th a n e ; th e  o th e r frac tio n  decom poses in to  e thy lene  and  hyd ro g en . W ith  
increasing  te m p e ra tu re  th e  decom position  reaction  becom es d o m in a n t, since 
th e  te m p e ra tu re  coefficient o f th is  re a tio n  is su b s ta n tia lly  h igher. C onsequen tly , 
in  accordance  w ith  th e  ex p e rim en ta l re su lts , hyd rogen  an d  e th y len e  y ields 
increase , w hereas e th an e  y ield  decreases w ith  increasing  te m p e ra tu re  (Figs 
1, 4 an d  3).

T he m ax im a  of p ropy lene  an d  iso -bu ty lene  y ield  curves are due  to  sec­
o n d a ry  decom position  reac tio n s o f p ropy lene  and  iso -bu ty lene , an d  to  th e  
iso m eriza tion  reac tions of p ro p y l an d  b u ty l rad icals o f d iffe ren t ty p e s  p rio r 
to  th e  decom position . T he f irs t  s tep  o f decom position  reac tio n s is th e  ad d itio n  
o f ch a in  c a rry in g  rad ica ls (hy d ro g en  a tom s) on p ropy lene  an d  iso -b u ty len e  
m olecules. In  th is  step  d iffe ren t ty p e s  of p ropy l and  iso b u ty l rad ica ls  are 
fo rm ed , w hich  p a r t ly  isom erize to  y ield  p rim ary  p ro p y l an d  b u ty l rad ica ls . 
T he decom position  of p rim a ry  p ro p y l rad ica ls yields e th y len e  an d  m e th y l 
rad ica ls , th a t  of p rim ary  iso b u ty l rad ica ls  p ropylene an d  m eth y l rad ica ls . 
T h e  su b s ta n tia l  increase of m e th a n e  an d  e thy lene  y ields in  th e  X  >- 0.7 ran g e  
m a y  be  a t t r ib u te d  to  th e  above reac tio n s.

B u ta d ie n e  an d  a ro m atic  h y d ro ca rb o n s  also ap p ear am ong th e  deco m p o ­
s itio n  p ro d u c ts  an d  th e ir  a m o u n t increases w ith  increasing  degree o f decom -
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p o sitio n  (Figs 7 and  8). T h is  fac t ind icates th a t  olefin h y d ro ca rb o n s also 
ta k e  p a r t  in  su b sequen t seco n d a ry  reactions. B u ta d ie n e  an d  a ro m atic  h y d ro ­
ca rb o n s a re  form ed from  e th y le n e , propylene a n d  b u ty le n e , p resu m ab ly  by  
ra d ic a l m echanism s. F o r  ex am p le , if  a hydrogen  a to m  is sp lit off from  ethy lene 
or p ro p y len e  m olecules b y  ch a in  carry ing  rad ica ls , v in y l or a lly l rad ica ls are

X ( d e g r e e  o f  d e c o m p o s i t i o n !

F ig . 7. The v a ria tio n  of га-b u ty le n e  and b u tad ien e  y ie lds a t  th e  p y ro ly sis of th e  m ix tu re , in  
fu n c tio n  of the  degree o f decom position

fo rm ed , capable o f re a c tin g  w ith  each or w ith  olefins. These reactions y ield  
d ienes or a rom atic  h y d ro ca rb o n s .

The role of se c o n d a ry  reactions increases w ith  th e  degree of decom posi­
t io n  of th e  feed m ix tu re , a t  co n stan t te m p e ra tu re , because  p ara lle l to  th e  
c rack ing  process th e  co n cen tra tio n  of th e  com ponen ts th a t  m ay  ta k e  p a r t  in  
secondary  reac tions increases, and  a t th e  sam e tim e  th e  co n cen tra tio n  of th e  
feed  hydro carb o n s, w h ich  consum e th e  free rad ica ls , decreases. A t th e  m ax im a
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o f th e  yield cu rves th e  ra tes o f  th e  p rim ary  reac tio n s yield ing th e se  in te r ­
m ed ia tes  are eq u a l to  the  ra te s  o f  secondary  reac tio n s of th e  in te rm ed ia te s .

Figs 1— 8 co n ta in  all th e  e x p e rim e n ta l d a ta . A su b s ta n tia l p a r t  o f th e  
d a ta  belong to  re a c tio n  tim es lo n g er th a n  1.5 sec, th e  m ax im al so jo u rn  tim e  
ap p lied  in in d u s tr ia l pyro lysing  fu rn aces . R egard ing  on ly  th e  y ield  d a ta  b e lo n g ­
ing  to  reac tion  tim es of 0 <[ 1.5 sec, th e  co rrespond ing  p o in ts  f i t  to  a ‘single- 
c u rv e ’, in d ep en d en t of the  te m p e ra tu re . As an  exam ple , Fig. 9 show s th e

X (degree of decomposition)

Fig. 8. T h e  v a ria tio n  of benzene  yield a t  th e  p y ro ly sis  o f th e  m ix tu re , in  fu n c tio n  of th e  deg ree
of deco m p o sitio n

yield  d a ta  of e thy lene  m easured  in  th e  above tim e  in te rv a l. A ‘sing le-curve’, 
as d raw n  in th e  d iag ram , can well be f i t te d  to  th ese  p o in ts . Also in  th e  re m a in ­
ing d iag ram s solid lines rep resen t y ie ld  curves belonging to  cond itions ch a ra c ­
te r is tic  o f in d u stria l pyro lysing  fu rn aces . Som e p o in ts  of th ese  yield cu rves 
are g iven  in  Table I . T hese  yield cu rves can  be su ffic ien tly  w ell ap p ro x im a ted  
b y  m a th e m a tic a l fu n c tio n s (e.g. th ird  o rd e r polynom ials).

I t  has been in v es tig a ted  w h e th e r th e  p ro d u c t y ields in  th e  pyro lysis o f  
m ix tu re s  m ay  be ca lcu la ted  from  th e  y ie ld  curves d e te rm in ed  from  th e  p y ro ly ­
sis d a ta  o f p u re  b u ta n e s . T he ca lcu la tio n  w as based  on th e  follow ing re la tio n :

H,
к

V 2 У 1 И >'•
j
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F ig . 9. T h e  v a ria tio n  o f e th y le n e  y ield  a t  th e  p y ro ly s is  o f th e  m ix tu re , in  fu n c tio n  of th e  degree
of decom position  (0 <  т  <  1.5 sec)

w h ere  H t
m i
n°

Уi

H„

is th e  y ie ld  of th e  i th  p ro d u c t in  th e  py ro ly sis  o f th e  m ix tu re , 
is th e  a m o u n t of th e  i th  p ro d u c t form ed d u rin g  u n it  tim e  (m ole/sec), 
is th e  a m o u n t of feed m ix tu re  p er u n it  tim e  (m ole/sec), 
is th e  m ole frac tio n  of th e  jr'th com ponen t in  th e  feed m ix tu re , 
is th e  conversion  of th e  j t h  com ponen t in  th e  pyro lysis o f th e  
m ix tu re ,
is th e  o v era ll s to ich iom etric  coefficien t of th e  i th  p ro d u c t in  th e  
decom position  reac tion  o f th e  j t h  com ponen t, belonging  to  Xj con­
version ,
is th e  y ie ld  of th e  i th  p ro d u c t in  th e  pyro lysis o f th e  j t h  co m ponen t, 
be long ing  to  Xj conversion.

T he ca lcu la tio n  was carried  o u t in  th e  following w ay . Y ield d a ta  co r­
resp o n d in g  to  th e  conversion Xj in  th e  m ix tu re  w ere ta k e n  from  th e  y ie ld  
cu rv es  dete rm in ed  b y  pyrolysis o f p u re  substances in  ex p erim en ts  ca rried  o u t 
p ra c tic a lly  a t  th e  te m p e ra tu re  of th e  pyro lysis of th e  m ix tu re . These y ie ld  
d a ta  were m u ltip lied  b y  th e  mole fra c tio n  y ; of th e  h y d ro ca rb o n  in  q u estio n , 
m easu red  in  th e  feed  m ix tu re , an d  th e  p ro d u c ts  w ere sum m ed.

Y ield va lu es  de te rm ined  b y  th e  pyro lysis o f th e  m ix tu re  an d  th o se  c a l­
c u la te d  b y  th e  ab o v e  m ethod  using  th e  pyro lysis d a ta  of p u re  re-butane a n d
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Table I

Product yields at the pyrolysis o f  isobutane-n-butane m ixture , as a fu n c tio n  o f  the degree o f  decomposition (mole o f product/mole o f  feed  m ixture)

D egree o f 
decom position

P ro d u c ts  ~~ ~
0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0 90 0.95

H 2 0.033 0.065 0.096 0.127 0.160 0.194 0.231 0.271 0.318 0.350

C H 4 0.060 0.120 0.183 0.251 0.328 0.408 0.500 0.612 0.785 0.950
C2H„ 0.0095 0.0185 0.0270 0.0350 0.0405 0.0450 0.0475 0.0505 0.0538 0.0555
C2H 4 0.024 0.052 0.086 0.126 0.177 0.230 0.295 0.375 0.480 0.548
c 3H 8 0.0010 0.0022 0.0028 0.0034 0.0045 0.0046 0.0053 0.0058 0.0055 0.0045

C3H„ 0.056 0.108 0.155 0.196 0.233 0.264 0.283 0.290 0.268 0.225
i-C4H e 0.0245 0.0470 0.0675 0.0840 0.0965 0.1025 0.1003 0.0960 0.0800 0.0590

n-C4H 8 0.0024 0.0080 0.0132 0.0175 0.0200 0.0208 0.0196 0.0170 0.0124 0.0088

C4H„ 0.0000 0.0001 0.0005 0.0015 0.0027 0.0047 0.0080 0.0155 0.0248 0.0250

c 6H e 0.0012 0.0032 0.0056 0.0084 0.0116 0.0152 0.0194 0.0250 0.0332 0.0420
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Table II

A  comparison o f  the calculated and experimental yields o f  the m ain  products

T e m p era tu re
°c

C onversion
D egree o f 

decom position
C alcu la ted  y ield  o f p ro d u cts  (m ole o f  p ro d u c t/  

mole o f feed  m ix tu re )
E x p e r im e n ta l y ield  o f  p ro d u cts  (m ole o f p ro d u c t/ 

m ole  o f  feed m ix tu re )

Xi — B x — n — B X H 2 C H 4 C ,H . C3H , C 4H R H , C H 4 C2H 4 C„H . C 4H 8

644 0.6846 0.8344 0.7557 0.208 0.579 0.287 0.314 0.119 0.226 0.580 0.205 0.278 0.152

644 0.2866 0.3287 0.3060 0.093 0.186 0.097 0.162 0.066 0.091 0.175 0.075 0.161 0.072

644 0.1642 0.1971 0.1797 0.053 0.106 0.055 0.096 0.040 0.060 0.108 0.044 0.098 0.044

675 0.7926 0.8885 0.8539 0.246 0.689 0.361 0.309 0.111 0.257 0.740 0.298 0.285 0.140

675 0.4750 0.5724 0.5210 0.154 0.335 0.193 0.252 0.098 0.154 0.359 0.164 0.241 0.111
675 0.3053 0.3677 0.3263 0.103 0.200 0.107 0.168 0.069 0.106 0.211 0.096 0.164 0.075

712 0.9349 0.9456 0.9346 0.310 0.894 0.495 0.230 0.077 0.303 0.914 0.421 0.240 0.079

712 0.7737 0.7431 0.7536 0.239 0.559 0.341 0.319 0.113 0.226 0.560 0.305 0.289 0.109

712 0.4623 0.4408 0.4487 0.144 0.280 0.166 0.219 0.094 0.150 0.292 0.157 0.213 0.095

752 0.9627 0.9586 0.9548 0.336 0.958 0.561 0.232 0.071 0.323 0.988 0.522 0.224 0.066
752 0.7565 0.7623 0.7548 0.247 0.545 0.374 0.310 0.114 0.244 0.547 0.334 0.291 0.111
792 0.9895 0.9942 0.9859 0.372 1.067 0.653 0.157 0.027 0.383 1.136 0.600 0.142 0.021
792 0.6934 0.6847 0.6848 0.231 0.467 0.333 0.291 0.115 0.238 0.477 0.308 0.288 0.090
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iso b u ta n e  are com pared  in T ab le  I I .  C om parison  has been  m ade for a n u m b e r 
o f d iffe ren t te m p e ra tu re  an d  deg ree  of decom position  v a lu es .

F o r hydrogen , m eth an e , p ro p y len e  a n d  b u ty len e  th e  ag reem en t o f ca l­
c u la te d  an d  m easured  d a ta  is su ffic ien t; fo r e thy lene  th e  d ev ia tio n  exceeds 
15%  a t  some p o in ts , so th e  d iscussed  m e th o d  is su itab le  fo r  a p p ro x im a tiv e  
ca lcu la tions.

T he v a ria tio n  o f th e  m o lecu la r w eigh t of th e  m ix tu re , as th e  fu n c tio n  
o f th e  degree of decom position , is g iven  in  F ig . 10. A ccording to  th e  d iag ram , 
th e  m olecular w eight of th e  re a c tio n  m ix tu re , w hen  p lo tte d  a g a in s t th e  degree 
o f decom position , is on a single cu rv e , in d ep en d en t of th e  te m p e ra tu re . H ence , 
th e  decom position  g rade  of th e  feed  m ix tu re  can  also be cha rac terized  b y  th e  
m o lecu la r w eight o f th e  p ro d u c t gas. T he v a lu e  e x tra p o la te d  from  th e  cu rv e  
to  zero  degree of decom position  is eq u a l to  th e  m olecular w eig h t of th e  feed 
m ix tu re . The m olecular w eight o f th e  re a c tio n  m ix tu re  decreases w ith  in c reas­
ing  degree of decom position  b ecau se  th e  m a jo rity  of th e  p ro d u c ts  fo rm ed  in  
th e  c rack ing  process has lower m o lecu la r w eig h t th a n  th e  com ponen ts of th e  
feed  m ix tu re .

X ( d e g r e e  o f  d e c o m p o s i t io n }

Fig. 10. T h e  v a ria tio n  of th e  m olecular w e igh t o f th e  re ac tio n  m ix tu re  a t  th e  py ro lysis o f th e  
m ix tu re , in  fu n c tio n  of th e  degree o f decom position
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CHARACTERISTIC VIBRATIONAL FREQUENCIES OF 
CRYSTALLINE AMMONIUM POLYMOLYRDATES 

CONSISTING OF OCTAHEDRAL Mo06 UNITS,
IN THE 400-4000 cm-1 RANGE

A. B. K iss , S. H o l l y * and E . H ild

(T u n g sra m  Research Institu te , Central Research Institu te  fo r  Chemistry,
H ungarian A cadem y o f  Sciences*, B udapest)

R eceived A u g u s t 29, 1970

T he v ib ra tio n a l frequencies o f m ic ro cry sta llin e  am m onium  p o ly m o ly b d a te s  
were s tu d ied  in  th e  range  of 400—4000 cm - 1 . T he IR  sp ec tra  re flec t v e ry  se n sitiv e ly  
th e  s tru c tu ra l  v a r ia tio n s  in p o ly an io n s b u ilt  u p  o f MoOe u n its . T he freq u en c ies  o f 
s tre tc h in g  v ib ra tio n s  o f th e  Mo— О a n d  th e  M o— О—Mo bridges co n ta in in g  o x y g en  
in  va rio u s co o rd in a tio n s have been  a p p ro x im a te ly  assigned. T he c h a ra c te r  o f th e  s t r e tc h ­
in g  v ib ra tio n s  h a s  been  estab lished  fo r th e  h e p ta -  an d  o c tam o ly b d a tes  w ith  th e  a id  
o f th e  О/, — C2„ — C2ii and th e  Oft -*■ C2ft С,- co rre la tio n s, respec tive ly .

T he sh if t o f th e  Mo— 0(1) b o n d  frequencies in  th e  in frared  an d  R a m a n  ran g e  
w as c o rre la ted  w ith  th e  v a ria tio n  of th e  e x te n t  o f po ly co n d en sa tio n , th e  av erag e  co­
o rd in a tio n  n u m b ers  o f th e  c en tra l Mo nucle i a n d  th e  v a r ia tio n  of th e  ra tio  [N H J] : 
[Mo— O (I)] =  K .  T h e  frequency  sh if t o f th e  r 3(F 2) v ib ra tio n a l m ode o f th e  N H /  
ion  w as in te rp re te d  sim ilarly . T he re la tio n sh ip s  allow  fo r th e  e stim a tio n  of th e  n u m b e r 
o f Mo— 0 (1 ) b o n d s  in  th e  po lyanions o f  u n k n o w n  s tru c tu re  an d , in  sim ple cases, th e  
positio n  o f th e  N H  j ions as well. I t  is like ly  t h a t  th e  N H ^  ions o f o c ta m o ly b d a te  
a re  sy m m etrica lly  lo ca ted  w ith  re sp ec t to  th e  i- th  cen ter o f  th e  C; tric lin ic  cell.

A d a  C him ica Academ iae Scientiarum  H ungaricae, Tom us 72 (2 ) , p p . 147— 164 (1 9 7 2 )

S everal a u th o rs  d ea lt w ith  th e  in fra red  an d  R am an  spectra  o f v a rio u s  
m o ly b d a tes  [1— 9]. H ow ever, only  a lim ited  n u m b er of references can  be  
found  w hich  p e r ta in  to  th e  in frared  sp ec tro m etric  s tu d y  o f c rysta lline  p o ly ­
m o ly b d a tes  com posed of o c tahed ra l M oOe u n its . A m ost ch a rac te ris tic  re p re ­
se n ta tiv e  of th e  l a t te r  group is th e  am m o n iu m  h e p ta m o ly b d a te  te tra h y d ra te . 
T he in fra red  sp ec tru m  of th is com pound  w as pu b lish ed  b y  Mil l e r  et al. [1, 2 ], 
w hile its  R am an  sp e c tru m  to g e th er w ith  th a t  of th e  o c tam o ly b d a te  can  be  
found  in  Av esto n ’s p a p e r  [10], in  w h ich  a s tu d y  of th e  p o ly co n d en sa tio n  
processes of aqueous m o lybda te  so lu tions is rep o rted .

I t  is know n th a t  during  the  stepw ise  ac id ifica tio n  of basic m o ly b d a te  
so lu tions, p o ly m o ly b d a tes  of growing co n d en sa tio n  degree are in itia lly  fo rm ed , 
d epend ing  on th e  p H  a n d  th e  (H +) :(M oO ;U ) co n cen tra tio n  ra tio . A t p H  <Г 1 
m onom eric M o O ^  ca tio n s appear. A s im ila r p o lycondensa tion  reac tio n  ta k e s  
place in  th e  solid p h ase  during  th e  th e rm a l tre a tm e n t of am m onium  h e p ta ­
m o ly b d a te  te t r a h y d ra te  in  th e  air. In  th is  process th e  fo rm atio n  of a t  le a s t 
four in te rm e d ia te  p o lym olybda tes w ith  in d ep en d en t s tru c tu re s  p rio r to  th e  
fo rm a tio n  o f M o 0 3  w as p roved  by  recen t in v es tig a tio n  [11]. T he m ost im p o r­
ta n t  ch a rac te ris tic s  o f th e  solid and  liq u id  phase  p o lycondensa tion  reac tio n s 
an d  th e ir  co rre la tions w ere discussed in  an  earlie r p a p e r [1 1 ].
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In  th is  co m m u n ica tio n  we rep o rt th e  c h a ra c te r is tic  v ib ra tio n a l fre q u e n ­
cies (in  th e  400—4000 c m - 1  range) of a few  p o ly m o ly b d a tes  p re c ip ita te d  from  
so lu tio n , as well as o f th e  one form ed in  th e  solid  phase reaction .

E xp erim en tal

T h e  sp ec tra  o f p o ly m o ly b d a te s  w ere re co rd e d  on  a  T ype  U R  10 sp ec tro p h o to m ete r, 
in K B r p e lle ts , n u jo l m u ll o r a  h e x ach lo ro h u tad ien e  suspension . T he sam ples w ere p rep ared  
using  A n a laR  re ag e n t g ra d e  a n d  T ungsram  am m o n iu m  h ep ta m o ly b d a te  te tra h y d ra te s . B o th  
of th e se  chem icals show ed a n  X -ra y  d iffrac tion  p a t t e r n  c h a rac te ris tic  o f th e  h ep tam o ly b d a te s  
an d  th e ir  com position  w as in  ag reem en t w ith  th e  fo rm u la  (N H 4)e [Mo70 24] • 4H 20 .  T he s tru c tu re s  
of som e p o ly m o ly b d a te s  s tu d ie d  are  know n w h ereas  on ly  th e  com position  is given fo r th e  
o th e rs  [11]. F o r th e  l a t t e r  com pounds th e  fo rm u la  o f com position  re fe rred  u n ifo rm ly  to  1 
(N H 4)20  is given (T able  I).

Table I

Data on the structure and composition o f  am m onium  polymolybdates

S tru c tu re S ubstance S pace g ro u p z R eferen ce

(N H 4)2[Mo20 7] c} -  P i 2 [12]

(N H 4)6[Mo7 0  24] ■ 4H 20 Gift ~~ P 2 l/£ 4 [ 1 3 -1 5 ]

K now n (N H 4)4[Mo80 26] C l - P , 1 [16]

M0O3 Ü 2ft — Pbnm 4 [1 7 -2 0 ]

(N H 4)20  • 2 .5M o03 — —

(N H 4)20  ■ 4M o03 • 1.3H20 - -

U nknow n (N H 4)20  ■ H M 0O3 — - [11]
(N H 4)20  • 14M o03 • 3H 20 - —

(N H 4)20  • 22M0O3 — —

T he octa-, 2,5-, 14-, 22-m olybdates a n d  m o ly b d en u m  trio x id e  w ere p re p are d  b y  th e  
m eth o d  described in  th e  s tu d y  of th e  th e rm a l d eco m position  of h e p ta m o ly b d a te  [11]. T he 
1 4 -m olybdate  • 3 H 20 ,  w hose X -ra y  and  in fra re d  sp ec tro m etric  ch arac te ris tic s  w ere id en tica l 
w ith  th e  14 -m o ly b d a te  fo rm ed  in  a th e rm a l re a c tio n , w as p re c ip ita te d  from  so lu tion  [11]. 
T h e  4 -m o ly b d a te  e x h ib itin g  an (N H 4)20  : M oQ3 ra tio  id en tica l w ith  th a t  o f th e  o c ta m o ly b d a te  
w as o b ta in ed  b y  N e u g e b a u e b  from  so lu tion  [11]. I t s  s tru c tu re  as s tu d ied  b y  X -ra y  d iffrac ­
tio n  w as fo u n d  to  b e  s ig n ifican tly  d ifferen t f ro m  t h a t  o f  o c tam o ly b d a te  [11]. In v e s tig a tin g  a 
M erck p ro d u c t lab e lled  ‘am m onium  h e p ta m o ly b d a te ’, we found  th a t  its  in fra re d  sp ec tru m  
d iffered  sig n ifican tly  f ro m  th e  published  p a t te rn  [1, 2].

T he s tru c tu re  o f  th is  substance, id en tif ie d  b y  X -ra y  d iffrac tion  using  th e  dÁ  an d  th e  
I / I 1 in te n s ity  v a lu es g iv en  b y  Ma [21], w as id e n tic a l w ith  th a t  o f th e  d im o ly b d a te . I t s  chem ical 
com position  was fo u n d  to  be  (N H 4)20  • 2.1 M o 0 3. I t  is w o rth  m en tion ing  t h a t  th e  d im o ly b d a te  
(N H 4)2Mo20 ,  u sed  in  th e  X -ra y  d iffrac tio n  s tu d y  b y  L i n d q v i s t  [12] w as also a  com m erc ial 
p ro d u c t labelled  ‘h e p ta m o ly b d a te ’.

T here  is o n ly  a s lig h t dev ia tion  b e tw ee n  th e  sp ec tra  recorded  in  K B r pe lle ts a n d  in  
n u jo l m ull, in d ic a tin g  th e  lack  of an y  s ig n ific a n t in te rac tio n  be tw een  th e  p o ly m o ly b d a te s  
a n d  K B r. T he m o st im p o r ta n t  p a r ts  o f th e  sp e c tra  a re  show n in  F igs 1 a n d  2, w hereas th e  
w avenum bers o b se rv ed  in d ifferen t m edia  a re  l is te d  in  T able  I I .

T he com ple te  m o ly b d a te  series w ould  re q u ire  inclusion  of th e  m onom eric  (N H 4)2M o 0 4 
as well; how ever, we w ere  n o t able to  p re p a re  th e  am m onium  sa lt o f th e  1-m o ly b d a te  u sin g  
th e  m ethods re p o rte d  in  th e  lite ra tu re  [22]. A lth o u g h  th e  chem ical com position  of o u r p ro d u c ts  
closely a p p ro x im a te d  th e  m ole ra tio  (N H 4)20  ; M oO:! =  1 in  several cases, am m onia  losses 
an d  p o ly m eriza tio n  occu rred  during  p e lle t fo rm a tio n  in  a ir; therefo re  th e  sp e c tra  ex h ib ited  
m o stly  th e  c h a ra c te ris tic s  of th e  di- a n d  h e p ta m o ly b d a te s .

Acta Chim. ( Budapest) 72, 1972



K IS S  e t  a t :  C H A R A C T E R IS T IC  V IB R A T IO N A L  F R E Q U E N C I E S 149

F ig . 1. In frared  sp ec tra  (in  K B r pellets) o f  1: d im o ly b d a te ; 2: h e p ta m o ly b d a te ; 3 
m o ly b d a te ;  4: o c ta m o ly b d a te ; 5: 4 -m o ly b d a te  • 1.3 H 20 ;  6 : 1 4 -m o ly b d a te  • 3 H 20 ;  

m o ly b d a te ; 8 : 2 2 -m o ly b d a te ; 9: M o 0 3

: 2,5- 
r: 14-
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cm-1

Fig. 2. In fra re d  sp e c tra  (in  K B r pelle ts) o f  th e  sam e sam ples as in  F ig. 1

Problem s o f  th e  IR  spectrom etric study o f polym olybdates

T he analysis o f th e  v ib ra tio n a l sp ec tra  o f c rysta lline  in o rg an ic  com pounds 
w ith  m olecules consisting  of too  m an y  a to m s is ra th e r  co m p lica ted . I f  th e  u n it  
cell b e s t  reflec ting  th e  sy m m e try  p ro p ertie s  of th e  su b stan ce  is chosen as 
b a s is , one finds t h a t  th e  n u m b er of v ib ra tio n s  m ay  be v e ry  large and  d if­
f ic u ltie s  m ay be en co u n te red  w hen a tte m p tin g  th e  reliab le  assignm en t of th e  
v ib ra tio n a l m odes. T h is ho lds p a rtic u la rly  tru e  for th e  case o f m acrom olecu lar 
in o rg an ic  po lym ers, since th e  po lyan ions o ften  co n ta in  30— 50 atom s an d  th e  
u n i t  cell is occupied b y  severa l m olecules.

A ch arac teris tic s  fe a tu re  of th e  c ry sta llin e  form s of th e  various m o ly b ­
d a te s  is th a t  th e  co o rd in a tio n  n u m b er fo r th e  m o lybdenum  a to m  is 4 or 6 . 
T h e  p roblem  is so m ew hat sim pler w ith  m o ly b d a tes  o f th e  schelit [4, 7, 9] 
o r  th e  spinel [3, 4] s tru c tu re  con ta in in g  fou r-co o rd in a te  m o lybdenum , w here 
th e  u n it  cell is occupied  b y  in d ep en d en t M o 0 4  te tra h e d ra . W ith  th e  aid  o f 
th e  s ite  sym m etries a rising  from  th e  s tru c tu re  found  b y  X -ra y  d iffrac tion  
( e.g. S v  T d)  an d  th e  co rrespond ing  selection  rules th e  a b so rp tio n  b an d s c a n  

be  in te rp re ted .
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The s itu a tio n  is m uch m ore  com plex  in  th e  case o f s ix -co o rd in a te  p o ly ­
m olybdates. T here  are  7 and  8  M oOe o c ta h e d ra  sharing  edges in  h ep tam o ly b - 
d a te  [13— 15] an d  o c tam o ly b d a te  [16], respective ly , w hich  re su lts  in  th e  
fo rm atio n  of a 3-dim ensional, co m p ac t an ion  w ith  a n e t s tru c tu re  (F ig . 3). 
T he la s t m em ber of th e  co n d en sa tio n  series, th e  M o 0 3, is also b u ilt  u p  o f 
MoOe u n its  [17— 20].

W ith  reg a rd  to  th e  s tru c tu re  an d  th e  coo rd ination  n u m b er th e  d im o lyb ­
d a te s  are in te rm ed ia te  be tw een  th e se  tw o  ex trem e cases. T h e ir u n it  cells are 
b u ilt up b y  MoOe oc tahed ra  a n d  M o 0 4  te tra h e d ra  sh aring  co rn ers; ow ing to  
chain  fo rm ation , th e  d im o ly b d a tes  do n o t form  as co m p act a s tru c tu re  as th e  
po ly m o ly b d a tes  con ta in in g  MoO 0  u n its  on ly  (F ig . 4).

In  general even  th e  s tru c tu re s  o f th o se  p o ly m o ly b d a tes  s tu d ie d  by  
X -ra y  d iffrac tio n  are  n o t e lu c id a ted  in  fu ll de ta il. T he p o sitions o f  th e  N H 4r 
ions in  th e  di- [12], h ep ta - [12— 15] an d  o c tam o ly b d a tes  [16] are  n o t  know n 
an d , w ith  th e  ex cep tion  of th e  h e p ta m o ly b d a te , even th e  p o sitio n s of th e  
oxygen  atom s w ere n o t d e te rm in ed  ex p e rim en ta lly  b u t  on ly  d e riv ed  from  th e  
positions of th e  m olybdenum  a to m s b y  m eans of geom etrical co n sidera tions. 
I n  th ese  m o ly b d a tes  th e  m o ly b d en u m  an d  oxygen a to m s occupy  a r a th e r  
genera l positio n  w ith  no special c h a ra c te ris tic s  [12— 16], w hich  th e re fo re  re n ­
ders im possible even  an  ap p ro x im a te  tr e a tm e n t on th e  basis  o f s ite  sy m ­
m etries re la tin g  to  c ry s ta l sy stem s.

I t  is an  em pirica l fac t t h a t  th e  sp ec tra  of po ly m o ly b d a tes  b u ilt  up  of 
M o 0 6  u n its  are  m uch  m ore com plex  th a n  those of m o ly b d a tes  co n ta in in g  
te tra h e d ra . In  th e  reg ion  of th e  M o— 0  s tre tc h in g  frequencies, sev era l in ten se , 
overlapp ing  a b so rp tio n  bands a p p e a r  w ith  a n u m b er o f in flex ions, w hich  can 
be m ore or less re liab ly  e v a lu a ted . H ow ever, th e  n u m b er of th eo re tica lly  
possib le  in fra red -ac tiv e  in te rn a l v ib ra tio n s  is so large com pared  w ith  th e  n u m ­
b e r of th e  ab so rp tio n  b an d s, th a t  ex ten s iv e  exp erim en ta l w ork  an d  th eo re tica l 
considera tions are necessary  fo r th e ir  re liab le  assignm ent. I t  is n o t th e  aim  
of th is  p ap er to  give a com plete an a ly sis  o f th e  sp ec tra  b u t  on ly  to  in te rp re t 
th e  ap p ro x im a te  an d  general re la tio n sh ip s .

1. I t  is assum ed  th a t  th e  in te ra c tio n  b e tw een  v ib ra tio n s  of th e  coo rd i­
n a te d  groups (N H 4)20  and  M o0 3  is neglig ib le [23— 25].

2. The considera tions will b e  ap p lied  w hich  re la te  to  th e  co o rd in a tio n  
n u m b e r of a ca tio n  con ta ined  in  a n  M oOn group an d  th e  freq u en cy  range 
of th e  abso rp tio n  b an d s  [25] as w ell as to  th e  s tre tch in g  frequencies o f  m e ta l-  
oxygen  bonds co n ta in in g  th e  oxy g en  a to m s in  iso la ted  or condensed  positions 
[23— 30].

T he v a lid ity  o f th e  f irs t a ssu m p tio n  is s tro n g ly  su p p o rte d  b y  c ry s ta l­
lograph ic  considera tions and  by  th e  sp ec tra . T he general co m position  o f th e  
po ly m o ly b d a tes  is u su a lly  given b y  th e  fo rm u la  a;(R 2 0 )  • y M o 0 3. I f  R  =  N H 4  

th e  coo rd ina ted  g roups w ould he  (N H 4)20  an d  M o 0 3. H ow ever, c o n tra ry  to
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Table II

The wave-numbers o f  the absorption

1 2 3 4 5
a b - b a b a b a b

412 457 434 445

483 475 485 471 469

520 510

550 560 548 535

580 575 577

650 642 625

662

685 690 683

738 736 728 712

754 753 742 740

778 776 798 790 790 788

850 850 841 838 817 815

868 865 855 850 861 859 863 860

880 877 873 875 887 884 883 880

895 892 895 890 895 890 895 892

913 912

913 912 918 918 922 923 940 937 938 935

933 932 9231 933) 936 9481

9351 930 940J 958 j 955 959 957

1403 1405 1406 1412 1405

1540

1628

1460

1630

1645 1645

1740 1740 1745

2040 2030

2780 2810 2780 2800 2780 2820 2800 2820 2800

3020 2950 3022 2960 3015 2980 2960 2950 3035 3020

3180 3160 3155 3155 3165 3160 3200 3200 3185 3180

3230 3215 3217 3260

3410 3420 3480 3470

1 : dim olybdate, 2 : h e p tam o ly b d a te , 3 : 2 ,5-m olybdate, 4 : oc tam o ly b d a te , 5 : 4 -m olybdate  • 
pelle t, b : in N ujo l o r hexach lorobutad iene.

alkali, a lk a lin e -ea rth  and  o th e r  positive m e ta ls , th e  oxide of the N H 4+ ion 
does no t ex is t in  free s ta te , therefo re , th e  (N H 4 )j + • 0 2~ group can  be re ­
garded  as a rea l co o rd in a ted  group only w ith  ce rta in  re s tric tio n s . T he oxygen
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bands o f  am m onium  polymolybdate

6 7 8 9
A ssig n m en t

a • a b a b

485 ö Mo — 0 — Mo

528 526 533

600 650 610 600 V  Mo O(V)

710

>О1оS

V  M o - O ( I I I )

820 820

880 880 876 875 876 875 v  Mo — 0 —Mo

880 880
918 918 918 918 918 918

V  Mo—0(1)

973 974 973 974 975 976 995 995

1405 1405 1405 * ,(F 2)
1445 1445

1625 6  H „0

v 2 +  V«

»4 +

2 i>4

” 2 +  ” 4

3220 3200 3225 3220 3225 3220

V \ +  I’s

3490 3490 v H „0

• 1 ,3H 20 , 6 : 14-m olybdate ■3H..O, 7 14-m olybdate, 8 22-m olybdate, 9 : M o 0 3. a : in K B r

ion  o f th is  group belongs to  th e  (М охО у)г_ com plex ion , to  w h ich  th e  N H 4  

ion  is a tta c h e d  b y  ty p ic a l e le c tro s ta tic  bond ing . C o n seq u en tly , in  th e  sp ec tra  
th e re  w ill be Mo— О stre tch in g  freq u en c ies  ch a rac te ris tic  o f th e  la ttic e  s tru c -
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tű re  of com plex  ions w hich a re  in d ep en d en t of th e  co o rd ina ted  ‘(N H 4 ) 2 0 ’ 
group . To th e se  frequencies th e  b an d s  o f th e  N H ^  ion are  ad d ed , w hose f re ­
quencies a re , accord ing  to  th e  sp ec tra , a p p ro x im a te ly  in d ep en d en t o f  th e  
(N H 4)20  : M o 0 3  ra tio .

I n  m o ly b d a tes  consisting  of o c tah ed ra l g roups, th e  s tru c tu re  of th e  ions 
is d e te rm in ed  b y  th e  m e ta l-o x y g en  bon d s invo lv ing  v ario u sly  co o rd in a ted  
oxygen  a to m s. T he s tu d y  of severa l com pounds led to  th e  conclusion th a t  
th e  s tre tc h in g  frequencies of th e  te rm in a l M = 0  and  M— 0  bonds are  a lw ays 
h igher th a n  th o se  of th e  M— О— M bonds con ta in in g  a com m on oxygen  a to m  
in  d iffe ren t lay e rs  of th e  la ttic e  [27— 30]. T herefo re , of th e  th ree  M o 0 3  b a n d s  
o bserved  in  th e  800— 1000 c m - 1  region, th e  one a t  985 c m ^ 1  w as assigned  
to  th e  te rm in a l Mo— О bond , w hereas th e  h an d s  a t  870 an d  813 c m - 1  w ere 
assigned to  th e  Mo— 0 — Mo an d  Mo— 0  =  Mo2  s tre tch in g  v ib ra tio n s , re sp e c ­
tiv e ly , w hich co n ta in  2- and  3 -coo rd inate  oxygen  atom s in  th e  lay er [27, 28]. 
T he R a m a n  an d  in fra red  s tu d y  of a M o 0 3  single c ry s ta l gave s tro n g  su p p o rt 
to  th e  above assig n m en t of th e  Mo-—О an d  Mo— 0 — Mo frequencies, how ever, 
a low er freq u en cy  was assigned to  th e  v ib ra tio n s  of th e  Mo— 0  =  Mo2  g roups 
(545 c m “ 1) [ 3 0 ] /

A pproxim ate interpretation o f  the spectra o f polym olybdates

a ) M o— 0  vibrations

T here  are  7 o c tah ed ra  in  th e  h e p ta m o ly b d a te  and  eigh t in th e  o c ta - 
m o ly b d a te  ion, connected  to  each o th e r in  an  a rran g em en t show n in  F ig . 3 [14—  
16]. A ccord ing  to  L in d q v ist  [12],' th e  MoOe an d  M o 0 4  u n its  form  a c h a in  
s tru c tu re ; th e  idealized  s tru c tu re  co rrespond ing  to  th is  assu m p tio n  is show n 
in  F ig . 4. F o r o th e r  m o lybdates only  th e  d im ensions an d  th e  sy m m e try  o f 
th e  u n it  cells a re  know n and  no reliab le  s tru c tu ra l fo rm ula ex ists  [11]. T h u s  
i t  has n o t y e t been  proved  th a t  th e se  m o ly b d a tes  are  ac tu a lly  com posed o f 
M o0 6  o c tah ed ra . T his how ever seem s likely  from  F ig . 5 co n stru c ted  from  d a ta  
for m o ly b d a tes  of know n s tru c tu re . T he average  coo rd ina tion  n u m b er is show n 
as a fu n c tio n  o f th e  (N H 4)20  : M o 0 3  m ole ra tio  (ch a rac te ris tic  of th e  g iven  
po lym o ly b d a te ) an d  0  : Mo ra tio  in  th e  ions.

T he co o rd in a tio n  n um ber of th e  m o lybdenum  in th e  m onom eric m o ly b ­
d a te  is 4 [3, 4, 7, 12, 31], w hereas its  v a lu e  is 6  in  th e  h ep ta - an d  o c tam olyb - 
d a tes  an d  in  M o 0 3  [13— 20]. A t th e  sam e tim e , due to  th e  eq u a l n u m b er o f 
MoOe an d  M o0 4  u n its  in th e  in fin ite  Mo2 0 ? -  cha in , th is  value w ill be n  =  5 
(Fig. 4). T he conclusion can be d raw n  th a t  a ll th e  p o lym olybda tes fo r w hich  
a  <L 0.43 or О : Mo <  3.43, are ch a rac te rized  b y  coo rd ination  n u m b er n =  6 , 
i.e. th e  ions in  m o ly b d a tes  w hose s tru c tu re  has n o t y e t been  e lu c id a ted  are  
com posed exclusively  of M o0 6  u n its  as well. F o r th e  com positions of v a rio u s
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degree o f co n d en sa tio n  ran g in g  from  m onom eric  m o ly b d a te  to  h ep tam o ly b - 
d a te , th e  ex p ec ted  co o rd in a tio n  n u m b er is 6  >  n  ]> 4. O f th e  condensates o f 
th is  ty p e  only  th e  d im o ly b d a te  is know n  th u s  far.

I t  is seen from  F ig . 1 and  T able  I I  t h a t  w ith  increasing  degree o f co n ­
d en sa tio n  th e  sp ec tra  f i r s t  becom e m ore  com plex  b u t  th e n  assum e a sim p ler 
s tru c tu re  an d  becom e sim ila r to  th a t  o f M o 0 3. G enerally  i t  could be concluded  
th a t  th e  sp ec tra  of p o ly m o ly b d a tes  —  a p a r t  from  th e  sp littin g  of th e  b an d s  —  
ex h ib it c e r ta in  s im ila r ity  to  th e  sp ec tru m  o f M o 0 3. T here  is a w ide in ten se  
b an d  in  th e  880— 900 c m - 1  region an d  a sh a rp  m ax im u m  w ith  an  increasing  
freq u en cy  in  th e  ra n g e  of 900— 1000 c m " 1  w hich in itia lly  shows m u ltip le

оL
0 .0  0 2  0.4  0.6 0.8  1.0

0 Mo in the ion
F i g .  5 .  V a r ia t io n  o f  th e  c o o r d in a t io n  n u m b e r  o f  t h e  c e n tr a l M o a to m s

sp littin g . A se p a ra te  m ax im um  and  an  in flec tio n  can be observed in  th e  800—  
850 c m " 1  region. I n  th e  in te rv a l of 550— 680 c m -1 , a v e ry  w ide an d  in ten se  
b a n d  appears w hose com plex ity  increases w ith  increasing  degree of co n d en sa­
tio n  an d  w ith  in c reas in g  size of th e  p o ly an io n . F ro m  th e  14-m olybdate , th e  
b a n d  becom es sim ple  an d  sim ilar to  t h a t  o f M o 0 3.

In  o rder to  ex p la in  th e  p ro p ertie s  o f th e  sp ec tra  com m on w ith  tho se  o f 
M o 0 3, i t  shou ld  be  b o rn e  in  m ind  t h a t  th e  po lyanions of th e  h ep tam o ly b - 
d a te  —> M o 0 3  co n d en sa tio n  series are  com posed of an  increasing  n u m b e r of 
MoOe o c tah ed ra , w hereas in  M o03, th e  MoOe u n its  form  an  in fin ite  th ree - 
d im ensiona l p o ly m er. C onsequently , in  th e  general fo rm ula  n ■ (MoOe), n  —► oo 
w ith  increasing  degree  o f condensation . I f  th e  va lu e  of n is sm all, i.e. th e  size 
of th e  p o lyan ion  is n o t too  large, th e  in d iv id u a l sp ec tra l p ro p erties  (e.g . sp li t­
tings) ch a ra c te ris tic  o f th e  sy m m etry  o f com plex anions w ill ap p ea r beside 
th o se  of th e  M o 0 6  o c tah ed ra . If, h o w ev er, th e  v alue  of n is la rge  o r n - *  oo,
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b reak s  in  th e  th ree-d im en sio n a l p o ly m e r chain  will occu r ra re ly  an d  th e  spec­
tru m  as well as th e  s tru c tu re  o f su ch  condensates w ill be  v e ry  sim ilar to  th o se  
of th e  M o 0 3. This s im ila rity  w ith  th e  s tru c tu re  of M o 0 3  c a n  a lread y  be observed  
fo r th e  14-m olybdate.

I t  is f ir s t  of all th e  sp e c tru m  o f th e  o c tam o ly b d a te  w hich  ex h ib its  d is­
c re te , sep a ra te  bands in  acco rd an ce  w ith  th e  fac t t h a t  th is  ion  is com posed 
of sy m m etric  M o0 6  o c ta h e d ra  y ie ld in g  a re la tiv e ly  re g u la r  s tu c tu re  [16]. 
C onsequen tly  th e  e x te n t o f b ro a d e n in g  an d  overlapp ing  o f b an d s  due to  l a t ­
tice  d is to rtio n s  is less co m p ared  w ith  o th e r m o ly b d a tes . U p o n  in sp ec tio n  of 
F ig . 3 th e  following four d iffe re n t ty p e s  of bond ing  can  be  p o s tu la te d  w ith  
re sp ec t to  th e  coo rd ina tion  n u m b e r o f oxygen: Mo— 0 (1 ) , Mo— 0(11), Mo 
O (II I ) ,  Mo— 0(V ). (I, I I ,  e tc . d en o te  th e  co o rd in a tio n  n u m b e r of oxygen.)

S im ilarly , depend ing  on  th e  co o rd in a tio n  n u m b e r o f oxygen  th e re  are  
fou r d iffe ren t typ es of b o n d in g  in  th e  (Mo7 0 24)e~ ion , w h ich  a re  as follow s: 
Mo— 0(1), Mo— 0(11), Mo— O (III )  a n d  M o— 0 (IV ). S ince th e  h e p ta m o ly b d a te  
is b u ilt  up  of m ore s tro n g ly  d is to r te d  o ctahed ra  [14, 15], c e rta in  b an d s  —  
especially  in  th e  850— 950 c m - 1  reg io n  —  collapse.

T he assignm ents of th e  s tre tc h in g  v ib ra tions o f M o 0 3  [27, 28, 30, 32] 
suggest th e  assignm ents show n in  T ab le  I I  for th e  400— 1000 c m - 1  reg ion  
of th e  po ly m o ly b d a te  sp e c tra . C onsidering  th e  c h a ra c te r  o f bon d s i t  can  be  
e s tab lish ed  th a t  th e  v ib ra tio n s  o f th e  typ es rM o— 0 ,  vs 0 — Mo— 0  an d  
vas О— Mo— О m ay  be all a c tiv e  in  th e  in fra red  region.

The n o rm al frequencies of p o ly m o ly b d a tes  com posed  o f MoOe o c ta h e d ra  
can  be derived  from  tho se  o f th e  X Y 6  m olecules ta k in g  in to  acco u n t th e  p o in t 
sy m m e try  of th e  ion an d  th e  d e g ra d a tio n  of sy m m etry  d e te rm in ed  b y  th e  
space group.

T he sp littin g  of th e  O h species in  th e  po in t g roups C2V an d  C2h an d  in  
th e  fa c to r  groups C2h an d  C, a re  show n  in T able I I I .

T he frequency  ranges s tu d ie d  an d  th e  sp ec tra  reco rd ed  w ith  m icro ­
cry sta llin e  pow der sam ples do n o t allow  fo r a m ore p rec ise  assig n m en t of th e  
frequencies . H ow ever, th e  d a ta  in  T ab le  I I I  show t h a t  in  th e  general case 
b o th  th e  sym m etric  and  a sy m m etric  O— Mo— 0  s tre tc h in g  v ib ra tio n s  m ay  be 
in fra red  active .

F o r exam ple in  th e  case of (Mo7 0 24)6_ th e  A x, B 4, B 2  species, w hich 
re fer to  th e  C2„ p o in t group d e riv ed  fro m  th e  v(XY) m ode o f F lu, and  th e  B u 
species referring  to  th e  C2,, g roup  a re  in fra red  active. T h e  c h a ra c te r  o f th ese  
m odes is: vas 0 — Mo— O. H o w ev er, th e  ch a rac ter of th e  A 4  a n d  th e  A 4, B 4  

species derived , re spec tive ly , from  A lg an d  E ? is: vs О— M o— 0 . These s ta te ­
m en ts  can  be verified  for th e  o c ta m o ly b d a te  too w ith  th e  a id  of T ab le  I I I .

Below  550 c m -1, b an d s  due  to  defo rm ation  m odes also ap p ear, w hich 
can  be derived  from  th e  F lu, F 2? o r F 3u norm al v ib ra tio n s  o f th e  O., p o in t 
g roup , if  th e  ion  sy m m etry  a n d  th e  corresponding  fa c to r  g roup  are  know n.
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Table I I I

S p litting  o f  the O/j point group into the species o f  the 

C2* —► С2Л and  C2/j —*- С/ poin t groups

[M o ,0 „ ]» - ,,M oO e” [M oe0 2J « -

F a c to r  group Io n  s y m m e try Ол Io n  sy m m e try F a c to r  group
C2V X Y e и

C2 =  C2(z)
ő /l =  ö v (x z )

öct =  öv(yz )

с! =  c.2(z) 
<5/ , =  äh(*y)

b) The NH$ and H .,0  absorption bands

The N H ^ ion o f  T d sy m m etry  has tw o in fra red  ac tiv e  norm al v ib ra ­
tio n s nam ely  th e  v3 (F 2) an d  th e  v4 (F 2). A ccord ing  to  F ig . 2 a n d  T able I I ,  o th e r 
b an d s  of lower in te n s i ty , assigned to  th e  v ib ra tio n  of th e  am m onium  ion 
a p p e a r  as well [33]. W ith  the  excep tion  of th e  o c ta m o ly b d a te , the  v4 (F 2) 
freq u en cy  of th e  p o ly m o ly b d a tes  rem ains p ra c tic a lly  u n ch an g ed , only th e  
r 3 (F 2) mode ex h ib its  a s lig h t sh ift w ith  increasing  degree o f po lycondensation . 
O f th e  com bination  b a n d s  iden tified  b y  W a g n e r  [34], P l u m b  a n d  H o rnig  [35, 
36] an d  Y e d d e r  [37], sev era l can  be observed  especially  fo r m o lybdates w ith  
h ig h e r con ten t o f am m o n ia . These b an d s  are , how ever, w eak  com pared  w ith  
th o se  arising from  N H 4 C1, therefo re , th e  w ave num bers c a n n o t be determ ined  
re liab ly . I t  can  be  concluded  from  th e  presence of th e  v4 (F 2) +  >'e (to rsional 
la ttic e  v ib ra tion ) co m b in a tio n  b an d s in  th e  sp ec tra  o f  h e p ta - , octa- an d  
14-m olybdate , t h a t  in  th e se  crystals th e  free ro ta tio n  o f th e  N H ^ ion is 
h in d ered  [34, 37]. I t  shou ld  be m en tioned  th a t  th e  v e ry  w eak  bands in  th e
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reg ion  betw een  1650— 1660 c m - 1  an d  th e  m ore in ten se  ones in  th e  v ic in ity  
o f 3020 c m - 1  do n o t arise necessarily  from  com bined  m odes. Since th e se  
frequencies m ay  co rrespond  to  th e  iq an d  v2 R a m a n -a c tiv e  v ib ra tio n s  in  T d, 
i t  can  be  assum ed  as well t h a t  th e se  m odes becom e in fra red  ac tiv e  d u e  to  
la ttic e  d is to rtio n s or th e  sy m m e try  of th e  c ry s ta l la ttic e .

T he shape a n d  freq u en cy  o f th e  vH20  an d  <5H20  b a n d s  a re  id e n tic a l w ith  
th o se  ch a ra c te ris tic  o f th e  w a te r  o f c ry s ta lliza tio n . A ccord ing  to  our o b se rv a ­
tio n s , th e  a n h y d ro -m o ly b d a te s  are non-hygroscopic . N o sp ec tra l changes in ­
d ic a tin g  w a te r a b so rp tio n  w ere found .

G eneral relationships

T he frequencies o f p o ly m o ly b d a tes  are  c h a ra c te ris tic  an d  re flec t sen ­
s itiv e ly  th e  s tru c tu ra l  changes of p o lycondensates. C onsequen tly , th e  in fra re d  
sp e c tra  can  be of g re a t use in  th e  id en tif ic a tio n  o f m o ly b d a tes .

I t  can  be seen from  F ig . 1 an d  T ab le  I I  th a t  o f th e  c h a ra c te ris tic  fre ­
quencies o f p o ly m o ly b d a tes  th o se  assigned to  th e  te rm in a l Mo— 0(1) b o n d s 
e x h ib it a con tinuous sh if t in  a d efin ite  d irec tion . T he m ag n itu d e  of th is  sh if t 
is th e  la rg es t fo r th e  M o 0 3.

I f  th e  freq u en cy  sh if t is p lo tte d  ag a in s t th e  v a lu e  o f (N H 4)20  : M o 0 3  =  a , 
o r log a , th e se  changes can  be co rre la ted  w ith  th e  degree o f p o ly co n d en sa tio n
(F ig . 6 ).

I t  is a p p a re n t from  th is  fig u re  th a t  th e re  is no b re a k  in  th e  Vmo-O(I) =  
=  /( lo g  a) re la tio n sh ip  as fa r  as th e  average  co o rd in a tio n  n u m b er of m o ly b d e ­
n u m  is 6  in  th e  ions, i.e. th e  c ry s ta l la ttic e  is fo rm ed  o f MoO 0  o c tah ed ra  on ly . 
H ow ever, a sharp  change in  th e  freq u en cy  is observed  if  th e  va lu e  of n  changes. 
T h is  phenom enon  is observed  in  th e  case of d im o ly b d a te , fo r w hich n — 5, 
since th e re  are  M o 0 4  te tra h e d ra  beside  MoOe in th e  la ttic e . C onsequen tly , th e  
ap p e a ra n ce  of th e  b re a k  in d ica tes  a sig n ifican tly  d iffe ren t s tru c tu re .

To in te rp re t th e  re la tio n sh ip  expressed  in  F ig . 6  ( re s tric tin g  th e  co n ­
sid e ra tio n s  to  th e  m o ly b d a te s  ch a rac te rized  b y  n =  6 ) i t  should  be rem em ­
b ered  th a t  th e  lo ca tions o f th e  low er frequency  b an d s  (e.g . th e  m ost in ten se  
p e a k  a t  900 c m -1 ) assigned  to  th e  s tre tch in g  m odes o f th e  Mo— О — Mo or
О — Mo— О bridges, a re  id en tica l or v a ry  w ith in  n a rro w  lim its . A defin ite  sh if t 
o f freq u en cy  can be observed  fo r th e  s tre tch in g  v ib ra tio n s  of th e  Mo— 0(1) 
b o nds on ly . T hus i t  is obv iously  th e  differences in  th e  o u te r  co o rd in a tio n  
sphere  of th e  ions as opposed  to  in te rn a l s tru c tu ra l changes, th a t  are  re sp o n ­
sible fo r th e  freq u en cy  sh ifts . T he dependence of th is  sh if t upon  th e  degree 
o f  co n d en sa tio n  a lread y  ind ica tes  a connection  of th is  k in d  (F ig. 6 ), since th e  
v a r ia tio n  o f a  involves th e  change o f th e  elec tric  charge  re fe rred  to  one M o 0 3  

((N H 4 )2 + 0 2  : M o 0 3). T h u s th e  freq u en cy  sh ift seem s to  be co rre la ted  w ith
th e  e lec tro s ta tic  in te rac tio n s  w ith in  th e  m olecule.
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F ig . 6 . Frequency shift o f  the Mo 
the h igh est frequency bands;

0 (1 ) stretching v ib r a t io n s .--------------- : on the basis of
—  : from  the w ave number o f the envelope construc­

ted  graphically for all o f  the M o—O(I) bands

F ig . 7. Frequency shift o f the Mo 0 (1 ) stretching vibrations

Since th e  ions a re  com posed e le c tro s ta tic a lly  th e  Mo— 0(1) bonds should  
b e  reg a rd ed  Mo— O -  . . .N H ^  groups. A ccord ing  to  th e  sp e c tra , th e  change of 
th e  charge  expressed  b y  a  sh ifts on ly  th e  frequencies o f th e  Mo— 0(1) s tre tc h ­
ing v ib ra tio n s  b u t  th e  v ib ra tio n s  of Mo— О — Mo on О— M o— О bridges are 
n o t a ffec ted . F ro m  th is  fac t th e  conclusion  can  be d raw n  t h a t  th e  e lec tro s ta tic  
in te ra c tio n  be tw een  th e  N H ^  ion an d  th e  po lyanions show n in  Fig. 3 (and 
also  o thers) involves m a in ly  positions a t  le a s t as concerns spectroscop ic  observ-
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ab ility . This a ssu m p tio n  seem s to  be su p p o rted  b y  F ig . 7 w here th e  fre q u e n ­
cies of th e  Mo— 0(1) b o n d s a re  show n as a fu n c tio n  o f  th e  am o u n t of p o sitiv e  
charge re ferred  to  one Mo— 0(1) bond  in  th e  m olecule.

The [N H ^ ] : [Mo— 0 (1 )] ra tio  is easily  o b ta in e d  fo r th e  h ep ta - an d  
oc tam o ly b d a tes  o f know n  s tru c tu re  from  th e  com p o sitio n  of th e  m olecules 
using  Fig. 3. K hepta =  [ 6  N H + ] : [12 Mo— 0(1)] =  0.5 K octa =  [4 N H +] : [14 
Mo— 0(1)] =  0 .286; fo r th e  M o 0 3  n a tu ra lly  К  =  0. A ccord ing  to  Fig. 7, th ese  
values give a lin e a r  re la tio n sh ip .

oC and К

F ig . 8. V ariation of the Ram an frequencies of the M o - 0 (1 ) bond

The g rad u a l sh if t o f th e  b an d s  of h ighest in te n s ity  a n d  frequency  can  
be  observed  in  th e  R a m a n  sp ec tra  of h ep ta - and  o c ta m o ly b d a te  [10] an d  of 
M o 0 3  [30, 38]. F o r  th e  M o 0 3  th is  b an d  (996 c m -1) was assigned  to  th e  Mo— 0(1) 
s tre tch in g  v ib ra tio n . No a t te m p t  w as m ade to  in te rp re t th e  R am an  sp ec tra  
o f th e  h ep ta - a n d  o c ta m o ly b d a te  [1 0 ] b u t  i t  follows a lm o s t certa in ly  from  
T ab le  I I I ,  th a t  th e  frequenc ies 934 c m - 1  and  963 c m - 1  c a n  be assigned to  th e  
A j, Ag or Ag, Ag species o f to ta l  sy m m etry , derived  from  A lg . A ccording to  
F ig . 8 , th e  dependence o f th e  m en tio n ed  R am an  frequenc ies on th e  a v a lues 
is s im ilar to  th a t  show n in  F ig . 6 , w hereas th e y  give a lin e a r  re la tionsh ip  as 
a fu n c tio n  of K .

In  th e  case o f  m o ly b d a te s  of unknow n s tru c tu re  on ly  th e  w ave num bers 
of th e  Mo— 0(1) b o n d s  are  know n . H ow ever, assum ing  th a t  th e  anions of th ese  
m o lybda tes involve th e  m o st co m p ac t association  of M oOe u n its , th e  К  va lues 
an d  th e  n um ber of M o— 0(1) b o nds can  be es tim a ted  w ith  a c e r ta in  p ro b ab ility  
using  th e  linear re la tio n sh ip  in  F ig . 7. T he a , К  an d  th e  d e riv ed  ch arac te ris tic  
v a lues are  show n in  T ab le  IV .
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Table IV

Spectral and structural data related to the a  and  К  values fo r  am m onium  polymolybdates

M olybdate a

W a v e-n u m b er 
o f  th e

en velope  o f 
Mo 0 (1 ) 

b o n d s

[ N H J ]  : 
[Mo - O ( I ) ]  

К

N u m b e r  o f  Mo 0 (1 ) 
b o n d s  : ion

hepta- 0.43 918 0.5 12

2.5- 0.40 933 0.395 n x  5.05

octa- 0.25 952 0.286 14

4- 0.25 952 0.286 n x  7

14- 0.0715 973 0.15 n x  13.4

22- 0.0455 975 0.14 n x  14.3

M o03

Оо

995 0.0 —

F o r m o lybdates o f u n k n o w n  s tru c tu re  th e  tru e  s tru c tu ra l  fo rm ula m ay 
be  th e  in teg er m u ltip le  o f th e  fo rm u la  show n in T able I ;  th is  shou ld  be  ta k e n  
in to  acco u n t w hen considering  th e  n u m b e r of Mo— 0(1) b o n d s. If, e.g. th e  
s t ru c tu ra l  form ulas (N H 4 ) 8  [Mo1 0 O 34], (N H 4 ) 2  [Mo1 4 0 43] o r (N H 4 ) 2  [Mo2 2 O07] 
a re  assum ed  for th e  2,5-, 14- an d  th e  22-m olybdates [ I I ] ,  re sp ec tiv e ly , i t  can  
be  show n th a t  severa l rea lis tic  v a r ia n ts  can  be conceived b y  link ing  to g e th e r 
10, 14 o r 22 M o0e u n its , th a t  sa tis fy  th e  ca lcu la ted  an d  ro u n d ed  values [20 
a n d  14] o b ta ined  fo r th e  n u m b e r o f M o— 0(1) bonds.

T he К  values can  also be in te rp re te d  as th e  ra tio  o f th e  n u m b er o f n eg a­
t iv e  charges carried  b y  th e  p o ly an io n  an d  th e  n u m b er o f Mo— 0(1) bonds 
in  i t .  S ince К  1 in  each  case, i t  follow s th a t  no oxygen a to m  can  be assum ed 
in  a p re fe rred  te rm in a l positio n  w hich  w ould  bear one or m ore  u n its  of n egative  
c h a rg e , b u t  th e  to ta l  charge  o f th e  ions or a t  least t h a t  p a r t  falling  on th e  
M o— 0(1) bonds is un ifo rm ly  d is tr ib u te d  over all th e  oxygen  a to m s in  te rm in a l 
p o s itio n s .

T he above in te rp re ta t io n  o f th e  freq u en cy  sh ift serves as a spectroscopic  
p ro o f  to  su p p o rt th e  g enera l s ta te m e n ts  re la tin g  to  th e  ionic c ry s ta ls , accord ing  
to  w h ich  th e  effect o f th e  e le c tro s ta tic  a ttra c tio n  is u n ifo rm  in  all d irec tions,
i.e. th e re  are no p re fe rred  b o n d  d irec tio n s. C onsequently , in  th is  asp ec t th e  
N H /  ions can n o t be assigned  to  p re fe rred  Mo— 0(1) b o n d s . A co rrec t p ic tu re  
is o b ta in ed  only if  th e  am m o n iu m  ions are  placed in to  th e  c ry s ta l la ttic e  in 
acco rd an ce  w ith  th e  un ifo rm  d is tr ib u tio n  of charges. As m en tio n ed  above, th e  
p o s itio n  of th e  N H ^  ions w as n o t de te rm in ed  e ith er in  th e  h ep ta - or in  th e  
o c tam o ly b d a te . H ow ever, th e  fo llow ing schem e w ould closely  co rrespond  to  
th e  above p ic tu re : assum e th a t  a ro u n d  th e  o c tam o ly b d a te  ion  in  Fig. 3 th e  
fo u r  N H ^  ions are  p laced  sy m m etrica lly  w ith  respect to  th e  sy m m etry  cen tre  
o f  th e  C2h p o in t g roup , or to  th e  С,- tr ic lin ic  u n it cell.
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T h e freq u en cy  of th e  v3 (F 2) m ode of am m onium  ions also dep en d s on 
th e  degree o f p o ly co n d en sa tio n , a lth o u g h  to  a lesser e x te n t (F ig . 9). T he 
d ependence  on  a  a n d  К  o f th is  freq u en cy  is sim ilar to  th o se  show n p rev io u sly . 
T his fa c t su p p o rts  th e  above a ssu m p tio n s  as well.

As a n e x t s tep , if  we succeed  in  p rep arin g  su itab le  m o ly b d a te  sing le­
c ry s ta ls , th e  d e ta iled  analysis of th e se  h ighly  co m plica ted  system s an d  th e  
th e o re tic a l co n firm a tio n  of th e  frequencies will be a tte m p te d  w ith  th e  a id  of 
R a m a n  a n d  p o la rized  spec tra .

F ig . 9 . Frequency change o f the v3(F2) mode o f the NH^ ion
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O X I D A T I O N  O F  S E C O N D A R Y  A L C O H O L S  

O N  A  P L A T I N U M  E L E C T R O D E ,  I

T H E  O X ID A T IO N  PRODUCTS

G . H o r Á N Y I, P . K Ö N IG  and I . T e LCS 

( Central Research Institu te  fo r  C hem istry, H ungarian Academ y o f  Sciences, B u d a p est)
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The electrooxidation of secondary alcohols (i-propanol, see-butanol and cyclo- 
hexanol) was studied in acidic m edium . The inform ation obtained from  studies w ith  
stationary and potentiodynam ic m ethods was classified in groups.

I t  was found th at the chem ical events in the oxidation  of alcohols can be separ­
ated into two groups.

1. The interaction of the m eta l and the alcohol is irreversible adsorption occur­
ring w ith  charge transfer; th is is n o t a step of stationary oxidation .

2. There is a w ell-defined reaction  path leading from  the dissolved starting  
substance to the dissolved product.

I t  was found that the products o f oxidation are th e  corresponding ketones

I t  is clear from  a n u m b e r o f m onographs [1— 4] th a t  in  re c e n t years 
s tu d ie s  of th e  e lec tro o x id a tio n  o f  alcohols have occup ied  an  increasing ly  
im p o r ta n t p lace in  th e  e lec tro ch em ica l lite ra tu re . T he b u lk  of th e  w ork  con­
cerns th e  o x id a tio n  of p rim a ry  a lcoho ls, an d  re la tiv e ly  few  p ap ers  are  found  
w hich  deal w ith  th e  o x id a tio n  o f seco n d ary  alcohols [5, 6 ].

This m ay  be due to  in h e re n t d ifferences in  th e  p ra c tic a l im p o rta n c e  of 
th e  tw o ty p es  of com pounds, b u t  fro m  th e  po in t of v iew  o f th e  b e t te r  u n d e r­
s ta n d in g  of questions concern ing  th e  m echanism  of o x id a tio n  of alcohols it 
is o u r op in ion  th a t  th e  s tu d y  o f th e  o x ida tion  of seco n d a ry  alcohols shou ld  
no t be neglected .

Several d ifferen t possib ilities a rise  w ith  p rim ary  a n d  seco n d ary  alcohols 
fo r th e  s tu d y  o f in d iv id u a l steps in  th e  m u lti-stage  o x id a tio n  processes. I n  th e  
case of secondary  alcohols, th e  k e to n e  form ed in  th e  f i r s t  steps of th e  o x id a ­
tio n  reac tio n  is re la tiv e ly  s tab le  a n d  th e  ra te  of its  o x id a tio n  is sm all. I f  th is  
a ssu m p tio n  is tru e , th e n  h y d ro x y —oxo tra n s itio n  in  th e  o x id a tio n  o f secondary  
alcohols can  be s tu d ie d  w ith o u t in te rfe r in g  factors.

In  th is  p ap e r i t  is p rim a rily  in te n d e d  to  give an  answ er to  th e  q u estio n  
o f  w h e th e r or n o t th e  reac tio n  g iv en  b y  th e  overall e q u a tio n

R — C H — R ' -------► R — C— R ' +  2 H+ +  2 e
I II
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can  b e  stud ied  w ith o u t in te rfe rin g  s ide-reactions (R  an d  R ' a re  a lky l or ary l 
g roups). I t  is obvious t h a t  only a fte r  th is  q u es tio n  has b een  decided can i t  
be  a tte m p te d  to  fo rm  som e idea of th e  m echan ism  o f o x id a tio n  by  analysis 
o f  th e  po lariza tion  cu rv es .

M ethod o f  in vestiga tion

T he ap p a ra tu s  w as essen tia lly  th e  sam e as in  earlie r s tu d ies  of e lectro­
h y d ro g en a tio n  [7]. T w o ty p e s  of e lec tro ly tic  cells w ere u sed ; th e  outline of 
one o f  these  is given in  F ig . 1.

О

F ig . 1. E lectro ly tic  cell. A  m ain  e lectrode, В  re fe ren ce  e lectro d e , C au x ilia ry 'e lec tro d e

The geom etrical a rea  of th e  m ain  e lec trode , a d isk -sh ap ed  p la tin u m  
e lec tro d e , was 10 cm 2. B y  p la tin iza tio n  a roughness fa c to r  o f 500—1000 w as 
a t ta in e d . The m a g n itu d e  o f th e  roughness fa c to r  w as d e te rm in ed  from  ch arg ­
in g  curves. 1  N  H C 10 4  w as used  as b ack g ro u n d  so lu tio n , a n d  th e  electrode 
p o te n tia l  was m easu red  ag a in s t a 1  a tm . h y d ro g en  e lec trode  im m ersed in  th is  
so lu tio n . In  order to  e lim in a te  th e  ra te -d e te /m in in g  ro le o f tr a n s p o r t  processes, 
e ith e r  th e  solu tion  w as s tirre d  or th e  e lec trode  w as ro ta te d .

This cell w as u se d  in  th e  m ain  to  s tu d y  th e  p o te n tia l  dependence o f 
th e  ra te  b y  th e  d e te rm in a tio n  of th e  p o la riza tio n  cu rves. W ith  the  fu r th e r  
a im  of p roduct a n a ly s is , a cell was c o n s tru c te d  in  w hich  a considerable y ie ld  
cou ld  be achieved w ith o u t giving u p  th e  s im u ltan eo u s s tu d y  o f th e  po ten tia l 
dependence of th e  r a te .

A n outline o f  th e  cell used  for p re p a ra tiv e  pu rposes is show n in Fig. 2. 
T h e  m ain  electrode, w h ich  h ad  a g eom etrica l su rface  of 160 cm 2, was p la tin ­
ized  p la tinum  in  th e  fo rm  of a hollow  cy linder. T he a u x ilia ry  electrode, w hich
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w as p laced  a t  th e  cen tre  of th e  cy lin d er form ed b y  th e  m ain  e lec trode  an d  
w hich w as s e p a ra te d  from  it  b y  a glass f ilte r , h ad  a geom etrical surface a b o u t 
2 orders o f m ag n itu d e  sm aller th a n  th a t  of th e  m ain  electrode. B y  m eans o f  
th e  glass f i l te r  th e  ox idation  p ro d u c ts  can  easily  ap p ro ach  th e  a u x ilia ry  
electrode a n d  th e re  be reduced . I f  th e  geom etrical su rface  of th e  a u x ilia ry  
electrode (ca th o d e) is sm all, th e n  th e  red u c tio n  o f a p ro d u c t fo rm ed  d u rin g  
th e  o x id a tio n  can  be neglected .

T o d ay  p o te n tio d y n am ic  m eth o d s  a re  generally  used  to  s tu d y  th e  o x id a ­
tio n  of a lcohols an d  so th e  d ifferen t s ta tio n a ry  m eth o d s are  being forced in c rea s­
ing ly  in to  th e  b ack g ro u n d  [8 , 9].

Fig. 2. Cell fo r p re p a ra tiv e  purposes. A  m a in  e lectrode , В  re ference  e lectrode, C a u x il ia ry
e lectrode

In  p a ra lle l w ith  th is  th e  n a tu re  o f th e  electrodes u sed  has changed , th e  
p o te n tio d y n am ic  m ethods usually  em ploy ing  b rig h t, an d  th e  s ta tio n a ry  m e th ­
ods p la tin ized  p la tin u m  electrodes. W e w ished to  use b o th  m ethods to  s tu d y  
th e  o x id a tio n  o f secondary  alcohols, b u t  even a t  th e  o u tse t of th e  in v e s tig a ­
tio n  we w ere fo rced  to  conclude th a t  th e  tw o  m eth o d s give in fo rm atio n  on 
tw o d iffe ren t a t  tim es only loosely re la te d  areas o f th e  phenom ena.

A n a t te m p t  is m ade below  to  c lassify  th e  in fo rm atio n  o b ta in ed  b y  th e  
tw o m eth o d s accord ing  to  w h e th e r p h en o m en a  are  considered  to  be d ire c tly  
re la ted  to  th e  o x id a tio n  reac tio n  s tu d ie d , or w h e th e r th e y  re su lt from  in te r ­
fering  fac to rs . F o r th is  th e  ty p es o f in fo rm atio n  y ie lded  b y  th e  in d iv id u a l 
m ethods m u s t f ir s t  be exam ined.

A . S ta tionary methods

As re g a rd s  th e  pairs p o te n tia l-c u r re n t  values in  m easu rem en ts w ith  
s ta tio n a ry  m e th o d s , th e  p o la riza tio n  curves p roduced  from  th ese  are  b y  no  
m eans th e  o n ly  ty p e  of in fo rm atio n . I n  th e  ap p lica tio n  of th e  s ta t io n a ry
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m e th o d  i t  m u st f ir s t  be  m ade clear w h e th e r  th e  s ta tio n a ry  m easu rem en ts  
a re  p rac ticab le , t h a t  is, w h e th e r th e  s ta t io n a ry  or q u a s i-s ta tio n a ry  s ta te  is 
a tta in a b le .

M any w orkers u se  only th e  p o te n tio d y n a m ic  m ethod  in  th e  ox idation  
o f alcohols because th e y  do no t consider th a t  th e  s ta tio n a ry  or q u a s i-s ta tio n a ry  
s ta te  can  be ach ieved .

F i g .  3 .  C h an ge  o f  p o t e n t ia l  w i t h  t im e  in  a g a lv a n o s t a t ic  m e a s u r e m e n t  (5  X 10 2 M  i-p r o p a n o l)

This m isg iv ing  is to  a ce rta in  e x te n t  ju s tif ie d  for th e  a tta in m e n t of, 
or th e  app roach  to , th e  s ta tio n a ry  s ta te  is o ften  an  ex trem ely  le n g th y  process.

A ccordingly , h o w  th e  se ttin g  in  of th e  s ta tio n a ry  s ta te  depends on tim e  
a n d  on o ther p a ra m e te rs  of th e  sy stem  s tu d ie d  m ay  also be  im p o r ta n t in fo r­
m a tio n .

In  Fig. 3 is show n th e  p o te n tic a l change a t  given c u rre n t value in  a 
g a lv an o sta tic  m e a su re m e n t as a fu n c tio n  o f tim e. As can  be seen from  th e  
f ig u re , th e  e s ta b lish m e n t of th e  s ta t io n a ry  s ta te  requ ires an  ex trem ely  long 
tim e . F u r th e r  v a lu a b le  in fo rm atio n  is o b ta in e d  w hen a change is m ade from  
one s ta tio n a ry  s ta te  to  ano ther.
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T he p h en o m en a  observed d u rin g  th e  change-over in  th e  case o f a gal- 
v a n o s ta tic  m e th o d  are show n in F ig . 4.

I t  can  be  seen in  Fig. 4 th a t  s ig n ifican t changes occur in  th e  case of 
c e r ta in  chan g e-o v er m odes (from  h igh  cu rren ts  to  low cu rren ts), b u t  in  sp ite  
o f th is  th e  m easu rem en ts  are rep roduc ib le .

F lu c tu a tio n  or periodic p h en o m en a  form  a fu r th e r  group . P eriod ic  p o te n ­
tia l  o sc illa tions can  be observed  a t  ce rta in  cu rren ts  in  th e  g a lv a n o s ta tic  
m easu rem en t m e th o d ; th is  is show n in  Fig. 5 fo r th e  case of th e  o x id a tio n  of 
cyclohexano l.

F ig . 5. G a lv an o s ta tic  m easu rem en t in  th e  case o f 4 m l cyclohexanol ( 0..1 M )

I t  can  be  seen from  th e  figu re  t h a t  th e  s ta tio n a ry  s ta te  is e s tab lish ed  a t  
low  c u rre n ts , b u t  on th e  increase o f th e  c u rren t a period ic  p o te n tia l o sc illa tio n  
can  be  observed . T his phenom enon  h as  a lread y  been  observed  by  n u m ero u s  
a u th o rs  in  th e  o x id a tio n  of alcohols an d  organic su b stan ces [3], and  th u s  in 
th e  case o f th e  o x id a tio n  of seco n d a ry  alcohols all th o se  fac to rs m u s t be  
reckoned  w ith  w hich  were considered  in  th e  ex p lan a tio n  of p o te n tia l f lu c ­
tu a tio n s .

To su m m arize  th e  above, th e  in fo rm a tio n  o b ta in ed  w ith  th e  s ta t io n a ry  
m eth o d s can  be classified  in to  th e  follow ing groups.

1. T h e  s ta t io n a ry  p o ten tia l—c u rre n t re la tio n .
2. T he tra n s ie n t  processes d u rin g  change-overs.
3. T he period ic  phenom ena d u rin g  th e  g a lv an o sta tic  processes.

B . P oten tiodynam ic methods

Tw o ty p e s  o f p o ten tio d y n am ic  m e th o d  are in  use fo r th e  p u rp o se  o f 
k in e tic  in v e s tig a tio n s ; th e  d ifference be tw een  th em  is th e  m ode of ch an g in g  
th e  p o te n tia l.
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a) In  th e  cyclic p o ten tio d y n am ic  m easu rem en t m ode (cyclic v o lta m ­
m e try ), th e  con tro lled  p o te n tia l varies cy c lica lly  a t  a c o n s ta n t ra te  be tw een  
tw o c o n s ta n t p o te n tia l  v a lu es ; its  tim e -co u rse  can  be  seen in  F ig . 6 a.

b) I n  th e  single p o ten tio d y n am ic  m e a su re m e n t m ode (single sw eep), 
th e  co n tro lled  p o te n tia l  p roceeds a t  c o n s ta n t  ra te  in  a p rev io u sly  d e te rm in ed  
p o te n tia l  in te rv a l; i ts  tim e-course is show n  in  Fig. 6 b.

a )  — э-t

Fig. 6. P o te n tia l—tim e  d iag ram

In  ou r stud ies b o th  m odifications o f  th e  m ethod  w ere used. T he ex p eri­
m e n ta l se t-u p  w as e ssen tia lly  the  sam e as a lread y  m en tioned , b u t  a b rig h t 
p la tin u m  disk  of g eo m etrica l surface 1 . 6 8  c m 2  or a w eakly  p la tin ized  roughness 
fa c to r  ca. 1 0 0  p la tin u m  needles of g eo m etrica l surface ~  0 . 1  cm 2  w ere used 
as m easu rin g  elec trodes.

T he desired  ra te  o f change of th e  p o te n tia l  was ensu red  w ith  a contro lled- 
sw eep p o te n tio s ta t . T h e  change of p o te n tia l  be tw een  0 an d  -\-2 V was lin e a r  
w ith  tim e  betw een  w ide ra te  lim its.

T he c u rren t p a ss in g  betw een th e  m easu rin g  an d  au x ilia ry  electrodes in 
th e  cell w as recorded  as a function  of th e  p o te n tia l  b y  an  X Y  p lo tte r . In  ce rta in  
cases, beg inn ing  a t  a su ita b ly  selected p o in t  o f tim e  th e  charge passed  th ro u g h  
th e  cell w as reco rded  sim u ltaneously  w ith  th e  cu rren t; th is  was ach ieved  by  
e lec tro n ic  in te g ra tio n  o f th e  curren t.

T h e  p re p a ra tio n  o f th e  electrode d e p e n d e d  on th e  desired  m ode o f m eas­
u re m e n t. In  th e  cyclic m ode, a m ea su re m e n t was accep ted  a fte r  a single
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ano d ic  regenera tion  2 Y , 1 m in u te ) if  i t  did n o t show  a change d u ring  
sev e ra l cycles. T here is no such  co n tro l possib ility  in  th e  case of p o la riza tio n  
cu rv es d e te rm ined  w ith  a single p o te n tia l  change, a n d  th e re fo re  a s tr ic tly  
s ta n d a rd iz e d  p re p a ra tio n  p ro ced u re  was ad o p ted  in  th is  case; in  general th e  
d iag ram  of th is  was th e  follow ing.

A fte r th e  reg en era tio n  in  s tag e  “ a ” , th e  oxygen fo rm ed  d u rin g  reg en era ­
tio n  w as d isp laced  from  th e  so lu tio n  b y  a stream  o f n itro g en  in  stag e  “ b 
m eanw hile  th e  e lectrode, w hich  w as covered w ith  an  ox ide lay e r, w as a t  a

F ig . 7. P o te n tia l- t im e  d iagram

F ig . 8. P o ten tio d y n am ic  cu rve. 1 N  H C104 back g ro u n d  so lu tio n , 0.1 M  i-p ro p an o l

p o te n tia l w here th e re  is no ap p rec iab le  reac tio n  (1.0— 1.1 Y). S tage “ c”  (gene­
ra lly  ~  1  sec) w as th e  to ta l  re d u c tio n  of th e  surface ox ide an d  s tag e  “ d ” 
th e  m easu rem en ts (F ig. 7).

T hese tw o m ethods a re  u sed  a lte rn a te ly  a t ra n d o m  in  th e  l i te ra tu re  to  
o b ta in  th e  p o ten tio d y n am ic  p o la riz a tio n  curve, and  are  considered  eq u iv a len t 
from  th e  p o in t of view  of th e  re su lt. W ith  1 N  HC10 4  o r 1 N  H 2 S 0 4  co n ta in in g  
p r im a ry  alcohols, th e se  cu rves h a v e  ch a rac te ris tic  shap es w ith  2  d e fin ite  
m ax im a . In  our ex p erim en ts  w ith  seco n d ary  alcohols th e  shap es of th e  p o te n ­
tio d y n a m ic  p o la riza tio n  curves w ere found  to  be sim ilar (F ig . 8 ). No difference 
can  be  found  e ith er in  th e  sh ap e  o f th e  po lariza tio n  cu rve  or in  th e  positions 
o f  th e  m ax im a com pared  w ith  th e  p o la riza tio n  curves re p o rte d  in  th e  l i te r ­
a tu re  to  illu s tra te  th e  e lec tro o x id a tio n  of m eth an o l or e th an o l.
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T h e shape of th e  p o te n tio d y n am ic  p o la riza tio n  cu rv e  depends on th e  
e x p e rim e n ta l cond itions, v iz . on

a. th e  m ode of ch an g in g  th e  p o ten tia l,
b . th e  ra te  of ch an g in g  th e  p o ten tia l,
c. th e  ex trem e v a lu es  o f th e  p o ten tia l in te rv a l, 
c. th e  sweep freq u en cy  o f th e  p o te n tia l in te rv a l.
T he effect of th e se  p a ra m e te rs  is th e  sam e as in  th e  case of secondary  

a lcoho ls. O m itting  th e  d e ta ile d  d iscussion of ou r re su lts  w e re fe r to  [10, 11].

C. Com parison o f  sta tionary and  potentiodynam ic methods

I f  th e  differences in  c u rre n t d en sity  a re  d isreg a rd ed , th e re  is a^ large 
d ifference  betw een  th e  sh ap es of th e  p o te n tia l—c u rre n t cu rves o b ta in ed  b y  
th e  p o ten tio d y n am ic  a n d  s ta tio n a ry  m ethods.

F ig. 9. P o te n tio s ta tic  s ta tio n a ry  p o la riza tio n  cu rv e

Fig. 9 shows a q u a s i-s ta tio n a ry  c u rre n t—p o te n tia l cu rv e  o b ta in ed  w ith  
a p o te n tio s ta tic  m e th o d  on  a P t  b lack  elec trode . I f  th is  cu rve  is com pared 
w ith  th e  curve p roduced  w ith  a p o ten tio d y n am ic  m e th o d , w hich  can be seen 
in  F ig . 8 , it is fo u n d  t h a t  th e re  are tw o m ax im a  on th e  p o ten tio d y n am ic  
cu rv e  an d  only one on  th e  s ta tio n a ry  curve.

In  th e  opinion of sev e ra l au th o rs  th e  second m ax im u m  observed  d u ring  
th e  o x id a tio n  of alcohols can  be a t tr ib u te d  to  an  o x id a tio n  reac tio n  on p la ­
t in u m  oxide. The q u e s tio n  r ig h tly  arises: if  th e  o x id a tio n  reac tio n  indeed  
occu rs on th e  oxide, th e n  w h y  is it  no t observed  in  th e  s ta t io n a ry  case to o ?  
T h e  second m axim um  also ap p ears  if th e  e lec trode  is im m ersed  in  i-p ropano l, 
w ash ed , and  th e  p o te n tia l  changed  in th e  p o sitiv e  d irec tio n  from  some m edium  
p o te n tia l  value in  an  alcohol-free background  so lu tion . As can  be seen in  F ig . 10 
u n d e r  such conditions o n ly  th e  stage correspond ing  to  th e  second m ax im um  
can  be  observed, sign ify ing  th a t  th is  c u rre n t is used  fo r th e  o x id a tio n  o f th e  
su b s ta n c e  adsorbed  earlie r.
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T here are  also sim ilar d ifficu lties in  th e  ex p lan a tio n  of th e  f irs t s tages 
of th e  curves o b ta in e d  w ith  th e  p o te n tio d y n am ic  m eth o d  an d  th e  p o la riza tio n  
curves ta k e n  u n d e r s ta tio n a ry  co n d itions. In  th e  case of i-p ropano l, s im ila rly  
to  th e  o th e r alcohols, th e  a d so rp tio n  is connec ted  w ith  a considerab le  change 
in  charge, th a t  is, th e  ad so rp tio n  is essen tia lly  a surface red o x  reac tio n , th e  
p ro d u c ts  of w hich rem a in  p re d o m in a n tly  or com pletely  ad so rb ed  (chem iso rp ­
tio n , w hich m ay  be accom pan ied  b y  a ce rta in  am o u n t of decom position  of

Fig. 10. P o te n tio d y n a m ic  o x id a tio n  cu rve  of i-p ropano l adso rbed  in  open c ircu it

Fig. 11. a) C hange of th e  c u rre n t a fte r  ad d itio n  o f i-p ro p an o l a t  c o n s ta n t p o te n tia l (300 m V), 
b) Change of th e  p o ten tia l a f te r  th e  a d d itio n  of i-p ropano l in  open  c ircu it

th e  in itia l m olecule). T he change in  charge  accom pany ing  th e  ad so rp tio n  is 
w ell show n b y  F ig . 11. In  case a) th e  i-p ro p an o l was ad d ed  to  a I N  H C10 4  

b a ck g ro u n d  so lu tion , th e  p o te n tia l be ing  m a in ta in ed  c o n s ta n t w ith  a p o ten tio - 
s ta t ;  in  th e  case of th e  open  c ircu it in  case b) th e  electrode a t  a g iven p o te n tia l 
cam e in to  c o n ta c t w ith  i-p ropano l.

All th ese  o b se rv a tio n s p rove  th a t  in  th e  p o ten tio d y n am ic  m eth o d  th e  
changes in  charge accom pany ing  th e  a d so rp tio n  process an d  th e  a m o u n t o f  
charge co rrespond ing  to  th e  o x id a tio n  p rocess can  b a re ly  be d isting u ish ed  
from  each o th e r. F u r th e r  re su lts , w hich w ill be rep o rted  in  a n o th e r p a p e r ,
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w ere  o b ta in ed  from  m easu rem en ts  using  a tra c e r  te ch n iq u e . A t th is  tim e  we 
w ish  to  rep o rt o n ly  a  few  fu n d a m e n ta l fin d in g s. F ig . 12 show s th e  p o te n tia l 
d ep en d en ce  of th e  a d so rp tio n  of i-p ro p an o l labelled  w ith  1 4 C. I t  can  be seen 
t h a t  th e  ad so rp tio n  h a rd ly  changes w ith  th e  p o te n tia l over a fa irly  w ide 
p o te n tia l  in te rv a l. I n  th is  p o te n tia l in te rv a l th e  ad so rbed  labelled  i-p ropano l 
c a n n o t be exchanged  w ith  u n labe lled  i-p ro p an o l. A t th e se  p o ten tia ls  th e  
ad so rb e d  m olecules a re  n o t rem oved  from  th e  su rface  d u rin g  th e  o x id a tio n  
re a c tio n ; th is  m eans t h a t  th e  ad so rp tio n  a n d  th e  reac tio n  can n o t be d irec tly  
re la te d  to  each o th e r , th a t  is, a s ig n ifican t p a r t  o f th e  adsorbed  m olecules 
d o  n o t  tak e  p a r t  in  th e  reac tio n .

F ig . 12. P o te n tia l  dependence  o f th e  a d so rp tio n

To sum m arize  th e  above i t  can  be s ta te d  th a t  th e  chem ical even ts in  
th e  ox ida tio n  of a lcohols can  ebsepar a te d  in to  tw o groups.

1) The in te ra c tio n  of th e  m e ta l an d  th e  alcohol is irreversib le  a d so rp tio n  
o ccu rrin g  w ith  ch a rg e  tra n s fe r ; th is  is n o t a step  of s ta tio n a ry  o x id a tio n .

2) There is a w ell-defined  reac tio n  p a th  lead ing  from  th e  dissolved s t a r t ­
in g  substance  to  th e  d isso lved  p ro d u c t.

The processes m en tio n ed  in  th e  f irs t  p o in t show  u p  in  th e  tra n s ie n t 
sec tio n s of th e  s ta t io n a ry  processes an d  in  th e  p o ten tio d y n am ic  m easu rem en ts.

T hus, th ese  a re  th e  p henom ena w hich  d is tu rb  th e  processes in  th e  
second  group. A know ledge  of th em  is in d ispensab le  fo r a co rrec t in te rp re ta ­
t io n  o f electrode p rocesses. A t th e  sam e tim e  i t  m u st be seen th a t  th e  tw o ty p es  
o f  processes in  th e  p o ten tio d y n am ic  m eth o d s do n o t d iffer from  each o th e r.

In  th e  s ta t io n a ry  m eth o d s, how ever, th e  processes in  th e  f irs t g roup  
c a n  be assigned as th e  single cause of th e  slow tra n s ie n t processes.

T hus, we h av e  a rr iv ed  a t  a v e ry  v ita l  conclusion. T he s ta tio n a ry  m eth o d s 
a p p e a r  m uch m ore  su ita b le  for th e  s tu d y  o f th e  o x id a tio n  processes th a n  do 
th e  p o ten tio d y n am ic  m e th o d s  w hich  h av e  recen tly  becom e w idespread .

This is th e  re a so n  w h y  we shall p r im a rily  use th e  s ta tio n a ry  m eth o d s  
in  o u r following in v es tig a tio n s .
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D etection and  study  o f th e  oxidation product by e lectrochem ical m ethods

The d e tec tio n , an d  possible d e te rm in a tio n , of th e  reac tio n  p ro d u c t can  
he m ade in  th e  sam e sy s tem  as th e  o x id a tio n  w ith o u t d is tu rb in g  th e  system .

From  earlier in v es tig a tio n s  of th e  e lec tro h y d ro g en a tio n  of oxo com ­
pounds, it  is well k n o w n  [8 ] th a t  th e  k e to n e  p re su m ab ly  form ed d u ring  th e  
o x ida tion  of seco n d ary  alcohols can  be reduced  in  acid ic m edium  accord ing  
to  th e  reaction

R — C— R ' +  4 H +  4 e ------ - R — CH2— R ' +  H ,0
II

О

even a t  p o ten tia ls  w here  th e  evolu tion  of hydrogen  need  n o t he considered. 
F ro m  th is  i t  follows th a t  if  a secondary  alcohol is ox id ized  fo r a su itab le  tim e  
a section  co rrespond ing  to  th e  redu c tio n  of th e  keto n e  m u s t ap p ear on th e  
p o la riza tio n  curve.

Fig. 13. Change o f sh ap e  o f th e  po lariza tio n  cu rve  as th e  o x id a tio n  proceeds

This is show n in F ig . 13. Curve 1 w as d e te rm in ed  from  p o te n tio s ta tic  
m easu rem en ts a t  an  i-p ro p an o l co n cen tra tio n  of 10 ~ 2  M . C urves 2 and  3 w ere 
o b ta in e d  a fte r o x id a tio n  w ith  a given c u rre n t for d iffe ren t tim es.

O nly th e  sec tions co rrespond ing  to  th e  o x id a tio n  o f i-p ro p an o l, an d  th e  
fo rm ation  of hyd ro g en  a t  a b o u t 0 mV, a p p ea r on th e  f irs t p o la riza tio n  curve. 
O n th e  o ther tw o  cu rves th e  section  correspond ing  to  th e  h y d ro g en a tio n  of 
th e  ox ida tio n  p ro d u c t begins a t  p o ten tia ls  m ore n egative  th a n  200 mV. In  th e  
sec tion  corresponding  to  th e  ox id a tio n , th e  c u rre n t an d  th e  r a te  of o x id a tio n  
decrease w ith  decreasing  i-p ropano l co n cen tra tio n . P a ra lle l to  th is , th e  ra te  
o f redu c tio n  increases w ith  increasing a m o u n t and  c o n cen tra tio n  of th e  
p ro d u c t.
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O n th e  ox idation  of i-p ro p an o l a n y  o th e r  p ro d u c t w hich  m ay  he h y d ro ­
g e n a te d , a p a r t  from  ace to n e , is d ifficu lt to  conceive. H ence , th is  o b se rv a tio n  
s u p p o r ts  th e  view  th a t  a sig n ifican t a m o u n t of acetone is fo rm ed  d u rin g  th e  
o x id a tio n  o f i-propanol. S im ilar p h en o m en a  can  be observed  in  th e  o x ida tions 
o f sec -b u tan o l and  cyclohexanol.

I f  one accepts th a t  th e  oxo com pound  is one of th e  o x id a tio n  p ro d u c ts , 
th e n  w e can  s tu d y  its  p ro p o rtio n  to  th e  o th e r p ro d u c ts  b y  e lectrochem ical 
m ean s . A  necessary co n d itio n  of th is  is th a t  if  o th e r p ro d u c ts  are form ed in  
th e  o x id a tio n , th e n  th e se  m u s t be  d eriv ed  from  th e  o x id a tio n  of th e  oxo 
c o m p o u n d . In  th is  w ay  th e  q u es tio n  m a y  be answ ered b y  com paring  th e

F ig . 14. C om parison of th e  o x id a tio n s  o f ace tone  an d  i-p ropano l a t  co n cen tra tio n s  o f 5 X 10 2 M

p o la r iz a tio n  curves w ith  th e  oxo com pound  and  th e  co rrespond ing  alcohol 
p re se n t.

In  Fig. 14 th e  com parison  is m ade fo r th e  case of i-p ro p an o l and  acetone .
I t  can  be seen fro m  th e  figu re  th a t  th e  d is tu rb in g  effect o f k e to n e  

o x id a tio n  in  the  case o f i-p ro p an o l need  only  be considered  a t  p o te n tia ls  
m o re  p o sitiv e  th a n  600 m V. W ith  sec-bu tano l and  cyclohexano l, th e  b e h a v io u r 
o f  w h ich  is exactly  sim ilar, th e  o x id a tio n  of th e  keto n e  is n o t involved.

T h e  ra tio  of th e  ra te s  of o x id a tio n  of i-p ropano l a n d  acetone is n o t  
su ffic ie n tly  clear from  th e  p o la riza tio n  curves, considering  th a t  th e  charge  
e q u iv a le n ts  necessary  fo r th e  o x id a tio n  also ap p ear in  th e  cu rren t ra tio s , 
q u ite  a p a r t  from  th e  ra te  ra tio s .

T h e  m ost sim ple a n d  th e  m ost p ro b ab le  [12] eq u a tio n  fo r th e  o x id a tio n  
o f ace to n e  is

CH3— C— C H 3 +  H 20 -------* C 0 2 +  C H 3COOH +  8 H + +  8 e
II

0
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T h u s , th e  re la tio n s  betw een  th e  o x id a tio n  ra te  of ace tone  (w0) an d  th e  c u rre n t, 
a n d  th e  ra te  o f fo rm atio n  (му) an d  th e  c u rren t are

2 F  Wf =  if

” L  =  4 J l  
w0 i0

W h en  b o th  reac tio n s occur th e  c u rre n t w ill be th e  sum  o f i0 an d  if. F ro m  w h a t 
has been  said  i t  is clear th a t  th e  ace tone  will be in  excess am ong th e  p ro d u c ts  
w hile th e  c u rre n t co rrespond ing  to  th e  o x id a tio n  of ace to n e  is n o t la rg e r th a n  
th a t  necessary  for th e  o x id a tio n  of i-p ropano l. H ow ever, th is  can  only  follow 
in  th e  case of h igh  acetone an d  low i-p ropano l co n cen tra tio n s , b o th  reac tio n  
ra te s  being  co n cen tra tio n  d ep en d en t.

Study o f  the products by an alytica l m ethod s

W ith  th e  e lectrochem ical m e th o d s it  was on ly  in d ire c tly  p ro v ed  th a t  
th e  p ro d u c t o f o x id a tio n  is th e  co rrespond ing  ke tone . T herefo re , tw o a n a ly tic a l 
p ro ced u res  w ere app lied  fo r th e  d e tec tio n  and  d e te rm in a tio n  of th e  oxo com ­
p o u n d s  form ed. One of th e  m e th o d s w as th e  g rav im e tric  d e te rm in a tio n  of 
th e  2 ,4 -d in itro p h en y lh y d razo n e  of th e  oxo com pound.

A 0.2— 0.5 M  so lu tio n  of th e  secondary  alcohol w as p rep ared . E le c tro ­
lysis w as ca rried  o u t b y  a g a lv a n o s ta tic  m eth o d  in  o rd e r to  form  severa l 
m m oles of th e  p ro d u c t. T he so lu tion  w as th e n  tra n sfe rre d  from  th e  e lec tro ly tic  
cell to  an  E rlen m ey er flask , an d  th e  2 ,4 -d in itro p h en y lh y d razo n e  p re c ip ita te d  
acco rd in g  to  R ef. [13]. T he d e te rm in a tio n  d id  n o t give sa tis fa c to ry  re su lts , 
p a r tic u la r ly  in  th e  case o f ace to n e , because of th e  re la tiv e ly  h igh so lu b ility  
o f th e  2 ,4 -d in itro p h en y lh y d razo n e , b u t  from  th e  p o in t o f v iew  of q u a lita tiv e  
an a ly sis  i t  w as im p o r ta n t. F rom  th e  m .p . and  c ry s ta llin e  form  o f th e  2,4- 
d in itro p h en y lh y d razo n es  i t  w as found  th a t  in  each case on ly  one oxo com ­
p o u n d , co rrespond ing  to  th e  alcohols concerned, is fo rm ed  du ring  th e  ox i­
d a tio n .

Good re su lts  w ere o b ta in ed  in  th e  sem i-m icro ac id im etric  d e te rm in a tio n  
o f  th e  oxim es. Follow ing a s im ila r p re p a ra tio n  to  th e  ab o v e , th e  d e te rm in a ­
tio n  w as carried  o u t accord ing  to  R ef. [13].

I t  was fo u n d  th a t  in  th e  case of sec-butanol and  cyc lohexano l th e  electric: 
ch a rg e  in tro d u ced  was used  1 0 0 %  to  th e  fo rm atio n  o f th e  oxo com pound.. 
I n  th e  case of i-p ropano l too , p ra c tic a lly  only acetone is fo rm ed , p a r tic u la r ly  
a t  th e  beg inn ing  of th e  reac tio n  a t  n o t too  positive  p o te n tia ls .

an d

H ence
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OXIDATION OF SECONDARY ALCOHOLS 
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1. T he o x id a tio n  of seco n d ary  alcohols was s tu d ied  on p la t in u m  surfaces p a r ­
tia lly  o r com ple te ly  covered w ith  oxygen .

2. I t  w as fo u n d  th a t  th e  o x id a tio n  tak es place w ith  a co n sid erab le  ra te  on ly  on  
th e  free m eta l surface .

3. W ith  th e  s tu d y  of th e  o x id a tio n  reac tio n , th e  p o ss ib ility  arises fo r th e  in v es ti­
g a tio n  of th e  a d so rp tio n  an d  d e so rp tio n  p rop erties  of th e  ad so rb ed  oxygen .

F ro m  an  ex am in a tio n  of th e  l i te ra tu re  concern ing  th e  e lec troox ida tion  
o f alcohols on nohle m eta l e lec trodes it  can be e stab lish ed  th a t ,  according 
to  th e  views of d iffe ren t a u th o rs , th e  reactions m ay  be  c lassified  in to  th e  
follow ing ty p es [ 1 , 2 ].

1. T he reac tio n  occurs b y  e lec tro n  tran sfe r or d e h y d ro g en a tio n  w ith  
th e  m olecule adso rbed  on th e  m e ta l.

2. R eac tio n  ta k e s  p lace on th e  oxygen-covered  su rface  in  a sim ilar w ay  
to  th e  above.

3. R eac tio n  occurs w ith  th e  ad so rb ed  oxygen or th e  ox ide .
C onsidering all th ese  reac tio n s , i t  is h a rd ly  possib le to  f in d  a un ified

tre a tm e n t fo r th e  o x id a tio n  p rocesses on th e  p la tin u m  elec trode . T he analysis 
of po lariza tio n  curves th ere fo re  ru n s  in to  d ifficu lties, because  th e  ra tio  of 
th e  m e ta l surface an d  th e  su rface  covered  w ith  oxide o r a d so rb ed  oxygen 
v aries as a fu n c tio n  o f th e  e lec trode  p o te n tia l, an d  th is  com p lica tes  th e  s itu a ­
tio n  considerab ly . I t  ap p ears  p ra c tic a l to  lim it th e  s tu d y  f irs t  to  those  condi­
tio n s in  w hich we are  concerned  e ith e r  only  w ith  a m e ta l su rface  or only  
w ith  oxygen-covered  surfaces. In  th e  p resen t p ap er we s tu d y  th e  role in  th e  
reac tio n  of oxide or oxygen-covered  surfaces w ith  reg a rd  to  th e  o x id a tio n  of 
secondary  alcohols.

E xp erim en ta l m ethod

T he m ethod  an d  e q u ip m en t w ere as a lre ad y  rep o rted  [3]. In  th e  s tu d y  o f th e  p la tin u m  
e lectrode -  alcohol in te rac tio n , e ith e r th e  p re p a ra to ry  o p erations necessa ry  w ith  th e  electrode 
w ere carried  o u t in  a sep a ra te  vessel a n d  th e  e lectrode was th e n  p laced  in  th e  cell con ta in ing  
th e  a lcohol so lu tion , used  in  th e  s tu d y , o r  th e  p re p a ra to ry  op era tio n s w ere ca rried  o u t in  th e  
cell an d  th e  alcohol ad d ed  a t  th e  a p p ro p ria te  m om ent. T his p re p a ra to ry  w o rk  was m ain ly  
ano d ic  p o lariza tio n  la s tin g  fo r a d e fin ite  t im e . S im ilarly  to  our earlie r s tu d ies , a 1 N  HC104 
b ack g ro u n d  so lu tion  w as used .
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R eaction  o f  th e previously  oxid ized  m eta l su rface and the a lcohol

I t  has a lread y  b e e n  m en tio n ed  in  th e  in tro d u c tio n  th a t  a n u m b er of 
a u th o rs  consider t h a t  a d ire c t chem ical reac tio n  occurs b e tw een  oxygen chem i­
so rb e d  on th e  p la tin u m  an d  th e  alcohols or o th e r o rg an ic  com pounds; as a 
r e s u lt  a clean p la tin u m  surface  is fo rm ed . In  th e  absence  o f an  e x te rn a l p o la r­
iz in g  effect, th e  re a c tio n  is accom pan ied  by  a change o f th e  electrode p o te n ­
t ia l ,  an d  th e  ex h a u s tio n  o f th e  ad so rb ed  oxygen is in d ic a te d  b y  a ju m p  in 
th e  p o te n tia l [4, 7].

F ig . 1. D ischarge cu rve  o f a p rev iously  ox id ized , p la tin ized  P t  e lec tro d e  in  1 N  HC104 +  0.1 M
i-p ro p an o l

As is show n in  F ig . 1, th is  p h enom enon  can also be observed  in  th e  case 
o f  secondary  alcohols. T he red u c tio n  of chem isorbed  oxygen  tak es  place in  
s ta g e  a. The len g th  o f th is  stage  depends on th e  c o n c e n tra tio n  of alcohol too. 
I n  c o n tra s t w ith  l i te ra tu re  find ings [4], th e  ex p erim en ts  are  n o t well rep ro ­
d u c ib le  even w hen an  id en tica l p re p a ra tio n  is a lw ays ap p lied . A t given alcohol 
co n cen tra tio n s  th e  le n g th  of stage  a depends s ig n ifican tly  on th e  p rio r anodic 
p o la riz in g  p o ten tia l a n d  period . A  long  p re - tre a tm e n t causes th e  len g then ing  
o f  s tag e  a to  be seen in  F ig . 1.

D isregard ing  th e se  u n c e rta in tie s , i t  m u st be s ta te d  th a t  from  th e  leng th  
o f  s tag e  a or from  th e  re a c tio n  tim e  on ly  an  average re a c tio n  ra te  can  be given; 
i t  is no t know n how  th e  reac tio n  ra te  varies w ith  th e  a m o u n t of chem isorbed 
o x y g en  (which changes d u rin g  th e  reac tio n ). T herefo re  th e  l i te ra tu re  find ing  [4] 
t h a t  th e  reaction  ra te  is p ro p o rtio n a l to  th e  am o u n t o f oxygen  on th e  surface 
ap p e a rs  a rb itra ry . F u r th e r  d a ta  are  req u ired  to  decide w h a t fu n c tio n  describes 
th e  reac tio n  b e tw een  th e  oxide a n d  th e  alcohol.
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W e w ere faced  w ith  e ssen tia lly  th e se  questions in  o u r s tu d ies  of o x id a ­
tio n  processes on th e  nickel h y d ro x id e  e lec trode  [5]. T he m e th o d  app lied  th e re  
w as u sed  h e re  too . T he essence o f th e  s tu d y  was th a t  th e  e lec trode  in  c o n ta c t 
w ith  th e  alcohol w as ca th o d ica lly  p o la rized  w ith  v a rio u s c u rre n ts  a t  th e  sam e 
tim e  as th e  reac tio n . T he sh ap e  o f th e  p o te n tia l- t im e  cu rv e  in  th is  case is 
s im ila r to  t h a t  in  Fig. 1. F ro m  th e  re la tio n  b e tw een  th e  c u rre n t an d  th e  
len g th s  o f  th e  corresponding  a s tag es , conclusions can  be d raw n  on th e  k inetics 
o f  th e  re a c tio n  betw een  th e  ox ide an d  th e  alcohol.

F ig. 2. D isch arg e  curves o f a p la tin ized  P t  e lectrode  in  0.1 M  i-p ro p an o l, d e te rm in ed  w ith  
c a th o d ic  p o la riza tio n . T he d ischarge cu rv e  d e te rm in ed  w ith  a c u rre n t o f  5 m l  in  th e  p u re  

b ack g ro u n d  so lu tio n  is g iven  b y  a b ro k en  line

F ig u re  2 shows th e  p o te n tia l—tim e  curves o b ta in ed  w ith  th e  d iffe ren t 
p o la riz in g  cu rren ts . F rom  th e  cu rves i t  w as found  th a t  (d isreg ard in g  th e  v e ry  
sm all c u rre n ts )  th e  p ro d u c t o f th e  t im e  correspond ing  to  s tag es  a an d  th e  
c u rre n ts  concerned  (i.e. th e  a m o u n t o f charge in tro d u ced ) gives a lm o st id e n ­
tic a l v a lu es . T his c o n s tan t charge  v a lu e  is a considerab le  fra c tio n  (ca. one 
th ird )  o f th e  charge eq u iv a len t to  th e  oxygen  chem isorbed  on th e  electrode 
in  th e  g iven  w ay. This o b se rv a tio n  p e rm its  th e  conclusion th a t  u n til  a con­
s id erab le  p a r t  of th e  adsorbed  oxygen  has been  rem oved from  th e  su rface th e  
re a c tio n  is ex trem ely  slow, an d  its  r a te  can  be neg lected  co m p ared  w ith  th e  
c u rre n ts  ap p lied .

A n o th e r  exp erim en ta l o b se rv a tio n  also po in ts  to  th e  v e ry  slow reac tio n  
be tw een  th e  p rev iously  stro n g ly  ox id ized  m e ta l surface an d  th e  alcohol. I f  a 
charged  e lec tro d e  is le ft to  s ta n d  fo r 10 m in  in  a 1 M  i-p ro p an o l so lu tion , an d  
th e n  a f te r  rin sing  is d ischarged  in  p u re  b ack g ro u n d  so lu tion , a d ischarge  curve  
agreeing  w ith  th e  curve show n b y  a b ro k en  line in  F ig . 2 is o b ta in ed . A t th e  
sam e tim e  th is  is exp erim en ta l p ro o f t h a t  indeed  on ly  av e rag e  ra te s  can  be
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c a lc u la ted  from  cu rv es  such as th a t  show n in Fig. 1, since in th e  f irs t  ten  
m in u te s  th e  reac tio n  r a te  can  p ra c tic a lly  be neg lected .

F ro m  the  fa c t t h a t  only ab o u t one th ird  o f th e  o x ygen  chem isorbed  on 
th e  e lectrode is rem o v ed  by  th e  c u rre n t in  th e  jo in t  d ischarge  w ith  alcohol 
an d  ca th o d ic  p o la riz a tio n , and  also from  th e  o b se rv a tio n  th a t  th e  chem i­
so rb ed  oxygen is p ra c tic a lly  no t rem oved  b y  th e  alcohol in  th e  f irs t te n  m in ­
u te s  b u t  th e  re a c tio n  s till proceeds (F ig . 1), th e  conclusion  m u st be draw n 
th a t  a f te r  a ce rta in  tim e  (the  rem oval of a given a m o u n t of oxygen or th e  
a t ta in m e n t  of a c e r ta in  e lectrode p o ten tia l)  th e  ra te  o f  re a c tio n  increases to  a 
s ig n ifican t ex ten t.

F rom  stud ies w ith  m ethano l, fo rm ald eh y d e  an d  fo rm ic acid , i t  is a s ­
su m ed  [6 ] th a t  in it ia lly  a slow chem ical reac tio n  ta k e s  p lace  b e tw een  th e  
ad so rb ed  oxygen a n d  th e  organic sub stan ce .

In  th e  p re se n t case  th is  w ould be fo rm u la ted  b y  th e  e q u a tio n

P tO  +  R -  C H — R '
I

OH

R — C— R ' +  H ,0  +  P t  (1)
II

О

w h ere  R  and  R ' a re  a lk y l or ary l groups. H ow ever, th e  ra p id  change of p o te n ­
tia l  is caused b y  th e  se tt in g  up of a local cell, a t  one pole of w hich th e  reac tion

P t  +  R — C H — R '
I

O H

P t  +  R — C— R ' +  2 H  +

Ő
2  e ( 2 )

ta k e s  place, and a t  th e  o th e r th e  process

P tO  +  2 H + +  2 e P t  +  H 20 (3)

T h e  view  is well k n o w n  [7] th a t  reac tio n  (1) never ta k e s  p lace d irec tly , an d  
o n ly  th e  reactions (2) an d  (3) need be considered. In  th is  case it  is assum ed 
th a t  th e  anodic p re - tre a tm e n t of th e  e lec trode  leaves free sites on th e  su rface  
on w hich  reac tio n  (2) occurs. The n u m b e r of free s ite s  varies  depend ing  on 
th e  m an n e r and p e rio d  of th e  p re - tre a tm e n t, and  so i t  could  be exp la ined  to  
a c e r ta in  ex ten t w h y  th e  average ra te  of red u c tio n  of th e  oxide is sm aller in 
th e  case  of a longer ano d ic  po la riza tio n . L eaving  aside  th e  d isp u ted  questio n s, 
th e  above e x p e rim e n ta l observations p e rm it th e  conclusion  th a t  w hen p a r t  
o f th e  m eta l su rface  is covered w ith  oxygen  in  th e  case o f th e  o x id a tio n  of 
seco n d a ry  alcohols to o , only th e  o x id a tio n  reac tio n  ta k in g  place on th e  free 
m e ta l surface need  b e  ta k e n  in to  co n sidera tion .

In  the  follow ing an  answ er is so u g h t to  th e  q u es tio n  o f w h a t possib ilities 
th e re  are of fo llow ing  changes in  th e  s ta te  o f th e  su rface  an d  th e  ra tio  o f 
free and  oxygen-covered  surface.
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P oten tio sta tic  stud y o f  the oxidation reaction  
on an  electrode prepared by anodic polarization

T he electrode is im m ersed  in  a so lu tio n  con ta in ing  th e  seco n d ary  alcohol 
a fte r  p ro longed anod ic  p o la riza tio n  w ith  a h igh c u rre n t, th e  p o te n tia l is a d ­
ju s te d  to  an  in itia l 1500 mV w ith  th e  help of a p o te n tio s ta t ,  th e n  th is  is 
changed  in  th e  n eg a tiv e  d irec tio n ; even  a f te r  a long w a itin g  period  ( 1 0 — 2 0  m in) 
no considerab le  c u rre n t flows in  a fa irly  w ide p o te n tia l in te rv a l. T h u s , in 
ag reem en t w ith  w h a t w as said  earlie r, th e  ra te  of th e  o x id a tio n  re a c tio n  ca n ­
n o t be sign ifican t.

t, min

F ig . 3. Change of the current at a platinized P t electrode at 800 mV in 1 N  HC104 +  0.1 M
i-propanol

B eginning from  ce rta in  p o te n tia ls  (m ore neg a tiv e  th a n  900 mV) an  
ex trem e ly  slow increase  o f c u rre n t can  be observed. T his is show n in  F ig . 3. 
As can  be seen from  th e  figure , it  rem ains a t th e  s tu d ied  p o te n tia l value 
fo r a lm o st tw o h ours u n til  th e  s ta tio n a ry  s ta te  is a tta in e d . (This observ a tio n  
again  su p p o rts  th e  ea rlie r find ing  [3] th a t  in  the  case o f th e  use o f p o ten tio - 
d y n am ic  m ethods m a n y  im p o r ta n t, slow ly occurring  p h en o m en a  can  escape 
a tte n tio n .)  In  a p o te n tia l  in te rv a l o f a b o u t 100 mV th e  p h enom ena  show n in 
F ig . 3 are  rep ea ted  w ith  th e  change o f p o ten tia l; th is  can  be seen in  F ig . 4. 
In  th e  case of d iffe ren t in itia l p o te n tia ls  on electrodes p rep a red  b y  anod ic  
p o la riza tio n , th e  ra te s  o f a t ta in m e n t o f th e  s ta tio n a ry  s ta te  will also be d iffe ­
re n t, as is to  be seen in  F ig . 5.

T he above ex p e rim en ta l o b se rv a tio n s b ea r w itness to  th e  fa c t t h a t  in 
th e  case of oxidized su rfaces th e  r a te  o f th e  o x ida tion  reac tio n  is con tro lled  
b y  a slow process w hich  depends to  a considerab le e x te n t on th e  e lec tro d e  
p o te n tia l. Since th e  r a te  of th is  p rocess depends on th e  p o te n tia l, i t  m u s t 
p lay  th e  p a r t  of a ch arg e  tra n sfe r  p rocess in  th e  reac tio n , an d  so th e  re a c tio n
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concerned  can n o t be  th e  d irec t chem ical re a c tio n  be tw een  th e  alcohol an d  th e  
ad so rb ed  oxygen.

F rom  w h a t h as  b een  sa id  in  th e  p rev ious p a r t  we m u st com e to  th e  con­
c lu sio n  th a t  th e  p rocess con tro lling  th e  ra te  o f o x id a tio n  of th e  alcohol is 
p ro b a b ly  th e  e lec tro ch em ica l red u c tio n  of oxygen  (process [3]), or th e  ra te  
o f fo rm a tio n  of th e  free  surface.

On rep ea tin g  th e  p rev io u s ex p erim en ts  w ith  so lu tions n o t con ta in ing  
alcoho l, as Fig. 6  show s, i t  w as observed  th a t  a t  p o ten tia ls  w here th e  ra te  
o f  o x id a tio n  a t ta in s  th e  s ta tio n a ry  v alue  on ly  v e ry  slow ly, th e  red u c tio n  of 
th e  adso rbed  oxygen  is likew ise a v e ry  slow process. F ro m  a com parison  of 
F ig s  4, 5 and  6 , th e re fo re , we come to  th e  in te re s tin g  conclusion th a t  th e  
p h en o m en a  co n n ec ted  w ith  th e  red u c tio n  of ad so rb ed  oxygen  d u ring  th e  ox i­
d a tio n  of alcohol a p p e a r  w ith  s tro n g ly  opposite  signs.

t, min
F ig . 4 . P oten tiostatic  ‘determ ination’ o f the polarization curve in  1 N  HC104 -f- 0.1 M

i-propanol

F ig .  5. The electrode was previously oxidized (5 m in at 1500 mV), and then the oxide formed  
w as reduced for 5 m in at a given  potential. N ext, i-propanol was added to the cell (to 0.1 M )  

and the ox idation  current was m easured at this same potential
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t,min

F ig . 6. Change w ith  tim e at 900 mV of the reduction current o f the chemisorbed oxy g en  
on a previously oxidized electrode

In  th e  ex p e rim en ts  show n in F igs 3 a n d  4 th e  s ta t io n a ry  s ta te  was a t ta in  
ed a f te r  a c e r ta in  tim e . The e s tab lish m en t of th e  s ta tio n a ry  s ta te  can  be  
exp la ined  b y  th e  fa c t th a t  th e  ra tio  of th e  ‘free m e ta l su rface’ to  th e  ox ide- 
covered  su rface  no longer changes, th a t  is th e  r a te s  of fo rm a tio n  an d  re m o v a l 
o f th e  ox ide a re  th e  sam e. If, in  ag reem en t w ith  [6 ], th e  fo rm atio n  o f  th e  
oxide is d esc rib ed  b y  th e  equation

P t  +  H 20  ^  P tO H  +  H +  +  e (4)

th e n  in  th e  s ta t io n a ry  s ta te  or a t  equ ilib riu m  in  th e  case s tu d ied  b y  u s  a 
re la tio n

fc1( l - 0 o - 0 s)lOftE= f e _ 10o lO-6E (5)

can be g iven , w here  к г is th e  a d so rp tio n  ra te  c o n s ta n t, th e  d e so rp tio n  
ra te  c o n s ta n t, 0 O th e  coverage w ith  reg a rd  to  oxygen , 0S t h a t  w ith  reg a rd  to  
th e  su b s tra te , b a c o n s ta n t (b =  a  zF /R T , a  =  0.5) an d  E  th e  p o te n tia l. A t 
th e  sam e tim e , th e  ra te  (i) of th e  o x id a tio n  re a c tio n  can  be given b y  th e  
re la tion

i =  M i - 0 s - e o) =  M s i o 6'E (6)

T he f irs t  p a r t  o f E q . (6 ) refers to  th e  ra te  of ad so rp tio n  of th e  su b s tra te , an d  
th e  second p a r t  to  th e  ox ida tio n  reac tio n  (c is th e  c o n cen tra tio n  of a lcoho l
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in  th e  so lu tion ; fc3, k4 an d  b’ are c o n s ta n ts ) . B y  com bining re la tio n s  (5) and
(6 ), one o b ta in s fo r th e  oxygen coverage

—i -  i ■ 1026E =  0„ (7)
/c_j k 3 c

I t  m a y  be seen from  E q s ( 6 ) and  (7), co rresp o n d in g  to  o b serv a tio n s illu s tra te d  
in  F igs 3 and  4, th a t  th e  change of 0O in  tim e  m ust be co nnec ted  w ith  th e  
s im u ltan eo u s  change o f i.

F ig . 7. Change with the potentia l o f the relative oxygen  coverage referred to the 850 mV data, 
according to Eq. (8), from  th e  data of Fig. 4

F o r th e  d e te rm in a tio n  of th e  a b so lu te  va lu e  of 0O, th e  v alues of k lt k _ 15  

k 3 a n d  b are needed , a p a r t  from  th e  ex p e rim e n ta lly  m easured  i an d  E.  H ow ever, 
th e se  d a ta  are n o t ava ilab le . I t  seems p ra c tic a l to  ca lcu la te  re la tiv e  coverage 
v a lu e s  s ta r tin g  from  som e defin ite  6 /> a n d  E 1 p a ir. The re la tiv e  coverage, 6q, 
is g iv en  by  th e  re la tio n

1 lo^(E-E i)  =  h .  =  gr (8)
h  0J

0Д can be d e te rm in ed  using E q . (8 ) if  th e  value of b is know n. F o r th is  
th e  li te ra tu re  va lu e  o f 1 / 1 2 0  m V " 1  w as used .

I f  dl does n o t d iffer g rea tly  from  u n ity , th e n  th e re  is n o t a la rge  difference 
in  th e  values of 6r0 a n d  0O. A t any  ra te , conclusion  can  read ily  be  m ade from  
th e  va lu es  of 6r0 as to  th e  p o ten tia l d ependence  of th e  rev ersib le  oxygen  
a d so rp tio n .
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In  our v iew , th e  s tu d y  p rinc ip le  in tro d u ced  in  th is  p ap e r (and , in  the  
case o f fu rth e r  d ev e lo p m en t of th e  prec ision , th e  m easu rem en t m ethod) can  
be  a va lu ab le  a id  in  th e  in v e s tig a tio n  of oxygen ad so rp tio n . T he p o ssib ility  
fo r th is  is p ro v id ed  b y  th e  fa c t th a t  i t  could be u n am b ig u o u sly  con firm ed  
t h a t  th e  o x id a tio n  re a c tio n  in  th e  s tu d ie d  cases occurs on ly  on th e  free m e ta l 
su rface .
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KINETICS OF M ONOM OLECULAR CATALYTIC IN T E R C O N V E R SIO N  
OF T H R E E  COMPONENTS

D . K a l l ó , E. D e tr ek ő y  and G. S c h a y

( Central Research In s titu te  fo r  Chemistry, H ungarian  A cadem y o f  Sciences, B udapest)  

R eceived Novem ber 11, 1970

The rate equations for the transform ation of a com ponent i were derived for  
the following m echanism s: (1) transform ation to both  j  and к  proceeds by adsorption, 
surface reaction and desorption; (2) w ithout a surface reaction one of the adsorbed  
forms if i is desorbed into  j ,  the other into k; (3) adsorbed i  transform s to adsorbed  
forms of j  and k , w hich are desorbed into j  and k; (4) the com m on adsorbed form  of  
tw o com ponents transform s to the adsorbed form of the third com ponent; (5) the com ­
ponents transform  into  each other via  a common surface interm ediate. In the derivation o f  
the rate equations for the individual m echanism s, either the surface reaction or the sorp­
tion  were considered as rate-determ ining steps. The relations obtained for ry, the in itia l 
rate of some transform ation i —*- j  are easier to evaluate; these can be given alw ays 
b y  an equation o f the form 1 /гу  =  my/p0/ - f  b y  as a function  o f the initial pressure 

Pi (at low coverages my/p® 8» b y ,  and at high coverages my/p® b y ) .  If b y  ^  b ;y ,  

in principle it  can be observed only that the elem entary steps of the m onom olecular  
interconversion o f the three com ponents follow  each other according to a triangular  
schem e [m echanism s (1) and (2) and (3) if  the surface reaction is rate-determ ining]; 
if  b y  =  b^j, it  can be observed only that the transform ation proceeds according to  an 
Y  scheme via  a com m on surface interm ediate or an equilibrium  m ixture of products 
[m echanism s (3), (4) and (5), when the sorption steps are rate-determ ining]; if  equilib­
rium is very rapidly established between any tw o com ponents, the reaction proceeds 
b y  a slow surface reaction  according to m echanism  (4). As w ell as this elucidation  
of the m echanism , the k inetic  m ethod at tim es also provides a possib ility  for the deter­
m ination of the constan ts o f the elem entary steps.

In  th e  p re se n t series of papers we wish to  re p o rt th e  re su lts  of a s tu d y  
of th e  iso m eriza tion  of n -b u te n e  as m odel reac tio n , in  re sp ec t o f th e  so-called 
acid c a ta ly s ts , th e ir  a c tiv e  groups. To s ta r t  w ith , we en d eav o u r to  e lu c id a te  
th e  m echan ism  of th e  re a c tio n , th e  firs t and  m ost obvious p o ssib ility  fo r th is  
being offered b y  th e  re a c tio n  k in e tic  m ethods. T he e v a lu a tio n  o f th e  k in e tica lly  
e lu c id a ted  e lem en ta ry  s tep s  an d  th e  co n stan ts  d e te rm in ed  fo r these  can serve  
as th e  basis of fu r th e r  in v es tig a tio n s . H ow ever, th e re  are  re s tric tio n s  of p r in ­
ciple to  th e  k in e tic  s tu d y  o f th e  m echanism . F o r th e  c la rifica tio n  an d  th e  
sizing u p  of all th is  it  is n ecessa ry  (a )  to  know  th e  k in e tic  re la tio n s  concerned , 
and  ( b )  to  es tab lish  w ith  th e ir  help  th e  lim ita tio n  of ca lcu la tio n s and  e v a lu ­
ations from  th e  e x p e rim e n ta l d a ta .

T he k inetics o f th e  c a ta ly tic  tra n sfo rm a tio n  of th e  th ree  n -b u ten e  
isom ers have  been  c leared  u p  in  so fa r  as th e  p rocess can  be  phenom enolog ic­
a lly  described  by  th e  tr ia n g u la r  schem e
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in  w h ich  th e  in d iv id u a l s tep s  a re  rev e rsib le  an d , w ith in  th e  lim its  o f experi­
m e n ta l e rro r, f irs t o rd e r w ith  re sp ec t to  th e  com position  expressed  in  mole 
fra c tions  a t  a given, c o n s ta n t p ressu re  [e.g. 1— 3]; th a t  is, th e  ra te  of tr a n s ­
fo rm a tio n  of th e  i- th  co m p o n en t (i =  1, 2, 3) is

w h ere  у  is th e  mole fra c tio n ; fc(-; is th e  em pirica l ra te  c o n s ta n t of th e  overall 
tra n s fo rm a tio n  i —► j ;  i, j ,  к  =  1, 2, 3; an d  i  ^  j  ^  k.

N evertheless, i t  m a y  be observed  th a t  a t  tim es th e  r a te  of tra n s fo r­
m a tio n  increases n o t w ith  th e  f irs t, b u t  a sm aller pow er o f th e  to ta l  pressure  
of th e  reac tin g  gas m ix tu re . U n d er su ch  cond itions th e  e x p e rim e n ta l d a ta  
can  be  described on th e  basis  of a re a c tio n  schem e in  w hich  su rface  reactions 
ta k e  p lace  betw een th e  ad so rb ed  isom ers [4] (see schem e I I I  in  F ig . 1); in 
a d d itio n  to  th is  th e y  can  also be described  on th e  basis o f a schem e in which 
th e  in d iv id u a l isom ers a re  tra n sfo rm e d  in to  each o th e r v ia  a com m on in te r ­
m e d ia te  [5, 6 ] (see schem e V in F ig . 1). F ro m  o th e r m easu rem en ts , how ever, 
i t  co u ld  be concluded th a t  th e  tw o 2 -b u te n e  isom ers give a com m on surface 
in te rm e d ia te  w hich tra n sfo rm s  in to  th e  adso rbed  form  of th e  th ird  isom er [7] 
(see schem e IV in F ig . 1). All th ese  o b se rv a tio n s  p ro m p ted  us to  ex ten d  our 
s tu d ie s  re la ted  to  th is  sy s tem , i.e. to  ta k e  in to  accoun t all th e  k in e tic  cases 
fo r th e  possible schem es of ca ta ly tic  tra n sfo rm a tio n , inc lu d in g  th e  cond itions 
p rev a ilin g  under ex trem e ly  large and  ex trem ely  sm all coverages.

1 . R eaction  sch em es for the cata lytic  tran sform ation

F ig . 1 shows th o se  m onom olecu lar tra n sfo rm a tio n  schem es for w hich 
k in e tic  equations h av e  b een  derived . O n ly  th e  n o n -a c tiv a te d  su rface  in te r ­
m e d ia te s  are given in  th e  schem es, an d  n o t th e  a c tiv a te d  com plexes.

T h e  schem es show n in Fig. 1 do n o t com prise th e  to ta l  v a r ie ty  o f form al 
possib ilities , th e  reac tio n  p a th s  ap p earin g  fa irly  reasonab le  w ere reg a rd ed  only 
on th e  basis of th e  fo llow ing consid era tio n s.

I  rep resen ts th e  con cep tio n  (to d a y  a lre a d y  considered  as classic) acco rd ­
ing  to  w hich th ree  processes w ere considered  for every  re a c tio n  d irec tion : 
a d so rp tio n , surface re a c tio n  and  d eso rp tio n . A ccord ingly , each ind iv idual 
iso m er w ould be ad so rb ed  in tw o form s of surface in te rm e d ia te , w hich th u s  
tra n s fo rm  in th e  su rface  reac tio n s ; th is  m eans th e n  th a t  th e  3 isom ers would 
o ccu r in  a to ta l of six  ty p e s  of ad so rb ed  s ta te . W ith  th is  th e  m o st com plica ted  
tra n s fo rm a tio n  schem e w as ta k e n  in to  considera tion .

r i =  { k , j  +  k ik) y ,  k j i y j  kkiy h ( 1 )
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II  is sim pler th a n  I in  so fa r  as th e  surface reac tio n  s tep  does n o t o ccu r. 
H ere  to o  each isom er is ad so rb ed  in  tw o w ays, b u t  in  such  a m an n er t h a t  th e ir  
in te rm e d ia te s  are com m on in  p a irs , an d  hence these  can  be desorbed  in  tw o  
w ays.

In  th e  case of III  th e  tra n s fo rm a tio n  tak es  p lace b e tw een  th e  isom eric  
fo rm s adso rbed  on th e  su rface .

IV  rep resen ts  th e  case w h en  th e  process occurs b y  th e  surface re a c tio n  
b e tw een  th e  com m on in te rm e d ia te  o f tw o isom ers an d  th e  adso rbed  fo rm  of 
th e  th ird .  This p ic tu re  ap p ears  reasonab le  if  on a d so rp tio n  a тг-com plex  is 
fo rm ed  w hich in  th e  2 -b u ten es has an  iden tica l s tru c tu re , an d  in  1 -b u te n e  
a s tru c tu re  d ifferen t from  th is .

F ig . 1 . Transform ation schem es considered in  the kinetic calculations; О  =  gas p h ase  com
ponent; □ =  adsorbed state

I n  V all th ree  isom ers fo rm  a com m on surface com plex . T his seems lik e ly  
b ecau se  up o n  th e  a d d itio n  o f a p ro to n  from  th e  acid  c a ta ly s t  an  id en tica l 
cr-com plex an d  th e  sam e sec-bu ty l ca rb o n iu m  ion m ay  be fo rm ed  from  all th re e  
isom ers.

2 . K in etic  relations

T h e k in e tic  cases w hich a re  s tu d ie d  for th e  tra n sfo rm a tio n  schem es show n 
in  F ig . 1 a re  as follows:

r  : th e  ra te -d e te rm in in g  s tep  is th e  surface reaction w ith  surface coverages 
co rrespond ing  to  an  a d so rp tio n  equ ilib rium ; ex trem e  sub-cases are 

r 0  : th e re  are  v e ry  sm all su rface  coverages, i.e. th e  a d so rp tio n  eq u ilib riu m  
c o n s ta n ts  are v e ry  sm all: K ap , <g 1 (K a is th e  a d so rp tio n  equ ilib riu m  
c o n s ta n t; p t —  th e  p a r tia l  p re ssu re  o f th e  i- th  com p o n en t); 

r1 : th e  coverage o f th e  su rface  is com plete , i.e. th e  ad so rp tio n  equ ilib rium  
c o n s ta n ts  are  v e ry  large: K ap i  1 .

s : th e  sorption  s tep s  a re  ra te -d e te rm in in g , w hile th e  surface reac tio n  (if 
th e re  is one) can  be considered  as being  in  equ ilib riu m ; ex trem e s u b ­
cases are
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ads : th e  ra te -d e te rm in in g  step  is th e  a d so rp tio n , i.e. kap[ <g kd (ka, kd are  
th e  ad so rp tio n  a n d  desorp tion  ra te  c o n s ta n ts , resp .), re su ltin g  in  v e ry  
sm all coverages;

des : th e  ra te -d e te rm in in g  step  is th e  d e so rp tio n , i.e. k ap t §> kd, re su lting  in 
v e ry  high su rface  coverages.

O ur in v es tig a tio n s  do no t ex ten d  to  th o se  cases w hen  (a) n e ith e r  th e  
so rp tio n  nor th e  su rface  reac tio n  (if th e re  is one) is th e  ra te -d e te rm in in g  s tep , 
as th e  p rac tica l p ro b a b ili ty  of such g enera l cases is v e ry  sm all, (b) th e  a d so rp ­
tio n  is s trong  or w eak  fo r only one or tw o  com ponen ts, an d  fu r th e r  w hen one 
su rface  reaction  is fa s t  an d  th e  o th e r slow , as large d ifferences in  such a sense 
c a n n o t be expected  fo r  closely re la ted  com pounds.

In  th e  follow ing a re  given th e  k in e tic  equa tions for r; , th e  ra te  in  s tead y  
s ta te ,  re la ted  to  u n it  c a ta ly s t  surface, o f th e  tra n sfo rm a tio n  o f som e com ponen t 
(i =  1, 2, 3) exp ressed  in  p a rtia l p ressu res , as d irec tly  m easu rab le  in d ep en d ­
e n t variab les . T he e q u a tio n s  were d eriv ed  b y  assum ing  a c a ta ly s t surface of 
hom ogeneous a c tiv ity ;  th e  steady  s ta te  w as ta k e n  in to  con sid era tio n  in such

dO
a w ay  th a t  S r ( =  0 , o r  equ iva len tly  — =  0 , i.e. th e  v a rio u s coverages and

d r
th e  frac tio n  of v a c a n t  surface 0O do n o t change in  tim e . T he basic  equa tions 
fro m  w hich we se t o u t  can  be given in  th e  follow ing genera l form s: 
fo r th e  so rp tion  p rocess (T) a  :

r i,a — ^ i ,a  P i  @0 k j  d 0a

fo r th e  surface re a c tio n s  ja  T±lß \:

r , ß  =  ^ r ß  Q'j- к p z  в ß .

T h e  frac tio n  of v a c a n t  surface is s tressed  in  ou r equa tions since th is  is clearly  
o f id en tica l s ign ificance in any  concep tion  of th e  m echan ism , w hile th e  cover­
ages refe r to  d iffe ren t system s and d iffe ren t in te rm ed ia tes . T he indices deno te  
th e  tran s itio n s  acco rd in g  to  Fig. 1 in  an  unam biguous w ay  an d  as sim ply  as 
possib le .

In  case I-r, co n d itio n s of which are  k tj <C k/jj, k jk << k lk j, k jt <§ k j / j  and 
k hi <3s k ki k:

r, =  0O[ ( k tj K itij  +  k ik K i<ik) p i  kji K j ' i j p j  k ki K k<ki p k] (2)

1 + Z K lPl
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(kjj is th e  ra te  c o n s ta n t of tra n sfo rm a tio n  of th e  a d so rb ed  in te rm ed ia te  i j  
to  j i  , in  acco rdance  w ith  th e  d esignation  to  be  seen in  schem e I  in  
F ig . 1; also in  th is  sense 

kjj / is th e  ra te  c o n s ta n t o f d eso rp tio n  i j  —► (J);
K j  jj is th e  e q u ilib riu m  c o n s ta n t of adso rp tio n  of th e  gas phase co m p o n en t

©  into Л  '■>
K j  =  K j jj -(- K j jk =  a d so rp tio n  equ ilib rium  c o n s ta n t of i; 
p  is th e  p a r tia l  p ressu re ; while in the  indices 
i =  1, 2, 3; j  =  1, 2, 3; к  =  1, 2, 3; i ^  j ;  j  ^  k; a n d  к  ^  i).

In  case I - r 0:

r , =  [ ( k U K i , i j  +  k i k  K i , i k )  P i

In  case I-rp.

,  [(^i/ K , , i j  “b k i k  K i . i k )  J i
Г' — v , ,

k i i K j J i p j k k i  K j k j  P; ] (4)

k U  K j M  У  1 k k i  Kk,kt y k]
(5 )

i  У  i

(y  is th e  m ole fra c tio n  in  th e  gas phase, since p  =  y P  an d  th e  to ta l  p ressu re  
P  can  be e lim ina ted ).

In  case I - s :

П =  °o
k k i , k  K i kÍ. kJU K g  _  I.

, к к К  l’,k к  4- к КИ  K i j , i  I K } i , j J^ i j  K i k , i  ^  K k i , k  - ^ Ч к

P i  -

-  к k U , i  f r . _  k l k , i  _

J J ‘ k j j j  +  k j j j K / 1 k ’k ' kj , , ,  ■ к , , ;  К  ,
P k

( 6 )

o0 = 1 +  (1 +  K 12) K n P i  +  K n P i
^I2,l“b k 21,2

( l  +  K   ̂ к -ЛЯP i  ~b кз,32P i  П ) к з , з х Р з  ~b k i , i 3Pi  1 1  (7)
k 23,2 “ t~ k 32,3 k 23 k31,l “Ь  ^ 1 3 ,1  K 3

(kj jj is th e  ra te  c o n s ta n t o f th e  ad so rp tio n  ©  —► i j  ; 
k j j j  is th e  ra te  c o n s ta n t o f th e  desorp tion  j i  —*■ (T)',
K jj  is th e  eq u ilib riu m  c o n s ta n t o f the  surface re a c tio n  i \ © ) .

In  case I-ads:

',4

j<il

k j i J  K j j
+  k i , i k

k k i , k  K j / t

’/ j j  "4“ k j t j K t j к i k }i 4 “ ^ k i , k  ^ i k

k i j , i L k i k , i

+  k j i j K j j  P j
K k , k i

k i k . i  +  k k i , k  K i k

P i

P k

( 8 )
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I n  case  I-des:

Г i  —
l. h j K . j  I
Ki , i j ~  '—j ~  г Ki,ik

кkl,к Kik

kj,ü

k ij,i +  k f l j K t j

-yi
k i j , i

k ij;i “t" k j i j K ' j
k k,ki

k ik,i +  k ki,k K ik , 

k ik,i

У i

k ik,i +  kki,k Kik
Ук X

X (1 +  K vl) ,fcl . l ^ I ,_+  ^2,2! У2, +  (! +  K23) ^2,23 У2 +  К ж У з
k 12,l ~Ь k ‘21,2 К k 23,2 ~Ь k 32,3 К 23

' *31 ,3+*1»Д *.1

— 1

A s in  (5) it  was possib le  to  e lim ina te  th e  pressure. 

I n  case  I I -s:

ri =  eo

k i x

ky ,
li x

x i
k x  I  +  k x 2

ky

+  k
кZ3

I z
кгз +  kz  1

P  i

l x i
k x  1 +  к

P  2 i 3Z.
V l

X 2 кгз +  kz  1

P  3

(9)

k \ x P i  1 k.lX p., k  , Y P i  4~ k 3Y Рз к згР з  +  k iz p 1

k x  l + /by2 —l-  /bУЗ кгз +  k zi

( 10)

( 11)

(& is th e  adso rp tion  or d eso rp tio n  ra te  c o n s ta n t, d epend ing  on th e  indices; 
th e  ind ices refer to  th e  tra n s fo rm a tio n s  accord ing  to  schem e I I  in  F ig . 1; 
th u s  fo r exam ple th e  r a te  c o n s ta n t o f th e  ad so rp tio n  (T) —► X j is k lX).
In  case Il-ads:

к
FiX

X2

k x j +  k x 2

+  k

к  j; гХ1

k Xi +  k x  2
/ > 2

i z

‘-зг

ггз
^зг +  kzi

%zi

кгз +  k zi

I n  case II-des:

h x
x X 2

k x  1  +  k X2

ky

+  k i z
VZ3

k2X
l X l

^ x i +  ^
~ У2 l :iZ

X2

k Z3  +  k z i

___k zi
кгз +  ^zi

P i

Рз

)

Уз X

( 12)

X k i x J i  +  klXJi  , X z J i  +  * зу .Уз_ , fc3 z j3  +  fei z J i 1 1

kXi +  ^X2 к у з  “ l“  k Y j кгз  +  ^z i
(13)
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r2 an d  r3 are  o b ta in ed  from  E qs (10), (12) an d  (13) b y  th e  s im u ltaneous su b ­
s t i tu tio n  o f th e  in d ex  num bers an d  in d e x  sym bols accord ing  to  th e  cycles

1 Z — X
/  \  a n d  \  /  .

3 ■<— 2 Y

In  case I l l - r :

ri =  0n[(k4 +  k ik) K , p, -  kji K j p j  — k ki K k p k] (14)

1 + Z K iPi
(15)

(k/j is th e  r a te  c o n s ta n t of th e  su rface  re a c tio n  [Ц —>- Q], indexed  accord ing  
to  schem e III  in  F ig . 1; e.g. k 12 fo r  Щ —>■ |2j;

Kj  is th e  ad so rp tio n  equilib rium  c o n s ta n t o f co m p o n en t i).
In  case I I I - r 0:

Ti =  [(kij +  kik) KiPi kjj Kj p j h i  K k p, \ (16)

r _  ( * « +  kik) Kj  у j kjj Kj y j  - K i K ky k
(17)ri

E K j j j

In  case I l l s  (general indexing  is n o t possib le here):

rx =  0o [(fcj k*_\* +  k ,  k**3*) Pl k ,  k*** p ,  - k 3 k*_** p 8] (18)

_____________ k—1 ~b k —i К ~b fe—3 K 13______
• I +  K \ i  +  К  is) £ k iP i  +  fc_1 +  k _ 2 K 12 - f  k_  3 K 13

к * Г  -  * - i  (*-1  +  Л_2K 12 +  k _ 3K 13) - '  

fc*2* — k ^ 2K vl(k_.1 -f- k ^ 2K n  -f- k _ 3K  13) _1 

Л-з* =  fc - ,X u (fc_i +  k - 2K 12 -f- k _ 3K i3)~ i

(19)

(20) 

(21) 

( 22)

considering  th a t  K jj  =  1 / K ^  and  K ikIK jk =  K l7, if  th e  n u m era to rs  an d  d en o ­
m in a to rs  of (19)—(22) are d iv ided  b y  a n y  op tio n a l К ц ,  eq u iv a len t e x p re s ­
sions are  o b ta in ed .

(kj is th e  ad so rp tio n  ra te  c o n s tan t o f  i ; 
k _ j  is th e  d eso rp tio n  ra te  co n stan t of i ;
Kjj  is th e  equ ilib rium  co n stan t o f th e  su rface  reac tio n  Щ — Щ).
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I n  case  I l l - a d s :

r, =  [(kxk*** +  k,k***) p , -  к Ж Т р ,  -  k,k***p,]

In  case  I II-des:

r  [( fe t к —2 K \2  ~1' ^1 fc-3  -^-13) У1 k 2 ^ —1 У-i fc:; ^  1 У з]

' (I • K 124 К 13) Г * , .Г ,

( 2 3 )

(24)

w h ich  n a tu ra lly  can  be tran sc rib ed  in  th e  sense of w h a t w as said  a fte r  (22). 
r2 an d  r3 can be o b ta in ed  from  E q s. (18), (23) an d  (24) b y  a lte rin g  th e  ind ices

1
acco rd in g  to  th e  cycle /  \  .

3 2

I n  case  IV - r  (general index ing  is n o t possib le  here):

к , , k.x
r 1 =  0n k y x p x кXY

k_., +  fc_.
кXY к Рз (25)

since  th e  adso rp tio n  equ ilib rium  has se t in , com ponen ts 2 an d  3 are also p e r ­
m a n e n tly  eq u ilib ra ted  th ro u g h  X :

r > = K !u r3 -  ̂ Ö0  {kX Y K jP j  k Y X K l p 1) 
1 - f  K.,3

th a t
k , p ,  4 k . p..

к . 1 к ,

60 =
1 + K i P ,  K p

(26)

(27)

(28)

( k x v ,  k y x  are th e  r a te  co n stan ts  of th e  su rface  reac tio n  acco rd ing  to  schem e
IV in F ig . 1;

K x, K j  are ad so rp tio n  equ ilib rium  c o n s ta n ts ; j  =  2, 3;
K 32, K 23 are equ ilib rium  co n stan ts  of th e  overall tra n sfo rm a tio n s  (3 ) — (2 ) 

and © —>- 3 ).

I n I V - r n:

r- K-3>r

r i — (k x y K x p  —  k XYKjPj)

1

1 +  K ’
(k x v  K j P j  k YX K x Px)

(29)

(30)
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0Ц х  ^  ]i J l  k X Y K j y j ) (31)r l
К i J i  +  * у У ;

K '  r —
I X Y  * /  У j  k Y X  * 1  \ x ) (32)л 3 1 r 3

+  * 2 3 K i  У \  +  K j j j

In  case IV - s  (general index ing  is no t possible here):

r, =  e n [(kxk**2 +  k tk * t ) P] —  k ,k**p2 —  k.,k**p,]  (33)

в„ =  ± - * K r x ± b = + K YX  (34)
( 1  - j -  K-x y ) ZkiPi k _ j  - f -  k_ K Yx +  k -з K YX

an d  k*_* =  /c_1(fc_j +  k _ 2K YX +  k _ 3K YX) ~ 1 (35)

/с** =  k _ 2K y x(fc_1 -)- k ^ . ,K YX -\- k _ sK YX) ~ 1 (36)

fe**3 -  k _ 3K y X( k _ 1 +  k _ 2K y X +  fc- 3 -K v * )-1 (37)

since K XY =  1/K YX, on d iv id ing  b y  jKVx th e  e q u iv a le n t expressions of 
(34) — (37) are o b ta in ed

(fc; is th e  ad so rp tio n  ra te  c o n s ta n t o f i;
&_,• is th e  d e so rp tio n  ra te  c o n s ta n t o f i;
X Xy is th e  eq u ilib riu m  c o n s tan t of th e  surface reac tio n  jXj —► jYj).

In  case IV -ads:

Г! =  [(fe.fc’ t  +  fe1fc**3)p 1 — fc2fc**p, —  /с../í* *p :i) ]

In  case IV-des:

r = [ (k ik - 2 K YX +  K k - 3 K Y x ) y i  -  кг к- \ У г  кз к-1Уз]
( 1 + К у Х) 1 к 1У1

r2 an d  r.5 can be o b ta in e d  from  E qs (33), (38) an d  (39) b y  chang ing  th e  index-
1

n u m b ers  accord ing  to  th e  cycle /  \
3 < -  2

(38)

(39)
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In  case  V-s  (the general indices h av e  b een  d isregarded  in  o rd e r to  sim plify  
co m p ariso n  w ith  cases I I I - s  an d  I  V-s):

r i — ®o[(^i^—a ~b к^к_3)Pi k 2k - i p 2 M - 1 P 3 ]

Z k _ t
0„ =

E k t pi  +  E k _ i

a n d  th e  p ro b ab ility  of d eso rp tio n  o f th e  com m on in te rm e d ia te  to  i is

k - ik * , ^
E k _ i

(40)

(41)

(42)

(kj is th e  adso rp tio n  ra te  c o n s ta n t of i; 
k _ i  is th e  desorp tion  ra te  c o n s ta n t of i).

In  case V-ads:

ri  —  [ ( & 1 & —2 - f -  k 1k - 3) p 1 k2k - i P 2 к3к - гр 3)]

I n  case  V-des:
[(fe1 k _ 2 -|- k x k _ 3) y 1 k 2k _ 1y.l к3к _ 1Уз]

27fc,y,

(43)

(44)

r2 a n d  r3 can be o b ta in ed  from  E qs (40), (43) an d  (44) b y  chan g in g  th e  index -
1

n u m b e rs  according to  th e  cycle /  \  .
3 <— 2

I t  should be n o te d  th a t  th e  eq u a tio n s estab lished  fo r th e  sim pler cases 
can  b e  derived from  th o se  va lid  fo r th e  m ore involved  cases b y  using  ap p ro ­
p r ia te  sim plifications. T h is c o m p a tib ility  confirm s th e  co rrec tness of th e  
e q u a tio n s  set up . T h u s , I V - r  can  be d eriv ed  from  I l l - r ,  I V - s  from  I I I - s  and  
V-s  fro m  IV -s  (and  all th e se  from  th e  ra te  equations d educed  fo r schem e I II  
i f  no  ra te  de term in ing  s tep  is involved).

3 . In itia l ra te  equations

A lthough  th e  ra te  o f th e  reac tio n  m ay  be o b ta in ed  fo r an y  p a r tia l p res­
su res  w ith  th e  use o f th e  k in e tic  expressions given above (in  so fa r  as one o r 
o th e r  o f these re flec t th e  co rrec t m echan ism ), as a re su lt o f th e ir  com plex ity  
th e y  a re  scarcely su ita b le  fo r th e  ca lcu la tio n  of th e  u n k n o w n  co n stan ts  from  
k n o w n  p a rtia l p ressu res an d  re a c tio n  ra te s  (a t least in  as m uch  as th is  is 
possib le  a t  all in  p rin c ip le ; see la te r  a t  th e  end of th is  section).
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Sim pler expressions easier to  e v a lu a te , are  o b ta in ed , if  in stead  o f th e  ra te  
of d isap p earan ce  o f Q j  in  s tead y  s ta te , th e  in itia l ra te  o f th e  overall t r a n s ­
fo rm atio n  (7) —► (T), r°ij is regarded  in  s te a d y  s ta te  w hen  th e  p a r tia l p ressu re  
o f r e a c ta n t is p°  (p j  — p k =  0). All th e  k in e tic  eq u a tio n s  derived  fo r th e  d if­
fe ren t cases can  th e n  be rea rran g ed  in  lin ea r  fo rm  (see th e  sym bols in  th e  
equ a tio n s c ited ):

In  case 7-r, th e  ra te  of tra n s fo rm a tio n  o f i is deduced  from  (2) as

1 1 1

Pi
{ K i}ij +  K Uk) (45)

r° h К' ij

In  case I - r 0 th e  second te rm  can  be  neg lec ted  in  com parison  w ith  th e  f i r s ts

r U  =  ^ i j  K i , i j  P°i

In  case I - r 1 th e  f irs t  te rm  can be neg lec ted :

к ij K Uij

Ki,ij  +  K j j

In  case I-s,  from  (6)

1   k j i j K i j  -f- kjj j
r° k Ic К
' l l  l , l j  J I , J  ' ' - I J

In  case I -ads , from  (8)

i k

h ui 1 +  K u) +  h d i  +  K ik)
Pi kj j j  -j- k j j j Kj j  k iki -f- k kik Kn

kji,j K u „ 
Pi

' ' 1,1 k j i ' j K i j  +  k i j ' i

In  case I-des, from  (9)

r°ij =  [ k j  i j k j i j K i j ( k k jtk K j k -j- k j k j ) ^  X [ k j  j j ( k k i k K j k -f k , kj )  (1 -j- K j j )  

+  kj ik(kjitj K / j  +  k ijti) (1 +  K ik) ] ~ '

In  case I I - s ,  from  (10)

1 1 k XI T

k i x  kX2 

In  case I I -a d s , from  (12)

1
+

k ix + *iz
Pi k Xi 4" k x j k z i  -(- k ■z 3

r0 _ L
'1 2  —  K 1X

k Xi +  k X2
™ — p°

(46)

(47>

(48)

(49)

(50)

(51)

( 52),
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In  case 

In  case

In  case 

In  case 

I n  case 

1 ]

I n  case 

In  case

In  case

w hile

In  case

In  case

II-des ,  from  (13)

о
'1 2

^1X ^X2 (^Z3 +  &Zl)

K x  (̂ Z3 +  ^zi) +  z (*xi +  fcx2)

l l l - r ,  from  (14)

1 1 1 1 1I ___  _ ______ 1
r"‘J kjj K, Pi kj j kj j K j pT

from (16)
= b j K t p "

K ,

.1) __  7,
r 'i ~  KU

I I I - r v  from  (17)

I l l s ,  from  (18)

i_l 4- k_ 2 A' 12 +  fc_3 K a
A)] fc_2  I t

I I I -  ads, from  (23)

I  II-des,  from  (24)

r°  - '12  -

I V -  r, from  (25) because  of th e  e stab lish ed  equ ilib rium  @ (з.

(53)

(54)

(55)

(56)

. Pi k _1 -j— k _2 K-^o —(— k _2
(57)

r 12 = ky k * v  /У,1 (58)

^12 (59)
1 4- +  fVl3

1 1+-K23 1____L
-0' 12 ^yx ^4 p ? +

1 1 1

+  K 1 (60)

^х у  К j Pi
if  Pl =  0

( j  =  2, 3 and  p., =  Kg.,p:i an d  K„ — KÓ3K 3) 

I V - r a, from  (29)

,.o   k Y X K j — —
r 12 — P l ’ ' l  — K X Y  l y j P j  11 P l  — V

1 -)- К  23

I  V-Гу, from  (31)

r°  - r 12 —
‘ Y  X

1 + ^ 2 3
r? =  k XY  if  P i =  0

(61)

(62)
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In case I V - s , from  (33)

1 fc—1 +  2 K y x  +  fe -3 K y x 1
r°1 u к _i, K YX . /'? +  x

In case I V - a d s , from  (38)
0  7 »1-. =  «1 k*A p 4

In case I V - d e s ,  from  (39)

.0 _  * -2  K y X

1 +  K y x
In case V-s, from  (40)

1  E k _ , 1 M k
A j  k j k _ j . P i  ' Z k

In case V - a d s , from  (43)

A j  =  к k*- ;P l

In case V-des ,  from  (44)
0

r<j = k ~ j

^ i ( l  +  K y x )

fe_ 2  K Yx  +  fc -3 K YX .
(63)

(64)

(65)

( 66 )

(67)

( 68 )

F rom  a co n sid e ra tio n  of E qs (45)— (68) i t  is ev id en t th a t  th ey  agree 
in  form ; th a t  is, in  th e  m onom olecular, c a ta ly tic  in te rco n v ers io n  of 3 co m ­
p o n en ts  th e  in itia l ra te  of tra n sfo rm a tio n  of p u re  co m p o n en t i in to  j  can  be 
given in  th e  fo llow ing general form :

1 1
4

Pi
b, (69)

or in  th e  m ore u su a l form  of ra te  equ a tio n s of c a ta ly tic  tran sfo rm atio n s

rо
4 I +  b, p{>

(69/a)

w here т 1; and  a re  th e  q u a n titie s  ch a rac te ris tic  o f th e  tran sfo rm a tio n  co n ­
cerned. T heir v a lu es  can  be d e te rm in ed  from  th e  ex p e rim en ta lly  m easured  
rfj and  p]  p a irs  w ith  th e  help of th e  lin ear re la tio n

(69/b) 

(70)
rhere

Pi

m tJ bi
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a n d  so, o f necessity ,

^ ! L  =  ^ i L  (71)
m i k  b j k

O nly  in  th e  range o f m ed ium  coverages is th e re  a p o ssib ility  o f th e  s im u lta ­
neous ca lcu la tio n  of th e  tw o  c o n s ta n ts  in  (69/b). In  th e  case of sm all cover­
ages (in  cases r 0 an d  ads) p® —>- 0 an d  so by, an d  in  th e  case of
la rg e  coverages (in cases r t an d  des) p°, —*■ oo, w hen my/p° by; in  th e  fo rm er 
case i t  is only  possible to  d e te rm in e  m (y, a n d  in  th e  la t te r  case o n ly  b y .

F ig .  2. G e n e ra l fo rm  o f th e  p re s s u re  f u n c t io n  o f  th e  in i t ia l  o v e ra ll  c o n v e rs io n  r a te  

r í j  =  —-— p i (  1 -j- bj p l ) ~ '  , n o rm a liz e d  fo r  th e  m a x im u m  r a te  (p i  -► oo , r y  1 /m y  6,- =  1 jb,.)
-* m : ; J J J

B y  rea rran g in g  (69/a) an d  s u b s ti tu t in g  for т.ц accord ing  to  (70), th e  
fu n c tio n  of th e  general form

bjP"
b j j  1

t>ip?
(72)

is o b ta in ed , w ith  d im ensionless v a ria b le s ; its  p lo t is show n in Fig. 2. In  th e  
lo g arith m ic  scale i t  can  be  w ell p erce iv ed  th a t  for a g iven sy s tem  (su b stra te , 
c a ta ly s t ,  tem p era tu re )  th e re  ex ists an  in te rv a l of ab o u t tw o o rders o f m agn i­
tu d e , w ith in  w hich th e  p ressu re  m ay  v a ry  so th a t  b o th  m,j  a n d  by could be 
d e te rm in ed , while in  th e  range 60 ^  1 an d  in  the  range Q0 m  0 only  m,j or by, 
re sp ec tiv e ly , can  be ca lcu la ted .

F o r th e  c o n s ta n ts  m  of th e  fo rw ard  and  reverse  tra n sfo rm a tio n s , it  
ho lds th a t

”l[L =  K j j  (73)
TTljj

(K jt-is th e  equ ilib rium  c o n s ta n t of th e  overa ll tra n sfo rm a tio n  (“ ) —>■ (7)), w hich 
m u s t be ta k e n  in to  acco u n t in  th e ir  d e te rm in a tio n  accord ing  to  (69/b) for
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g re a te r  accu racy  [we pass over th e  p ro o f o f (73)]. H ow ever, th e  in itia l selec­
t iv i ty  is g iven  b y  th e  ra tio  of th e  c o n s ta n ts  m  o f th e  para lle l tra n s fo rm a tio n s :

' I k

m ik
(74)

as can  easily  be seen from  (69).
N ev erth e less , a problem  arises from  th e  fa c t th a t ,  even  if  th e  d e te rm in a ­

tio n  o f th e  q u a n titie s  an d  b,j is successful, in  som e of th e  k in e tic  cases 
p re sen ted  w e do n o t o b ta in  a su ffic ien t n u m b e r of in d ep en d en t e q u a tio n s  fo r 
th e  c a lcu la tio n  o f every  un k n o w n  c o n s ta n t. [ I t  shou ld  be n o te d  th a t  th e  
d e te rm in a tio n  o f  six  btj values u sing  su b s titu tio n  (70) in  fac t m eans a k n o w l­
edge o f on ly  th re e  6,- values.]

I n  7-r, 6 ad so rp tio n  equ ilib rium  c o n s ta n ts  an d  6 surface re a c tio n  ra te  
c o n s ta n ts , i.e. 12 unknow ns, shou ld  be d e te rm in ed  from  6 m ,-y an d  3 6, v a lu es , 
i.e. from  9 in d e p e n d e n t equa tio n s;

I n  I -s ,  6 ad so rp tio n  an d  6 d eso rp tio n  ra te  co n stan ts  an d  3 su rface  re a c ­
tio n  eq u ilib riu m  co n stan ts , i.e. 15 u n know ns, shou ld  be d e te rm in ed  from  
6 m u  an d  3 6,- v a lu es , i.e. from  9 in d e p e n d e n t eq u a tio n s;

I n  I I - s ,  6 ad so rp tio n  an d  6 d eso rp tio n  ra te  c o n s ta n ts , i.e. 12 u n k n o w n s,
m u s t b e  d e te rm in ed  from  6 m,y a n d  3 6, v a lu es , b ea rin g  in  m ind  th a t  th e  sum

. . *e .g .  k x io f th e  d eso rp tio n  p robab ilities lx i is equal to  u n ity
&X1 +  k X2

(e.g. k x  1  -[- k x г — 1) and  th a t  th is  re su lts  in  fu r th e r  3 in d ep en d en t eq u a tio n s  
(for th e  d eso rp tio n s  of X .  Y  an d  Z ), i.e. from  12 in d ep en d en t e q u a tio n s;

In  I l l - r , 3 ad so rp tio n  eq u ilib riu m  co n s ta n ts  an d  5 in d e p e n d e n t ra te  
c o n s ta n ts  o f th e  tr ia n g u la r  surface re a c tio n  ( K 12K 23K 31=  1 =  fc12/k21 k23lk 32 k.n j k 13 
an d  hence  f iv e  k,y values de te rm ine  th e  s ix th ) , i.e. 8 unknow ns, m u s t be  d e te r ­
m ined  from  6 m,j an d  3 bt v a lu es , i.e. from  9 in d ep en d en t eq u a tio n s;

I n  I l l s ,  3 ad so rp tio n  an d  3 d eso rp tio n  ra te  co n stan ts  an d  2 su rface  
re a c tio n  eq u ilib riu m  co n stan ts  (as in  I l l - r  th is  de term ines th e  th ird ) , i.e. 
8 u n k n o w n s, shou ld  be d e te rm in ed  from  6 m,y an d  3 6,- va lues, i.e. from  9 in d e ­
p e n d e n t eq u a tio n s ; th e  u n know n  eq u ilib riu m  c o n s ta n ts  K/ j ,  how ever, c an n o t 
be  se p a ra te d ;

In  I V - r ,  2 ad so rp tio n  equ ilib rium  c o n s ta n ts  an d  2 ra te  c o n s ta n ts  o f th e  
su rface  re a c tio n , i.e. 4 unknow ns, m u s t be d e te rm in ed  from  2 m i; an d  2 6( 
v a lu es , i.e. from  4 in d ep en d en t eq u a tio n s;

In  I V - s ,  3 ad so rp tio n  an d  3 d e so rp tio n  ra te  co n stan ts  an d  1 surface 
re a c tio n  eq u ilib riu m  co n stan t, i.e. 7 u n know ns, shou ld  be d e te rm in ed  from  
6 m,y an d  3 b( v a lu es , i.e. from  9 in d e p e n d e n t eq u a tio n s; th e  u n k n o w n  eq u i­
lib riu m  c o n s ta n t K y X, how ever, is n o t separab le ;

In  V-s,  3 ad so rp tio n  an d  3 d e so rp tio n  ra te  c o n s ta n ts , i.e. 6 u n k n o w n s, 
m u s t be d e te rm in ed  from  6 m,j an d  3 6, va lues, i.e. from  9 in d e p e n d e n t 
eq u a tio n s .
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4 . P ossib ilities o f  determ ining the reaction  m echan ism  
by k inetic  m ethod s

T he e luc ida tion  o f  th e  m echanism  b y  k in e tic  m ethods is re s tr ic te d  by  
th e  ag reem en t b e tw een  th e  k ine tic  e q u a tio n s  w hich  are valid  for in d iv id u a l 
m echan ism s. The consequences of th is  are  as follows.

(a) The s im ila r ity  betw een  th e  in itia l ra te  equa tions deduced  fo r th e  
v a r io u s  tra n s fo rm a tio n  schem es above is s tr ik in g  [see general eq u a tio n s (69) 
an d  (69/a), and  th e  c rite r ia  for th e ir  c o n s ta n ts  in  (73) and  (74)].

(b) No d ifference can  be revealed  from  th e  re la tiv e  change of th e  com ­
p o s itio n  of th e  re a c tin g  m ix tu re , w ith  th e  ex cep tio n  of th e  special re q u ire ­
m e n ts  in  cases I V - r  to  w hich we shall re tu rn  la te r . The d iffe ren tia l eq u a tio n  
o f th is  com position  change

~ ~  — f iV i i  J j)  (75)
dy i

can  be given as th e  q u o tie n t of tw o k in e tic  eq u a tio n s  г,/г; [5]. T hese d ifferen­
tia l  equ a tio n s can th u s  be o b ta ined  from  th e  derived  k ine tic  eq u a tio n s [(1),
(2), (4), (5), (6), (8), (9), (10), (12), (13), (14), (16), (17), (18), (23), (24), (33), 
(38), (39), (40), (43), (44)]. On the  fo rm a tio n  of th e  q u o tien t, 0O an d  th e  com ­
m on d en om ina to rs (if th e re  are any) of th e  k in e tic  equa tions are  e lim in a ted , 
an d  th e  p a rtia l p ressu res  can be sim ply  s u b s titu te d  b y  th e  co rrespond ing  m ole 
frac tio n s  у  [5] (for 0O =  0 these  ap p ea r a lread y ). T he o b ta in ed  re la tio n s are  
fo rm a lly  and  th u s  ex p e rim en ta lly  in d is tin g u ish ab ly  iden tica l for each of th e  
re a c tio n  schem es s tu d ie d , w h a tev er th e  ra te -d e te rm in in g  process, viz.

dy,

dyj

—  (у , - к 'лУ д  +  - —  [y,(K'ik +  1) -L y j  1]
m u _______ m ki

—  ( Kj i Y j  y d  -!- ' [yj(K'kj +  1) +  К'к]у, K'kJ]
mij mjk

3

(76)

if  (73) an d  the  re la tio n  У  у, =  1 are ta k e n  in to  acco u n t; w ith  th e  su b s titu tio n
l

l /m ;/ =  k/j, how ever, (76) agrees w ith  th a t  re la tio n  w hich can  be o b ta in ed  
from  (1) for the  phenom enological tr ia n g u la r  schem e. Inc lud ing  cases IV -r - r1-rn 
th e  p ressu re  independence  of the re la tiv e  change of com position , w hich was 
o bserved  ex p erim en ta lly  (see an  exam ple in  F ig . 3), follows from  th ese  d if­
fe re n tia l equations.

As a check on th e  d e te rm in a tio n  of th e  p a ra m e te r  rep o rted  in sec­
tio n  3, its  re la tive  v a lu es  re la ted  to  som e i r i j k  can  be a p p ro x im a te ly  ca lcu la ted  
w ith  re la tiv e ly  h igh accu racy  from  th e  ex p e rim en ta lly  m easured  y i =  f { y j )  
cu rves [6] by num erica l in teg ra tio n  of (76). In  th e  case of large coverages, 
how ever, w hen m,y- c a n n o t be dete rm in ed  an d  th ere fo re  it  is possible to  cal-
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oula te  few er k in e tic  co n stan ts  on ly , va lu ab le  d a ta  m ay  th u s  be o b ta in ed  
(e.g. in  I I I - r 1 tlie  re la tiv e  equ ilib rium  co n stan ts  m ay  be de te rm in ed , an d  in  
V-des th e  re la tiv e  va lu es  of th e  ad so rp tio n  ra te  c o n s ta n ts ) .

(c) In  a d d itio n , a com m on fea tu re  of each of th e  tra n s fo rm a tio n  schem es 
s tu d ied  is th a t  a t  sm all to ta l  p ressu re , w hen th e  coverages are  low, th e  t r a n s ­
fo rm atio n s are o f f ir s t  o rder in  th e  en tire  conversion  ran g e  [see (4) an d  (8) 
for I;  (12) for I I ;  (16) and  (23) for I I I ; (29) an d  (30) for I V ;  and  (43) for V ]; 
in  th e  region of h ig h e r p ressu res, w here th e  coverage is no longer negligibly 
sm all, because of th e  p ressu re  dependence  of d0 th is  does n o t ho ld  an y  m ore:

Fig. 3. R e la tiv e  change o f com position  d u rin g  th e  isom erization  of tran s-2 -b u ten e  a t  250°C 
on H  form  o f c lin o p tilo lite ; y ,  : 1 -bu tene; y 2 : c is-2-bu tene; +  70 to rr , О  120 to rr , д  130

to rr , о  215 to rr , •  560 to rr

th e  tran sfo rm a tio n  ra te s  are a p p a re n tly  p ro p o rtio n a l to  th e  to ta l  p ressu re  to  
a pow er less th a n  u n ity . W hen  to ta l  coverage is a t ta in e d , th e  tra n sfo rm a tio n  
ra te s  depend  only on th e  com position  an d  no t on th e  p ressu re  [see (5) an d  (9) 
for I;  (13) for I I ;  (17) an d  (24) for I I I ;  (31), (32) an d  (39) for I V ;  an d  (44) 
fo r V].  T h u s, ra te  e q u a tio n  (1) given in  th e  in tro d u c tio n  can  s tr ic tly  nev er be 
co rrec t (excep t in th e  ran g e  0O 1), since th e  com position  dependence  of th e  
ra te  is m ore com plica ted  th a n  it  is expressed  b y  E q . (1).

D esp ite  such com prehensive  s im ila rity  of th e  k in e tics  fu n d am en ta l d if­
ferences can  be revealed .

A lthough  the  tra n s fo rm a tio n  alw ays seems fo rm ally  to  be a tr ia n g u la r  
reac tio n , th e  k inetic  cases can  be classified  in to  tw o m ain  g roups on the basis 
o f  the mechanisms  d escrib ing  th e  c a ta ly tic  tra n sfo rm a tio n : in  th e  one i t  is 
observab le  in  princip le t h a t  th e  e lem en ta ry  steps of th e  tra n s fo rm a tio n  follow 
each  o th e r according to  th e  tr ia n g u la r  schem e, w hile in  th e  o th e r  in  p rincip le  
i t  can  only  be  observed th a t  th e  tra n s fo rm a tio n  occurs via  som e com m on in te r ­
m ed ia te , th a t  is, accord ing  to  an  Y  schem e.
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I t  can  easily be seen th a t  th e  catalytic tra n s fo rm a tio n  follow s th e  t r i ­
a n g u la r  schem e in  a ll cases o f schem es I  an d  I I ,  an d  in  cases I l l - r ,  I I I - r 0, 
an d  I I I - r 1 ; cases I I I - s ,  I l l - a d s ,  I I I -d e s ,  IV - s ,  IV -a d s ,  IV -d es ,  V-s, V-ads 
a n d  V-des are ch a rac te rized  b y  a n  Y  schem e m echan ism , w hile I V - r ,  I V - r 0 
a n d  I V - r 1 are th e  specia l cases o f th e  Y  schem e w hen  th e  tra n sfo rm a tio n  
occurs via  th e  ra te -d e te rm in in g  re a c tio n  of tw o su rface  in te rm e d ia te s . As a 
re s u lt  o f th e  estab lish ed  so rp tio n  eq u ilib ria , tw o  gas ph ase  com ponen ts are 
a lw ay s  in  equ ilib rium  w ith  each o th e r  via  th e ir  in te rm e d ia te , i.e. p k/p j  =  K j k

'N\ 4reaclion scheme 

rale equation at thex^
A A A

X

Deginmng от conver­
sion i tract ion of vacant 

active centers

1/rjj -nnij Vpl +t>ij ( \ ' -Г Ill-r) ; iv-r \
r

o<e0 <i . Ij - s II - s  ] ( lll-s IV-s V- S )

П° =1 /bij [I-r,
r* .  J ' i l j D : IV-r,;

ОгоCD [j-des II — de s j ( III-des IV-des V-des]

r,°j =Pi/mij f l - ro =
 1

J_
__

__
__

_

!iv-r0 :
Qa »1 i ----------- -

;l-ads  

i ^  bk.

II- ads Ill-ads IV-ads V-ads]

Cl__ ) Д scheme ) bj
1 I Y s c h e m e  , bij =• b|<j
•I'll”) Y s c h e m e '  w ith  two i n ter  m e d i a t e s  j p k / pj =Kji< 
С.'.“ ! & a n d  Y s c h e m e s  a r e  n o t  d i s t i n g u i s h a b l e

F ig . 4. R eac tio n  m echan ism s d is tin g u ish ab le  b y  k in e tic  m eth o d s; th e  cases w ith in  th e  sam e 
b o rd e rs  are k in e tica lly  id en tica l, a n d  th e  g roups are  u n am b ig u o u sly  sep arab le  from  each  
o th e r  (for th e  desig n atio n s o f th e  k in e tic  cases in  th e  g roup ing  acco rd ing  to  F ig . 1, see a t  th e

beginn ing  o f section  2)

(th is  is a special re q u ire m e n t of th e  I V - r  cases, w hich  w as m en tio n ed  earlier, 
a n d  therefo re  th e  tra n s fo rm a tio n  can  be reg a rd ed  as a p a r tic u la r  case o f th e  
fo rm al tr ia n g u la r  reac tio n ).

I t  is possib le to  d raw  conclusions on th e  m echan ism  accord ing  to  th e  
tr ia n g u la r  schem e in  th e  range  of m ed ium  coverages, i.e. in  cases I-r ,  I-s,  
I I - s  and  I l l -т, a n d  also for la rge  coverages, i.e. in  cases 1-гг, I I -des  and  I l l - r x, 
w hen  b[j =И= bkj in  E q s (69/b) [see th e  term (s) n o t c o n ta in in g  1/p; on th e  r ig h t 
side of E q . (45) fo r I-r ,  an d  I - r v  o f (48) fo r I-s  an d  I-des, o f (51) for I I - s  an d  
I I-des ,  and  o f (54) fo r I H - r ,  an d  I l l - r x].
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T he m echan ism  accord ing  to  th e  Y  schem e can  be d e m o n s tra te d  fo r 
m ed ium  coverages, i.e. in  cases I I I - s , IV - s  a n d  V-s, and  for large coverages 
in cases I I I -d e s ,  IV -des  an d  V-des; th en  in  (69/b) =  bkj, w h ich  can  be
asce rta in ed  from  th e  equa tions re p o rte d  in sec tion  3. A t th e  sam e tim e , how ­
ever, i t  is n o t possible to  decide on k ine tic  g rounds alone w hether th e  process 
proceeds via  a single com m on in te rm e d ia te  or via  a m ix tu re  of tw o or th re e  
surface in te rm ed ia te s  in equ ilib rium , since th e  equ ilib riu m  co n stan ts  o f th e  
surface reac tio n s in these  eq u a tio n s can n o t be se p a ra te d  [see th e  te rm  n o t 
con ta in in g  1 Ip® on th e  r ig h t h an d  side of E q. (57) fo r I I I - s  and  I I I - d e s , o f (63) 
for I V - s  an d  IV -des,  an d  of (66) fo r V-s and V-des],

In  th e  range  of low coverages th e  tr ia n g u la r  an d  Y  schem es becom e 
ind istin g u ish ab le . U nder such c ircum stances i t  is he lp fu l if  a m edium  coverage 
can be a tta in e d  b y  decreasing th e  te m p e ra tu re  or b y  increasing th e  p ressu re , 
w hen th e  q u estio n  can be decided; th e  resu lts can  th e n  be ev a lu a ted  acco rd ­

in g ^ -
All th e  above groupings are  g iven  in Fig. 4, to g e th e r w ith  th e  d irec t 

possib ilities an d  th eo re tica l lim its o f th e  k inetic  e lu c id a tio n  of th e  m echan ism . 
W ith in  th e  in d iv id u a l groups (excep t fo r th e  cases re la tin g  to  th e  Y  schem e) 
fu r th e r  differences m ay  be m ade from  an  ex am in a tio n  of th e  re a lity  o f th e  
de te rm in ab le  k in e tic  co n stan ts  (e.g. th e  in v es tig a tio n  of te m p e ra tu re  de­
pendence).

T hese find ings will be used in  th e  ev a lu a tio n  o f th e  experim en ta l re su lts  
in  our fu r th e r  w ork.
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A  M E T H O D  F O R  T H E  D E T E R M I N A T I O N  O F  H Y D R O G E N  

A D S O R P T I O N  O N  P A L L A D I U M  E L E C T R O D E S

( S H O R T  C O M M U N I C A T I O N )

I . T e l c s

(C en tra l R esearch In s t i tu te  f o r  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  Sc iences)  

R eceived  A pril 15, 1971

In  c o n tra s t to  th e  p la tin u m  elec trode  on w hich  h y d ro g en  ad so rp tio n  
has been  in v es tig a ted  in  d e ta il, on th e  pa llad iu m  e lec tro d e  hydrogen  a d so rp ­
tio n  has, to  our know ledge, on ly  b een  d e te rm in ed  in d ire c tly  [1] b y  ta k in g  
charg ing  curves in  a n  in d iffe ren t e lec tro ly te  an d  in  th e  p resence of halogenide 
ions. T h e  d ifference b e tw een  th e  tw o  charg ing  cu rves w as regarded  as th e  
charg ing  curve of h y d ro g e n  a d so rp tio n  on th e  a ssu m p tio n  th a t  in  th e  p re s ­
ence of an  ad e q u a te  halogen ide  ion  co n cen tra tio n  h y d ro g en  ad so rp tio n  is 
p rac tica lly  suppressed . T h is in d irec t m e th o d  w as chosen  because  of th e  im p o r­
t a n t  a m o u n t of h y d ro g e n  d issolved in  p a llad ium  in  th e  range  betw een  60 to  
400 mV, m ask ing  a d so rp tio n . D e te rm in a tio n  of h y d ro g en  a d so rp tio n  b y  a less- 
in d irec t m e th o d  seem ed desirab le .

T he idea is as fo llow s. A t a g iven  p o te n tia l  th e  a m o u n t of h y d ro g en  
adso rbed  is p ro p o rtio n a l to  th e  su rface  a rea , th e  a m o u n t d issolved to  th e  
vo lum e of p a llad iu m . T h e  ra tio  of su rface  a rea /v o lu m e  o f th e  pa llad iu m  
specim en is a fu n c tio n  o f  th e  p a rtic le  size. I f  h y d ro g en  so rp tio n  is de te rm in ed  
on a specim en of k n o w n  surface a rea /vo lum e ra tio , th e  am o u n ts  adsorbed  
and  dissolved can be d e te rm in ed  b y  a sim ple ca lcu la tio n . T h e  volum e of p a l­
lad ium  can  be d e te rm in ed  from  th e  a m o u n t of h y d ro g en  co n ta in ed  in  ß  p h ase  
P d — H , as th e  possible ch an g e  of a d so rp tio n  in  th e  n a rro w  p o te n tia l range o f  
phase  tra n sfo rm a tio n  w ill be  en tire ly  negligible besides th e  large am o u n t of 
d issolved hydrogen . T h e  su rface  a rea  o f p a llad iu m  can  be  de te rm in ed  from  
m easu rem en ts  of oxy g en  ad so rp tio n .

M easurem ents w ere carried  o u t in  a u su a l th re e -c o m p a rtm e n t cell in 
N  HC104 so lu tion , th e  e lec trodes being  p la tin u m  w ires on w hich pallad ium  
b lack  w as deposited  a t  v a ry in g  c u rre n t densities a n d  len g th s  o f tim e. T he 
am o u n ts  of pa llad iu m  w ere  so chosen th a t  th e  h y d ro g en  a n d  oxygen  a d so rp ­
tio n  capacities of th e  su p p o rtin g  p la tin u m  w ere neglig ib le. E a c h  m easu rem en t 
w as s ta r te d  b y  se ttin g  th e  e lec trode  p o te n tio s ta tic a lly  to  1450 mV as referred  
to  th e  rhe , u n til  th e  p assag e  of c u rre n t p rac tica lly  ceased . S ubseq u en tly  a 
c o n s ta n t neg a tiv e  c u rre n t w as app lied  to  th e  e lec trode  a n d  th e  change o f  
p o te n tia l  w ith  tim e  reco rd ed . T he th re e  ch a rac te ris tic  p o rtio n s  of th e  charg ing
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cu rv e , oxy g en  d eso rp tio n , charg ing  o f th e  a phase  of th e  P d — H  sy stem  and  
th e  assu m ed  paralle l h y d ro g en  a d so rp tio n  cap ac ity  and  f in a lly  ch a rg in g  of th e  
ß  p h ase  w ere tak en  a t  d iffe ren t c u rre n t in ten sitie s  accord ing  to  convenience.

I n  F ig . 1 th e  th re e  c h a ra c te r is tic  sections of th e  ch a rg in g  curve  of a 
ty p ic a l p a llad ium  elec tro d e  a re  p lo tte d  to g e th e r, th e  tim e  c o o rd in a te  re s ta r te d  
from  0 a t  th e  o u tse t o f each  sec tion . T he charge of ad so rb ed  oxygen  (Oa) 
an d  o f  hyd ro g en  ab so rb ed  in  th e  ß  ph ase  tra n sfo rm a tio n  (H^) w ere d e te rm in ed  
from  th e  p ro d u c t o f th e  in te rv a ls  be tw een  th e  in te rsec tio n s o f th e  ta n g e n ts  
of th e  respective  p a r ts  o f  th e  charg ing  cu rve  and  the  co rrespond ing  cu rren ts . 
T h e  su m  of th e  charges o f  h y d ro g en  ab so rb ed  in  th e  a p h ase  (H a) an d  of h y ­

d ro g en  adsorbed  s im u ltan eo u sly  (H u) w as determ ined  in  20 mV in te rv a ls  in  
a n  analogous w ay, su b tra c tin g  th e  charge of th e  doub le  la y e r  rep resen ted  
b y  th e  ex tension  o f th e  ta n g e n t o f th e  co rresponding  sec tio n  of th e  charg ing  
c u rv e  betw een  a b o u t 400 and  700 mV.

T h e  resu lt o f m easu rem en ts  o f 10 specim ens are  ta b u la te d . T he se p a ra ­
tio n  o f  hydrogen  a d so rp tio n  an d  a b so rp tio n  is ca rried  o u t accord ing  to  th e  
fo llow ing  eq ua tion . H (E ) H,,(E) -f- H a(E) =  a (E )0 „  -|- « (E )!!^  =  [a(E)„ -)- 
-f- a (E ) ]H /J w here th e  sym bols in  cap ita ls  deno te  charges w hile (E) m eans 
t h a t  th e  given q u a n t i ty  is a fu n c tio n  of p o ten tia l. T he fac to rs

«(E)
(E)

0„
— an d  %(E)

H a (E)

a re  assum ed to  be in d e p e n d e n t o f th e  n a tu re  of th e  specim en  an d  depend  on  
p o te n tia l  only, w hile

0„

нй
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Table I

S pecim en Kß o a

H (E )

E [mV]

80 100 120 140 160 180 200 220

l 90 1.77 6.3 4.5 3.45 2.7 2.15 1.75 1.35 1.05

2 90 1.64 6.0 4.35 • 3.3 2.6 2.1 1.7 1.3 1.05

3 74.5 5.85 7.8 5.8 4.65 2.85 3.15 2.55 2.05 1.6

4 74.5 5.55 7.45 5.6 4.5 3.75 3.1 2.5 2.0 1.6

5 72.5 6.10 9.35 6.7 5.1 4.1 3.25 2.55 1.9 1.3
6 78.5 5.95 9.2 6.9 5.45 4.55 3.65 2.85 2.1 1.4

7 78.0 8.85 10.2 7.75 6.3 5.25 4.2 3.3 2.35 1.6

8 78.0 8.25 8.6 6.45 5.1 4.15 3.3 2.5 1.7 1.1

9 68.5 8.35 9.3 7.15 5.95 4.95 4.1 3.3 2.55 1.95
1 0 68.5 8.35 8.8 6.75 5.6 4.7 3.75 3.15 2.35 1.75

th e  ra tio  o f surface area /vo lum e is d iffe ren t fo r each specim en. a(E ) an d  a (E ) 
can  be  d e te rm in ed  if  tw o specim ens w ith  d iffe ren t у  a re  av a ilab le , w hile fu r th e r  
specim ens m ay  serve as a check. T his check show ed th e  b e s t ag reem en t fo r 
specim ens 1, 3 an d  10 w ith  v alues of у  of 0.0197, 0.079 an d  0.122, re sp ec ­
tiv e ly .

In  F ig . 2 a an d  a d e te rm in ed  in  th e  above w ay  are  p lo tte d . As m ay  be 
seen, th e  course of a, th e  charg ing  cu rve  o f hyd ro g en  a d so rp tio n  resem bles th a t  
of p la tin u m  b o th  in  q u a lity  an d  am o u n t. T he w avyness o f th e  cu rv e , th o u g h  
also resem b lin g  th a t  o f p la tin u m , c an n o t be ta k e n  as sign ifican t because  of 
th e  sm all n u m b e r  of po in ts  m easu red  an d  th e  genera l u n c e r ta in ty  o f th e  
d e te rm in a tio n . T he fin e r de ta ils o f th e  h y d ro g en  charg ing  curve o f  p la tin u m
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a re  k n o w n  from  m easu rem en ts  of d iffe ren tia l c a p ac ity . T he m eth o d  o u tlin ed  
here  is, in  princip le , also  app licab le  to  m easu rem en ts  o f d iffe ren tia l c a p a c ity  
on p a llad iu m . Such m easu rem en ts , how ever, h a v e  n o t been  carried  o u t so fa r  
because  o f techn ica l d ifficu lties.

R E F E R E N C E
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P R E P A R A T I O N  O F

2 , 3 - D I H Y D R O - 4 H - l , 3 - B E N Z O T H I A Z I N E  D E R I V A T I V E S *

J .  S z a b ó , I . V a r g a ,  E . V i n k l e r  a n d  É .  B a r t h o s

( D ep a rtm en t f o r  P h a rm a c eu tica l C h em is try , M e d ic a l U n iv ers ity , Szeged)  

R e c e iv e d  J u n e  12, 1970

T he condensation  o f 2 -m ercap to b en zy lam in e  a n d  its  d e riv a tiv e s w ith  oxo com ­
p o u n d s in  a lka line  m ed iu m  gives 2 ,3 -d ih y d ro -t / / - 1.3-benzot hiazine d e riv a tiv e s . T he 
p ro ced u re  described is a  new  m e th o d  fo r th e  p re p a ra tio n  of 2 ,3 -d ih y d ro -4 H -l,3 -  
b en zo th iaz in e  d e riv a tiv es.

T h e syn th eses  of v a rious oxo-, th io n e- an d  im ino d e riv a tiv e s  o f  2,3- 
d ih y d ro -4 H -l,3 -b en zo th iaz in e  h av e  b een  described  in  several p ap e rs  [2— 27]. 
H ow ever, th e  p re p a ra tio n  of 2 ,3 -d ih y d ro -4 if- l,3 -b en zo th iaz in e  d e riv a tiv e s  
c o n ta in in g  no oxo-, th io n e- or im ino  groups has only  re c e n tly  been  
ach ieved .

B o u r g o i n - L e g n a y  and  B o u d e t  [28] o b ta in ed  2 ,3 -d ihydro-2 -pheny l-4H -
1.3- b en zo th iaz in e  b y  m eans o f th e  lith iu m  alum in ium  h y d rid e  re d u c tio n  of
4 -o x o -2 ,3 -d ih y d ro -2 -p h en y l-4 íf-l,3 -b en zo th iaz in e . S z a b ó ,  V a r g a  an d  V i n k l e r  

[29] p re p a re d  d ifferen t 2 -aryl- an d  2 -a ry l-3 -a lk y l-2 ,3 -d ih y d ro -4 H -l,3 -b en zo - 
th ia z in e  d e riv a tiv e s  b y  th e  red u c tio n  o f  2 -a ry l-4 H -l,3 -b en zo th iaz in e  d e r iv a ­
tiv e s  an d  2 -a ry l-3 -a lk y l-4 if- l,3 -b en zo th iaz in iu m  brom ides w ith  zinc in  acid 
m ed iu m . 4 ,5 -D im eth o x y -2 -m ercap to b en zy l am m onium  chloride [30] (I),
N -e th y l-4 ,5 -d im e th o x y m ercap to b en zy l am m onium  brom ide [31] (IV) and  
2 -m ercap to b en zy l am m onium  chloride [32], be ing  b id e n ta te  co m p o u n d s, 
seem ed  to  be  su itab le  s ta r tin g  m a te ria ls  fo r th e  p re p a ra tio n  o f 2 ,3 -d ih y d ro - 
4 H -l,3 -b e n z o th ia z in e  d e riv a tiv es  in  co n d en sa tio n  reactions w ith  oxo com ­
p o u n d s .

A t f ir s t ,  4 ,5 -d im eth o x y -2 -m ercap to b en zy l am m onium  chloride (I) w as 
co n d en sed  w ith  fo rm aldehyde. In  th is  case, even if th e  s to ich io m etrica lly  
re q u ire d  a m o u n t of fo rm aldehyde w as app lied , 3,3’-m ethy lene-b is(2 ,3 -d ihydro - 
6 ,7 -d im e th o x y -4 if- l,3 -b en zo th iaz in e ) (III) w as o b ta in ed  in stead  of th e  ex p ec ted
2 .3 -  d ih y d ro -6 ,7 -d im e th o x y -4 íf- l,3 -b en zo th iaz in e  (II). M ost p ro b a b ly , com ­
p o u n d  II is im m ed ia te ly  condensed  w ith  fo rm ald eh y d e  to  give th e  m eth y len e- 
b is -d e riv a tiv e  (III).

* P a r t ly  p resen ted  on th e  m eeting  of th e  O rganic  C hem ical C om m ittee o f  th e  H u n g a rian  
A cad em y  o f Sciences, F e b ru a ry  22, 1966. [1]
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T his a ssu m p tio n  is su p p o r te d  b y  th e  reac tio n  o f N -(e thy l)-4 ,5 -d im ethoxy-2 -m er- 
c a p to b en zy l am m onium  b rom ide  (IV) w ith  fo rm ald eh y d e , re su ltin g  in  th e  ex ­
p ec ted  com pound , 3 -e th y l-6 ,7 -d im eth o x y -2 ,3 -d ih y d ro -4 fi-l,3 -b en zo th iaz in e (V ).

H ere , th e  te r tia ry  n itro g e n  a to m  of com pound  V is unab le  to  undergo  fu r th e r  
co n d en sa tio n  reac tio n s. T h e  fo rm atio n  of I I I  is in  accordance w ith  th e  1,3- 
b en zo x az in e  cycliza tion  reac tio n  of 2 -h y d ro x y b en zy lam in e  w ith  fo rm ald eh y d e , 
s tu d ie d  b y  H o l l y  an d  C o p e  [33].

T h e  s tru c tu re s  o f com pounds I I I  an d  V h a v e  been  verified  b y  th e ir  N M R  
sp e c tra , in  add itio n  to  th e  elem enta l ana ly ses  an d  m olecular w eight d e te rm i­
n a tio n s  (Figs 1 an d  2).

8 3.45 (N C H ,N , b rid g e , 1H ); 8 4.60 (A rC H 2N, 2 Я —4); 8 3.97 (SCH 2N, 
2 H — 2); 8 6.55 (A rH , 1 H — 5); Ó 6.67 (A rH , 1 H —8); b 3.70 (O C H 3, 6 H — 6, 7);

PPM ( t )
2.0 3 .0  4 .0  5 0  6 .0  7.0 8 .0  9 0  10

Fig. 1. N M R  sp ec tru m  o f 3 ,3 ,-m eth y len e-b is(2 ,3 -d ih y d ro -6 ,7 -d im eth o x y -4 H -l,3 -b en zo th iaz in e )
in DM SO-d6
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д 1.09 (CH 3, tr ip le t ,  e th y l, ЗН ); д 4.55 (A rC H 2N , 2Н -4); Ö 3.90 (SC H 2N, 
2H -2); ö 6.55 (A rH , 1H -5); d 6.68 (A rH , 1H -8); <5 3.72 (O C H 3, 6H -6 , 7); th e  
ö C H 2 signal is fused  w ith  th e  a b so rp tio n  o f th e  so lv en t (D M SO -d6)

PPM ( t )

8 .0  7 0  6 .0  5 .0  4 .0  3 .0  2 .0  1.0 0
PPM (&)

Fig. 2. T he NM R sp ec tru m  of 3 -e th y l-6 ,7 -d im eth o x y -2 ,3 -d ih y d ro -4 iZ -l,3 -b en zo th iaz in e  in
DM SO-de

4 ,5 -D im ethoxy-2 -m ercap tobenzy l am m onium  chloride (I) a n d  2-m ercap- 
to b en zy l am m onium  chloride w ere successfully  condensed  w ith  b o th  a lip h a tic  
an d  a ro m atic  a ldehydes an d  keto n es, re su ltin g  in  2 ,3 -d ih y d ro -4 if- l,3 -b en zo - 
th iaz in e  deriva tives (V ia  h).

VI
a. R  =  O CH 3 Q =  CH3; b. R  =  O C H 3 Q =  C6H 5; c. R  =  H Q  =  C6H ä; d. R  =  ОСНз 
Q =  3 ,4 —(C H 30 ) 2CeH 3; e. R  =  O CH 3 Q =  4 - N C -  C6H 4; f. R  =  O C H 3 Q =  2-furyl i 

g. R =  O C H 3 Q =  (C H 3)„; h. R  =  O CH 3 Q =  -  CH2(C H ,)3 CH2 - ;

O f th ese  d e riv a tiv es  com pounds VIb, V ic  an d  VId — also p rep a red  by 
in d ep en d en t syn theses [29] —  w ere in  all respects  in d en tica l w ith  th e  p ro d u c ts  
o b ta in ed  b y  reduc tion .

N -(E th y l)-4 ,5 -d im eth o x y -2 -m ercap to b en zy l am m o n iu m  b ro m id e  (IV) was 
successfully  con v erted  w ith  a ro m atic  a ldehydes in  p y rid in e  so lu tions to  th e
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corresponding 3-ethyl-2,3-dihydro-4IT -l,3-benzothiazine derivatives (V ila —f). 
In  th is  case the cyclization  experim ents failed w ith  aliphatic aldehydes and 
ketones.

R 

R

Ml

a . R  =  OCH3 A r =  C6H 5; b. R  =  O C H 3 A r =  3 ,4 - ( C H 30 ) 2C6H 3; c . R  =  OCH3 
A r =  4 —(C H 3)2N — C6H 4; d. R  =  O C H 3 A r =  4 - N C - C 6H 4; e. R  =  O C H 3 A r =  4 -  

— C H 3OC6H 4; f. R  =  O C H 3 A r =  2-fury l

The NMR spectrum  o f com pound V ila  is in agreem ent w ith the assumed  
structure (Fig. 3).

Ó 1.09 (CH3, tr ip let, ethyl, 3H , J =  7 H z); b 3 .81— 3.83 (ArCH2N , 2H —4); 
b 5 .88 (CH, 1H— 2); S 6.70 (ArH, I I I — 5); b 6.75 (ArH, 1H — 8); Ö 3.70, 3.75 
(OCH3, 6H —6, 7); Ь P h  (5H) 430— 460 Hz. The b CH2 signal is fused w ith the  
absorption of the so lven t (DMSO— de).

P P M  ( t )
2 .0  3 .0  4 .0  5 0  6.0 7 0  8 .0  9 .0  10

In the case o f  2-phenyl-3-ethyl-6 ,7-d im ethoxy-2,3-d ihydro-4H -l,3-benzo- 
tliiazine (V ila), the existence of polym orphism  was observed. Crystallization  
from  ethanol resulted in two kinds of colourless radial needles m elting at 
81— 82°C and 95— 96°C, respectively. The structures of the tw o m odifications 
w ere verified by th e  analytic data and their identical infrared spectra (Fig. 4).
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Fig. 4. T he in fra re d  sp e c tru m  of 2 -p h en y l-3 -e th y l-6 ,7 -d im eth o x y -2 ,3 -d ih y d ro -4 If-l,3 -b en zo - 
th iaz in e  (m .p . 81 — 82°C o r 95 —96°C) in  K B r

E xperim en ta l

(M elting p o in ts  are u n co rrec ted )

1) 3,3’-Methylene-bis(2,3-dihydro-6,7-diinethoxy-4Ii-l,3-benzothiazine) (III)

0.47 g (0.002 m ole) o f 4 ,5 -d im eth o x y -2 -m ercap to b en zy l am m o n iu m  chloride (I) was 
d isso lved  in  10 m l o f  w a te r , an d  0.5 m l of 30%  fo rm ald eh y d e  so lu tio n  and  0.1 g of p o tassiu m  
c a rb o n a te  w ere ad d ed . T he c ry sta llin e  reac tio n  p ro d u c t was f i lte re d  off, w ashed w ith  w a te r  
a n d  recry sta llized  fro m  e th a n o l; colourless pow der-like  c ry sta ls , m .p . 172— 173°C; 0.21 g 
(48 .4% ).

C2i H 26N20 4S2 (434,57). Calcd. C 58.04; H  6.03; N  6.45. F o u n d  C 58.31; H  5.80; N
6.44% .

M olecular w e ig h t fou n d : 425— 450.

2) 3-Ethyl-6,7-dimethoxy-2,3-dihydro-4ií-l,3-benzothiazine (V)

0.62 g (0.002 m ole) o f N -(e thy l)-4 ,5 -d im eth o x y -2 -m ercap to b en zy l am m onium  b ro m id e  
(IV) was d issolved in  10 m l o f w a te r , an d  0.5 m l o f 30%  fo rm ald eh y d e  so lu tion  an d  0.1 g of 
p o tass iu m  carb o n a te  w ere ad d ed  to  th e  so lu tion . T he oily reac tio n  p ro d u c t w hich se p a ra ted  
w as e x tra c te d  w ith  e th e r. A fte r  e v ap o ra tio n  of th e  so lven t, th e  oily  residue  w as dissolved 
in  e th an o l an d  th e  so lu tio n  w as m ixed  w ith  e th an o l co n ta in in g  hy d ro g en  chloride. T he p ro d u c t, 
3 -e th y l-6 ,7 -d im eth o x y -2 ,3 -d ih y d ro -4 H -l,3 -b en zo th iaz in iu m  chloride, was p re c ip ita te d  w ith  
e th e r ;  pa le  yellow  need les , m .p . 201— 202°C (d.).

C12H 18C1N02S (275.79). Calcd. C 52.26; H  6.58. F o u n d  C 51.94; H 6 .46% .
T h e  base, lib e ra te d  fro m  th e  aqueous so lu tion  o f th e  h y d ro ch lo rid e  w ith  sod ium  c a r­

b o n a te , was e x tra c te d  w ith  e th e r, d ried  over a n h y d ro u s sod ium  su lfa te  an d  th e  so lv en t was 
e v ap o ra ted . T he resid u e  w as c ry sta lliz ed  from  50%  e th an o l to  give colourless p rism s, m .p . 
72 5__74°c

C12H 17N 0 2S (239.33). Calcd. C 60.22; H  7.16. F o u n d  C 60.59; H  6.99% .
M olecular w e ig h t o f th e  base  fou n d : 222 (ebullioscopic m eth o d ).

3) 2-Methyl-6,7-dimethoxy-2,3-dihydro-4ff-l,3-benzothiazine (Via)

0.24 g (0.001 m ole) o f 4 ,5 -d im ethoxy-2 -m ercap tobenzy l am m o n iu m  chloride (I) w as 
dissolved in 5 ml o f w a te r  a n d  th e  so lu tion  was sa tu ra te d  w ith  ace ta ld eh y d e  u n d e r cooling 
in ice. A fte r th is , 0.1 g o f p o tassiu m  ca rb o n a te  w as ad d ed  to  th e  re ac tio n  m ix tu re , i t  was 
allow ed to  s ta n d  fo r 30 m in ., an d  th e  c rysta lline  p re c ip ita te  was f ilte red  off to  o b ta in  0.21 g 
o f th e  p ro d u c t; colourless p rism s (from  anh y d ro u s e th e r) , m .p. 107— 109°C.

Cn H 15N 0 2S (225.30). Calcd. C 58.64; H 6.26. F o u n d  C 58.79; H  6.58% .
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4) 2-Phenyl-6,7-dimethoxy-2,3-dihydro-4f/-l,3-benzothiazine (VIb)

0.47 g (0.002 m ole) o f 4 ,5 -d im eth o x y -2 -m ercap to b en zy l am m o n iu m  chloride (I) w as 
d isso lv ed  in  10 m l o f w ater, a n d  m ixed  w ith  a so lu tion  of 0.2 m l o f ben za ld eh y d e  in 6 m l o f 
e th a n o l a n d  0.2 g of po tassiu m  c a rb o n a te . T he c ry sta llin e  p re c ip ita te  w as filte red  off, w ashed 
w ith  5 0 %  e th an o l, d ried  and  c ry s ta lliz ed  to  o b ta in  0.49 g (87 .5% ) of colourless needles (from  
e th a n o l) , m .p . 156— 157°C: th is  p ro d u c t gave no m .p . depression  w ith  th e  co m pound  p rep ared  
b y  re d u c tio n  [29].

Clr>H 17N 0 2S (287.37). Calcd. C 66.87; H 5.96; N  4.87. F o u n d  C 67.20; H 5.85; N 4 .80% .

5) 2-Phenyl-2,3-dihydro-4I/-l,3-benzothiaziiie (Vic)

0.35 g (0.002 m ole) o f 2 -m ercap to b en zy l am m o n iu m  chloride  [32] an d  0.20 m l ( 
b e n za ld e h y d e  were allow ed to  re a c t in  th e  sam e w ay  as given in  E x p e rim e n t 4) to  o b ta in  0.35 g 
(7 8 % ) o f nacreous p lates (from  e th a n o l), m .p . 123.5 —124°C; th is  p ro d u c t gave no m eltin g  
p o in t depression  w ith  th e  su b s tan ce  o b ta in e d  by  re d u c tio n  [29].

C14H 13NS (227.31). Calcd. C 73.96: H 5.76; N  6.15. F o u n d  C 73.80; H 5.70; N 6 .12% .

6) 2-(3,,4’-Dimethoxyphenyl)-6,7-dimethoxy-2,3-dihydro-4.H-l,3-beiizothiazine (VId)

0.47 g (0.002 m ole) o f 4 ,5 -d im eth o x y -2 -m ercap to b en zy l am m o n iu m  chloride  (I) an 
0.34 g (0.002 m ole) of v e ra tra ld e h y d e  w ere allow ed to  re a c t as described  in  E x p e rim e n t 4) t 
o b ta in  0.57 g (81 .4% ) of VId: colourless rad ia l needles (from  e th an o l), m .p . 169— 170°C: i 
gav e  no  m eltin g  p o in t depression  w ith  th e  p ro d u c t p rep ared  by  re d u c tio n  [29].

C18H 2lN 0 4S (347.42). Calcd. C 62.23; H 6.09; N 4.03. F o u n d  C 62.50; H  6.20; N 4 .00% -

7) 2-(4’-Nitrilophenyl)-6,7-dimethoxy-2,3-didihydro-4Ii-l,3-benzothiaziiie (Vie)

0.47 g (0.002 m ole) o f 4 ,5 -d im eth o x y -2 -m ercap to b en zy l am m o n iu m  chloride  (I) and 
4 -n itr ilo a ld eh y d e  were allow ed to re a c t as described  in E x p erim en t 4) to  y ield  0.57 g (92% ) 
of Vie: colourless needles (from  b e n ze n e -p e tro le u m  e th e r), m .p. 166— 168°C.

C17H 16N20 2S (312.38). Calcd. C 65.36; H 5.16. F o u n d  C 65.59; H 4 .97% .

8) 2-(2’-Furyl)-6,7-dimethoxy-2,3-dihydro-4jFi-l,3-benzothiazine (Vlf)

0.24 g (0.001 m ole) o f 4 ,5 -d im eth o x y -2 -m ercap to b en zy l am m o n iu m  chloride (I) and 
0.1 m l o f 2 -fu rfu ry la ldehyde  w ere allow ed to re a c t as described  in  E x p e rim e n t 4) to  ob ta in  
0.22 g (81 .5% ) of Vlf: colourless need les (from  e th e r) , m .p . 136— 137°C.

C14H 15N 0 3S (277.33). Calcd. C 60.63; H 6.49; F o u n d  C 60.18; H  6 .30% .

9) 2,2-Dimethyl-6,7-dimethoxy-2,3-dihydro-4H-l,3-benzothiazine (VIg)

0.24 g (0.001 m ole) o f 4 ,5 -d im eth o x y -2 -m ercap to b en zy l am m o n iu m  chloride  (I) and  
1 m l o f acetone were allow ed to  re a c t as described  in E x p e rim en t 4) to  give 0.18 g (75 .3% ) 
o f VIg: colourless prism s (fro m  e th e r), m .p . 117— 118°C.

C12H 17N 0 2S (239.33). Calcd. C 60.22; H 7.16; N 5.83. F o u n d  C 60.30; H 7.00; N 5 .92% .

10) 2,2-Peiitamethylene-6,7-dimethoxy-2,3-dihydro-4if-l,3-benzotliiazine (VIh)

0.24 g (0.001 m ole) of 4 ,5 -d im eth o x y -2 -m ercap to b en zy l am m o n iu m  chloride  (I) and 
0.1 m l o f cyclohexanone w ere allow ed to  re a c t as described  in E x p e rim e n t 4) to o b ta in  0.24 g 
(8 5 .5 % ) of com pound VIh: colourless prism s (from  50%  eth an o l), m .p . 97— 98°C.

C15H 21N 0 2S (279.39). Calcd. C 64.48; H 7.58; F o u n d  C 64.17; H 7.31% .
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11) 2-Phenyl-3-ethyl-6,7-dimethoxy-2,3-dihydro-4Jt/-l,3-beiizothiazine (Vila)

0.62 g (0.002 m ole) o f N -(e th y l)-4 ,5 -d im eth o x y -2 -m ercap to b en zy l am m onium  b rom ide  
(IV) was dissolved in 3 m l of py rid in e  a n d  a f te r  th e  add ition  o f 0.21 g (0.002 m ole) o f  benz- 
a ld eh y d e , the  so lu tion  was boiled for 30 m in . T he pyrid ine  was d is tilled  off in v acu u m , th e  
residue  d ilu ted  w ith  20 m l of w a ter an d  e x tra c te d  w ith  e th e r. T h e  so lv en t was d is tilled  off 
a n d  th e  residue crysta llized  from  e th an o l to  give 0.35 g (55 .5% ) o f Vila; colourless ra d ia l n eed ­
les, m .p . 81—82°C. T his substance  gave no m eltin g  p o in t depression  w ith  th e  p ro d u c t p rep ared  
by  red uction  [29].

C18H 21N 0 2S (315.42). Calcd. C 68.54; H  6.71; N 4.44; S 9.84. F o u n d  C 68.33: H 6.72; 
N  4.40; S 9.55% .

Colourless ra d ia l needles (from  e th a n o l): m .p. 95--96°C .
C18H 21N 0 2S (315.42). Calcd. C 68.54; H  6.71; N 4.44. F o u n d  C 68.70; H 7.15: X 4 .6 5 % .

12) 2-(3’,4’-Dimethoxyphenyl)-3-ethvl-6,7-dimethoxy-2,3-dihvdro-4f/-l,3-beiizothiazine 
(VHb)

0.31 g (0.001 m ole) o f N -(e th y l)-4 ,5 -d im eth o x y -2 -m ercap to b en zy l am m onium  b rom ide 
(IV) an d  0.17 g (0.001 m ole) of v e ra ta ld e h y d e  w ere allowed to  re a c t  as described in E x p e ri­
m e n t 11) to o b ta in  0.28 g (75% ) o f Vllb: colourless prism s fro m  e th a n o l, m .p. 138 139°C.
T he substance  gave no m elting  p o in t d ep ression  w ith  th e  p ro d u c t o b ta in e d  by  red u ctio n  [29]. 

C20H 25NO4S (375.47). Calcd. C 63.97; H  6.71; N 3.73. F o u n d  C 64.11: H 6.49; N 3 .70% .

13) 2-(4’-Dimethvlamiiiophenyl)-3-ethyl-6,7-dimethoxy-2,3-dihvdro-4//-l,3-benzothiazine 
(Vile)

0.15 g (0.0005 m ole) of N -(e th y l)-4 ,5 -d im eth o x y -2 -m ercap to b en zy l am m onium  brom ide  
(IV) and  0.075 g (0.0005 m ole) of 4 -d im eth y lam in o b en za ld eh y d e  w ere allowed to  re a c t as 
described  in E x p e rim en t 11) to o b ta in  0.1 g (55% ) of Vile: pale  yellow  p la tes (from  50%  
e th an o l), m .p. 96— 97°C.

C20H 26N2O2S (358.49). Calcd. C 67.00; H  7.81; N 7.81. F o u n d  C 67.25: H 7.70; N  7 .61% .

14) 2-(4’-Nitrilo]iheiiyl)-3-ethyl-6.7-diiiiethoxy-2,3-dihydro-4/f-l,3-beiizothiazine (VHd)

1.5 g (0.005 m ole) o f N -(e tliy l)-4 ,5 -d im eth o x y -2 -m ercap to b en zy l am m onium  b rom ide 
(IV) an d  0.65 g (0.005 m ole) o f 4 -cyan o b en za ld eh y d e  were allow ed  to  re a c t as described  in 
E x p e rim en t 11) to  y ield  0.5 g (29.4%,) o f VHd: colourless needles (from  60%, e th an o l), m .p . 
115— 116°C.

C19H 20N2O2S (340.43). Calcd. C 67.03; H  5.92. Found C 66.96; H  6.03%,.

15) 2-(4’-Methoxypheiiyl)-3-ethyl-6,7-diiiiethoxy-2,3-dihydro-4bf-l,3-benzothiazine (Vile)

0.75 g (0.0025 m ole) of N -(e th y l)-4 ,5 -d im eth o x y -2 -m ercap to b en zy l am m onium  brom ide  
(IV) a n d  0.35 g o f 4 -m eth o x y b en za ld eh y d e  w ere allowed to re a c t as described  in E x p e rim en t 
11) to  ob ta in  0.38 g (45 .2% ) of Vile: colourless p rism s (from  e th a n o l), m .p . 79 —80.5°C. 

C19H 23N 0 3S (345.44). Calcd. C 66.06: H  6.86. Found C 66.09: H 6.92%,.

16) 2-(2’-FuryI)-3-ethyl-6,7-dimethoxy-2,3-dihydro-4H-l,3-beiizothiazine (VHf)

0.31 g (0.001 m ole) o f N -(e th y l)-4 ,5 -d im eth o x y -2 -m ercap to b en zy l am m onium  b ro m id e  
(IV) a n d  0.3 m l o f 2 -fu rfu ry la ldehyde  w ere allow ed to re ac t as d e sc rib ed  in E x p erim en t 4) 
to o b ta in  0.09 g (29.4%,) o f VHf: colourless needles (from  60%  e th a n o l) , m .p . 80 81°C.

CleH 19N O :JS (305.38). Calcd. C 62.92; H  6.27. F ound  C 62 .91 ; II 6.68%,.

*

T he a u th o rs ’ th a n k s  are due to  Dr. P . Sohár for th e  re co rd in g  and  ev alu tio n  of th e  
I R  an d  NM R sp ec tra .
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ALKALOIDS CONTAINING THE INDOLO [2,3-c] 
QUINAZOLINO [3,2-a] PYRIDINE SKELETON, I

N E W  S Y N T H E SE S A N D  R E D U C T IO N  O F R U T E C A R P IN E  

O. Cl a u d e r  and K . H orváth -D óra

(In s ti tu te  o f  Organic C hem istry, F aculty  o f  Pharmaceutical Sciences,
Semmelweis M edical U niversity , B udapest)
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N ew  syntheses o f ru tec a rp in e  2 w ere developed. In  th e  f ir s t  p ro ced u re  th e  w ell- 
k n o w n  m eth o d s  have  been sim plified , th e  second is a new  syn th esis , u sing  IV-carbo- 
b e n zy lo x y try p ta m in e  19 as s ta r tin g  m ate ria l. T he so-called ‘a d d u c t’ in te rm e d ia te  
p re p a re d  from  l,2 ,3 ,4 -te trah y d ro -l-o x o -/? -carb o lin e  9 w ith  PO C l3 was fo u n d  to  be 
su itab le  fo r th e  p re p a ra tio n  of ru te c a rp in e  2 an d  its  su b s ti tu te d  d e riv a tiv es.

3 ,1 4 -d ih y d ro ru tecarp in e  20 w as o b ta in e d  from  th e  p ro d u c t 21 of th e  re ac tio n  
b e tw een  try p ta m in e  18 an d  ortho-form ic acid  e th y l ester.

T h e  re d u c tio n  of ru tec a rp in e  2 w ith  L iA lH 4 w as also in v es tig a te d  an d  ru te c a rp e n e  
23 or ru te c a rp a n e  22 was o b ta in e d , d ep en d in g  on th e  n a tu re  o f th e  so lven t used .

Tw o a lkalo ids, evodiam ine 1 an d  ru te c a rp in e  2 w ere iso la ted  from  E vodia  
rutaecarpa  f ru its  b y  A sa h in a  et al. [1]. T h ey  s ta te d  th a t  th e se  tw o a lk a lo ids 
h av e  s im ila r s tru c tu re s  [2]. T he t re a tm e n t of evod iam ine 1 w ith  alcoholic  
p o ta ss iu m  h y d ro x id e  resu lted  3 ,4 -d ihydro -^-carbo line  3 an d  iV -m ethyl- 
a n th ra n ilic  acid  4, w hile in  th e  h y d ro lysis  o f ru teca rp in e  2 w ith  p o ta ss iu m  
h y d ro x id e  in am yl alcohol, try p ta m in e -2 -c a rb o x y lic  acid 5 and  a n th ra n ilic  
acid 6 w ere o b ta in ed  (Fig. 1).

A ccord ing  to  th e  above a u th o rs  [3, 4 ], evod iam ine 1 can  be co n v erted  to  
ru te c a rp in e  2 b y  tre a tm e n t w ith  alcoholic hyd roch lo ric  acid an d  su b seq u en t 
h ea tin g . T he in te rm ed ia te s  of th e  reac tio n  invo lv ing  d em e th y la tio n  are  iso- 
ev o d iam in e  7 an d  anhydro iso ev o d iam in e  8 (F ig. 2).

T h e  f ir s t  syn th esis  of ru te c a rp in e  2 w as accom plished  b y  As a h in a , 
Ma n sk e  an d  R o b in so n  [5], b y  th e  co n d en sa tio n  of 1 ,2 ,3 ,4 -te trahydro -l-oxo -/? - 
ca rbo line  9 w ith  an th ran ilic  acid  m e th y l e s te r 10 in th e  presence  of PC13.

In  a n o th e r  p rocedure  th e y  used  try p tam in e -2 -ca rb o x y lic  acid as s ta r t in g  
m a te r ia l [6]. F irs t  its  o -n itrobenzoy l d e riv a tiv e  11 was p rep a red , w hich  w as 
red u ced  12 an d  cyclized  w ith  PO C l3, re su ltin g  in  ru te c a rp in e  2.

O hta  [7] m odified  th e  f irs t  A sa h in a  syn th esis , u sing  1 ,2 ,3 ,4 -te trah y d ro -
l-oxo-/?-carboline 9 an d  an th ran ilic -iV -carboxy lic  an h y d rid e  13 in  th e  co n ­
d en sa tio n  reac tio n .

S c h ö pf  an d  St e u e r  [8] sy n th esized  i t  from  3 ,4-dihydro-/?-carboline 3 
w ith  o -am in o b en za ld eh y d e  14 u n d e r  co n d itions sim ilar to  th e  physio logical 
ones. A n am in o carb in o l 15 was o b ta in e d  in  th e  f irs t s tep , its  o x id a tio n  re su lted  
in  ru te c a rp in e  2.

A cta  C him ica Academiae S c ien tia rum  H ungaricae , Tom us 72 (2 ) ,  p p . 221— 230 (1 9 7 2 )
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P e t e r se n  and T ie t z e  [9] also p re p a re d  ru teca rp in e  2 from  3 ,4-d ihydro- 
l-m ethoxy-/? -carbo line  16 an d  an th ra n ilic  ac id  6 b y  re flu x in g  th em  in m e th a ­
nol (F ig . 3).

W e carried  o u t th e  syn thesis  o f ru te c a rp in e  2 b y  sim plify ing  th e  
A s a h i n a  syn thesis  [5]. l,2 ,3 ,4 -T e trah y d ro -l-o x o -/S -carb o lin e  9 was d irec tly  
co n d en sed  w ith  a n th ra n ilic  acid 6 in  benzene  in  th e  presence of PO C l3. 
I n  5 ho u rs , ru te c a rp in e  2 w as o b ta in ed  in  n early  q u a n tita tiv e  y ield . A fte r 
re c ry s ta lliz a tio n  from  e th an o l or benzene, th e  su b stan ce  w as iden tified  on th e  
b as is  o f its  m elting  p o in t, as well as its  u ltra v io le t an d  in fra red  sp ec tra , by  
m ak in g  com parisons w ith  th e  d a ta  of th e  sp ec tru m  cata logues com piled  by  
H e s s e  [11] and  N e u s s  [12].
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F ig . 3

In  o rd e r to  m odify  ou r p rev ious m e th o d  of syn thesis , th e  fo llow ing 
reac tio n  w as ca rried  ou t. l,2 ,3 ,4 -te trah y d ro -l-o x o -/? -ca rb o lin e  9 an d  P O C l3 
w ere h ea ted  w ith o u t so lven t. A fte r cooling an d  p rec ip ita tin g  w ith  e th e r , a 
v e ry  reac tiv e  su b stan ce  was o b ta in ed , its  h y p o th e tic  s tru c tu re , acco rd in g  to  
L o r e n z  [13] corresponded  to  3 ,4-d ihydro-l-ch lo ro -/?-carbo lium , P 0 2C12 17. T h e  
a u th o r  refers to  th is  com pound sim ply  as an  ‘a d d u c t’. H ea tin g  o f th is  ‘a d d u c t’
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in  a b so lu te  benzene w ith  an th ran ilic  ac id  6 also re su lted  in  ru te c a rp in e  2. 
The a d v a n ta g e  of th e  p ro ced u re  is th a t  i t  e lim in a tes  d isco lou ra tion  o f th e  
so lu tion  an d  th e  fo rm a tio n  of ta r ry  m a te r ia ls , as no excess of p h o sp h o ry l 
ch loride is p resen t. T h is m a y  be of g re a t im p o rta n c e  in  th e  p re p a ra tio n  of 
ru te c a rp in e  deriv a tiv es  c o n ta in in g  sen sitive  s u b s titu e n ts  (Fig. 4).

A n o th e r syn thesis  o f  ru teca rp in e  w as also developed. A ccording to  th e  
B e r g m a n — Z er v a s  m e th o d , iV -carbob en zy lo x y try p tam in e  19 was p re p a re d  
from  try p ta m in e  18 an d  ch lorocarbonic  ac id  b en zy l e s te r in  a benzene-sod ium  
liy d ro x y d e  m edium . As in  th e  previous p ro ced u re , i t  w as reac ted  w ith  a n th ra ­
nilic ac id  6 in benzene in  th e  presence o f  P 0C 13, re su ltin g  in  ru te c a rp in e  2.

COOH

F ig . 4

W ith  certa in  m o d ifica tion , th e  p ro ced u re  is also su itab le  for th e  p re ­
p a ra tio n  of the  h y d ra te d  deriva tive  o f ru te c a rp in e , i.e., 3 ,1 4 -d ih y d ro ru te - 
ca rp in e  20. In  th e  re a c tio n  of try p ta m in e  18 w ith  m eth y l fo rm ate  or o rtho - 
fo rm ic acid  e th y l e s te r , w ith  su b seq u en t a d d itio n  of an th ran ilic  acid  6 in  
a b so lu te  benzene in  th e  presence of PO C l3, 3 ,1 4 -d ih y d ro ru tecarp in e  20 is 
fo rm ed . I t  should  be n o te d  th a t  th is  co m p o u n d  has no t been p rep a red  by  
h y d ra tio n  of ru te c a rp in e  2 up to  п о л а  (F ig . 5).

In  th e  reac tio n  o f try p ta m in e  18 w ith  ortho-fo rm ic ester a c ry s ta llin e  
m a te r ia l was o b ta in ed  w hich , hoivever, w as n o t hom ogeneous. O n th e  basis 
o f its  in fra red  sp ec tra  i t  is assum ed to  be  a m ix tu re  of fo rm y ltry p ta m in e
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©  н 4
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F i g .  5

im in o e th e r a n d  a ce ta l. T he ex ac t d e te rm in a tio n  of its  s tru c tu re  requires fu r th e r  
in v estig a tio n s.

In  th e  fo llow ing, th e  red u c tio n  of ru te c a rp in e  2 w ill be d iscussed . 
T e r z i a n  e t  al. [10] described  th e  red u c tio n  of ru te c a rp in e  2 w ith  L iA lH 4 in  
ab so lu te  e th e r ; th e  C3 an d  N 14 double bon d s an d  th e  C = 0  g roup  were red u ced  
an d  d l-ru te c a rp an e  22 was o b ta ined . T he red u c tio n  p ro ced u re  was re p e a te d  
b y  us. A fte r 20 h rs  o f reac tio n , th e  m ix tu re  w as decom posed  w ith  w a te r  an d  
th e  e th e rea l so lu tio n  e x tra c te d  w ith  2 M  hyd roch lo ric  ac id . T he acid so lu tio n  
w as m ade a lk a lin e  w ith  am m onia. R u teca rp an e  se p a ra te d  in  c rysta lline  fo rm  22. 
I t  w as rec ry s ta lliz ed  from  e th an o l an d  its  u ltra v io le t an d  in frared  sp ec tra  
w ere reco rded . I t s  u ltra v io le t  sp ec tru m  is of th e  indole ty p e  (Fig. 8), an d  
its  in fra red  sp e c tru m  d id  n o t co n ta in  th e  b a n d  assigned  to  th e  C = 0  g roup  
in th e  acid  am ide  (1660 c m -1). T he ap p earan ce  of th e  B oh lm ann  b an d s  a t
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2850 — 2750 c m “ 1 ind ica tes th e  trans a n e lla tio n  of th e  C — D rings an d  th e  p re s ­
ence o f  a 3 a H .

T h e  redu c tio n  was ca rr ied  o u t also in  ab so lu te  te tra h y d ro fu ra n e . A fte r 
20 h rs  th e  reaction  m ix tu re  was processed  an d  2 1 -desoxoru tecarp ine , i.e., 
ru te c a rp e n e 2 3  was o b ta in ed . S im ilarly , ru te c a rp en e  23 was fo rm ed  upon  using  
a 3 o r  6-fo ld  am oun t of L iA lH 4, as w ell as on accom plishm en t o f th e  reac tio n  
a t  35°C (th e  b .p . of e th e r). T hese ex p erim en ts  prove th e  dependence  of th e  
re d u c tio n  on the  n a tu re  o f th e  so lven t ap p lied  (Fig. 6).

F ig . 6

R u teca rp en e  23 has a ch a rac te ris tic  u ltra v io le t sp e c tru m  (F ig . 8). In  its  
in fra re d  spectrum  th e  C =  0  b an d  of th e  acid  am ide (1660 c m “ 1) is n o t p resen t. 
T h e  m ax im u m  assigned to  th e  N H  s tre tc h in g  v ib ra tio n  of indole also d is ­
a p p e a re d . P resum ab ly , in  th e  absence o f th e  C = 0  g roup  th e  e lectron  p a ir  
o f th e  N (b) n itrogen a to m  gives rise to  s tro n g  electron d isp lacem en t to w ard s  
C3, re su ltin g  in  th e  d ev e lo p m en t of a n eg a tiv e  charge a t  N 14 24. I ts  p ro to n a tio n  
w ith  th e  hydrogen  of th e  N(a) n itrogen , th ro u g h  th e  fo rm a tio n  of th e  in te r ­
m e d ia te  anhydron ium  b ase  25 m ay cause  fu r th e r  e lectron  d isp lacem en t th u s  
g iv in g  rise to  a qu ino idal s tru c tu re  26 (F ig  7).

O n tre a tm e n t w ith  hyd roch lo ric  ac id , 23 gave a h y d ro ch lo rid e  a t  th e  
N (b) n itro g en  atom  only .

T h e  C = N  double b o n d  of ru te c a rp en e  23 could be red u ced  in the  usual 
w ay , e.g. w ith  N aB H 4, a n d  3 -a -ru teca rp an e  22 w as o b ta in e d , in  accordance  
w ith  th e  w ell-know n an d  th o ro u g h ly  s tu d ie d  reaction  o f th e  indole a lkalo ids 
(F ig . 6).
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O ur re d u c tio n  experim en ts in d ic a te  th a t  in  ru te c a rp in e  2, an  e x te n d e d  
co n ju g a tio n  shou ld  be supposed w hich  h inders th e  h y d ro g en a tio n  of th e  C3 an d  
N 14 double b o n d s . T he w eakening  o f  co n ju g a tio n  b y  red u c tio n  of th e  C =  0  
group , th e  f ir s t  s tep  of th e  red u c tio n  p rocedure , fa c ilita te s  th e  a t ta c k  on th e  
C = N  b o n d , e.g. fo r N aB H 4.
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C om parison o f  th e  u ltra v io le t sp e c tra  o f  th e  sub stan ces p rep a red  show s 
th e  follow ing. R u te c a rp in e  2, ow ing to  e x te n d e d  co n ju g a tio n , gives a c h a r­
a c te r is tic , rich sp e c tru m  (m axim a a t  278, 290, 332, 345, 364 nm ). R ed u c tio n  
o f th e  oxogroup o f th e  carboxy lic  am ide  m ak es th e  sp ec tru m  o f ru teca rp en e  23 
sim p le r: s trong ly  sh if te d  indole sp ec tru m  ap p ea rs , owing to  co n ju g a tio n  of 
th e  CN double bo n d  w ith  th e  elec tron  sy s tem  o f indole (m ax im u m  a t  336 nm , 
m in im u m  a t  270 nm ). F u r th e r  red u c tio n  re su lts  in  ru te c a rp an e  2 2 ,  w hich has 
a n  in do le  sp ec tru m  as a consequence o f th e  s tro n g  suppression  o f co n ju g a tio n  
(m ax im u m  a t 283 n m , m in im um  a t  258 n m ). Also sy n th e tic a lly  p rep ared  
3 ,1 4 -d ih y d ro ru teca rp in e  20  show s an  indole  sp ec tru m  (m ax im u m  a t  284 nm , 
m in im u m  a t 255 nm ) (F ig . 8).

R u tec a rp in e  2

E xperim en ta l

(a )  1.86 g (0.01 m ol) o f I ,2 ,3 ,4 -te trah y d ro -l-o x o -/? -ca rb o lin e  9 an d  1.37 g (0.01 m ol) o f  
a n th ra n il ic  acid 6 w ere m ix ed  w ith  25 ml o f ab so lu te  benzene. 10 m l o f P0C13 was added  
d ro p w ise  to  th e  m ix tu re  w hile cooling w ith  w a te r. T h e  c ry s ta ls  becam e s lig h tly  oily  and th e  
so lu tio n  becam e red . T h e  m ix tu re  was re flu x ed  u n d e r  co n tinuous s tir r in g  on a h o t w a te r  
b a th  fo r  5 hrs. A fter bo iling  fo r a b o u t 15 m in  th e  c ry s ta ls  dissolved a n d  a  few  m in u tes  la te r  
th e  so lu tio n  becam e c loudy  an d  p re c ip ita tio n  of yellow  c ry sta ls  s ta r te d . A fte r  th e  re flu x in g  
p e rio d  i t  was cooled a n d  f i lte re d  off. 20 m l o f 20%  N a 2C 0 3 so lu tion  w as p o u red  on to  th e  
c ry s ta ls  u n d e r cooling w ith  w a te r. A fte r th o ro u g h  s tir r in g  th e  c ry sta ls w ere filte red  off and 
w ash ed  w ith  w ater. I . Y ield  1.70 g. T he benzene f i l t r a te  o f th e  c ry sta ls  w as ev ap o ra te d  in 
v a c u u m  on a w ater b a th . 20 m l of w a te r  was p o u red  o n to  th e  residue u n d e r cooling. Yellowish- 
be ige  c ry s ta ls  sep a ra ted . T h e  m ix tu re  was m ad e  a lk a lin e  w ith  20%  N a2C 0 3 an d  th e  c ry sta ls 
w ere f i lte re d  off. I I .  Y ie ld  1.15 g (99% ). A fte r re c ry s ta lliz a tio n  from  96%  e th an o l o r glacial 
a ce tic  acid  th e  m eltin g  p o in t o f th e  su b stan ce  w as 256— 58°C.

C i8H i3N 30  (287). Calcd.
F o u n d

UV spec trum : Я e th a n o l 
m ax .

I R  spectrum  (K B r):

(b )  0.25 g (0.00125 m ol) o f  l ,2 ,3 ,4 -te trah y d ro -l-o x o -/? -ca rb o lin e  9 was co n v erted  to  th e  ‘a d d u c tv 
17 acco rd in g  to Lorenz [13]: 2.5 m l of P0C 13 w as ad d ed  to  i t  and th e  m ix tu re  was k e p t on 
a w a te r  b a th  a t  60°C u n til  d isso lu tion  (ab o u t 2 m in ). A clear, orange so lu tio n  was ob ta in ed . 
I t  w as cooled quickly , a n d  10 m l e th e r was ad d ed  to  it .  A n orange-yellow  oil se p a ra ted  w hich 
gave lem on-co loured  c ry s ta ls  on ru b b ing . T hese w ere f i lte re d  off qu ick ly  an d  0.17 g o f a n th ra ­
n ilic  ac id  6 was added  to  th e  c rysta ls . A fter th o ro u g h  m ix ing , 5 ml of ab so lu te  benzene w as 
p o u re d  o n to  th e  m ix tu re  an d  i t  was re flu x ed  on a w a te r  b a th  for 2 hrs. T h e  c ry sta ls  d id  n o t  
d isso lve . A t the  beginning th e y  becam e som ew hat o ily , b u t  la te r  on so lidified again . On cooling 
th is  so lid  gave crysta ls. T h e  yellow  c ry sta ls  w ere f ilte re d  off and ru b b e d  w ith  20%  N a2C 0 3 
so lu tio n , according to  P ro c e d u re  (a ) .  Y ield 0.30 g (86% ).
(c )  0.47 g (0.0015 m ol) o f iV -C bo-tryptam ine 19 w as d issolved in 5 m l o f ab so lu te  benzene. 

2 m l o f  P0C 13 was ad d ed  to  i t  dropw ise while cooling w ith  w a ter, th en  th e  so lu tio n  was boiled 
on a w a te r  b a th  for 1 h r. A c lear, red -b row n  so lu tio n  w as ob ta in ed . I t  w as cooled an d  0.20 g 
(0.0015 m ol) o f a n th ra n ilic  acid  6 was added  to  i t ,  th e n  i t  was boiled on a  w a te r  b a th  for 5 
m ore h o u rs . A redd ish  oil se p a ra ted  on th e  w all o f th e  flask . The so lu tion  w as co n cen tra ted  
in v a c u u m  on a w a ter b a th .  T h e  oily  residue  w as ru b b e d  w ith  15 m l o f w a te r . T he m ix tu re

C 75.27; H  4 .52; N  14.63 
C 75.20; H 4 .80; N 14.60% .

278 n m  (log e -= 3.88)
290 n m  (log e =  3.92)
332 n m  (log e =  4.48)
345 n m  (log e =  4.54)
364 n m  (log e =  4.44)

3350 cm “ 1 (v N H  indole)
1660 cm -  1 (v CO acid am ide) 

765 and  725 cm -  1 (у  CH o-disubsts.)
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w as m ad e  alkaline  w ith  cone. N H 4O H  u n d e r  cooling and  w as e x tra c te d  w ith  3 X 20 m l o f 
ch loroform . T he ch loroform  so lu tion  w as d ried  over N a2S 0 4 a n d  e v ap o ra te d  in  v acu u m  
on  a  w a te r  b a th  a t  50°C. T he residue  w as an  orange-yellow  oil, w h ich  co m ple te ly  solidified. 
Y ie ld : 0.25 g (60 % ).

N -C arhohenzyloxytryptam ine 19

0.32 g (0.002 m ol) o f try p ta m in e  18 w as m ixed  w ith  30 m l o f ab so lu te  benzene a n d  th e  
m ix tu re  w as cooled to  + 5 °C . A t th is  te m p e ra tu re  a so lu tion  of 0.68 g (0.004 m ol) o f chloro- 
carb o n ic  acid  benzy l e s te r  in 6 m l o f ab so lu te  benzene an d  6 m l o f  1 M  sod ium  h y d ro x id e  
w ere sim u ltan eo u sly  ad d ed  in  a dropw ise m an n e r. S tirring  w as c o n tin u e d  fo r 10 m in  a t  + 5 °C  
th e n  fo r 1 1/2 h rs a t  room  tem p e ra tu re . T h e  so lu tion  was tra n s fe r re d  to  a  se p a ra to ry  fun n e l 
a n d  th e  benzene ph ase  w as sep a ra ted . T he aqueous phase was e x tra c te d  w ith  10 m l o f benzene. 
T h e  com bined  benzene ph ases w ere w ashed  w ith  2 X 1 0  m l o f  0.5 M  HC1 and  1 X 1 0  m l o f 
w a te r  in  o rd e r to  rem ove th e  u n re ac te d  try p ta m in e . T he so lu tio n  w as d ried  over N a2S 0 4 
a n d  ev ap o ra te d  to  d ryness in  v acu u m  on  a  w a te r  b a th . A lig h t red -b ro w n , oily  resid u e  was 
o b ta in e d , w hich  crysta llized  on  s tan d in g . Y ield  0.55 g (93% ). A fte r  rec ry s ta lliz a tio n  from  
ab so lu te  e th an o l, w h ite  n eed le-shaped  c ry s ta ls  w ere ob ta in ed . M .p. 45— 50°C.

C18H 18N20 2 (294). Calcd. C 73.48; H  6.12; N 9.52.
F o u n d  C 73.68; H  6.24; N 9 .54% .

R eac tio n  of try p tam in e  w ith  o rtho -fo rm ic  acid  ethyl ester 21

0.40 g (0.0025 m ol) o f t ry p ta m in e  base  18 was boiled  w ith  3.7 g o f fresh ly  d is tilled  
ortho-form ic acid e th y l e s te r  (0.0025 m ol) in  a N 2 a tm o sp h ere , on  a p a ra ffin  b a th  a t  150°C 
fo r 5 h rs, th en  i t  w as ev ap o ra te d  to  d ry n ess  in  vacuum . A c lear, o ily  residue  was o b ta in e d , 
w hich  solidified com plete ly . Y ield: 0.40 g. A ccording to  th e  in fra re d  sp ec tru m , th is  p ro d u c t is  
a  m ix tu re  o f IV -form yltryp tam ine ace ta l an d  im inoether. I t  can  be  easily  h y d ro ly zed  to  N -  
fo rm y ltry p tam in e . I t s  reac tio n  w ith  P0C 13 in  abso lu te  to lu en e  gives 3 ,4-dihydro-/?-carboline.

3 ,1 4 -D ih ydro ru tecarp ine  20

0.25 g (0.001 m ol) o f th e  m ix tu re  o f  JV -form yltryptam ine a ce ta l an d  im in o e th e r 21 o r 
0.19 g o f  2V -form yltryptam ine w as d isso lved  in  5 m  of ab so lu te  b enzene. 0.14 g (0.001 m ol) 
o f  a n th ra n ilic  acid  6 w as ad d ed . A fte r cooling, 1.5 m l o f PO C l3 w as ad d ed  dropw ise. T he 
so lu tio n  becam e slig h tly  red , th e n  i t  w as re flu x ed  on a w a te r  b a th  u n d e r  con tin u o u s s tir r in g  
fo r 5 h rs. A v io le t-co loured  m ix tu re  o f so lu tio n  and p re c ip ita te  w as o b ta in ed , w hich  w as 
e v a p o ra te d  to  d ry n ess in  v acu u m  on a  w a te r  b a th . A fter ad d in g  som e ice i t  w as m ad e  a lka line  
w ith  cone. N H 4O H . T he h e terogeneous m ix tu re  was tra n s fe rre d  in to  a se p a ra to ry  funnel 
a n d  e x tra c te d  w ith  1 X 2 0  a n d  3 X 1 5  m l o f chloroform . T he ch lo ro fo rm  so lu tion  was e x tra c te d  
w ith  1 x 2 0  an d  3 X 1 5  m l o f 2 AT HC1. T h e  hydroch lo ric  acid  so lu tio n  w as m ade  a lka line  w ith  
20%  sodium  h ydrox ide. Beige c ry sta ls  p re c ip ita te d . Y ield: 0.10 g (35% ). A fter rec ry s ta lliza ­
tio n  from  e th an o l, th e  m .p . w as 250— 55°C (d).

C18H 15N 30  (289). Calcd. C 74.74; H  5.19; N  14.53.
F o u n d  C 74.33; H  5.42; N 14.60% .

UY sp ec tru m : Я e th an o l 284 n m  (log e =  4.04)
m ax . 292 n m  (log e =  4.02)

Я e th an o l 255 n m  (log e =  3.84)
m in.

I R  sp ec tru m  (K B r): 3250 cm “ 1 (v N H  seco n d ary  am ine)
1660 cm -1  (v CO acid  am ide)

745 cm “ 1 ( у  CH o-d isubst.)

R u teca rp an e  22

(a )  0.23 g (0.006 m ol) o f L iA lH 4 was ad d ed  to  40 ml o f ab so lu te  e th e r . A fte r  th o ro u g h  stirriing,. 
0.28 g (0.001 m ol) o f ru tec a rp in e  2 was ad d ed  to  i t  in tw o p o rtio n s . A fte r  re flu x in g  fo r 20 hrs 
u n d e r  con tinuous s tirr in g , th e  m ix tu re  w as decom posed w ith  2 m l o f w a te r. T he p re c ip ita te  
w as filte red  off an d  w ashed  w ith  2 X 5  m l of e ther. T h e  co m b in ed  e th e rea l so lu tions were 
e x tra c te d  w ith  1 X 2 0  an d  1X 15  m l o f  2 M  HC1. On m ak in g  th e  h y d ro ch lo ric  so lu tio n  a lkaline  
w ith  cone. N H 4O H , lu s tro u s  c ry sta ls  p re c ip ita te d . The m ix tu re  w as cooled and  filte red . Y ield r 
0.20 g (74% ). A fte r  rec ry s ta lliza tio n  fro m  e th an o l, th e  m .p . w as 161— 63°C.
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2 3 0 C L A U D E R , H O R V Á T H -D Ó R A : A L K A L O I D S , I

C18H 17N 3 (275). C alcd. C 78.55; H  6.18: N  15.27.
F o u n d  C 78.60; H 6.30: N 15.20% .

UV spec trum : A e th a n o l 283 nm  (log e =  3.96)
m ax .
e th a n o l 258 nm  (log e =  3.72) 
m in .

I R  spec trum  (K B r): 3400 cm “ 1 (j; N H  indole)
3250 cm “ 1 (v N H  secondary  am ine)

2850 - 2750 cm “ 1 (v CH B oh lm ann)
745 cm “ 1 (>» CH o -d isubst.)

(b )  0.05 g (0.0002 m ol) o f  ru te c a rp e n e  23 was d isso lved  in  10 m l o f m e th a n o l b y  boiling. 
T h e  so lu tio n  was cooled a n d  0.07 g (0.002 m ol) o f N a B H 4 w as ad d ed  w hile cooling. T he so lu tion  
w as re flu x e d  for 3 h rs  a n d  e v a p o ra te d  in vacu u m  on a  w a te r  b a th . 10 m l o f  w a te r  was p o u red  
o n to  th e  solid residue a n d  i t  w as e x tra c te d  w ith  3 X 10 m l o f e th e r . T h e  e th e rea l so lu tion  
w as e x tra c te d  w ith  20 m l o f  2 IVf HC1. T he h y d roch lo ric  acid  so lu tion  w as m ad e  a lkaline  w ith  
2 M  N aO H , resu lting  in  th e  p re c ip ita tio n  of be ige-w hite  lu stro u s c ry s ta ls  w hich , a fte r  cooling 
in  a  re fr ig e ra to r, w ere f i lte re d  off. Y ield : 0.03 g (60% ).

R u teca rp en e  23
(a )  0.28 g (0.001 m ol) o f  ru te c a rp in e  2 was th o ro u g h ly  m ixed  w ith  20 m l o f abso lu te  te t ia -  

h y d ro fu ran e . The g re a te s t p a r t  o f th e  sub stan ce  d issolved. 0.12 g (0.003 m ol) o f L iA lH 4 w as 
a d d e d  to  th e  solution, th e n  i t  w as re flu x ed  on a w a te r  b a th  for 20 hrs. 2 m l o f  w a te r  was used  
fo r decom position . T he p re c ip ita te  w as filte red  off a n d  w ashed w ith  2 X 5  m l of chloroform . 
T h e  so lv e n t m ix tu re  w as d ried  o v er N a2S 0 4 an d  e v ap o ra te d  in v a cu u m  on  a  w a te r  b a th . 
A  ye llow , solid residue w as o b ta in e d . Y ield: 0.25 g (93% ). A fter re c ry s ta lliz a tio n  from  abso lu te  
e th a n o l, m .p . 205— 7°C.

C1SH 16N 3 (273). C alcd. C 79.19; H  5.49; N  15.38.
F o u n d  C 79.30; H  5.54; N  15.42% .

ITV spec trum : A e th a n o l 336 nm  (log e =  4.28)
m ax .

A e th a n o l  270 nm  (log e =  3.45) 
m in .

I R  spectrum  (K B r): 760 and 740 cm -1  (y  CH o -d isu b st.)
(b )  A ccord ing  to  P ro ced u re  ( a ) ,  0.28 g (0.001 m ol) o f ru tec a rp in e  2 w as red u ced  w ith  0.23 g 

(0 .006 m ol) of L iA lH 4. A fte r  p rocessing  th e  reac tio n  m ix tu re , 0.25 g o f  ru te c a rp e n e  23 was 
o b ta in e d  (yield 92% ).

H ydroch lo ride  (rec ry s ta lliz e d  from  e thano l) m .p . 271— 73°C (d).
C18H 1(.N3CI (309.5) C alcd. Cl 11.4. F o u n d  Cl 11 .6% .
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T O M  72 —  В Ы П  2 

РЕЗЮМЕ

\

Термическое разложение пиридин-борана
Э. Б О Д О Р , К .  Й О Н А Ш  и М . В Е Л Т Х Е Р

С помощью методов дериватографии, ИК спектрофотометрии и химического анализа 
было доказано, что при нагреве пиридин-борана протекает экзотермическая реакция 
перегруппировки, а именно, миграция атомов водорода, присоединенных к бору, на пири­
диновое кольцо с частичным насыщением последнего. Вероятно, что параллельно с пере­
группировкой, в некотором определенном интервале температуры, происходит также тер­
мическая диссоциация пиридин-борана. Главным конечным продуктом является цепной 
полимер, основанный на связи бор-бор. Согласно исследованиям с подобными системами, 
при нагреве борановых аддуктов, содержащих донорный азот в ароматической системе, 
всегда протекает, в большей или меньшей степени, экзотермическая реакция перегруппиров­
ки, т. е. частичное насыщение ароматического кольца.

Пиролиз газообразных углеводородов, V

К и н е т и к а  т е р м о р а з л о ж е н и я  с м е с и  и з о б у т а н  — н - б у т а н

В . И Л Л Е Ш

Было изучено терморазложение эквимолярной смеси изобутан — н-бутан в проточ­
ном реакторе, при общем давлении 1 атм и в области температур 640—790°С.

Было показано, что величина расширения смесей при пиролизе может быть рассчи­
тана аддитивно из пиролитических данных чистых углеводородов.

Были определены константы кинетических уравнений, описывающих скорость реак­
ций разложения компонентов исходной смеси н-бутана и изобутана.

Для характеристики степени разложения углеводородных смесей, вводилась сумма 
конверсий компонентов исходной смеси, взвешенная по молярным долям, а в случае много­
компонентной смеси — относительное расширение. Заменяя в кинетических уравнениях, 
выведенных для проточного реактора, конверсию на степень разложения, были получены 
зависимости, описывающие бруттоскорость разложения углеводородов. Из полученных 
зависимостей может быть рассчитана величина степени разложения для данного времени 
реакции, при данной температуре.

Пиролиз газообразных углеводородов, VI

Р а с п р е д е л е н и е  п р о д у к т о в  п и р о л и з а  с м е с и  и з о б у т а н — н - б у т а н  
в з а в и с и м о с т и  о т  с т е п е н и  р а з л о ж е н и я

в .  И Л Л Е Ш

Было исследовано распределение продуктов реакции при различных температурах 
зависимости от степени разложения. Качественное и количестенное распределения продук­
тов реакции и изменения в нем интерпретировались на основе теории цепных свободно­
радикальных реакций.
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Было установлено, что изменение выхода основных продуктов реакции и молекуляр­
ного веса смеси на выходе из реактора в зависимости от степени разложения—в области 
температур и времен реакции, используемых при пиролизе в промышленных масштабах — 
не зависит от температуры и описывается «единственными кривыми».

Было получено выражение, на основе которого из пиролитических данных чистых 
компонентов, составляющих смесь, рассчитываются выходы продуктов пиролиза смеси.

Характерные колебательные частоты кристаллических полимолибдатов 
аммония, построенных из октаэдрических блоков МоО0 в области

400—4000 см 1
Б .  А . К И Ш , Ш . Х О Л Л И  и  Е . Х И Л Ь Д

Изучались колебательные частоты микрокристаллических аммоний-полимолибдатов 
в области 400—4000 см-1. ИК спектры очень чувствительны к структурным изменениям 
полианионов, построенных из блоков МоОв. Производились приближенные отнесения частот 
валентных колебаний Мо—О и мостов Мо—О—Мо, содержащих атомы кислорода в различ­
ных координациях. Характер валентных колебаний в случае гепта- и октамолибдата опре­
делялся с помощью корреляции O h -+ C 2V~+C2h и О^С^-н-С

Смещение частот связей Мо—O(í) в ЙК и Раман спектрах приводились в зависи­
мости от изменения степени поликонденсации, от среднего координационного числа 
центральных ядер Мо, а также от изменения отношения [NHp] : [Мо—0(1)], характеризо­
вавшегося через К. Подобным образом объяснялось смещение частоты колебания v3(F2) 
иона N11[‘. Полученные зависимости позволяют оценить числа связей Мо—0(1) в поли­
анионах неизвестного строения, а в некоторых простых случаях и положения ионов NHj. 
Вероятно, что ионы NHJ октамолибдата располагаются симметрично по г-центру триклино- 
вой ячейки С].

Окисление вторичных спиртов на платиновом электроде, I

П р о д у к т ы  о к и с л е н и я

Д Ь .  Х О Р А Н И , П . К Ё Н И Г  и И . Т Е Л Ь Ч

Электроокисление вторичных спиртов (изопропанол, в т о р ,  -бутанол и циклогекса- 
нол) было исследовано в кислых средах. Результаты, полученные из исследований ста­
ционарным и потенциодинамическим методами, были классифицированы в группы.

Было найдено, что химические явления при окислении спиртов следует разделять на 
две группы.

1. Взаимодействие металла со спиртом является необратимой адсорбцией, сопро­
вождаемой переносом заряда; это не является ступенью стационарного окисления.

2. Существует хорошо выраженный путь реакции, исходящий из растворенного 
исходного вещества и приводящего к расстворенному продукту.

Было найдено, что продуктами окисления являются соотвествующие кетоны.

Изучение окисления вторичных спиртов на платиновом электроде, II

И с с л е д о в а н и е  в з а и м о с в я з и  м е ж д у  а д с о р б ц и е й  к и с л о р о д а  и  р е а к ц и е й

Д Ь .  Х О Р А Н И , Д Ь .  В Е Р Т Е Ш  и П . К Ё Н И Г

1. Изучалось окисление вторичных спиртов на поверхности платины, частично или 
полностью покрытой кислородом.

2. Было установлено, что окисление протекает с заметной скоростью лишь на сво­
бодной поверхности платины.

3. При исследовании реакции окисления открывается возможность изучения адсорб­
ционных и десорбционных свойств адсорбированного кислорода.
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Изучение механизма изомеризации н-бутена, протекающей на кислом
катализаторе, I

К и н е т и к а  к а т а л и т и ч е с к и х  м о н о м о л е к у л я р н ы х  в з а и м н ы х  п р е в р а щ е н и й
т р е х  к о м п о н е н т о в

Д . К А Л Л О , Э. Д Е Т Р Е К Ё И  и  Г . Ш А Й

Были выведены уравнения скоростей превращений какого-либо компонента / для 
следующих возможных механизмов: 1. при превращении как в j ,  так и в к  происходит ад­
сорбция, реакция на поверхности и десорбция, 2. без реакции на поверхности одна из ад­
сорбированных форм i  десорбируется в виде а другая в виде к ,  3. i  адсорбируясь, превра­
щается в адсорбированные j  и к ,  которые затем десорбируются, 4. общая адсорбированная 
форма двух компонентов превращается в адсорбированную форму третьего компонента,
5. компоненты превращаются друг в друга через общие поверсностные промежуточные про­
дукты. Для отдельных механизмов при выводе уравнений скорости ступенями, лимитирую­
щими скорость, считали либо реакцию на поверхности, либо сорбцию. Легче оценивать 
такие уравнения начальной скорости превращения i  -*■ ]  для гу, которые в зависимости от 
начального давления р° всегда могут быть выражены в виде уравнения 1/г/у =  т^/рЧ +  fey 
(при небольших покрытиях поверхности /Пу/р/  fey, а при больших —  Шу/р° <® fey ). Если 
fey  5^ b ik , то принципиально элементарные ступени мономолекулярных взаимных превра­
щений трех компонентов протекают согласно /d-схеме [(1) и (2) механизмы и (3), если 
реакция на поверхности является лимитирующей скорость процесса]; если fey  =  fe,-fo то 
может наблюдаться лишь то, что превращение протекает согласно У-схеме через общие 
промежуточные продукты или в равновесной смеси продуктов [механизмы (3), (4) и (5), 
когда лимитирующими процесс являются ступени сорбции]; если между двумя какими- 
либо компонентами быстро устанавливается равновесие, то реакция протекает согласно 
механизму (4) через медленную реакцию на поверхности. Кинетический метод, помимо 
выяснения механизма процесса, в некоторых случаях позволяет определить константы 
скоростей элементарных ступеней.

Получение производных 2,3-дигидро-4Н-1,3-бензтиазина
Й . С А Б О , И . В А Р Г А , Э. В И Н К Л Е Р  и  Е . Б А Р Т О Ш

При конденсации 2-меркаптобензиламина и его производных с оксосоединениями в 
щелочной среде образуются производные 2,3-дигидро-4Я-1,3-бензтиазина. Данный способ 
является новым методом получения производных 2,3-дигидро-4Н-1,3-бензтиазина.

Алкалиоды со скелетом индоло [2,3-с] хиназолино [3,2-а] пиридина, I

Н о в ы е  с и н т е з ы  р у т е к а р п и н а  и е г о  в о с с т а н о в л е н и е

О. К Л А У Д Е Р ,  к . Х О Р В А Т Х -Д О Р А

Были разработаны новые синтезы рутекарпина. В одном случае цель была достигнута 
за счет упрощения известных синтезов, а в другом случае, исходя из N-карбобензилокси- 
триптамина, был разработан новый метод. Полученный из 1,2,3,4-тетрагидро-1-оксо-/3-кар- 
болина с помощью РОС13 в качестве промежуточного продукта, так называемый «аддукт», 
1 7 , может быть использован для получения рутекарпина и замещенных производных.

Из продукта, полученного при реакциитриптаминасэтиловымэфиромортомуравьи- 
ной кислоты, был синтезирован 3,14-дигидрорутекарпин.

Исследовалось восстановление рутекарпина с помощью LiAlH4 и в зависимости от 
используемого растворителя был получен либо рутекарпен, либо рутекарпан.
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ACTA CHIMICA
A MAGYAR T U D O MÁ N Y O S  A K A D É M I A  
K É MI A I  T U D O MÁ N Y O K  O S Z T Á L YÁ 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  К  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 A cta  C him ica ném et, angol, f ra n c ia  és orosz n y e lv e n  közöl é rtek ezések e t a kém iai 
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A  közlésre s z á n t  kéziratok  a sze rk esz tő ség  cím ére (B u d a p e s t 112/91 M űegyetem ) kü l­
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Ü B E R  D I E  A N W E N D U N G  Z W E I A T O M I G E R  M O L E K Ü L E  

A L S  V E R G L E I C H S E L E M E N T E  B E I  D E R  S P E K T R O -  

C H E M I S C H E N  A N A L Y S E  N I C H T L E I T E N D E R  S T O F F E

J .  L i t o m i s k y

( I n s t i tu t  f ü r  m in era lisch e  R o h sto ffe , K u tn ä  H o ra , C S S R )  

E in gegangen  am  10. D ezem ber 1970

D ie  in  der A rb e it an g efü h rten  B eispiele b e s tä tig en  die M öglichkeit d e r  a n a ly t i ­
schen  V erw endung  der m o lek u laren  E m iss io n ssp ek tren . B ish er w urden  diese S p e k tre n  
fü r  e in e n  un erw ü n sch ten  B a lla st g eh a lten , w elcher die A usw ertung  des S p e k tro - 
g ram m s erschw ert.

D ie  vo rgeleg ten  R e su lta te  zeigen ab er, d aß  sie als V erg leichselem ent (B ezu g s­
e lem en t)  zum  B ilden a n a ly tisch e r L in ie n p aa re  m it E rfo lg  v e rw en d e t w erden  k ö n n e n .

D ie  E n ts te h u n g  de r m o lek u laren  B an d en sp ek tren  is t  an  solche E lem en te  g e b u n ­
d en , w elche die M atrix  des a n a ly s ie rte n  S y stem s b ild en , g leich  w enn sie de r B e s ta n d te il  
d e r  P ro b e  oder der E le k tro d en  sind . D a d u rc h  fä ll t  d ie  N o tw end igkeit weg, »frem des« 
V erg leichselem ent d e r P ro b e  zu zu setzen , so d a ß  die V o rb e re itu n g  der P ro b e  zu r A n a ly se  
in  e in fach e re r W eise geschieht.

E in fü h ru n g

D ie q u a n tita tiv e  sp ek trochem ische  A nalyse le ite n d e r u n d  n ic h tle ite n d e r  
Stoffe v e rd a n k t ihre au ß e ro rd en tlich e  V e rb re itu n g  d e r E in fü h ru n g  des V e r­
g leichselem entes, frü h er » In n erstan d ard «  g en an n t. D as V erg le ichselem ent 
bese itig t o d e r u n te rd rü c k t die F eh le r, die d u rch  die A nw endung  d er a b so lu te n  
In te n s i tä t  d e r  S pek tra llin ie  des an a ly s ie rte n  E lem en tes  als M aß seines G eh a lte s  
in  d er P ro b e  e n ts ta n d e n  sind.

D ie A n sich ten  d a rü b e r, w elche E ig en sch aften  ein V erg le ichselem ent 
besitzen  so llte , en tw ick e lten  u n d  ä n d e r te n  sich im  L aufe  der le tz te n  20 b is 30 
Ja h re , g e s tü tz t  a u f viele ex p erim en te ll fe s tg este llte  D a te n . E tw a  in  den  sechz i­
ger J a h re n  w aren  schon die a llgem ein  g e lten d en  R ich tlin ien  fü r die W ah l des 
V ergleichselem entes b e k a n n t [1, 2].

W ah l eines V erg leich selem en tes

D ie e rw äh n ten  a llgem eingü ltigen  R ich tlin ien  fü h ren  an  e rs te r  S te lle  
die F lü c h tig k e it des V erg leichselem entes an , die d er F lü ch tig k e it des a n a ly ­
sierten  E lem en tes  tu n lic h s t ähn lich  sein  soll. W eiters  sollen die beiden  E le m e n te  
ähnliche A n reg u n g sp o ten tia le  b esitzen . D ie ausgew äh lte  B ezugslinie soll s e lb s t­
ab so rp tio n sfre i sein.

B eim  A usarbeiten  k o n k re te r  a n a ly tisc h e r V orgänge is t es n o tw en d ig , 
zu ü b e rp rü fe n  u n d  d an n  zu  en tsche iden , ob als ein  V erg leichselem ent dasse lbe  
E lem en t an g ew an d t w erden  k a n n , das den  B e s ta n d te il der P ro b e  d a rs te ll t
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(m eisten s als H a u p tk o m p o n e n te ) , o d e r ob m an  gezw ungen is t, ein E lem en t zu  
ve rw en d en , das k e in e n  B estan d te il d e r P ro b e  d a rs te llt. D as e rs te  V erfah ren  
w ird  m eistens bei d e r  S pek tra lan a ly se  d e r  M etalle  u n d  L eg ierungen  b e n ü tz t. 
M an  k a n n  es auch  v e rw en d en  —  wie w e ite r  n och  gezeigt w ird  —  bei der A nalyse 
p u lv e rfö rm ig er S to ffe . Als V erg leichselem ent, das kein  B e s ta n d te il der P ro b e  
is t , k a n n  uns einen  g u ten  D ienst le is ten

a )  ein E le m e n t, das zur P ro b e  in  k le in e r, k o n s ta n te r  M enge zugegeben
w ird ,

b)  ein E le m e n t, das den H a u p tb e s ta n d te i l  der T räg ere lek tro d e  oder 
G egenelek trode b ild e t,

c)  ein E le m e n t, das der B e s ta n d te il des Z usatzes (Puffers) is t;  d ieses 
w ird  in  großer, ab e r k o n s ta n te r  M enge z u r P ro b e  zugegeben (siehe T abelle  I ) .

Ü berein stim m u n g des energetischen  Z u stan d es des A nalysen lin ien paares

B ei der W ah l des V erg leichselem entes h e rrsch te  frü h e r die A n sich t vor, 
d aß  die Ü b ere in s tim m u n g  des energetischen  Z u standes beider P a r tn e r  des a n a ­
ly tisc h e n  P aares  d e r m aßgebliche F a k to r  sei. D as h e iß t, d aß  n u r  die P a a re  
A to m /A to m  oder Io n /Io n  als an a ly tisch e  d ienen  sollten.

A h ren s  u n d  T a y lo r  [3] h ab en  an  e iner K eihe von B eispielen  gezeigt, 
d a ß  es m öglich is t, a u c h  die P aare  A to m /Io n  oder Ion /A tom  zu b en u tzen  u n d  
d a b e i eine b efried igende R ep ro d u z ie rb a rk e it d er R esu lta te  zu erreichen . D ie 
e inzige  B ed ingung is t ,  daß  die E n tla d u n g  zw ischen den E lek tro d en  g la t t  u n d  
ru h ig  b ren n en  soll.

T abelle  I

B eispiele f ü r  die A usw ahl eines Vergleichselementes 
( In n e rs ta n d a rd )

Yergleichselement (Innerstandard)

2
Kein Bestandteil der Probe

1
Bestandteil der Probe a)

wird der Probe zugegeben 
(kleine konstante 

Menge)

b)
Hauptbestandteil 
der Elektrode 

(Träger- oder Gegen­
elektrode)

c)
Bestandteil des Zusatzes 

(Puffer)

M etallurgie: S ilika tana lyse  nach M etallurg ie Zn aus ZnS fü r
Fe in  S tählen , A h r e n s  [6]: (die M ethode leich tflüch tige
Al in  A l-Legierun- In  fü r  leichtflüch- »point to  plane«) E lem en te  in  Ge-
gen tig e , Fd fü r schwer- — ste inen  [9]

P u lv erig e  Proben 
(SiO in  Q uarzit — 
diese A rbeit)

f lü ch tig e  E lem ente F u lverige  Frohen:
Cu fü r  Mo in 
G este inen  [7]
CN (aus G raphit) für 
N b  in  G esteinen [8]

OH aus C2H 6OH fü r 
Mo in  G esteinen [10]

NO aus K C N  fü r 
Т е in  Gold [11]
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Als B eispiel k a n n  ich m eine eigene E rfa h ru n g  m it einem  solchen h e te ro ­
genen P a a r  an fü h ren . Bei der B estim m u n g  von  S tro n tiu m  in  A p a tit  [4] h a b e  
ich  g u te  R e su lta te  m it dem  L in ien p aa r Sr I I  346,4 n m /C a  I  346,8 n m  gew onnen. 
Z u r A nregung d e r S pek tren  w u rd e  der W ech se ls tro m d au erb o g en  b e n u tz t.  
A h r e n s  u n d  T a y lo r  a rb e ite ten  m it dem  G leichstrom bogen .

E serg ib t sich  d a rau s , daß  d er g la tte  V e rlau f d er E n tla d u n g  n ich t n u r  d u rch  
die P a ra m e te r  d er A nregungsquelle , sondern  au ch  d u rch  das M ateria l u n d  die 
F o rm  der E le k tro d e n  u n d  du rch  an d e re , w enn  au ch  sch e in b ar u n te rg eo rd n e te  
F a k to re n  b e e in f lu ß t w erden  k an n .

M olekülspektren

B ei der th e rm isch en  Z erse tzung  der P ro b e  e n ts te h e n  auch  zw eiatom ige 
M oleküle. Diese k ö n n en  R e s tp a rtik e ln  von u rsp rü n g lich en , k om pliz ierten  M ole­
k ü len  sein, aber au c h  n eu e n ts ta n d e n e  P a rtik e ln  aus den  R eak tio n en  der fre ige­
se tz ten  A tom e u n d  Io n en  der P ro b e , aus d e r T räg e re lek tro d e  oder sogar aus 
der L u ft.

Diese zw eiatom igen  M oleküle, ähn lich  den  A to m en  u n d  Ionen , k ö n n en  
d u rch  E in w irk u n g  v o n  energ iereichen  P a rtik e ln  an g ereg t w erden  u n d  d an n  
S pek tra llin ien  au ssen d en . Zum  U n te rsch ied  von  A tom en  u n d  Ionen  is t das 
m oleku lare  S p e k tru m  sehr k o m p liz ie rt [5].

E s is t v e ru rsa c h t du rch  die F ä h ig k e it der M oleküle, zu  ro tie re n  (es ro tie r t  
das ganze M olekül), zu  schw ingen (es schw ingen die A tom e in  dem  M olekül) 
u n d  sich  anregen zu  lassen  (es h a n d e lt sich u m  äu ß ere  E lek tro n en ). Solange sich 
das M olekül im  G aszu stan d  b efin d e t, w ird  die E n erg ie  v o n  ih m  in  Q uan ten  a u f­
genom m en und  au sg esen d e t. Die k le in ste  E nerg iem enge is t  zu r R o ta tio n  n ö tig , 
viel g rößer is t die zu r V ib ra tio n  v e rb ra u c h te  E nerg ie  (m eistens e tw a  h u n d e rtm a l 
größer) u n d  am  g rö ß te n  die zu r A n reg u n g  v o n  E le k tro n e n  v e rb rau ch te . Die 
E nerg ie  der E lek tro n en n iv eau s  is t m it  der von  B ogenanregungsquellen  geliefer­
te n  E nerg ie  verg le ich b ar. Deswegen f in d e t m an  m oleku la re  E m issionsspek tren  
m eistens bei der S p ek tra lan a ly se  v o n  P roben , die d u rch  einen e lek trischen  B o­
gen an g e reg t w urden .

B ei der A nregung  von  m oleku laren  E le k tro n e n sp e k tren  e n ts teh en  gleich­
zeitig  V ibra tions- u n d  R o ta tio n ssp ek tren . Die le tz te re n  b ilden  die sogenann te  
R o ta tio n s fe in s tru k tu r  d er m oleku laren  S pek tren .

D ie m o leku laren  B an d en sp ek tren  v e ru rsach en  bei der S pek tra lan a ly se  
eine R eihe von S chw ierigkeiten  b e im  A usw erten  d er S p ek tren  d u rch  häufige 
In te rfe ren zen  m it den  an a ly tisch en  S pek tra llin ien .

A n a ly tisch  w u rd en  b isher n u r  d ie  M oleküle des T yps C aF  zur F lu o rb e ­
stim m u n g  b en u tz t.

Im  V ergleich zu  den A tom - u n d  Io n en sp ek tren  erscheinen  die M olekül­
sp ek tren  e rs t bei h ö h eren  K o n ze n tra tio n e n  der E lem en te , die das em ittie rende
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M olekül b ilden . So z. B. e rsch e in t die A tom lin ie  von B ery llium  234,861 n m  bei 
d er B estim m u n g  von  Be im  F lu ß sp a t schon  beim  G eh a lt v o n  0,8 p p m  Be, 
dag eg en  s ind  die s tä rk s te n  B an d en k ö p fe  v o n  B eF  (300,99 n m , 301,30 n m  u n d  
301,8 nm ) im  S p ek tro g ram m  e rs t be im  G eh a lt von ü b e r 0 ,2 %  Be n ach w eisb ar 
[12]. Z u r  völligen B ese tzu n g  aller E n erg ien iv eau s u n d  zu r vö lligen  E n tw ic k ­
lu n g  des gesam ten  M o lek u la rb an d en sp ek tru m s k o m m t es e rs t d an n , w enn  die 
K o n z e n tra tio n  der E lem en te , die das M olekül bilden, genügend  hoch  is t  (z. B. 
b e im  SiO M olekül m uß  die P ro b e  m in d esten s  10%  S i0 2 e n th a lte n ).

D as m o lek u la re  Spektrum  a ls V erg leich selem en t

In te ressan te rw eise  w u rd en  die m o leku la ren  B a n d e n sp e k tre n  b ish e r n u r 
in  seh r b e sch rän k tem  M aße a n a ly tisc h  au sg en u tz t. Ic h  h ab e  m ir das Ziel ge­
s e tz t ,  sie als ein V erg le ichselem ent b e i d e r E m issio n ssp ek tra lan a ly se  zu  v e r­
w en d en . In  der m ir zugäng lichen  L i te r a tu r  habe  ich  n u r  e inen  einzigen dies­
bezü g lich en  H inw eis gefunden . Im  B u ch  von  A h r en s  u n d  T a y lo r  [13] w ird  
d ie D isse rta tio n sa rb e it v o n  R . H . Se r a p h im  z itie rt. Se r a ph im  h a t  —  offen­
s ic h tlic h  zum  e rs ten m al —  die M olekü lbande CaO 548,8 n m  als V erg leichsele­
m e n t zum  B a n d e n k o p f C aF  529,1 n m  b e n u tz t. E s h a n d e lte  sich  u m  die 
F lu o rb e s tim m u n g in  S ilik a tg este in en . I n  diesem  F alle  w u rd e  das P a a r  M olekül 
M olekü l b e n u tz t. B eide P a r tik e l s ind  bezüglich  Z u sam m ense tzung , M asse und  
E n e rg ieg eh a lt sehr äh n lich . E s is t  ab e r m öglich, ex ak te  R e su lta te  d er A nalyse 
a u c h  m it  den P a a re n  A tom /M olekü l oder Ion/M olekül zu  erre ichen . N u r m uß 
d ie  A h r e n s —TAYLORsche B ed ingung  eines g la tten , regelm äß igen  E n tla d u n g s ­
v e rlau fe s  erfü llt sein.

So z.B . w urde  das P a a r  A tom /M olekü l bei d er M o ly bdänbestim m ung  
in  G este insproben  g ew äh lt [7]. A u f e in er k u p fernen  S chalen e lek tro d e  w urde  die 
P ro b e  m it 50% igem  Ä th a n o l b e fe u c h te t u n d  m itte ls  e iner k o n d en sie rten  F u n ­
k e n e n tla d u n g  zu r S tra h lu n g  angereg t. Als analy tisches P a a r  w u rd en  die M olyb­
d ä n lin ie  Mo I  317,035 n m  u n d  eine L in ie  aus der M olekü lbande O H  (B an d en ­
k o p f  306,4 nm ) m it d e r W ellen länge 309,0 nm  verw en d et.

D as P a a r  Ion /M olekü l h a t  sich  b e i der Z irk o n iu m b estim m u n g  in  A bfalls­
p ro d u k te n  bei d er K a o lin a u fb e re itu n g  als besonders erfo lgreich  erw iesen. D es­
h a lb  soll diese M ethode h ie r au sfü h rlich e r beschrieben  w erden .

Q uantitative B estim m u n g  von  Z irkonium  in  A bfallprodukten  
der K aolinau fb ereitu ng

D as A b fa llp ro d u k t e n th ie lt m eh r als 90%  S i0 2. D ie S ta n d a rd p ro b e n  w u r­
den  aus b rasilian ischem  B erg k ris ta ll (95% ), A lum in ium ox id  (2 ,5% ) u n d  L im o ­
n i t  (2 ,5% ) v o rb e re ite t. Zu d iesem  G em isch w urde  Z irkon ium  in  F o rm  von 
ZrO Cl2 zugesetzt u n d  eine R eihe v o n  6 S tan d a rd p ro b en  m it Z irk o n iu m g eh alten  
v o n  1,00%  bis 0 ,0032%  h ergeste llt.
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A naly tische  B ed in g u n g en :
S p e k tro g ra p h : Zeiss Q 24. S p a ltb re ite  0,006 m m , H artm a n n b le n d e  

T-10-5, Z w ischenabb ildungsb lende 3,2 m m ; K am m erb len d e  1 : 15.
A nregungsquelle : W echselstrom bogen , I  =  8A. S ow jetischer G en e ra to r 

DG-1.
E lek tro d en : K o h lee lek tro d en  (quasiam orphes M ate ria l) . S täbchen  v o n  

q u ad ra tisch em  Q u e rsc h n itt  ( ÍK D  P rag ). T räg e re lek tro d e  m it zy lindrischer 
A ushöh lung , Q u e rsc h n itt  2,5 m m , T iefe 4,5 m m , K a n te n  gebrochen. G egen­
e lek trode  m it p y ram id a lem  E nde . E le k tro d e n a b s ta n d  3 m m .

V orbere itung  d e r P ro b e : D ie P robe  w ird  m it dem  zw eifachen G ew icht 
an  K o h lepu lver v e rm isc h t u n d  in  die T räg ere lek tro d e  g e s ta m p ft.

P h o to g rap h isch e  B eh an d lu n g : P h o to p la tte  F o m a  su p e r o rth o  6 x 2 4  cm  
(18 D IN ). E x p o sitio n sze it 20 s ohne V orb rennen . E n tw ic k le r  A G FA  40, E n t ­
w ick lungszeit 2,5 m in /20  °C.

V ier S ta n d a rd p ro b e n  (0,100— 0,003%  Zr) w u rd en  u n te r  den  genann ten  
B ed ingungen  a n a ly s ie rt. D ie A nalyse w urde  n ach  einem  län g e ren  Z e itab stan d  
w iederho lt. D ie S p e k tre n  w urden  a u f  eine P la t te  an d e re r E m ulsionsnum m er 
aufgenom m en. D ie an a ly tisc h e n  L inien  Zr I I  339,198 n m  u n d  Zr I I  343,823 
n m  k am en  d eu tlich  au c h  in  der le tz te n  S tan d a rd p ro b e  (0 ,0032%  Zr) zum  
V orschein. Zum  M essen ih re r  op tischen  D ich te  w urde  die s .p .d .-S kala  n ach  
A d d i n k  [14] m it 21 S tu fen , eigener H erste llung , v e rw en d e t.

E s zeigte sich, d a ß  die A b so lu tw erte  der op tischen  D ich te  der Zr-L inien 
s ta rk  von  der G üte d e r p h o to g rap h isch en  E m ulsion  ab h än g ig  sind  (siehe Abb. 1).

7. Zr

Abb. 1. A bh än g ig k eit der o p tisch e n  D ich te  de r S p ek tra llin ie  Z r I I  339,2 n m  v o n  der G üte der 
p h o to g rap h isch en  E m ulsion . A nalyse  de r S ta n d a rd p ro b e n  N r. 3 — 6.

G em essen m it de r s. p . d .-S kala
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E s w urde  k la r gezeigt, daß z u r A u ssch a ltu n g  dieses u n g ü n stig en  E in flu sses  
(u n d  se lb s tv e rs tän d lich  auch d e r  U nregelm äß igkeiten  des A nregungsp rozes­
ses) ein  geeignetes V erg leichselem ent gefunden  w erden m u ß . Z uerst w urde  
eine L inie von  S ilizium  gesuch t, das —  als H au p tk o m p o n en te  anw esend  —  sich  
d ire k t als V ergleichselem ent a n b o t. Alle Silizium linien w aren  ab er v o n  so 
g ro ß er In te n s itä t ,  d aß  sie fü r V ergleichszw ecke n ich t v e rw en d b a r ivarén. U m  
die A nalyse d u rch  den  Z usatz  eines frem den  V erg leichselem entes n ich t k o m p li­
zieren  zu m üssen , h ab e  ich e inen  V ersuch  m it dem  M olekü lspek trum  v o n  SiO 
vo rgenom m en .

Dieses B an d en sp ek tru m  lie g t im  u ltra v io le tte n  B ere ich  zw ischen 293 
u n d  210 nm  [15]. E inzelne B a n d e n  m it zahlreichen sch arfen  L in ien  d er 
R o ta tio n s fe in s tru k tu r  nehm en d en  A n lau f von  V ib ra tio n sk a n te n  zu län g e ren  
W ellen längen .

D er b e n u tz te  S p e k tro g rap h  Q 24 h a t  im  B ereich zw ischen 260 u n d  200 
n m  ein gutes A uflösungsverm ögen , so d aß  die einzelnen L in ien  der R o ta tio n s ­
fe in s tru k tu r  der S iO -B ande g u t g e tre n n t sind .

A us dem  g an zen  S p ek tru m  des M oleküls SiO sind die B an d e n  m it K ö p fen  
d er W ellen längen  248,680 nm  (v v "  — 0, 2) u n d  241,377 n m  (v', v" =  0, 1) 
die in te n s iv s te n . A us dem  B an d e  v ' , v" =  0, 1 habe  ich  eine L inie m it d er 
W ellen länge 242,75 n m  als V ergleichslin ie ausgew ählt. D ie L ücke zw ischen d ie ­
ser u n d  der b e n a c h b a rten  L inie g en ü g te  eben zum  D azw ischenlegen einer M eß- 
lin ie  d er s .p .d .-S ka la . E ine Ü b e rs ic h t ü b e r die M eßergebnisse g ib t T abelle  I I .

Tabelle II

A n alyse  der Standardproben f ü r  die Zr-Bestim m ung in  Quarz

P h o to p la t te
N r.

S ta n d a rd ­
p ro b e
(N r.)

G eh a lt a n  Z r
(in %)

s.p .d .- W erte*
A  s.p .d . 
Z r— SiO

Z r 339,2 SiO 242,7

Q 1764 3 0,100 17,0 8,2 + 8 ,8

4 0,032 13,7 8,3 +  5,4

5 0,010 8,2 7,8 + 0 ,4

6 0,0032 2,8 7,8 - 5 , 0

Q 1894 3 0,100 20,5 12,5 + 8 ,0

4 0,032 17,7 12,2 +  5,5

5 0,010 12,5 12,5 0,0

6 0,0032 6,5 12,5 - 6 , 0

* M itte lw ert v o n  d re i Messungen.

D ie A rb e itsk u rv e , aus den  W e rte n  zls.p .d . Z r—SiO u n d  L o g arith m en  
des Z r-G ehaltes k o n s tru ie r t, is t in  A b b . 3 v e ran sch au lich t. Sie h a t  einen g e ra d ­
lin igen  V erlau f im  K o n zen tra tio n sb e re ich  von  0,0032%  bis 0 ,032%  Zr.
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D u rch  dieses V e rfah ren  sind einige P ro b e n  von  Q uarzsan d en  an a ly sie rt 
w orden . E in e  von diesen w urde  auch a u f  chem ischem  W ege (kolorim etrisch) 
an a ly s ie rt. Die gew onnenen  R esu lta te  an  Z irkon ium :

P robe N r. 60351
S p e k tra la n a ly tisc h  ...............................  0 ,022%  Zr
K o lo rim e trisch  ...................................... 0 ,020%  Zr

Abb. 3. A rb e itsk u rv e  zu r B estim m u n g  von Z irk o n iu m  in  P ro b en  m it  e in e r S iliz ium oxidm atrix . 
О — О  Z r I I  339,198 n m  — SiO 242,75 nm . D iese  W erte  w u rd en  aus P h o to p la tte n  m it 

-|-------f- versch iedenen  E m u ls io n sn u m m ern  en tn o m m en .
Д — A  Zr I I  343,823 n m  — SiO 242,75 n m

M it der Z r-L in ie  339,198 nm  fä llt  die A tom lin ie  des T horium s T h  I 
339,204 nm  zusam m en. E n th ä lt  die P ro b e  au ch  T h o riu m , so is t es no tw end ig , 
die Z r-L in ie  Zr I I  343,823 nm  zu v erw en d en . Dies w ar d er F a ll bei der B estim ­
m u n g  von  Zr im  M onaz itsan d . N ach  v o rläu fig en  V ersuchen  w urde die P ro b e  
m it S iliz ium dioxyd  (Q uarzsand) zeh n m al v e rd ü n n t u n d  u n te r  den o b en e r­
w ä h n te n  B ed ingungen  an a lysie rt. D ie M eßergebnisse zeig t die T abelle  I I I .

In  der u rsp rü n g lich en  P robe w u rd e  d u rch  U m rech n en  0,13%  Z r gefun ­
den . D ie ko lo rim etrischc  B estim m ung  [16] ergab  0 ,150%  Zr. Die Ü b ere in stim ­
m u n g  be ider R e su lta te  is t  befried igend . D ie R ep ro d u z ie rb a rk e it d er R e su lta te , 
d u rc h  die S tan d ard ab w eich u n g  au sg e d rü c k t, b e trä g t i 5 %  (für H u n d e rts te l 
%  Zr) u n d  ^  12%  (fü r T ausendste l %  Zr).

E s is t b e a c h te n sw e rt, daß  die A s.p .d .-W erte  d er beiden  v e rw en d e ten  
L in ien p aare  in n e rh a lb  d er F eh lerg renzen  die gleichen sin d  (siehe T ab . I I  u n d  
I I I ) .  Sie b ilden  also eine einheitliche A rb e itsk u rv e  (s. A bb . 3).

D ieses B eispiel ze ig t m it gen ü g en d er S ign ifikanz, d aß  die m o leku laren  
S p e k tre n  der zw eia tom igen  M oleküle a ls V erg leichselem ent genauso geeignet
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sind  wie die A tom - oder Io n en lin ien . Sie h ab e n  den  b ed eu ten d en  V orte il, d aß  
sie v o n  S e lb s tab so rp tio n  frei s ind ; dies g ilt besonders fü r  die L in ien  der R o ta ­
tio n s fe in s tru k tu r .

Tabelle III

Die B estim m ung des Zr-Gehaltes in  M onazitsand

P ro b e

D u rc h sc h n it tsw e rte
s .p .d . ids.p.d. 

Z r— SiO
G e h a lt a n  Z r

(in %)
Z r 343,8 SiO 242,7

S ta n d . N r. 3 17,0 8,5 +  8,5 0,100

N r. 4 13,83 8,5 + 5 ,3 3 0,032

N r. 5 7,83 8,16 - 0 ,3 3 0,010

N r. 6 2,83 8,33 - 5 ,5 0 0,0032

M onazitsand m it  S i0 2 v e rd ü n n t 10,0 9,0 +  1,0 0,013

W eitere  Beispiele der A nw endung  von B andenspek tren  
als V ergleichselem ent

A u f G ru n d  dieser an regenden  R e su lta te  w u rd en  die B a n d en sp ek tren  als 
V erg le ichselem ent auch  in  an d eren  V erfah ren  e rp ro b t. So bei der L ösun g ssp ek ­
tra la n a ly se  des gediegenen G oldes [11], in  w elchem  die E lem en te  Ag, B i, Cu, 
H g , P b  u n d  Т е b e s tim m t w urden , e n ts ta n d  ein in tensives, u ltra v io le tte s  B a n d  
des M oleküls N 0  w äh ren d  d er B o g en b ren n u n g . E s zeigte sich, d aß  es fü r  die 
T e llu rb es tim m u n g  als ein V erg le ichselem ent m eh r geeignet is t  als Gold, das 
sonst m it d en  üb rigen  E lem en ten  befried igende  L in ien p aare  geschaffen h a t .

B ei a n d e re r  G elegenheit is t  fe s tg e s te llt w orden , daß  die M öglichkeit 
b e s te h t, au ch  m olekulare  S p ek tren , die d u rc h  R eak tio n en  des E le k tro d e n m a te ­
ria ls  e n ts te h e n , zu verw enden . So he i d er B estim m u n g  von  N iob in  G este ins­
p ro b en  h a t  sich  als V ergleichs e lem en t d er K o p f des S chw anzbandes (ta il- 
b an d ) des M oleküls CN (W ellenlänge 314,26 nm ) am  besten  bewrä h r t  [8]. 
D ieser B a n d e n k o p f  w urde m it d er S p ek tra llin ie  N b I I  316,34 n m  k o m b in ie rt. 
Die K o n s tru k tio n  von S treu d iag ram m en  n a c h  H o l d t  [17] h a t  die V orteile  
dieser K o m b in a tio n  im  V ergleich  m it a n d e ren  L in ien p aaren  erw iesen.

In  m an ch en  F ällen  h a t  sich gezeig t, d aß  n u r  ein V erg leichselem ent n ic h t 
fäh ig  is t , alle In ten s itä tssc h w a n k u n g e n  d e r A nalysenlin ie  auszugleichen. H ie r 
is t es zu einer B esserung  gekom m en, w enn  zwei L in ien  von  zwei versch iedenen  
P a rtik e ln  v e rw en d e t w urden :

A Y  =  Be I  265,06 nm
SiO 243,17 n m  +  CN 343,25 nm

2
[15],

z ls .p .d . =  Sr I I  346,45 nm
CN 351,5 nm  Ca 1 346,85 nm

2
[1 3 ].
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D as R e su lta t d ieser K om b in a tio n en  w ar in  den m eisten  F ällen  eine V e r­
m in d e ru n g  des S treu b ere ich es der A Y -  (z ls .p .d .-)W erte  u n d  d a rau ffo lg en d e  
e rh ö h te  G enau igkeit d e r  A nalyse. In  ein igen F ä llen  is t es gelungen, die A rb e its ­
k u rv e  gerad lin ig  zu g e s ta lte n , ih ren  A nstieg  zu  ste igern , w as eine w eitere  P r ä ­
zisionserhöhung  d er A n aly se  zur Folge h a tte .

Abschluß

D ie in  der A rb e it angefü h rten  B eisp iele  b e s tä tig en  die M öglichkeit der 
a n a ly tisch en  V erw en d u n g  der m o leku la ren  E m issionsspek tren . B isher w urden  
diese S p ek tren  fü r  e in e n  unerw ü n sch ten  B a lla s t g eh a lten , der die A u sw ertung  
des S pek trog ram m s ersch w ert.

D ie vo rgeleg ten  R esu lta te  zeigen ab e r, d aß  sie als V erg leichselem ent 
(B ezugselem ent) zu m  B ilden  an a ly tisch e r L in ien p aare  m it E rfo lg  v e rw en d e t 
w erden  können.

D ie E n ts te h u n g  d e r  m olekularen  B a n d e n sp e k tre n  is t an  solche E lem en te  
gebunden , die die M a tr ix  des an a ly sie rten  S ystem s b ilden , gleich ob sie B e­
s ta n d te ile  der P ro b e  o d e r der E lek tro d en  dars te llen . H ie rm it fä ll t  die N o tw en ­
d ig k e it weg, »frem des« V erg leichselem ent der P ro b e  zuzusetzen , so d aß  die 
V o rb ere itu n g  der P ro b e  zur A nalyse a u f  e in fachere W eise geschieht.
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ELECTRONIC STRUCTURE OF ISOELECTRONIC
MOLECULES
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T he e lec tro n ic  s tru c tu re  a n d  o rb ita l  co n fig u ra tio n  of pyridine-JV -oxide h a v e  
been  in v es tig a te d  b y  th e  P P P  an d  E H  m eth o d s. I t  has  been  fo u n d  th a t  in p o lar so lv en ts  
th e  o rb ita l co n fig u ra tio n  of the  N - 0  b o n d  in  pyrid ine-iV -oxide is sim ilar to  th a t  o f m ono- 
fluo robenzene , w hile in nonpolar so lv en ts  th e  well k n o w n  a cc ep to r-d o n o r s tru c tu re  
ex ists. T he d ifferences in electronic sp e c tra  in  non p o lar so lv en ts  hav e  been in te rp re te d  
b y  assum ing t h a t  th e  nitrogen is d o u b ly  ch arg ed  in  th e  N - 0  bond . C om pared to  th e  
m ore co m p act con fig u ra tio n  of th e  C - F  bon d  in  m onofluo robenzene , th is  s tru c tu re  g ives 
rise  to  low er tra n s it io n  energies in  th e  n e a r u ltra v io le t  reg ion .

S everal p a ra m e te rs  of isoelec tron ic  m olecules are  n ea rly  equal, o r, a t  
le a s t, h av e  sim ilar v a lues. There are  d iffe re n t degrees o f isoelec tron ic ity , ra n g ­
in g  from  e q u a lity  o f  th e  to ta l  n u m b e r  of e lectrons to  th e  id e n tity  of o rb ita l 
con fig u ra tio n s. C onsequen tly , in  th e  f i r s t  case less, in  th e  second case m ore  
p a ra m e te rs  o f isoelec tron ic  m olecules h a v e  n ea rly  th e  sam e values. I f  th e  o rb i t ­
al co n fig u ra tio n s o f  isoelectronic m olecules are e x a c tly  th e  sam e, in te ra to m ic  
d istances w ill he n e a r ly  equal to  each  o th e r, an d  in  a d d itio n  to  th e  m o lecu lar 
p a ra m e te rs , c e rta in  te rm s of the  H a m ilto n ia n , an d  th e  k in e tic  and  p o te n tia l  
energy  m atrices  w ill also agree [1— 4 ].

D ue to  th e  isoelec tron ic ity , a n u m b e r  o f q u an tu m -ch em ica l te rm s h a v e  
sim ilar va lues. S evera l au tho rs h av e  p o in te d  o u t t h a t  in  th e  sim plest sem i- 
em pirica l m e th o d s th e  diagonal te rm s o f  th e  H a m ilto n ian  m a tr ix  are p ro p o r­
tio n a l to  th e  e lec tro n eg a tiv ity . P r i t c h a r d  a n d  S u m n e r  [ 5 ,  6 ]  have even e lab o ­
ra te d  a  q u an tu m -ch em ica l m ethod  fo r  d e te rm in in g  e lec tronegativ ities.

B y  tw os, th e  d iag o n a l te rm s of th e  o rig inal P P P  H am ilto n ian  re p re se n t 
a chem ical b o n d , so th e  diagonal e lem en ts  co n stru c ted  from  atom ic  p a ram e te rs  
be long ing  to  isoe lec tron ic  bonds add  u p  to  n e a rly  th e  sam e value .

T he tra c e  o f a m a tr ix  determ ines th e  sum  o f its  eigenvalues, w hich, in  tu rn ,  
in flu en ces o rb ita l energ ies, i.e.:

K u  =  ~ U + — Р и и У и и - \ -  (̂ u® ~  Y u *
U =  1 U L ^  V

w here  F uu is th e  d iag o n a l te rm  of th e  P P P  H am ilto n ian ,

I u is th e  io n iza tio n  po ten tia l o f  a to m s c o n tr ib u tin g  тг-electrons,

A cta  C him ica Academ iae Sc ien tiarum  H ungaricae , Tom us 72 (3 ) ,  pp . 2 4 1 — 253 (1 9 7 2 )
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y uu denotes one-cen te r Coulom b in te g ra ls ,
y uv denotes tw o -cen te r  C oulom b in te g ra ls ,
P ml denotes charges on a tom s,
P uv denotes b o n d  orders,
Z v denotes core charges;
eigenvalues are  d en o ted  b y  Au, an d  s is th e  n u m b er o f c e n te rs .

O ne-cen ter repu lsion  in teg ra ls , y uw a re  re la te d  to  M ulliken a to m ic  elec tro ­
n e g a tiv itie s ; m ore p rec ise ly , th e y  d iffer o n ly  in  a m u ltip lica tio n  fa c to r  of tw o , 
w h ich  is ba lanced  b y  a 1/2 fac to r  in  E q . (1). T h e  p rincip le  o f eq u a lized  e lec tro ­
n e g a tiv itie s  is, o f course, also va lid  fo r M ulliken  e lec tro n eg a tiv itie s , an d  so one 
can  re fe r  to  bond  e lec tro n eg ativ itie s  also in  th is  case. S um m ing  th e  y m  in teg ra ls  
o v e r bo n d s, th e  equalized  or m ean  e le c tro n eg a tiv itie s  of th e  b o n d s a re  o b ta in e d , 
a n d  th e se  q u an titie s  are  n ea rly  th e  sam e in  isoelectron ic  m olecules. S im ilarly , 
d u e  to  th e  fac t th a t  in  isoelectron ic  d ia to m ic  m olecules (and , in  several cases, 
also  in  bonds) th e  m ean  ion iza tio n  p o te n tia ls  are  n ea rly  th e  sam e, th e se  io n i­
z a tio n  p o ten tia ls  c o n tr ib u te  th e  sam e p a r t ia l  sum s to  th e  tra c e  o f th e  F  m a tr ix .

As an exam ple  fo r th is  s ta te m e n t, l e t  us consider th e  m ean  io n iza tio n  
p o te n tia ls  of C —F  an d  N —О bonds, c a lc u la ted  from  p a ra m e te rs  used  la te r  in  
th e  p a p e r:

I c +  I F  =  11.16 +  33.58 =  44.74 eV,

I N  +  I Q =  14.12 +  30.15 =  44.27 eV.

T he sum  of P uu’s (charges on a tom s) a n d  th a t  of P u„’s agree, b y  d e fin itio n , 
w 'ith  th e  co rrespond ing  q u a n titie s  o f isoelec tron ic  m olecules. T h e  second e q u a l­
i t y  is one of th e  d e te rm in in g  fea tu re s  o f isoelec tron ic ity . T h e  sam e holds for 
Z J s, th e  effective core charges.

T w o-center repu lsion  in teg ra ls  are  e v a lu a te d  b y  th e  exp ression  e2/r ( P o p l e

[7]), o r by  th e  expression  e2/(r  -f- a) ( M a t a g a - N i s h i m o t o  ap p ro x im a tio n ), 
w here  e denotes th e  charge o f th e  e lec tro n . R egard ing  th a t  in  isoelec tron ic  
m olecules of th e  sam e o rb ita l co n fig u ra tio n  th e  value o f th e  in te ra to m ic  d is­
ta n c e  (r) is a p p ro x im a te ly  th e  sam e, a n d  t h a t  th e  c o n s ta n t a in  th e  M a t a g a -  

N i s h i m o t o  a p p ro x im a tio n  is, in  fa c t, th e  m ean  M ulliken e le c tro n e g a tiv ity  o f  
th e  bond , th e  v a lu e  o f y uv shou ld  be th e  sam e, or a t  le a s t n e a rly  th e  sam e for 
isoelectron ic  bonds.

In  add itio n  to  th e  fac ts  g iven ab o v e , th e re  are sev era l o th e r  analogous 
fe a tu re s  in connection  w ith  p o te n tia l en erg y  functions, e lec tron ic  a n d  v ib ra t io n ­
a l spectra .

In  th is  w ork  th e  ^ -e lec tro n  d is tr ib u tio n  and th e  e lec tron ic  tra n s it io n  
energies of tw o isoelectron ic  m olecules, pyridine-lV -oxide an d  m onofluo roben - 
zene, are s tu d ied  in  o rd e r to  u n d e rs ta n d  th e  re la tions be tw een  e lec tron ic  s tru c ­
tu r e  and  isoelec tron ic ity .
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Isoelec tron ic ity  of pyridine-N -oxide and  m onofluorobenzene

Some a u th o rs  n o ticed  long ago th a t  th e  v ib ra tio n a l sp ec tra  of th e  a b o v e  
m olecules an d  o f th e ir  derivatives h av e  num ero u s sim ilar fea tu res. T his m ean s 
n o t  only  th e  s im ila r position  of certa in  b an d s  b u t  closer sim ilarities in  th e  w hole  
s tru c tu re  o f th e  sp e c tra  an d  even th e  ag reem en t of th e  m a jo rity  of force fie ld  
e lem ents [2, 3, 9, 10].

On th e  b as is  o f  these  analogies in  th e  v ib ra tio n a l sp ec tra  i t  h as  been  
assum ed  th a t  th e se  m olecules are isoelectron ic  in  th e  sense th a t  th e ir  o rb ita l  
co n fig u ra tio n s are  th e  sam e, includ ing  th o se  o f th e  C—F  an d  N —0  bonds.

T his a ssu m p tio n  seems to  be su rp ris in g  because th e  d ia tom ic  CF a n d  NO 
m olecules are n o t  isoelectron ic  in  th is  sense, th e ir  o rb ita l configura tions a n d  
v ib ra tio n a l frequenc ies being ra th e r  d issim ilar. M oreover, th e  n itrogen  a to m  
co n trib u te s  th re e  elec trons and  th e  oxygen  tw o  e lec trons to  th e  N - 0  b o n d , 
g iv ing  rise to  an  o d d  to ta l  n u m b er o f e lec trons a n d  a h a lf  in teg e r bond  o rd er. 
O n th e  o th e r h a n d , in  a rom atic  N -oxides N —О b o nds are  o f d a tiv e  c h a ra c te r , 
a n d  th e  я -e lec trons are c o n trib u ted  b y  th e  n itro g en .

In  o rd er to  e lu c id a te  th e  e lectron ic  s tru c tu re  o f  pyridine-iV -oxide a n d  
m onofluo robenzene, f ir s t  of all th e  я -e lec tron  system  w as stud ied , assum ing  
th a t  th e  in flu en ce  o f  o th e r  bonds as w ell as th a t  o f а—л  in te rac tio n s are  th e  
sam e in  th e  tw o  m olecules.

N um erous s tu d ie s  have  been ca rried  o u t on th e  c h a ra c te r  of th e  C—F  
b o n d  in  fluo robenzenes , an d  th e  b o n d  h as  been  fo u n d  defin ite ly  covalen t. N o 
such  defin ite  s ta te m e n t can be m ade fo r th e  N -ox ides, w here n o t even th e  f in a l 
assig n m en t o f e lec tro n ic  sp ec tra  has been  accep ted  so far.

A p a rt from  gross isoelectron icity , th e  iso e lec tro n ic ity  of ch a rac te ris tic  
g roups often  causes su rp ris in g  sim ilarities in  th e  sp ec tra , so i t  h ad  to  be s tu d ie d  
w h e th e r i t  is th e  id e n tic a l s tru c tu re  of ce rta in  c h a ra c te ris tic  groups, or th e  a g ree ­
m e n t o f th e  to ta l  n u m b e r  o f electrons th a t  gives rise  to  th e  analogous fea tu re s . 
In  o rd e r to  e x te n d  th is  line of analysis, p y r id in e -N +-O H  w as also stud ied , since 
th e  s tru c tu re  o f  th is  m olecule is in te rm e d ia te  b e tw een  th o se  o f th e  above m e n ­
tio n ed  tw o m olecules.

Models for the calcu la tions

T he e lec tron ic  s tru c tu re  of pyrid ine-lV -oxide is s tu d ie d  on th e  basis  o f 
tw o  d iffe ren t m odels:

(1) M odel I  is b ased  on th e  iso e lec tro n ic ity  w ith  fluorobenzene. T h e  
N—О b o n d  is assu m ed  to  have  a n itrogen  a to m  o f trtrtr2n  co n figu ra tion . Tw o o f 
its  fo u r h y b rid  e lec tro n s occupy th e  e m p ty  2p y a n d  2p z o rb ita ls  o f oxygen. T h is 
rea rra n g em e n t is, in  fa c t, a charge tra n sfe r , i.e. th e  n itro g en  atom  becom es 
m ore positive  an d  th e  oxygen  m ore n eg a tiv e . T h e  b o n d  becom es th e reb y  m ore 
sim ilar to  th e  C -F  b o n d . The rem ain ing  tw o  h y b rid  e lec trons of the  n itro g en
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are  b o n d e d  to  ca rb o n  a tom s, and  th e  p -e le c tro n  is delocalized. So a closed shell 
is fo rm ed  a ro u n d  th e  oxygen , ju s t  like  a ro u n d  th e  fluorine in  th e  fluo robenzenes
(F ig . 1).

A ccord ing  to  th e  above, in  m odel I  i t  is assum ed th a t  th e  o rb ita l co n fig u ­
ra tio n s  o f th e  tw o m olecules are th e  sam e (inc lud ing  th e  elec trons o f th e  s u b s ti­
tu e n ts  an d  of th e  b o nds d irec ted  to  th e  su b s titu e n ts ) . T he co rrec tness o f th is

Fig. 1. O rb ita l co n fig u ra tio n  of py rid ine-iY -oxide and m onofluorobenzene

assu m p tio n  is a p p a re n t  from  th e  good ag reem en t of b o n d  o rd e r an d  to ta l  
e lec tro n ic  energy  v alues. T he aim  o f th e  P P P  calculations w as, f ir s t  o f all, to  
check  th e  v a lid ity  o f  th is  assu m p tio n . In  th e  calcu lations, dipole m o m en t an d  
m o lecu la r io n iza tio n  p o ten tia ls  w ere u sed  as ad ju s tin g  p a ra m e te rs .

(2) The ca lcu la tio n  on pyrid ine-iV -oxide can also be ca rried  o u t b y  assu m ­
in g  t h a t  th e  n itro g en  d irec tly  c o n tr ib u te s  tw o  2p  e lectrons, an d  th e  oxygen  
a to m  on ly  one e lec tron , to  th e  delocalized  system  (m odel I I ) .

In  m odel I  th e  co n trib u tio n  o f o x y g en  is 2 electrons to  th e  delocalized  
sy s tem , ju s t  like t h a t  o f fluo rine  in  th e  C—F  bond , and  th ere fo re  th e  core charge  
o f  oxygen  is ta k e n  to  be 2. The n itro g en  a to m  con tribu tes on ly  one e lec tron  to  
th e  я -sex te t, g iv ing  rise  to  a sing ly  c h a rg ed  core.

T he tw o  m odels lead  to  d iffe ren t m a tr ix  elem ents in  th e  P P P  H a m ilto ­
n ia n , due to  th e  d iffe ren t ion iza tion  p o te n tia ls  and d ifferen t one- an d  tw o -cen ­
te r  in teg ra ls .

The m eth o d  applied

R egard ing  th a t  i t  is f irs t of all th e  m obile я -electron system  th a t  d e te r ­
m ines th e  s tru c tu ra l ch a rac teris tic s  o f th e  above m olecules, th e  P P P  a p p ro x i­
m a tio n  w as chosen  for th e  in v es tig a tio n . T h e  use of th is  m e th o d  is p a r tic u la r ly  
ju s tif ie d  here, because  i t  su its o „ r  a ssu m p tio n s  concerning isoelectron ic  m o le­
cules, n am ely  th a t  th e  in fluence  o f я -e lec trons and  th a t  o f th e  а—л  in te ra c tio n  
are  n e a rly  th e  sam e due to  th e  s im ila r s tru c tu re  and , th e re fo re , d ifferences 
can  be ex p ec ted  o n ly  in  th e  b e h a v io u r o f  я -electrons.

O ur f ir s t  a im  w as to  d e te rm in e  b o n d  orders, on th e  basis o f w hich  th e  
tra n s fe ra b ility  o f force co n stan ts  could  be  in te rp re ted  [4, 10]. T he charges on 
a to m s, on th e  o th e r  h an d , are re la te d  to  th e  ion icity  and  m ean  e lec tro n eg a tiv i­
ties .
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T he re lia b ility  o f th e  ca lcu la ted  тг-e lec tron  d is tr ib u tio n  is based  on th e  
rep ro d u c tio n  o f e lectron ic  tra n s itio n  energies, ca lcu la ted  from  th e  o rb ita l 
energies b y  ta k in g  co n fig u ra tio n  in te ra c tio n  in to  accoun t.

T he to ta l  тг-electron  energy  (E n) w as e v a lu a te d  from  th e  follow ing e x p re s ­
sion:

Л/2

К = 2 \e? + „S C F
i - h 2 i  У  и г ') c iu

v=l
S C F

2
U^v

„ S C F
( 2)

w here d eno tes th e  energy  of th e  i- th  m o lecu lar o rb ita l, I u s tan d s fo r th e  
io n iza tion  p o te n tia l  of a to m  u, Z v is th e  v ir tu a l  core charge of a to m  v, y lw 
denotes rep u ls io n  in teg ra ls  (и ^  v), ß uv d eno tes tw o -cen te r core in teg ra ls , n  is 
th e  n u m b e r o f  ^ -e lec tro n s, an d  s th e  n u m b e r o f 2p  basis o rb ita ls .

M olecular o rb ita ls , are o b ta in ed  b y  th e  follow ing tra n s fo rm a tio n :

s

Vi =  2  c‘« v»
u=1

w here <pu den o tes  2p  a tom ic  o rb ita ls  c en te red  on a to m  и , an d  s is th e  n u m b e r 
of cen ters c o n tr ib u tin g  e lec trons to  th e  тт-e lec tron  system  and , a t  th e  sam e tim e , 
is th e  d im ension  o f th e  P P P  m a trix .

T he d iagona l te rm s of th is  m a tr ix  are  g iven b y  E q . (1), w hereas th e  off- 
d iagonals are  g iv en  b y  th e  follow ing expression :

Fm =  ß m -  1/2 Puvyuv. ( 3 )

T he elem ents o f th e  co n fig u ra tio n  in te ra c tio n  m a tr ix  are  as follows:

( X i - * k \ ^ \  X j - * l )  ^ i j ^ k l i ^ k   ̂i) ~t- { ^ c u j  c u l  c i v  c i k  c u i  c u k c v j  c v l )  V u v  ('-0
u ,v

w here Xi~k an<  ̂ Xj-i  are w ave fu n c tio n s belonging  to  th e  correspond ing  
electron ic tra n s itio n s , H  d eno tes th e  H a m ilto n ia n  o p e ra to r , e; an d  ek d en o te  
o rb ita l energies, cuj- e tc . are  LCAO coefficients an d  ő is th e  K ronecker sym bol.

In  th e  ca lcu la tio n  of one-cen te r rep u ls io n  in te g ra l te rm s , problem s arise  
v e ry  often  due  to  th e  u n c e r ta in ty  of e lec tro n  a ff in ity  va lues, p a rtic u la r ly  in  
cases w hen  one o f th e  a tom s co n trib u te s  tw o  e lectrons to  th e  delocalized  
n -system . In  such  cases th e  u su a l ion iza tio n  p o te n tia l values can n o t be u sed .

S everal m e th o d s  h av e  been  recen tly  reco m m en d ed  for overcom ing th e  
d ifficu lties due to  th e  u n c e rta in  v alue  o f th e  elec tron  a ff in ity , a ra th e r  w idely  
used  one b e in g  th a t  o f P a o l o n i  [ 1 1 ] ,  accord ing  to  w hich  th e  one-center re p u l­
sion in teg ra l o f  ca rb o n  is used  fo r e v a lu a tin g  th e  te rm s correspond ing  to  o th e r  
a to m s, b y  th e  m ean s of S la te r ex p onen ts o f 2p  o rb ita ls . S im ilarly , C h a l v e t
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an d  L e ib o v ic i [12], w hose p a ra m e te rs  w ere used  in  th is  w ork  for th e  fluo ro - 
b en zen e  ca lcu la tio n s, h a v e  g iven  a sim ple expression  fo r th e  repu lsion  in te g ra l 
of flu o rin e :

Vff — Y cc ~ — 
»C

(5)

w here  £/.- an d  £c den o te  th e  c o rre sp o n d in g  S la te r  ex p o n en ts . The te rm s  used  
fo r th e  ap p ro x im atio n  o f rep u ls io n  in te g ra ls  are , in  fac t, th e  M ulliken e lec tro ­
n e g a tiv itie s  o f th e  a to m s in  q u es tio n .

T h e  S la te r ex p o n en ts  u sed  in  E q . (5) a re  in  lin ea r co rre la tio n  w ith  th e  P a u ­
lin g  e lec tro n eg a tiv itie s  [13]:

u  =  0.65 P A ( 6)

w here  Р д  denotes th e  P a u lin g  e le c tro n e g a tiv ity  of a to m  A .  C onsequen tly , 
E q . (5) can  be re w ritte n  as

У FF — УСС ' ( ? )

T he n e a r id e n tity  o f  th e  ra tio  o f o rb ita l exponen ts is n o t re s tr ic te d  to  th e  
f i r s t  ro w  of th e  period ic  ta b le . In  th e  second  period  th e  co n stan cy  of th is  ra tio  
becom es m ore p ro n o u n ced  i f  th e  o rb ita l ex p onen ts are ca lcu la ted  b y  ta k in g  
in to  acco u n t d -o rb ita ls  as well (Sa n tr y  a n d  Segal  [14]).

B ased  on th e  ab o v e  co n sid e ra tio n s, th e  ca lcu la tion  o f one-cen te r re p u l­
sion  in teg ra ls , у 4 4 , can  be  tra c e d  b a c k  to  th e  p ro p o rtio n a lity  be tw een  e lec tro ­
n eg a tiv itie s .

P a ram e te rs  used in  th e  calculations

In  th e  P P P  m e th o d , on e-cen te r core in teg ra ls  are  ap p ro x im a te d  b y  io n i­
z a tio n  p o ten tia ls , tw o -c e n te r  ones b y  em p irica l p a ram e te rs  ch a ra c te ris tic  o f a 
g iven  b o n d  ty p e .

As has been m en tio n ed  earlier in  th e  p ap er, in  th e  ca lcu la tio n  o f m ono- 
flu o ro b en zen e, th e  p a ra m e te rs  o f Ch a lv et  an d  L e ib o v ic i [ 1 2 ] w ere used  
w ith o u t an y  a lte ra tio n . T he au th o rs  o f  R ef. [12] d e te rm in ed  th e  e lec tron ic  
tra n s it io n s  an d  тг-e lec tron  d is tr ib u tio n s  o f  1 2  f lu o rin a te d  m olecules.

T he p roperties o f  pyrid ine-iV -oxide a n d  o f p y r id in e -N +-O H  w ere ca lcu ­
la te d  using  th e  p a ra m e te rs  given b y  B a il e y  [15]. She h as  s tu d ied  a g rea t 
n u m b e r  o f azacyclic m olecules. T hese ca lcu la tio n s w ere b ased  on th e  io n iza tio n  
p o te n tia l  an d  elec tron  a f f in ity  values re p o rte d  b y  H in z e  an d  J a f f é  a n d  by  
N ish im o to  and  F o r s t e r . O ne-cen ter rep u ls io n  in teg ra ls  w ere e v a lu a te d  b y
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th e  m e th o d  o f K w iatk o w sk i. I n  cases w hen  an  a to m  c o n tr ib u te s  tw o  л -  
elec trons to  th e  c o n ju g a te d  sy s tem , th e  in te g ra l is g iven  b y  th e  fo llow ing
expression :

w x =  <<px\T(i) +  U++(i) I cpxy =  — I(X — H)—yxx (8)

w here I  a d en o tes  th e  f i r s t  io n iza tio n  p o te n tia l  o f  a to m  A ;  th e  o th e r  sym bols 
are  th o se  u sed  in  R efs. [15] a n d  [16].

T he p a ra m e te rs  o f  th e  ca rb o n  a to m  as w ell as th e  tw o -c e n te r  core in te ­
grals o f  C-C  b o n d  are , as a lm o s t genera lly  accep ted , th e  sam e in  a ll o f th e  
m en tio n ed  p ap e rs  fo r b o th  m olecule  series. T he p a ra m e te rs  u sed  in  th is  w ork  
are  lis te d  in  T ab les  I a n d  II .

Table I

b ) one-center rep u lsion  integrals ( in  eV )  
a ) one-center core integrals

c F N N 0 Ö

M onofluorobenzene a) 11.16 33.58

b ) 11.13 17.81

Pyridine-iV -oxide a) 11.16 14.12 25.73 17.70 30.15

b ) 11.13 12.34 16.76 15.23 19.32

Table П

Tu>o-center core integrals ( in  e V )

CF cc CN NO

F luorobenzene - 2 .3 1 - 2 .3 9
Pyridine-iV -oxide

l a - 2 .3 9 - 1 . 6 - 1 . 6

Pyridine-iV -oxide •

lb - 2 .3 9 - 2 . 6 - 2 . 6

Pyridine-iV -oxide

I I  (1,2) - 2 .3 9 - 2 . 0 - 2 . 0

Tw o-center repulsion integrals were calcu lated  b y  the Mataga— N ish i- 
MOTO approxim ation [8].

E lectronic spectra

T h e  sp e c tra  o f  pyrid ine-iV -oxide h a v e  b een  re p o r te d  b y  a n u m b e r  o f 
a u th o rs  [17— 23]. A cco rd ing  to  th e se  s tu d ie s , th e  f i r s t  tra n s i t io n  can  b e  o b ­
served  a t  215 n m  w ith  a re la tiv e ly  h ig h  in te n s i ty  (e =  10 000, /  =  0.012),
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a n d  th e  second, m o st in ten se  b a n d  (e =  18 000, /  =  0.0173 [23]) is a t  280 nm , in 
h ex an e . T h e  th ird ,  low  in te n s i ty  b a n d  (e =  3000) h as  been  o bserved  a t  325 nm , in  
n o n p o la r  so lven ts.

T h e  re c e n t op in ion  o f  a p a r t  o f  th e  a u th o rs  is th a t  th e  f ir s t  th re e  b an d s  
a re  due  to  л-+л*  tra n s it io n s ; Murrel  [24], how ever, on th e  basis  o f Sidm an ’s 
m e a su re m e n ts  [25], assigns th e  b a n d  a t  320 n m  to  an  re—>-л*  tra n s itio n . T he 
m o s t u p - to -d a te  ca lcu la tio n s on pyridine-TV-oxide an d  a n u m b e r o f re la ted  
m olecules w ere ca rried  o u t b y  E vleth  [23]. In  h is op in ion  th is  b a n d  also co r­
resp o n d s to  а л —+л* tra n s it io n .

T h e  gas p h ase  sp e c tra  o f flu o ro b en zen es w ere re p o rte d  b y  K imura  and  
N agakura  [26]. F o r  th e  sake  o f b e t te r  c o m p a ra b ility , we h av e  reco rd ed  th e  
sp e c tru m  o f m o n o flu o ro b en zen e  in  th e  sam e so lven ts in  w hich  th e  sp ec tra  of 
pyrid ine-iV -oxide w ere ta k e n . No c h a ra c te ris tic  d ifferences w ere fo u n d  b e tw een  
th e  sp e c tra  in  so lu tio n  an d  gas p h ase , a n d  th e  л —>-71* c h a ra c te r  o f th e  4.8 
a n d  6.0 eV tra n s it io n s  ap p e a rs  to  be  d o u b tle ss . O n co m p arin g  th e  electron ic  
sp e c tru m  an d  th e  tr a n s it io n  en erg y  va lu es  o f m onofluo robenzene  w ith  th o se  of 
pyridine-TV -oxide, an d  p y r id in e -N +-O H  i t  can  be o bserved  th a t  th e  c h a ra c te r ­
is tic  v a lu es  o f  th e  f i r s t  tw o  are  m ore s im ila r th a n  th o se  o f th e  f ir s t  an d  th ird . 
A t a n y  ra te , th e  g re a te r  s im ila rity  can  be  a t t r ib u te d  to  th e  co va lency  o f  bonds 
d ire c te d  to  th e  s u b s titu e n t.

R esults o f  the calculations

T he m easu red  d ipole  m o m en t an d  e lec tron ic  tr a n s it io n  en erg y  va lu es  
can  be b e s t rep ro d u ced  b y  m odel I I .  T h e  ag reem en t o f th e  ca lcu la ted  an d  
e x p e rim e n ta l tra n s it io n  energies is v e ry  good, as can  he seen from  T ab le  IV . 
In p u t  d a ta  u sed  fo r th e  ca lcu la tio n s a re  g iven  in  T ab les I an d  I I .  T he ag ree­
m e n t o f e x p e rim e n ta l a n d  ca lc u la ted  d ipole m o m en ts , 4.19 an d  4 .56 D , re sp ec ­
tiv e ly , is also accep tab le .

U sing m odel I ,  th e  ag reem en t o b ta in e d  fo r b o th  th e  л —у л * an d  th e  
re—>-71* assig n m en ts  w as s till a ccep tab le . Tw o d iffe ren t sets o f  p a ra m e te rs  w ere 
used  in  th is  m odel, d iffering  in  th e  v a lu es  o f ß. In  th e  f ir s t  case (m odel la )  
th e  fo llow ing tw o -c e n te r  core in teg ra ls  w ere used :

ß(CC) =  — 2.39 eV,
/3(CN) =  — 1.6 eV,
/?(NO) =  — 1.6 eV,

while th e  p a ra m e te rs  used  in  m odel lb  w ere:

ß{CC) =  — 2.39 eV,
/d(CN) =  — 2.6 eV, 
ß(N O ) =  — 2.6 eV.
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T he differences in  th e  p a ra m e tr iz a tio n  in flu en ce  th e  v a lu es  o f th e  off­
d iagonal te rm s in  th e  P P P  H a m ilto n ia n , an d  cause considerab le  sh ifts  in  th e
eigenvalues.

In  m odel I I  th e  follow ing ß  p a ra m e te rs  w ere used :

ß(CC) =  — 2.39 eV, 
/?(CN) =  — 2.0 eV, 
/S(NO) =  — 2.0 eV.

Table III

Orbital energies (in eV)

F luorobenzene - 1 6 .9 9 - 1 3 .0 6 — 10.30 - 9 .9 9 - 0 .7 6 - 0 .6 3

Pyridine-iV -oxide

la

Pyridine-iV -oxide

— 13.46 - 1 2 .0 2 - 1 0 .3 4 - 9 .4 2 - 1 .8 3 - 0 .7 4

lb - 1 5 .8 6 - 1 2 .0 6 - 1 0 .2 0 - 9 .1 0 - 0 .6 5 - 0 .5 3

Pyridine-iV -oxide

11 - 1 5 .8 8 - 1 2 .7 4 - 1 1 .4 6 - 0 .4 1 - 2 .1 5 - 1 .8 6

T he o rb ita l energies o b ta in e d  b y  th e se  th re e  m odels are  lis ted  in  T ab le  I I I .  
T he energy  o f  th e  h ig h es t occup ied  m o lecu la r o rb ita l is th e  io n iza tio n  p o te n tia l  
o f th e  m olecule. T h e  sam e v a lu e , 9.4 eV, w as o b ta in e d  fo r th is  q u a n t i ty  b y  
m odels l a  an d  I I ,  an d  th e  v a lu e  o b ta in e d  b y  m odel lb  (9.1 eV) is b u t  s lig h tly
d iffe ren t.

U sing  SCF o rb ita l energies a n d  e ig en v ec to rs , th e  m a tr ix  e lem en ts  g iven 
b y  E q . (4) w ere ca lcu la ted , an d  th e  tra n s it io n  energ ies w ere d e te rm in e d  b y  
ta k in g  c o n fig u ra tio n  in te ra c tio n  in to  acco u n t. T h e  o bserved  a n d  ca lcu la ted  
tra n s itio n  en e rg y  va lu es  are  co m p ared  in  T ab le  IV . T he re su lts  a re  so d iffe ren t 
th a t  from  th e  re su lts  o f  m odel lb  one m ig h t even  d o u b t t h a t  th e  f i r s t  b a n d  o f 
th e  e lec tron ic  sp e c tru m  (a t 3.9 eV) is due  to  a n —m *  tra n s it io n .

Table IV

Electronic transition energies (in  eV)

Fluorobenzene ealed. 4.84 6.09 6.92 6.95

ex p tl. 4.8 6.1 6.9

Pyridine-iV -oxide la ealed. 4.11 4,4 5.78

Pyridine-iV -oxide lb ealed. 4.48 5.73 6.33
Pyridine-iV -oxide I I ealed. 3.81 4.35 5.67

Pyridine-iV -oxide ex p tl. 3.95 4.4 5.7
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A m ong  th e  d iffe ren t p a ra m e tr iz a tio n s  a d e fin ite  choice can  he m ade 
o n ly  on th e  basis  o f  th e  ca lc u la ted  d ipole  m o m en t. D ue to  sy m m e try  reasons, 
th e  jr-co m p o n en t o f  th e  d ipo le  m o m e n t sh o u ld  lie in  th e  crv p lan e . A ccord ing  to  
K ubo ta , th e  e x p e rim e n ta l v a lu e  is — 4.19 D . U sing  th e  ca lc u la ted  d e n s ity  m a ­
tr ix ,  P ,  th e  d ipo le m o m e n t is d e te rm in e d  from  th e  fo llow ing e q u a tio n :

fi =  e J ? { Z T- P m) î v, (9)
V

w here  ц  d en o tes  th e  d ipole  m o m e n t due  to  th e  7r-electrons an d  th e  core, Z v is 
th e  core ch a rg e  a n d  rv is th e  p o sitio n  v e c to r  o f  a to m  v.

M odel I ,  even  w ith  d iffe ren t p a ra m e tr iz a tio n s , w as u n ab le  to  rep ro d u ce  
th e  d ipole m o m e n t v a lu e , so m odel I I  h a s  b een  accep ted . A t th e  sam e tim e , i t  
h as  b een  conc luded  t h a t  th e  b a n d s  in  th e  e lec tro n ic  sp e c tru m  a re  a ll due  to  
л-+л*  tra n s it io n s . F ro m  m odel I I  — 4.56 D  w as o b ta in e d  fo r th e  2-co m p o n en t 
o f  th e  cr-dipole (F ig . 2).

Ó +  O ' l O  Q — o-"2
F ig . 2 . E le m en ts  o f th e  b o n d  o rd e r m a tr ix . 1. M odel I  (O : 2; N : 1) ц  — 4.56 D . 2. M odel I I  

(O : l ; j  N : 2) ц  =  0.20 D . 3. M odel I ,  n e t  ch arg e . 4. M odel I I ,  n e t ch arg e

Spectra in  polar solvents

I n  p o la r  so lv en ts  th e  th ird  b a n d  o f  pyrid ine-lV -oxide d isap p ea rs  a n d  th e  
seco n d  b a n d  is s tro n g ly  sh if te d  to w a rd s  sh o rte r  w av e len g th s . I f  th e  p a ra m e tr i-  
z a tio n  is re ta in e d , o b v iously , a  d iffe ren t m odel shou ld  be  u sed  fo r  th e  re p ro d u c ­
tio n  o f  th e  sp ec tru m .
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In  s tro n g ly  acid ic m ed ia , pyrid ine-iV -oxide is p ro to n a te d  an d  i ts  e le c tro n ­
ic tra n s itio n s  a p p e a r  a t  4 .7  an d  5.8 eV. T hese energy  v a lu es  cou ld  be  re p ro d u c ­
ed on ly  b y  m odel I . E vleth  ap p lied  m odel I I  to  th is  p ro b lem , a n d  o b ta in e d  5.1 
eV fo r th e  second tra n s i t io n ;  th is  is b y  all m ean s a p o o r a p p ro x im a tio n . I n  
p y rid in e -N +-O H  th e  co v a len t c h a ra c te r  o f  th e  b o n d  d ire c te d  to  th e  s u b s ti tu e n t  
increases an d  th e  oxy g en  c o n tr ib u te s  tw o  e lec trons to  th e  delocalized  sy s tem . 
I f  th e  o p tim a l ^ -p a ra m e te rs  o f  m odel I I  a re  com b in ed  w ith  th e  io n iza tio n  
p o te n tia l va lu es  a n d  y uu te rm s  o f m odel I ,  th e  tra n s it io n  energies o b serv ed  in  
p o la r so lv en ts  can  be  rep ro d u ced  w ith in  2 —4 % . T h e  tra n s i t io n  energ ies o f 
pyrid ine-iV -oxide m easu red  in  p o la r  so lv en ts  (e.g. w a te r , e th an o l) a re  v e ry  
close to  th o se  o f  m onofluo robenzene  (4.7, 5.85, a n d  4 .8 , 6.1 eV, re sp ec tiv e ly ).

Bond orders and vibrational spectrum

T he v ib ra tio n a l frequenc ies assigned  to  th e  C—F  a n d  N - 0  s tre tc h in g  m odes 
a re  v e ry  close to  each  o th e r  (1220 an d  1255 c m -1 , re sp ec tiv e ly ). A s d iscussed  
in  a p rev io u s p a p e r  [4], th e  k in e tic  en erg y  m a tr ix  e lem en ts  b e long ing  to  th e  
s tre tc h in g  co o rd in a tes  o f isoe lec tron ic  m olecules h a v e  n e a r ly  th e  sam e v a lu es  
(w hich  fa c t follow s f i r s t  o f  a ll fro m  th e  a g re e m e n t o f  red u ced  m asses). C onse­
q u e n tly , th e  co rresp o n d in g  p o te n tia l  en e rg y  te rm s  sh o u ld  also ag ree w ith in  
a few  p e r  cen ts.

T he p o te n tia l  en e rg y  te rm s  a re , o f  course, to  a ce rta in  e x te n t also in ­
flu en ced  b y  th e  n e ig h b o u rin g  b o n d s. T hese effects, h o w ever, a re  th e  sam e, to  
a v e ry  good a p p ro x im a tio n , in  th e  isoelec tron ic  m olecules u n d e r  s tu d y . T h e  n- 
b o n d  o rd e r o f  th e  C -F  b o n d  in  m o n o flu o ro b en zen e  is 0.21, t h a t  o f  t h e N —О 
b o n d  is 0.27 accord ing  to  m odel I ,  a n d  0.39 acco rd ing  to  m odel I I .  T ak in g  in to  
acco u n t t h a t  in  v ib ra tio n a l p ro b lem s th e  to ta l  b o n d  o rd e r is th e  re le v a n t fa c to r , 
an d  ad d in g  cr-bond o rders to  th e  ab o v e  q u a n tit ie s , th e  d ifference b e tw een  th e  
tw o  m olecules becom es sm all, even  in  th e  less fav o u rab le  case o f m odel I I .

V ib ra tio n a l sp e c tra  can  be  w ell in te rp re te d  b y  th e  to ta l  b o n d  o rd e r v a lu es  
o f 1.21 a n d  1.4. As a com parison , i t  shou ld  be m en tio n ed  th a t  th e  b o n d  o rders 
o f  C F an d  N O  d ia to m ics  are  1.5 an d  2.5, re sp ec tiv e ly , a n d  th e ir  v ib ra tio n a l 
n o rm a l frequencies a re  1280 an d  1904 cm “ 1.

D iscussion

T he re su lts , f i r s t  o f all th e  ag reem en t o f  e lec tro n ic  tr a n s it io n  energies 
an d  d ipole m o m en t v a lu es , s u p p o r t th e  л-+л*  a ss ig n m en t o f  th e  320 n m  
b a n d . T h e  fa c t, how ever, t h a t  b y  a lte r in g  th e  tw o -c e n te r  core in te g ra ls  a lone 
th e  e lec tro n ic  tra n s it io n s  o b serv ed  in  w a te r  o r in  p o la r  so lv en ts  can  be  r e p ro ­
duced  w ith  m odel I ,  in d ica te s  t h a t  in  p o la r  so lv en ts  th e  N - 0  b o n d  b ecom es 
co v a len t. T h is acco u n ts  fo r th e  analogous fe a tu re s  w ith  flu o ro b en zen e. T h e
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above  a rg u m e n t is also su p p o rte d  b y  th e  fa c t th a t  th e  tra n s it io n  energies of 
flu o ro b en zen e  are  v e ry  close to  th o se  o f  pyrid ine-iV -oxide m easu red  in  po la r 
so lv en ts .

O n th e  basis  o f th e  isoe lec tron ic  p rin c ip le  th e  e igenvalues an d , conse­
q u e n tly , th e  o rb ita l energ ies an d  th e  to ta l  energy  co idd  be  ex p ec ted  to  be a p p ro x ­
im a te ly  th e  sam e in  th e  above m olecules. In d e e d , if  th e  io n iza tio n  p o te n tia ls  
a n d  th e  rep u ls io n  in te g ra ls  are  ca lc u la ted  b y  using  e lec tro n eg a tiv itie s , th e  sum  
o f th e  o rb ita l energies an d  th e  to ta l  e lec tron ic  energy  o f th e  tw o  m olecules 
d iffer o n ly  b y  1— 2 p e r cen ts.

O ur s tu d y  w as co m p le ted  w ith  E x te n d e d  H iickel ca lcu la tio n s. As know n, 
а—л  in te ra c tio n  is neg lec ted  in  th e  P P P  a p p ro x im a tio n , b u t  is overem phasized  
in  th e  E H  m e th o d . I t  h as  tu rn e d  o u t from  th e  an a ly sis  o f  o rb ita l p o p u la tio n s 
t h a t  th e  re la tiv e  e lec tro n eg a tiv itie s  o f  n e ig h b o u rin g  a to m s h av e  a g rea t in ­
flu en ce  on th e  a to m ic  charges, b o n d  o rders an d  b o n d  m o m en ts .

T h e  re su lts  o f E H  ca lcu la tio n s can  be su m m arized  as follow s. M uch h ig h er 
v a lu es  w ere o b ta in e d  fo r th e  dipole m o m en t o f b o th  m olecules th a n  th e  m eas­
u re d  v a lu es ; th e  ca lc u la ted  d ipole m o m en t o f flu o ro b en zen e  is 3.0 D, a lm ost 
tw ice  as la rg e  as th e  e x p e rim e n ta l v a lu e  (1.6 D). A p p ro x im a te ly  th e  sam e ra tio  
w as fo u n d  in  th e  case o f  pyrid ine-iV -oxide, w hen  assum ing  th a t  th e  n itro g en  
a n d  oxygen  a to m s c o n tr ib u te  5 an d  6 e lec tro n s, re sp ec tiv e ly . A b e tte r  re su lt 
can  be o b ta in e d  i f  th e  sem ip o la r c h a ra c te r  o f th e  N —О b o n d  is ta k e n  in to  
a ccq u n t, a n d  i t  is assum ed  th a t  th e  n itro g e n  a to m , c o n tr ib u tin g  tw o  elec trons 
to  th e  b o n d , ho lds o n ly  4 e lec trons in  th e  va lence  s ta te , an d  th e  oxygen  a to m  
ho lds 7 e lec trons. A s im ila r a ssu m p tio n  w as used  in  th e  P P P  ca lcu la tio n s, w hen 
n itro g en  w as ta k e n  as a dou b ly , a n d  oxygen  as a sing ly  charged  core. U sing 
th is  a p p ro x im a tio n , 6.0 D w as o b ta in e d  for th e  d ipole m o m en t o f pyridine-TV- 
ox ide, w hile th e  o rig inal m odel led  to  a v a lu e  o f 12.0 D.

*

T h e  ca lcu la tio n s w ere carried  o u t on  an  IC T 1905 c o m p u te r. T he orig ina l version  o f th e  
P P P  p ro g ram  w as k in d ly  su p p lied  b y  J .  C. P a c k e r , N o ttin g h a m  U n iv e rsity .
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INFLUENCE OF HYDROGEN ION CONCENTRATION 
ON THE ANODIC POLARIZATION OF ^-GERMANIUM

ELECTRODES

D . Singh  and A . N . D w iv ed i

(E lectrochem ical Research Laboratory, B anaras H in d u  U niversity , In d ia )

R eceived  O c to b er 8, 1970

A nodic  p o la riza tio n  o f p -G e  e lectro d es h a s  b een  s tu d ied  in  so lu tio n s o f th e  com ­
po sitio n  0.02 JV T E A  B r +  X N  H B r, w here  x  d en o te s  th e  n o rm a lity  o f  th e  acid . T he 
anode  c h a ra c te ris tic s  o f p - Ge of d iffe re n t re s is tan ce  are  id en tica l, d iffering  on ly  a t  h ig h er 
c u rre n t  den sitie s . T h e  T afel re la tio n , r) =  a -f- b log i, is v a lid  fo r p -G e  an odes o v er lim ite d  
c u rre n t  d en sities. A nodic  p o la riza tio n  d im in ishes w ith  in creas in g  p H , a n d  a n  anode 
re ac tio n  occurs v ig o ro u sly  w ith  w a te r  in  acid ic  so lu tio n s . T h e  slopes o f  T afe l p lo ts  v a ry  
fro m  0.094 to  0.123 V , in d ic a tin g  th a t  th e  o v e rv o ltag e  is re s tr ic te d  m ain ly  to  th e  H e lm ­
h o ltz  d o ub le  la y e r  reg ion .

Introduction

T he low  c o n c e n tra tio n  o f  free  charges (e lec trons a n d  holes) in  sem icon­
d u c to rs  h as  an  in te re s tin g  effect on th e  e lec tro ch em ica l b e h a v io u r  o f  g e rm a ­
n iu m  elec trodes. A ll an o d e  reac tio n s  are  o x id a tio n s  w h ich  m a y  in v o lv e  e ith e r  
d isso lu tion  o f th e  e lec trode  m a te r ia l o r o x id a tio n  o f  ions in  th e  so lu tio n . G er­
m an iu m  can  be e lec tro ly tica lly  d isso lved  in  m o st e lec tro ly tes .

T h e  in v e s tig a tio n s  o f  B rattain  a n d  Garrett  [1], d e m o n s tra tin g  th a t  
th e  r a te  o f th e  anod ic  d isso lu tio n  process is co n tro lled  b y  th e  su p p ly  o f  holes 
a t  th e  g e rm an iu m  elec trode  su rface , w hich  is ch an g ed  b y  th e  in flu en ce  o f  lig h t, 
developed  a new  fie ld  o f  e lec tro ch em is try . J irsa  [2] h a s  s tu d ie d  th e  anod ic  
d isso lu tion  o f  g e rm an iu m  in  acid ic a n d  a lk a lin e  so lu tions a n d  re p o r te d  t h a t  ger- 
m a n a te s  are  fo rm ed  in  a lka line  an d  th e  co rresp o n d in g  g e rm an iu m  sa lts  in  
acid ic m ed ium . U hlir  stu d ied  th e  e lec tro ly tic  d isso lu tio n  o f g e rm an iu m  in  
b o th  aqueous a n d  n o n -aq u eo u s so lu tions [3].

T h e  anod ic  reac tio n s  o f g e rm an iu m  in  aqueous so lu tions h av e  been  s tu d ­
ied  b y  severa l a u th o rs  [4 — 6]. T ur n er  [7] co n firm ed  th e  T afe l re la tio n , 
rj =  a +  b log i, in  b o th  acidic a n d  a lka line  m ed ia  below  0.3 m A  • cm “ 2 (r) is 
th e  o v e rp o te n tia l a t  C. D . i; a a n d  b a re  c o n s ta n ts ) . T h is a u th o r  h as  concluded  
t h a t  g e rm an iu m  goes in to  su lu tio n  a n d  th e  o v era ll p rocess invo lves tw o  holes 
a n d  tw o  e lec trons fo r th e  d isso lu tio n  o f  each  g e rm an iu m  a to m . B eck  an d  
Geuischer  [8] h av e  offered  a m ore  e la b o ra te  m ech an ism  fo r such  reac tio n s. 
Y akovleva  et al. [9] su g g est t h a t  th e  c o n c e n tra tio n  o f  holes on th e  surface 
increases, an d  th a t  o f  e lec tro n s decreases , w ith  in c reasin g  ano d ic  p o la riza tio n .

T h e  p u rp o se  o f  th is  s tu d y  is to  e lu c id a te  th e  n a tu re  o f  th e  e lec trode  re a c ­
tio n  a t  th e  g e rm an iu m —e lec tro ly te  in te rface .
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Experim ental

Materials

T h e  G e-cry s ta ls  u sed  as e lectro d e  w ere su p p lied  b y  M ullard  H ouse, T o rrin g to n  P lace, 
L o n d o n , a n d  w ere re c ta n g u la r  in  shap e , a ffo rd ing  a large  face-to -edge  ra tio . T h e ir  re sis tan ce  was 
d e te rm in e d  b y  D . C. c u r re n t-p o te n tia l  m ea su re m e n t; th e  ty p e  of g e rm an iu m  w as co n firm ed  by  
H a ll-e ffec t e x p erim en ts . T he e lectric  co n n ec tio n s w ere m ad e  w ith  silver e lectrodes dep o sited  
b y  e v ap o ra tio n  on  th e  sam ples in  an  E d w a rd  H ig h  V acu u m  co atin g  u n i t  a t  10“ 5 T o rr. T he 
o r ie n ta tio n  o f tw o  large faces is (110), as d e te rm in ed  by  a b ack  re flec tio n  X -ra y  tech n iq u e . 
T h e  ohm ic c o n ta c t w ith  th e  g e rm an iu m  e lectro d es w as m ad e  b y  so ldering  co p p er w ire w ith  
a  le a d - t in  a lloy , u sing  zinc ch loride  as f lu x  to  av o id  rec tify in g  co n ta c ts ; th e  co p p er w ire was 
th re a d e d  th ro u g h  a  glass tu b e  to  av o id  i ts  c o n ta c t w ith  th e  e le c tro ly te  so lu tio n  a n d  cem en ted  
w ith  A ra ld ite . T he larg e  face o f th e  g e rm an iu m  e lectro d e  w as g ro u n d  w ith  800 m esh  c a rb o ru n ­
d u m  pow d er, a n d  th e  su rface  w as e tc h ed  fo r 1.5 m in . in  a CP-4 so lu tio n  (15 m l H F , 25 ml 
H N 0 3 a n d  15 m l g lacial a ce tic  acid  w ith  0.3 m l b ro m in e) an d  im m ed ia te ly  rin sed  th o ro u g h ly  
w ith  c o n d u c tiv ity  w a te r; th is  t r e a tm e n t  p ro v id es a  sm o o th  a n d  rep ro d u c ib le  surface . A 1 cm 2 
a rea  o f th e  g e rm an iu m  surface  w as co a ted  w ith  p a ra ff in  w ax  (E . M erck) an d  th is  w as used  
n  th e  p o la riza tio n  m ea su re m e n ts . A ll so lu tio n s w ere p re p are d  fro m  A n a laR  (B D H ) g rad e  re- 
c ry s ta lliz ed  chem icals d isso lved  in  d o u b ly  d is tilled  w a ter.

Apparatus and procedures

T h e  ex p erim e n ts  w ere c a rried  o u t  in  a m od ified  H -sh ap e  J e n a  glass cell [10]. T he cell 
was p laced  in to  an  a ir  th e rm o s ta t  b o x  c o n ta in in g  a s tirre r , a  to lu e n e -m e rc u ry  th e rm o reg u la to r, 
an  e lectro n ic  re la y  a n d  a B e ck m an n  a n d  a  s ta n d a rd  th e rm o m e te r ;  th is  a rra n g e m e n t p e rm itte d  
to  m a in ta in  th e  te m p e ra tu re  w ith in  —0.01 °C. To e lim in a te  th e  effec t o f lig h t on th e  g e rm an iu m  
e lec tro d e , a  100 W  electric  b u lb  co a ted  w ith  a lu m in iu m  foil w as used  as h e a te r . C u rre n t-  
p o te n tia l  d a ta  w ere reco rd ed  g a lv a n o s ta tica lly  in  an  u n s tir re d  so lu tio n , u sing  th e  d irec t m eth o d . 
T h e  au x ilia ry  p la tin u m  a n d  th e  g e rm an iu m  e lectro d e  w ere co n n ec ted  to  a c o n s ta n t c u rre n t 
dev ice  (K T 2 v a lv e ); th e  p o te n tia l  o f th e  p o larized  g e rm an iu m  e lectro d e  ag a in s t th e  S. C. E . 
w as m ea su re d  w ith  a  p o rta b le  p o te n tio m e te r  (P y e -C a ta lo g  No. 7569P), an  e x te rn a l g a lv an o ­
m e te r (m u ltif lex  g a lv a n o m e te r M G-4) be ing  u sed  as d e te c to r. T he S .C .E . w as conn ec ted  th ro u g h  
a calom el c o m p a rtm e n t co n ta in in g  a b u g g in  c ap illa ry  w hich  w as p o sitio n ed  a t  0.05 m m  from  
th e  G e-electrode  to  av o id  an  ohm ic d ro p . T h e  calom el c o m p a rtm e n t w as filled  w ith  th e  e x p eri­
m e n ta l e le c tro ly te  so lu tio n  p u rif ied  b y  p re -e lec tro ly s is  fo r 3— 4 h rs. P o la riz a tio n  re su lts  were 
o b ta in e d  b y  p assin g  th e  c u rre n t  fo r 1 m in . in te rv a ls , w hereas s te a d y  s ta te  p o la riza tio n  re su lts  
w ere o b ta in e d  b y  passin g  th e  c u rre n t fo r a  considerab le  tim e . T h e  re su lts  re p o rte d  in th is  w ork 
are  th e  av erag e  from  sev era l ex p erim en ts .

R esults and discussion

T h e re su lts  in  F ig . 1 i l lu s tra te  th e  s te a d y  s ta te  anod ic  p o la riza tio n  o f 
p -Ge ( 4 —8 ohm *cm ) in  0.02 N  te tra e th y la m m o n iu m  b ro m id e  (T E A B r) so lu ­
tio n s  o f d iffe ren t p H  a t  25 °C. T h e  p lo ts  a re  lin e a r  o v er th e  lim ited  c u rre n t range  
from  0.020 to  0.580 m A  • c m -2 . A t h ig h er c u r re n t d en sities (above 1.780 
m A  • cm  -2) th e se  cu rves coincide. T h e  slopes v a ry  from  0.094 to  0.121 У. T hus 
th e  T afe l eq u a tio n , rj =  a -f- b log  i, is obeyed . T he anod ic  p o la riza tio n  changes 
w ith  th e  p H  o f th e  e lec tro ly te  an d  if  th e  acid  c o n c e n tra tio n  is decreased , th e  
anode  p o la riz a tio n  d im in ishes. F ig . 2 illu s tra te s  th e  s te a d y  s ta te  c u r re n t-  
p o te n tia l  re su lts  fo r p -Ge (0 .2— 0 .3 -o h m  • cm ) in  th e  above so lu tions. The 
slope, dV /d log i, v a rie s  from  0.102 to  0.123 У. T he curves obey  th e  T afel 
e q u a tio n  over th e  w hole ran g e  o f c u rre n t densities. F ro m  th ese  cu rves i t  is
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es ta b lish e d  t h a t  th e  ano d ic  p o la riz a tio n  changes w ith  ch an g in g  [H  + ], a n d  i t  is 
con c lu d ed  t h a t  g e rm an iu m  is m ore  s tro n g ly  p o la rized  in  n e u tra l  m ed ia . T h e  
T afe l slope v a rie s  b e tw een  0.094 a n d  0.123 Y , in  good ag reem en t w ith  va lu es  
re p o r te d  b y  earlie r in v e s tig a to rs  [4, 7, 11]. T hese slopes o f  th e  rj — a -f- b log  i 
o v e rv o ltag e  cu rves re v e a l t h a t  th e  o v e rv o ltag e  is c o n c e n tra te d  in  th e  H e lm ­
h o ltz  region.

T h e  en h a n c e m en t o f  p o la r iz a tio n  w ith  increasin g  a c id ity  o f th e  so lu tion  
is a t t r ib u te d  to  th e  in c reas in g  c o n c e n tra tio n  o f ad so rb ed  H 30 + ions, su p p ressing  
th e  a d so rp tio n  o f  w a te r  m olecules a n d  red u c in g  th e  n u m b e r  o f  holes a t  th e  sem i­
co n d u c to r su rface . T he d iffusion  v e lo c ity  o f  holes from  th e  b u lk  o f  th e  e lec tro d e  
to  its  su rface  is red u ced  ow ing to  th e  p o sitiv e  charge  th u s  c re a te d . A t h ig h er 
c u r re n t den sities , p ro b a b ly  all th e  (H 30 +)ads are  rem o v ed  a n d  th e  T afe l p lo ts  
a t  v a rio u s  p H  n e a rly  co incide. T h e  o v erlap p in g  p o in t is sh if te d  to  h ig h e r C. D . 
w ith  in c rea s in g  h y d ro g en  ion  c o n c e n tra tio n  in  th e  so lu tio n , th e  anod ic  o v e r­
p o te n tia l.

T he la rg e  rise  in  th e  p o te n tia l  o f  p -Ge w ith  4 — 8 ohm  • cm  is n o t  p re se n t 
in  th e  case o f p-Ge  w ith  0 .2— 0.3 ohm  • cm . T h ese  o b se rv a tio n s  are  in  exce llen t 
a g reem en t w ith  th e  f in d in g s  o f E fimov a n d  E rusalim chik  [12]. T h e d ev ia tio n  
in  th e  anode  p o te n tia l  o f p -G e  fro m  th e  T afe l e q u a tio n  a t  h ig h  C. D . can  be 
a t t r ib u te d  to  tw o  I R  d ro p s; one in  th e  g e rm an iu m  an d  th e  o th e r  in  an  anod ic  
la y e r  o f  g e rm an iu m  d iox ide  w h ich  is fo rm ed  m ore  ra p id ly  th a n  i t  can  be  d is ­
so lved  b y  th e  e lec tro ly te .

D u rin g  ano d ic  d isso lu tio n , th e  g e rm an iu m  su rface  c o n ta in s  a fa ir ly  
c o n s ta n t a m o u n t o f  red u c ib le  m a te r ia l, sugg ested  b y  T u r n er  [7]. T h e  r a te ­
d e te rm in in g  s te p , acco rd in g  to  th e  B e c k -G erischer  [8] m odel, is th e  b reak in g  
o f  one o f  th e  tw o  co v a le n t b o n d s a f te r  th e  in it ia l  ho le  is c a p tu re d ; th is  shou ld  
re q u ire  a h ig h  a c tiv a tio n  energy . T h e  la s t  co v a le n t b o n d  to  g e rm an iu m  is u n ­
s tab le , th e re fo re , th is  s tep  is follow ed b y  a re a c tio n  w ith  H 20  to  fo rm  th e  p ro d ­
u c t  m e ta g e rm a n ic  ac id . In  a  f in a l re a c tio n , a n o th e r  ho le  is co nsum ed  o r an  
e lec tro n  is tra n s fe r re d  in to  th e  co n d u c tio n  b a n d . O u r re su lts  s u p p o r t th e  
B ec k -G er isc h e r  [8] m odel. T h e  o vera ll an o d e  re a c tio n  in  acid ic so lu tio n  is:

Ge +  Ap + +  3 H 20  -V H 2G e 0 3 +  4 H +  +  (4 —  A)e-

A is th e  n u m b e r o f e lec tro n s tra n s fe r re d  in  th e  ra te -d e te rm in in g  p ro cess; 
1/A =  ß/2 =  v ,v  s ta n d s  fo r th e  s to ich io m etric  (sy m m etry ) n u m b e r. T he c o n ­
su m p tio n  o f  holes in  th e  o vera ll re a c tio n  is A =  Aa +  1 -|- Ae, w ith  1 <  Aa <  2 
a n d  0 <  Ac <  1. T h e  process o f  d isso lu tio n  p roceeds th ro u g h  th e  fo rm a tio n  o f  
d ip o la r g roups on th e  su rface  w hich  a c t as hole accep to rs .

*

T h e  a u th o rs  express th e ir  th a n k s  to  M r. K . N . R a i, Solid  S ta te  P h y s ic s  R esearch  L a b o ­
ra to ry , B .H .U ., fo r th e  he lp  re n d ere d  in  th e  d e te rm in a tio n  of p lan e  o r ien ta tio n , ty p e  a u d
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resis tan ce  o f  g e rm an iu m  c ry sta ls  a n d  to  M ullard  H ouse, L o n d o n , fo r su p p ly in g  G e-cry s ta ls . 
T h e  f in an c ia l a ssis tan ce  as a R esea rch  Fellow sh ip  to  A . N . D w iv e d i b y  C .S .I .R ., G o v t, 
o f In d ia , is g ra te fu lly  acknow ledged .
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INVESTIGATION OF ADSORPTION PHENOMENA 
ON PLATINIZED PT ELECTRODES 

BY TRACER METHODS, X
S T U D IE S  W IT H  14C -L A B E L L E D  A C E T O N E  

G y . H o r á n y i  an d  F .  N a g y

(Central Research Institute for Chemistry, Hungarian Academy o f Sciences, Budapest)

R eceived  N o v em b er 30, 1970

1. T he b e h av io u r o f 14C -labelled ace to n e  w as s tu d ied  on a p la tin u m  e lectro d e  in 
th e  p o te n tia l  in te rv a l o f  0— 1000 mV.

2. A s tu d y  w as m ad e  o f how  th e  gaseous p ro d u c ts  fo rm ed  d u rin g  th e  e lec tro ­
h y d ro g e n a tio n  an d  e lec tro o x id a tio n  o f ace to n e  a ffec t th e  tra c e r  m easu rem en ts .

3. F ro m  th e  o b se rv a tio n s , g en era l conclusions w ere d raw n  w ith  re g a rd  to  th e  
p h en o m en a  obse rv ed  in  th e  ad so rp tio n  of in d iv id u a l o rg an ic  su b s tan ces .

E a rlie r  s tu d ies  on th e  e lec tro h y d ro g en a tio n  an d  o x id a tio n  o f ace tone  
[1 ,2 ]  req u ired  th a t  we use th e  possib ilities p ro v id ed  b y  th e  tra c e r  te c h n iq u e  to  
o b ta in  fu r th e r  in fo rm a tio n  on th e  processes u n d erg o n e  b y  th e  ace to n e  on th e  
p la tin u m — elec tro ly te  b o u n d a ry  su rface , a n d  on th e  p h en o m en a  co n n ec ted  
w ith  these . T hese s tu d ies  re c e n tly  becam e o f in te re s t  from  a n o th e r  p o in t o f 
v iew  to o . A p a p e r  w as p u b lish ed  n o t long  ago on th e  ad so rp tio n , m o b ility , an d  
exchange of w a te r  ad so rb ed  on p la tin u m  [3]. O n th e  basis  o f th e  ex p e rim en ta l 
o b se rv a tio n s  a p ro p o sa l is m ad e  as to  th e  m echan ism s o f a d so rp tio n  an d  e lec tro ­
so rp tio n  o f  o rganic  su b stan ces  on a p la tin u m  elec trode . In  one o f th e  e ssen tia l 
s tages o f th e se  s tu d ies  [3] th e  p la tin u m  e lec tro d e  is w ash ed  w ith  acetone . 
A ccord ing  to  o u r ea rlie r o b se rv a tio n s  reg a rd in g  th e  a d so rp tio n  o f ace to n e  [1], 
th e re  is such  a s tro n g  in te ra c tio n  b e tw een  ace to n e  an d  th e  p la tin u m  surface  
th a t  th e  ace to n e  c a n n o t be considered  an  in e r t  w ash ing  so lu tio n . T ak in g  th is  
in to  ac c o u n t, in  o u r op in ion , th o se  th e o re tic a l conclusions w hich  su p p o rt th e  
p roposa l as to  th e  m ech an ism  o f th e  a d so rp tio n  (rep o rted  n o t on ly  in  R ef. [3] 
b u t  b y  o th e r  a u th o rs  too  [4]) c a n n o t be d raw n  from  th e  o b se rv a tio n s  p re sen ted  
in  th e  w ork  c ited . In  th e  follow ing, w ith  th e  ap p lica tio n  o f a tra c e r  te c h n iq u e , 
we a t te m p t  to  answ er th e  q u estio n  o f w h a t h a p p e n s  to  ace to n e  d isso lved  in  an  
aqueous m ed iu m  on a p la tin ized  p la tin u m  elec trode  a n d  in  its  im m ed ia te  
v ic in ity .

Experim ental

T he in v es tig a tio n s  w ere carried  o u t w ith  th e  a id  o f th e  m eth o d  an d  a p p a ra tu s  a lre ad y  
desc rib ed  [5]. T h e  ace to n e  used  h a d  a specific  a c t iv ity  o f a few  m C i/m m ol a n d  w as labe lled  
w ith  14C in  p o sitio n s 1 an d  3. T he req u ired  a m o u n t o f  labe lled  ace to n e  w as d issolved m  a liV 
H C 104 b ack g ro u n d  so lu tion .
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P o te n tia l dependence o f th e  adso rp tion

In  one o f o u r ea rlie r p u b lic a tio n s  [6] i t  w as show n t h a t  th e  p o te n tia l 
d ependence  o f  th e  a d so rp tio n  o f  som e su b s ta n c e  can  be g iven u n am b ig u o u sly  
o n ly  i f  th e  re a c tio n s  (o x id a tio n  o r red u c tio n ) occu rrin g  w ith  th e  su b stan ce  in  
q u es tio n  d e m o n s tra b ly  do n o t  d is tu rb  th e  a d so rp tio n  eq u ilib riu m . T h is re q u ire ­
m e n t a t  all ev en ts  forces us to  c a rry  o u t p o la riz a tio n  s tu d ies  p rio r  to  th e  s tu d y  
o f  th e  a d so rp tio n .

In  F ig . 1 is show n th e  p o te n tio s ta t ic  p o la riz a tio n  cu rv e  d e te rm in e d  a t  an 
ace to n e  c o n c e n tra tio n  o f 0.1 M .  I t  c an  be  seen c learly  from  th e  F ig u re  t h a t  th e

Fig. 1. Polarization curve determined with the potentiostatic method for an acetone con­
centration of 0.1 M.  (E  is the potential against a 1 atm H2 electrode immersed in 1 N  HCIO,.)

p o te n tia l  in te rv a l  in  w h ich  i t  is n o t  n ecessa ry  to  con sid er e ith e r  o x id a tio n  or 
re d u c tio n  is re la tiv e ly  n a rro w  (200— 500 m V ). A ccord ing  to  o u r ea rlie r w o rk  an d  
to  o th e r  ev idence  in  th e  l i te ra tu re , on th e  c a th o d ic  b ra n c h  o f  th e  p o la riza tio n  
cu rv e  [1, 7] th e  m a in  re a c tio n  is

CH3- C - C H 3-f4H +-f4e —► CH3-C H 2-C H 3+ H 20  (1)
II

О

w ith  a  sm alle r c o n tr ib u tio n  fro m  th e  process

D u rin g  th e  o x id a tio n  (anod ic  b ra n c h ), how ever, p re su m a b ly  [8] th e  reac tio n
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occurs. I t  is e v id e n t fro m  th e  above eq u a tio n s t h a t  on b o th  th e  cathod ic  a n d  
anodic  b ranches o f th e  p o la riza tio n  curve gas ev o lu tio n  m u s t be reckoned w ith . 
As will be seen below , th is  cond ition  de te rm ines to  a  decisive e x te n t how  fa r  
th e  adso rp tion  d u rin g  th e  reac tio n  can be s tu d ie d  w ith  th e  tra c e r  tech n iq u e .

A t low ace tone  co n cen tra tio n s  th e  p o te n tia l  dependence  o f th e  a d so rp ­
tio n  can be ch a rac te rized  b y  th e  cu rve  show n in  F ig . 2. T h u s , in  a narrow  p o te n ­
tia l  in te rv a l th e  a d so rp tio n  does n o t  depend  on th e  p o te n tia l. The decrease in

E mV

F ig. 2. P o te n tia l d ep en d en ce  of th e  co u n t ra te  (p ro p o rtio n a l to  th e  a d so rp tio n ) a t  an  ace to n e
co n ce n tra tio n  of 5 X 10 ~ 4 M

ad so rp tio n  on b o th  sides o f th is  in te rv a l is p re su m ab ly  re la te d  to  reactions (1) 
a n d  (2) or to  (3). E v id en ce  fo r th is  is also p ro v id ed  b y  th e  fa c t  th a t  w ith  in creas­
ing  acetone co n c e n tra tio n  th e  len g th  o f th e  above in te rv a l also increases, an d  
fu r th e r , b y  th e  earlie r o b se rv a tio n  [1] th a t  th e  ad so rb ed , labe lled  acetone can  
be exchanged  w ith  in a c tiv e  acetone only  e x trem e ly  slow ly. A t p o ten tia ls  
m ore nega tive  th a n  100— 150 mV th e  ra te  o f  th e  h y d ro g en a tio n  reac tio n  
increases w ith  in c reas in g  acetone  co n cen tra tio n  an d  hence  so does th e  ra te  of 
gas evolu tion . T he p o ssib ility  of th e  s tu d y  o f ad so rp tio n  is g re a tly  affected  b y  
th e  appearance  o f th e  labelled  gaseous p ro d u c t fo rm ed  from  th e  dissolved 
labelled  com ponen t.

S im u ltan eou s study o f  the e lectrohyd rogenation  
and  adsorption o f  labelled  aceton e

O ur m eth o d  o f s tu d y , as w as show n [9] in  th e  case o f th e  e lec tro h y d ro ­
gen a tio n  of p h en y lace tic  acid , is su itab le  for th e  e lu c id a tio n  o f  th e  connection  
b e tw een  th e  a d so rp tio n , th e  coverage and  th e  re a c tio n  ra te . E ssen tia lly , i t  is 
a m a tte r  of m easu ring  co n tin u o u sly  th e  a m o u n t o f th e  labe lled , reac ting  com ­
p o n e n t adsorbed  on th e  su rface o f th e  e lectrode a n d  p re se n t in  its  im m ed ia te  
v ic in ity , while reco rd in g  th e  p o la riza tio n  cu rve  b y  a  p o te n tio s ta tic  or a galva- 
n o s ta tic  m ethod . T h e  p rin c ip le  o f th e  m easu rem en t (w ith  reference to  our 
ea rlie r pub lica tio n  [5]) is i llu s tra te d  in  Fig. 3. T he re su lts  o f  th e  g a lvanosta tic
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F ig . 3. Schem e of th e  e x p e rim e n ta l se t-u p : M :  th e  m ain  e lectrode  fo rm in g  th e  b o tto m  of 
th e  cell; S :  aux iliary  e lec tro d e ; R : re ference  e lectro d e ; D :  th e  ra d ia tio n  d e te c to r  (sc in tilla tion

p ick -u p ); P :  p o te n tio s ta t

F ig . 4. Change of th e  p o te n tia l  (2) an d  th e  c o u n t ra te  (1) w ith  tim e  in  th e  case o f a galvano-
s ta tic  m ea su re m e n t (5 x  10~2 M )

F ig . 5. P o ten tia l depen d en ce  of th e  c u rre n t (1) and  th e  coun t r a te  (2) in  th e  case o f a po ten -
t io s ta tic  m ea su re m e n t ( 2 x l 0 -2 M )
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m easu rem en ts  can  be seen in F ig . 4 . I t  is c lear from  th is  F igure  t h a t  an  in c re a s ­
ing  count- ra te  is re la te d  to  in c reas in g  c u rre n ts , th a t  is th e  d e p a r tu re  o f  th e  
labelled  p ro d u c t from  th e  surface is im peded .

F ro m  th e  p o te n tio s ta tic  c u r re n t  vs. c o u n t ra te  curves too  (F ig . 5) i t  can  
be seen th a t  th e  c o u n t ra te  changes in  p a ra lle l w ith  th e  c u rren t, an d  w h a t is 
m ore, accord ing  to  a m ax im um  c u rv e .

I t  is show n in  th e  following t h a t  th e  o b served  phenom ena are  re la te d  to  
th e  fa c t th a t  th e  p ro p an e  form ed ac c u m u la te s  in  th e  pores an d  on th e  su rface  
o f th e  p la tin u m  b la c k  in  th e  form  o f  b u b b les . T hese phenom ena a p p e a r o n ly  a t  
re la tiv e ly  h igh  ace tone  co n cen tra tio n s  w hen  th e  h y d ro g en a tio n  ra te s  becom e 
so h ig h  th a t  b u b b le  fo rm ation  m u st b e  considered  as a re su lt of th e  slow  d iffu ­
sion of dissolved p ro p an e .

Accum ulation of the gaseo us, labelled com ponent in the form o f bubbles 
on the solid—liquid boundary surface

L e t us assum e th a t  in th e  case  o f th e  ex p erim en ta l se t-u p  show n in  
F ig . 3, a  w eak ly  ad so rb ed  gaseous p ro d u c t  is fo rm ed  b y  som e reac tio n  from  th e  
d isso lved  com ponen t labelled  w ith  a so ft /З-em ittin g  iso tope, e.g. 14C an d  th is  
p ro d u c t, or a p a r t  o f i t ,  adheres to  th e  su rface  in  th e  form  of b ubb les. I f  th e  
size o f th e  b u b b le s  is n o t  too large  ( th e ir  ra d iu s  r 1 cm), th e n  th e  self­
ad so rp tio n  o f ß -ra d ia tio n  in  the  b u b b le s  need  n o t  be considered. F o r th e  p u r ­
poses o f r a d ia t io n  m easu rem en ts, th e  b u b b les  ad h erin g  to  th e  surface can  be  
su b s titu te d  b y  a gas la y e r  in  d irect c o n ta c t w ith  th e  solid phase, w ith  th ick n ess  
Z, for w h ich  th e  re la tio n  Vb =  Z is v a lid , w here  Frb is th e  to ta l  vo lum e of b u b b les  
on 1 cm 2 o f th e  g eom etrica l surface. (T he sy s tem  is th u s  com prised  o f  liq u id  
p h ase -g as  la y e r-a d so rp tio n  p hase-so lid  ph ase .) I t  m u s t be stressed  th a t  e lec tr i­
cally  th is  m odel is n o t co rrec t, because in  such  a sy s tem  th e  conduction  o f c u r­
re n t w ould  cease.

I n  o u r earlie r pub lica tio n s a s tu d y  w as m ad e  o f w h a t th e  d is tr ib u tio n  o f 
th e  g iven labelled  co m p o n en t betw een th e  liq u id  an d  adso rp tio n  phases m u s t 
be, in  o rd e r t h a t  th e  ad so rp tio n  can b e  m easu red . W e now  seek an  answ er to  
th e  q u estio n  of how  th e  appearance o f th e  lab e lled  com ponen t as a gas affects 
th e  possib ilities o f s tu d y in g  th e  a d so rp tio n . L e t us consider th is  f ir s t  o f all in  
th e  case o f a sm oo th  ad so rb en t surface. T h e  ra d ia tio n  o rig inating  from  th e  gas 
phase, fro m  th e  b ubb les, an d  reaching th e  d e te c to r  w ill th en  be p ro p o rtio n a l 

P
to  Z, an d  th a t  o rig in a tin g  from  th e  a d so rp tio n  p h ase  will be p ro p o rtio n a l

to  Г.  I f  th e  ra d ia tio n  o rig ina ting  from  th e  liq u id  p h ase  is d isregarded , th e  tw o 
rad ia tio n s w ill becom e com parable  in  th e  case o f an  average lay e r th ick n ess
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I =
R T

P
- Г ,  an d  o b v io u sly  a t  lay er th ick n esses  g re a te r  th a n  th is , in  com parison

to  th e  ra d ia tio n  o r ig in a tin g  from  th e  b u b b le s , t h a t  from  th e  a d so rp tio n  will 
beg in  to  becom e neglig ib le.

A ssum ing  a p re ssu re  o f 1 a tm  fo r th e  gas a t  20 °C, an d  ta k in g  th e  specific  
a d so rb ed  a m o u n t as Г  =  1 0 -10 m ol/cm 2, a v a lu e  o f 2 .4 x l 0 ~ 6 cm  is o b ta in e d  
fo r l. I t  can  be seen t h a t  th e  am o u n t o f lab e lled  su b stan ce  in  a single b u b b le  
w ith  a rad iu s  so m ew h at less th a n  10” 2 cm  is e q u iv a le n t to  th e  a m o u n t o f  su b ­
s ta n c e  adso rbed  on 1 cm 2.

A pp ly ing  th e  ab o v e  considera tions in  th e  case o f a p la tin ized  su rface , 
th e  expression

l =
R T

Г

w ill b e  va lid , w here у  is th e  roughness fa c to r  o f  th e  ad so rb en t su rface s tu d ie d ,
i.e. th e  q u o tie n t o f th e  tru e  and  g eo m etrica l su rfaces. C onsidering t h a t  on th e  
p la tin iz e d  p la tin u m  electrodes used  b y  us th is  v a lu e  is u sua lly  a b o u t 100, we 
o b ta in  a value o f  l =  2 .4  X lO ^4 cm . T h is m ean s t h a t  th e  ra d ia tio n  o rig in a tin g  
fro m  th e  su b stan ce  co n ta in ed  in  a single gas b u b b le  w ith  a rad iu s  o f  5 X 10 -2 
cm  is eq u iv a len t to  th e  rad ia tio n  fro m  th e  a m o u n t of m a te ria l a d so rb ed  on 
1 cm 2 geom etrical o r  100 cm 2 tru e  su rface .

In  th e  case o f  th e  p la tin ized  e lec tro d es, th e  h igh  roughness fa c to r  can  
o n ly  com e ab o u t i f  th e  p la tin u m  b la c k  possesses som e s tru c tu re . T he roles o f 
th e  s tru c tu re  an d  p o ro s ity  of th e  p la tin u m  b la c k  in  m easu rem en ts w ith  th e  
tr a c e r  techn ique  w ere tre a te d  in  an  ea rlie r p u b lica tio n  [10]. In  th e  p la tin u m - 
b la c k  lay e r th e re  a re  cav ities, a n d  fro m  th ese  th e  gas-phase p ro d u c ts  can  
d isp lace  th e  so lu tio n . T he resu lt o f th is  w ill be t h a t  th e  average c o n c e n tra tio n  
(d e fin ed  in  th e  p a p e r  cited) of th e  lab e lled  co m p o n en t in  th e  d isperse  a d so rp ­
tio n  phase will change , generally  in c rease , because  u n d er th e  u su a l co n d itio n s 
o f  s tu d y  th e  co n c e n tra tio n  of th e  lab e lled  co m p o n en t is sm aller th a n  th a t  in  
th e  gas phase o r in  a bubble  c o n ta in in g  gas a t  a pressure of a b o u t 1 a tm .

T he rem o v al o f  th e  bubbles fo rm ed  in  th e  cav ities m ay  be d ifficu lt, d e ­
p en d in g  on th e  cond itions, and  so a s ig n if ican t increase in  th e  c o u n t r a te  
(a  ‘b ack g ro u n d  in c rea se ’) can occur.

Interpretation of the phenom ena observed in the electro- 
hydrogenation of acetone

On th e  basis  o f  w h a t has b een  sa id  in  th e  prev ious section , th e  p h en o m e­
n o n  observed in  th e  g a lv an o sta tic  m easu rem en ts , viz. t h a t  th e  c o u n t r a te  i n ­
creases w ith  in c reas in g  cu rren t, can  be  ex p la in ed  in  te rm s o f h ig h e r gas p r o ­
d u c tio n  a t  h igher cu rren ts , re su ltin g  in  fo rm a tio n  of m ore or la rg e r b u b b le s .
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In  th e  s tu d ies  w ith  th e  p o te n tio s ta tic  m ethod  to o  th e  c u rren t an d  th e  c o u n t 
r a te  change in  paralle l. The p ro b ab le  cause o f th e  m ax im u m  on th e  p o la r iz a ­
tio n  curves d e te rm in ed  b y  th e  p o te n tio s ta tic  m e th o d  h as  been  d ea lt w ith  in  an  
ea rlie r p u b lic a tio n  [1]. I t  has b een  estab lished  t h a t  a t  n eg a tiv e  or sm all p o s i­
tive  p o te n tia ls  process (2) begins to  com e in to  th e  fo reg round  co m p ared  w ith  
process (1), a n d  i f  th e  ra te  of re p la c e m en t of ace to n e  is lim ited  (d iffusion  or 
a d so rp tio n  con tro l) th e n , upon  ch an g in g  th e  p o te n tia l  in  th e  n eg a tiv e  d irec ­
tio n , th e  c u rre n t an d  th e  a m o u n t o f th e  gaseous p ro d u c t are decreased . T h e  
m ax im u m  o bserved  in  th e  co u n t r a te  vs. p o te n tia l cu rves is in  com plete  ag re e ­
m e n t w ith  th is .

P henom ena in th e  electrooxidation  o f  acetone

In  th e  e lec troox idation  of ace to n e  (a lth o u g h  we are  concerned  w ith  a 
p rocess w h ich  ta k e s  place a t a m u ch  low er ra te  th a n  th e  e lec tro h y d ro g en a tio n ) 
th e  observed  p h en o m en a  are sim ilar to  tho se  described  above.

E mV
Fig. 6. P o te n tia l  dependence  of th e  co u n t r a te  an d  th e  c u rre n t in  th e  case of th e  o x id a tio n

of ace tone  (с =  5 х Ю ~ 2 M )

In  F ig . 6 can  be seen th e  p h en o m en a  observed  d u rin g  e lec tro o x id a tio n  
in  th e  case o f  a labe lled  acetone c o n c e n tra tio n  of 5 x 1 0  _2 M  w ith  a  p o te n tio ­
s ta tic  m e th o d . T he para lle l change o f  th e  co u n t r a te  a n d  th e  c u rre n t can  
p re su m a b ly  be  a t tr ib u te d  to  th e  gas bub b les  accu m u la tin g  on th e  su rface .

C onclusions

In  th e  s tu d y  o f th e  adso rp tion  o f  w a te r  on a p la tin u m  electrode in  th e  
p a p e r c ited  above, th e  procedure w as to  m a in ta in  th e  e lec trode  a t  a c o n s ta n t 
p o te n tia l in  an  Н Т О  so lu tion . T he e lec tro d e  was th e n  lif te d  o u t o f th e  so lu tio n , 
w ash ed  w ith  ace to n e , an d  th e  tr i t iu m  a c tiv ity  m easu red  [3]. As a re su lt o f  th e
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e x p e rim e n ta l o b se rv a tio n s  p re sen ted  ab o v e , th e  conclusion m u s t be reached  
th a t  a f te r  th e  acetone w ash in g  th e  b u lk  o f th e  ad so rb ed  w a te r scarce ly  rem ains 
on th e  e lec trode  su rface , because

(1) th e  ad so rp tio n  o f  ace tone  is fa s t;
(2) th e  ra te  o f d e so rp tio n  of th e  a d so rb ed  acetone is low .
I t  is conceivable t h a t  th e  tr i t iu m  a p p e a rs  on th e  surface as a re su lt o f 

h y d ro g e n  exchange b e tw een  Н ТО  an d  th e  o rgan ic  m olecule ad so rb ed  on th e  
su rface .

In  th is  connec tion  w e m u st re fer ag a in  to  th e  w ork o f d e  H e m p t in n e  
a n d  S c h u n c k  [7]. I n  th e  course o f th e  e lec tro h y d ro g en a tio n  o f  d e u te ra te d  
ace to n e  in  o rd in a ry  w a te r  an d  of lig h t a ce to n e  in  h eav y  w a te r  th e y  found  th a t  
th e  h y d ro g en  a to m s o f ace tone  ad so rb ed  on p la tin u m  exchange w ith  th e  h y ­
d ro g en  atom s o f th e  so lv en t.

I f  i t  is also co n sid ered  th a t  a ce to n e  can  undergo  chem ical reac tions 
d ep en d in g  on th e  e lec tro d e  p o ten tia l, th e n  th e  v a lid ity  of th e  m en tio n ed  m e th ­
od o f  stu d y in g  th e  ad so rp tio n  of w a te r  m u s t be considered  as even m ore 
d o u b tfu l.

In  add ition  to  th is , from  th e  ex p e rim en ts  w ith  acetone the  im p o r ta n t con­
c lusion  can be d raw n  t h a t  a t  p o ten tia ls  w h ere  a gaseous p ro d u c t is fo rm ed  from  
th e  labelled  co m p o n en t d u ring  a d so rp tio n  m easu rem en ts w ith  th e  tra c e r  
te c h n iq u e  (d isregard ing  th e  qu ite  sm all a d so rp tiv e  co n cen tra tio n s), th e  ex p e r­
im e n ta l resu lts  can  no  lo n g er (or on ly  a f te r  carefu l considera tion) be considered 
c h a ra c te ris tic  of th e  ad so rp tio n .

Such p h en o m en a  m u st be considered  in  th e  case of alcohols, and  th is  
q u e s tio n  will be d e a lt w ith  in  our n e x t  p u b lica tio n .
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R ece iv ed  N o v em b er SO, 1970

1. A  s tu d y  was m ad e  of th e  ad so rp tio n  of iso p ro p an o l on  a p latin ized  p la tin u m  
e lectrode in  acidic m ed ium .

2. I t  w as found  t h a t  th e  a d so rp tio n  is irreversib le , a n d  th e  adsorbed m olecules 
do n o t  ta k e  p a r t  in  th e  o x id a tio n  re ac tio n  o f th e  iso p ropano l lead ing  to  th e  fo rm a tio n  
of ace tone .

3. I n  th e  red u ctio n  th e  adsorbed  iso p ropano l is c o n v e rted  to  a  gaseous p ro d u c t. 
In  co n n ec tio n  w ith  th is th e  co n d itions o f m easu rem en t o f th e  labe lled  gas-phase p ro d u c t  
a cc u m u la tin g  in  th e  p la tin u m  b lack  w ere ex am ined . T he su p p o s itio n  was a rriv ed  a t  t h a t  
th e  surface  com plexes fo rm ed  durin g  th e  ad so rp tio n  of iso p ro p an o l a n d  acetone are  p ro b ­
ably  th e  sam e.

F rom  o u r earlie r w ork  in  connection  w ith  th e  o x id a tio n  of secondary- 
alcohols [1] w e h a v e  come to  th e  conclusion th a t  th e re  is no d irect re la tio n  
betw een  th e  a lco h o l ad so rp tio n  p h enom ena  an d  th e  o x id a tio n  reaction  re s u lt­
ing  in  th e  fo rm a tio n  of th e  k e to n e  from  th e  alcohol.

This f in d in g  was based  p rim arily  on th e  o b se rv a tio n  th a t  th e  r a te  o f 
o x ida tion  of 14C -labelled iso p ropano l adso rbed  on th e  e lec trode  surface is v e ry  
low . F rom  th e  p o in t  of view  o f s tu d ies  aim ed a t  e lu c id a tin g  th e  ox idation  m ech a ­
n ism  of seco n d ary  alcohols, i t  seem ed im p o r ta n t  to  ex am in e  th o rough ly , w ith  
th e  aid  of a tr a c e r  techn ique , th e  p h en o m en a  ta k in g  p lace  d u ring  th e  a d so rp ­
tio n  o f iso p ro p an o l an d  th e  p ro p e rtie s  o f ad so rb ed  isop ropano l.

In d e p e n d e n tly  of th is  o b je c t, th e re  is th e  hope t h a t  th e  trace r  s tu d y  o f 
isop ropano l a d so rp tio n  m ay  p e rh a p s  c o n tr ib u te  to  a decision  betw een  th e  co n ­
tra d ic to ry  view s in  th e  l i te ra tu re  concern ing  th e  ad so rp tio n  o f alcohols. O f th e  
alcohols, so fa r  th e  adso rp tion  o f  m e th an o l has been  s tu d ie d  th e  m ost th o ro u g h ­
ly , b o th  w ith  t r a c e r  tech n iq u es an d  b y  e lec trochem ical m eth o d s [2, 3]. T h e  
f in d in g s and  conclusions d raw n  on th e  basis  o f th e  m easu rem en ts  w ith  th e  
v a rio u s  m ethods p rim a rily  d iffer from  each  o th e r w ith  re g a rd  to  th e  p o ten tia l-  
dependence o f th e  adso rp tio n  a n d  th e  ad so rp tio n  iso th e rm .

E xperim en ta l

The a p p a ra tu s  an d  m e th o d  used  in  th e  in v e s tig a tio n  h av e  already  been  
described  [4]. T h e  specific  a c tiv ity  of th e  14C -labelled iso p ro p an o l used v a ried  
in  th e  range 0.1— 10 mCi/mM . S im ilarly  as in  ou r p rev ious w ork , 1 N  H C104 
w as used  as b a c k g ro u n d  so lu tion .

Acta C him ica Academiae Sc ien tiarum  H ungaricae, Tom us 72 (3 ) ,  p p . 269 —275 (1 9 7 2 )
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A s can  be  seen in  F ig . 1, th e  cu rve  d escrib ing  th e  p o ten tia l-d ep en d en ce  of th e  a d so rp ­
tion  is v e ry  sim ilar in n a tu re  to th e  curves o b ta in e d  d u rin g  th e  s tu d y  of th e  ad so rp tio n  of 
o th e r  a lco h o ls [2]. I t  m u st be  s tressed  th a t  th is  cu rv e  can  still n o t be re g ard e d  as c h arac te ris tic  
of th e  a d so rp tio n , since a t  p o ten tia ls  g re a te r  th a n  400 mV th e  ox id a tio n  o f th e  alcohol ta k e s  
p lace a t  a n  apprec iab le  ra te , w hile a t  800 mV i t  is a lre ad y  necessary  to  consider th e  ap p ea ran ce  
of a d so rb e d  oxygen , too . A t p o ten tia ls  m ore  n e g a tiv e  th a n  300 mV, on th e  o th e r  h a n d , a  p a r t  
m ay  be  p la y e d  by  hydrogen  adso rp tio n . A ll th is  show s t h a t  th e  curve to  be seen in  Fig. 1 com es 
a b o u t  as th e  re su lt o f severa l fac to rs . In  ou r view , a  p o ssib ility  is p ro v id ed  fo r th e  s tu d y  of th e  
a d so rp tio n  o f  isopropanol, in d ep e n d en tly  o f o th e r  fa c to rs , by  a s tu d y  of th e  m o b ility  of th e  
a d so rb ed  isopropanol.

F_ mV

Fig. 1. V a ria tio n  of th e  co u n t ra te  (p ro p o rtio n a l to  th e  am o u n t adso rbed) as a fu n c tio n  o f th e  
p o te n t ia l  in  th e  case o f a n  iso p ro p an o l c o n ce n tra tio n  of 10 ~3 M . ( /'. is th e  p o te n tia l  ag a in s t a  

1 a tm  H , e lectrode im m ersed  in  1 N  HC104)

Study of the  m obility  and  reac tio n  of adsorbed isopropanol 
by a tra c e r  techn ique

A  s tu d y  of th e  d eso rp tio n  a n d  th e  r a te  of deso rp tion  o f th e  ad so rb ed  
su b s ta n c e  m u st be considered  im p o r ta n t  because on th e  basis  o f th ese  s tud ies 
th e re  is a possib ility  to  ta k e  a s ta n d  in  q u estio n s connected  w ith  th e  ad so rp tio n  
iso th e rm  of th e  su b stan ce , an d  w ith  th e  p o ten tia l-d ep en d en ce  o f i ts  ad so rp tio n . 
I n  th e  course of our ea rlie r in fo rm a to ry  in v estig a tio n s [1], i t  w as a lread y  found  
t h a t  th e  ra te  o f d eso rp tio n  o f th e  ad so rb ed  isopropano l is v e ry  sm all. T he m e th ­
od  u se d  fo r th e  s tu d y  o f th e  exchange be tw een  adsorbed  iso p ro p an o l a n d  th a t  
in  th e  solu tion  phase  w as as follow s: a f te r  th e  adso rp tio n  processes o f th e  la ­
b e lled  su b stan ce  h a d  gone to  com p le tio n , th e  solu tion  p h ase  w as rem o v ed  and , 
a f te r  w ashing, th e  a p p a ra tu s  w as re filled  w ith  pu re  b a ck g ro u n d  so lu tion . 
A  p o te n tio s ta t  ensu red  th a t  th e  p o te n tia l  o f th e  electrode shou ld  n o t change. 
T h e  electrode p o te n tia l w as a d ju s te d  in  advance  to  a v a lu e  a t  w hich  th e  ox i­
d a tio n  of isop ropano l need  s till n o t  be considered.

In  ag reem en t w ith  w h a t has a lre a d y  been said, u n d e r  such cond itions 
th e  ra d io a c tiv ity  o rig in a tin g  from  th e  labelled  su b stan ce  adso rbed  on th e  
e lec tro d e  does n o t v a ry , o r to  on ly  a sm all ex ten t. (N a tu ra lly , th e  to ta l  co u n t
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ra te  observed , w hich  also in c lu d ed  th e  ra d ia tio n  arising  from  th e  labelled  com ­
p o n en t in  th e  so lu tion , decreased . T he in te n s ity  o f  th e  ra d ia tio n  from  th e  so lu ­
tio n  was also d e te rm in ed  sep a ra te ly . In  ou r ex p e rim en ts  i ts  m ag n itu d e  n ev e r 
a tta in e d  1 0%  o f th e  in te n s i ty  o f ra d ia tio n  arising  fro m  th e  adsorp tion .)

A re la tiv e ly  large a m o u n t of u n labe lled  iso p ro p an o l w as n e x t added  to  
th e  system , a n d  th e  p o te n tia l  o f th e  e lectrode w as th e n  g rad u a lly  changed  in  
th e  positive  d irec tion  in  o rd e r th a t  th e  b e h av io u r o f th e  labelled , ad so rbed  
m olecules could  be s tu d ie d  d u rin g  th e  o x id a tio n  o f  th e  ad d ed  un labelled  iso ­
propanol. T he resu lts  o f o u r o b serv a tio n s are re fle c ted  b y  th e  curves to  be seen 
in  Fig. 2.

Fig. 2. S tu d y  of th e  m o b ility  o f lab e lled  iso p ropano l adso rb ed  on th e  e lectro d e  in  th e  presence 
of 5 x  10-2  M  o f in ac tiv e  iso p ro p an o l. C urve 1 refers to  th e  c o u n t r a te ,  a n d  curve 2 to th e  r a te

of o x id a tio n

T he above ex p e rim en t w as carried  o u t in  such  a w ay  [ th a t a t^ firs t u n la ­
belled iso p ropano l w as b ro u g h t in to  c o n ta c t w ith  th e  e lec trode . A fte r a su itab le  
w aiting  perio d  th is  so lu tion  w as rem oved  from  th e  a p p a ra tu s  an d  rep laced  b y  
a  so lu tion  co n ta in in g  lab e lled  isopropano l. T he p h en o m en a  observed w hen

Fig. 3. P o te n tia l d ep en d en ce  of th e  ad so rp tio n  of labe lled  iso p ro p an o l w hen  in ac tiv e  iso ­
p ro p a n o l h as p rev io u s ly  b een  adso rb ed  on  th e  surface
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ch an g in g  th e  p o ten tia l as a fu n c tio n  o f t im e  are  show n in  F ig . 3. In  th e  cu rves 
to  he  seen in  Fig. 3, a considerab le  in c rease  o f th e  co u n t ra te  occurs on ly  a t  
p o te n tia ls  m ore positive  th a n  600 mV, in  ag reem en t w ith  th e  o b se rv a tio n s in  
F ig . 2; th u s , i t  was seen th a t  th e  rem o v a l o f th e  p rev iously  ad so rbed  m olecules 
fro m  th e  surface begins to  ta k e  p lace w ith  an  appreciab le  ra te  on ly  a t  such 
p o te n tia ls . On re tu rn in g  from  high  (1200 mV) p o ten tia ls  to  low er (400 mV) 
p o te n tia ls , th e  ad so rp tio n  o f iso p ro p an o l again  occurs.

B ased  on th e  ex p e rim en ta l re su lts  p resen ted , th e  follow ing can  be s ta te d .
1. T he adsorbed  su b stan ce  fo rm ed  from  th e  isop ropano l c a n n o t be ex ­

ch anged .
2. T he adso rbed  m olecules are  s till n o t oxidized even w hen  an  o x id a tio n  

re a c tio n  (resu lting  p r im a rily  in  acetone) is a lready  ta k in g  p lace  a t  an  a p p re ­
c iab le  r a te  w ith  th e  co m p o n en t in  th e  so lu tion  phase.

3. T he d e p a rtu re  o f th e  ad so rb ed  com ponen t from  th e  su rface  occurs a t 
p o te n tia ls  m ore p o sitive  th a n  600 m V, an d  i t  p ro b ab ly  invo lves a re a c tio n  in d e ­
p e n d e n t o f th e  o x id a tio n  lead ing  to  th e  fo rm atio n  o f th e  oxo co m p o u n d  from  
th e  alcohol. N a tu ra lly , i t  c an n o t be excluded  e ith er t h a t  th e  ad so rp tio n  of 
oxygen  also plays a p a r t  in  th e  decrease  of th e  alcohol a d so rp tio n .

F ro m  Figs 2 a n d  3 i t  also ap p ears  th a t  for reasons o f p rinc ip le  we can n o t 
sp eak  o f th e  ad so rp tio n  iso th e rm  o f iso p ro p an o l and  o f th e  p o ten tia l-d ep en d en ce  
o f th e  adso rp tio n , fo r th e  m olecules in  th e  solu tion  phase  an d  in  th e  ad so rp tio n  
p h ase  are  n o t id en tica l. T he p h en o m en a  arising  on th e  change of th e  e lectrode 
p o te n tia l  in  th e  n eg a tiv e  d irec tion  b e a r  w itness to  th e  fa c t t h a t  iso p ropano l 
undergoes sign ifican t changes d u rin g  adso rp tion .

In  th e  case w hen , sim ilarly  to  th e  experim en ts p rev io u sly  described , 
a f te r  th e  ad so rp tio n  o f  th e  labe lled  co m p o n en t a t  200 mV th e  a p p a ra tu s  is 
w ash ed  o u t and  re filled  w ith  b ack g ro u n d  solution , an d  th e  p o te n tia l is th e n  
ch an g ed  in  th e  n eg a tiv e  d irec tion , an  increase of th e  co u n t r a te  is observed , as 
can  be  seen in  F ig . 4.

F ig . 4. P henom ena aris in g  w ith  labe lled  iso p ropano l adsorbed  a t  200 m V, w hen  th e  p o te n tia l
is  changed  in  th e  n egative  d irec tio n
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C onsidering th a t  th e  a m o u n t o f labelled  su b stan ce  on th e  w ash ed  elec­
tro d e  c a n n o t increase, th e  increase  in  th e  coun t ra te  can  com e a b o u t o n ly  as a 
re su lt o f changes in  th e  se lf-ab so rp tio n  an d  geom etrical co n d itions in  th e  ad so r­
b e n t-a d s o rp tiv e  system . A ccord ing  to  th e  lite ra tu re  [5], i f  so lu tions o f  alcohols 
com e in to  c o n ta c t w ith  a p la tin u m  electrode, an d  in  th e  case o f th e  change of 
th e  e lec trode  p o te n tia l in  th e  n e g a tiv e  d irection , h y d ro ca rb o n s  are  fo rm ed . I f  
i t  is a ccep ted  th a t  such p h en o m en a  occur in  th is  case to o , th e n  th e  observed  
p h en o m en a  can  be explained .

In  one o f ou r earlier p u b lica tio n s  [6] i t  w as show n th a t  th e  p la tin ized  
p la tin u m  can  be  reg a rd ed  as an  agg lom era tion  of p a rtic le s , th e  average  d en sity  
o f w h ich  is g iven b y  th e  re la tio n

(1 —  e)gm +  sg0 =  g (1)

w here e is th e  p o rosity , an d  gm an d  p0 are  th e  densities o f th e  m e ta llic  p la t i ­
n u m  a n d  th e  m ed ium  filling  th e  space betw een  th e  p a rtic le s , re sp ec tiv e ly .

In  th e  case w hen  th e re  is no lab e lled  substance  in  th e  space b e tw een  th e  
p a rtic le s , th e  in te n s ity  (I)  o f th e  ra d ia tio n  o rig inating  from  th e  lab e lled  su b ­
stan ce  ad so rb ed  on th e  partic les  is g iven  b y  th e  re la tio n

J  =  ^ L [ ( 1 - e ) Qma s r ] ( l  - e - w * )  ( 2 )

w here  a  is th e  efficiency of th e  m easu rem en t, I 0 is th e  specific  a c tiv ity  o f  th e  
labe lled  su b stan ce , ц  is th e  m ass ab so rp tio n  coefficient, q is th e  a rea  o f  th e  
su rface , as is th e  specific surface o f th e  a d so rb en t, Г  is th e  a m o u n t o f su b stan ce  
ad so rb ed  on 1 cm 2 of th e  surface, an d  к  is th e  th ickness o f  th e  p la tin u m  b lack . 
I f  th e  aq u eo u s so lu tion  (д0ш ^  1 g /cm 3) is d isp laced  from  th e  space b e tw een  
th e  p a rtic le s  b y  a gas (gog 10 ~3 g /cm 3), th e  average d e n s ity  of th e  en tire  
sy stem , a n d  hence  its  se lf-abso rp tion  to o , change.

F ro m  E q s (1) an d  (2), th e  ra tio  o f th e  in ten sities  of th e  ra d ia tio n  o b served  
in  th e  tw o  cases is given b y  th e  expression

I a =  ^
I x 1 e~^3lk g2

I t  can  be  seen from  E q . (3) t h a t  in  th e  lim itin g  case w hen  f-ig2k  an d  jxg-Jt ^  1, 
one o b ta in s

-*2 =  g l

F ro m  re la tio n  (1), on th e  o th e r h a n d , i t  can  be seen th a t  a t  h igh  po rosities 
(1 />  e >  0.9) a sig n ifican t change is caused  in  th e  average  d en sity  i f  th e  
liq u id  m ed iu m  is exchanged  for a gas.
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O n th e  basis o f th e  ab o v e , w hen  th e  p o te n tia l  is changed  in  th e  negative 
d ire c tio n  th e  increase in  th e  co u n t ra te  an d  th e  m ax im u m  o b serv ed  in  its  tim e  
dependence  are ex p la in ed  b y  th e  fa c t th a t  th e  gas-phase  p ro d u c ts  form ed b y  
h y d ro g en a tio n  of th e  labe lled , adsorbed  su b s ta n c e  p a r tia lly  or com pletely 
d isp lace  th e  liqu id  fro m  th e  pores an d  th e  in te rs tic e s  o f  th e  p la tin u m  b lack .

In  ag reem ent w ith  th e  view s o f o th e r a u th o rs , th e  ex p erim en ta l re su lts  
p re se n te d  and  th e  conclusions d raw n  from  th e m  b rin g  us to  th e  assum ption  
t h a t  th e  adso rp tion  o f  iso p ro p an o l be considered  as a d eh y d ro g en a tio n  re a c ­
tio n . T he sim plest p ro d u c t  o f th e  d eh y d ro g en a tio n  an d  o x id a tio n  o f isopropano l 
is ace to n e , w hich w as fo u n d  in  an  earlier p a p e r  [7] to  be irrev e rs ib ly  adsorbed  
in  a  fa irly  wide p o te n tia l  in te rv a l. I t  ap p ears  v e ry  p ro b ab le  t h a t  th e  adsorbed  
com plexes form ed on th e  ad so rp tio n  of ace tone  a n d  iso p ro p an o l are  essen tia lly  
th e  sam e; in ag reem en t w ith  observa tions on th e  e lec tro h y d ro g en a tio n  of ace­
to n e  in  acidic m ed ia , th e  ad so rb ed  com plex m u s t be  red u ced  to  th e  sam e p ro d ­
u c ts , p rim arily  p ro p a n e , in  b o th  cases. (N a tu ra lly , because  o f th e  possib le  
sp lit t in g  of th e  C -C  b o n d s  th e  fo rm atio n  o f  o th e r  h y d ro ca rb o n s  can n o t be 
excluded .)

Thus, th e  fo llow ing p roposed  schem e can  be  given for th e  ad so rp tio n  and  
re d u c tio n  of iso p ro p an o l an d  acetone:

CH3- C H - C H 3
II

O H

ad so rp tio n  л a d so rp tio n
-----------► I -«------------  CH3-CO-CH3

I re d u c tio n
T

CH3- C H 2- C H 3

w here  A is th e  ad so rb ed  m olecule.
Our in v es tig a tio n s  to  su p p o rt th e  ab o v e  concep tions, p rim arily  w ith  

re g a rd  to  th e  an a ly sis  o f  th e  gaseous p ro d u c ts , are  in  progress.
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Сз-CYCLIZATION OF UNSATURATED 
HYDROCARBONS ON PUATINUM BUACK

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

Z. P aál  and P . T é t é n y i

( In s titu te  o f  Isotopes o f  the H ungarian  A cadem y o f  Sciences, Budapest)

In  1954 i t  w as d iscovered  b y  K a z a n s k y , L ib e r m a n  et al. t h a t  in  th e  
p resence of a P t/C  c a ta ly s t s a tu ra te d  h y d ro ca rb o n s , am ong th em  n -h ex an e , 
are tra n sfo rm e d  to  cy c lo p en tan e  de riv a tiv es  in  a re a c tio n  te rm ed  C .-dehydro- 
cycliza tion  [1, 2 ]. T h is process m a y  also be c a ta ly zed  b y  o x ide-carrier [3 — 5] or 
carrier-free  [5, 6] p la tin u m  or p a llad iu m  [7].

I t  was assu m ed  b y  L ib e r m a n  th a t  th e  C5-d eh y d ro cy c liza tio n  an d  th e  
hydrogeno lysis o f  th e  five-m em bered  ring  ta k e  p lace  via  a com m on surface  
in te rm e d ia te  fo rm ed  w ith  th e  p a r tic ip a tio n  o f h y d ro g en  [8]:

H .C ' X H 2
1

H 2c r

----->

^ C H 2

---- >■

H 2C ^ n c h 2

H - H 2C CHo - H H -ylLC H H 2C — -----C H 2 H

M----- M — — M — -M M -  M - M - — а Л M-— M— — M -----M

( 1 )

A t th e  sam e tim e  Ga u lt  et al. conceived  th e  fo rm a tio n  o f th e  cy c lo p en tan e  
ring  via  u n s a tu ra te d  in te rm ed ia te s  [5]:

c

CX c \ c \ A
c — c -2 H  . c - c -H  . c —c ~2H ? c 1

/  \ ----------- > / \ y  / \ II
c  c H C : l i e c c

/ // //
c c \ C

* '
M M M

( 2 )

In  fa c t, i t  h as  re c e n tly  been  o b served  th a t  fiv e -m em b ered  cyclic com ­
pounds can  also be fo rm ed  from  hexene-1 , hexadiene-1 ,5  [7] and  hex a trien e - 
1,3,5 [9]: th ese  are  m e th y l-cy c lo p en tan e , or a lte rn a tiv e ly  m eth y l-cy c lo p en ten e  
an d  m eth y lcy c lo p en tad ien es . This o b se rv a tio n  in d ica tes  again  th a t  i t  is n ec ­
essary  to  s tu d y  th e  ro le  of u n s a tu ra te d  com pounds in  C5-dehyd ro cy c liza tio n  
m ore tho ro u g h ly .
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A  sy stem a tic  s tu d y  w as recen tly  m ade o f th e  tra n sfo rm a tio n s  o f v a rio u s 
s a tu ra te d  an d  u n sa tu ra te d  h y d ro ca rb o n s  in  th e  p resence o f h y d ro g en . I t  was 
fo u n d  t h a t  in th e  presence o f  a hyd rogen  excess (b u t only  th en ) m e thy lcyc lo - 
p e n ta n e  is form ed from  n -h ex an e  an d  from  m e th y lp e n ta n e s  [6, 10]. In  th e  
p resen ce  o f hydrogen , th e  fo rm a tio n  o f methylcyclopentene-1  w as a lm o st a l­
w ays o bserved  from  u n s a tu ra te d  h y d ro ca rb o n s  (n-hexene, h ex ad ien e  isom ers 
an d  h e x a tr ien e ). I ts  a m o u n t w as re la tiv e ly  low , an d  i t  d isap p eared  v e ry  ra p id ly  
d u rin g  th e  d eac tiv a tio n  o f  th e  ca ta ly s t.

T h  ese studies show ed  th a t  th e  p e a k  fo u n d  in  th e  a ro m a tiz a tio n  of 
n-hexene-1  in our ea rlie r ex p erim en ts  [11] (believed  to  be epox ide im p u rity ) 
w as in  fa c t m eth y lcy c lo p en ten e-1 .

I n  T ab le  I are g iv en  th e  p ro d u c t-co m p o sitio n s o b ta in ed  in  th e  t ra n s fo r ­
m a tio n s  of various h e x a d ie n e  isom ers a n d  frans-hexa triene-1 ,3 ,5  in  hyd rogen . 
I t  c a n  be  seen th a t  th e  a m o u n t of m eth y lcy c lo p en ten e-1  fo rm ed  depends con­
s id e ra b ly  on th e  s t ru c tu re  o f th e  s ta r t in g  h y d ro ca rb o n : fo r hexad iene-1 ,5  it  
w as a few  per cen t, w h ereas  fo r a ll th e  o th e r  hexad ienes an d  fo r h ex a trien e  
i t  w as on ly  a few te n th s  o f  one p e r  cen t. In  som e cases m e th y lcy c lo p en tad ien es  
co u ld  be d e tec ted , too .

Table I

Cs-cyclization o f  hexadienes and hexatriene

C a ta ly s t:  0.4 g P t;  i =  360 °C; carrier-gas 20%  H 2 80%  H e, 60 m l/m in ; 5 /Л h y d ro carb o n

S t a r t in g  h y d ro carb o n
N o. o f  

im p u lse

C o m p o sitio n , m ass  %

C rack ed
p ro d u c ts H exane

H ex en es  
+  M CP

H e x a ­
d ienes

H e x a tr i-
ene-1 ,3 ,5

M e th y l­
c y c lo p e n t­

ene-1

M eth y l­
cy c lo p e n ­
tad ie n e s

B enzene

hexadiene-1.5 I 9.5 61.9 18.3 1.5 0.3 8.7
V 5.9 45.4 38.7 — — 2.5 0.4 7.2

hexadiene-1.4 I 19.9 63.6 5.8 — — 0.2 0.1 10.5
V 13.0 69.5 8.9 — — 0.6 — 7.9

hexadiene-1.3 I 19.0 65.7 4.3 — __ 0.4 0.1 8.4
Y 13.9 68.8 9.1 — — 0.8 — 7.5

c.t-hexadiene-2.4 I 25.4 58.8 4.0 __ — 0.2 — 11.6
V 15.5 69.9 7.4 — — 0.6 — 6.8

t,t-hexadiene-2 .4 I 21.3 61.5 4.3 __ — 0.2 • — 12.8
V 12.2 73.8 6.6 — — 0.6 — 6.8

t-hexatriene-1 .3 ,5 I 16.6 55.4 9.4 __ • _ 0.7 0.1 17.7
V 7.3 45.7 28.6 0.3 — 1.6 — 16.5

From  th e  fa c t  t h a t  th e  C5-cy c liza tio n  of hexad iene-1 ,5  is o u ts ta n d in g ly  
la rg e  com pared  w ith  th o se  of th e  o th e r  h y d ro ca rb o n s lis ted , i t  w as concluded 
t h a t  of all th e  h ex ad ien e  isom ers hexad iene-1 ,5  h a d  th e  m o st fav o u rab le  s tru c ­
tu r e  for C5-cy c liza tio n .
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T h e fac t t h a t  th e  a m o u n t o f m e th y lcyc lopen tene-1  increases w ith  th e  
d ecrease  of th e  dehydrogenating  a c t iv i ty  of th e  c a ta ly s t , p o in ts  to  th e  d irec t 
h ex ad ien e-1 ,5 —> -m ethy lcyclopen tene-l reac tio n ; t h a t  is, th e  o b serv ed  cyclo­
o lefin  is th e  p r im a ry  p ro d u c t  of th e  ring-closure, an d  is n o t  fo rm ed  from  me 
th y lcy c lo p en tan e  (cf. th e  p ro d u c t-co m p o sitio n s  for im pulses I  a n d  У  in  T ab le  I).

I t  is assum ed t h a t  th e  ring -c lo su re  tak es  p lace  s im ila rly  to  th e  ro u te  
d esc rib ed  b y  Ga u lt  et a l.. w ith  th e  d ifference th a t  h ere  th e  a d so rp tio n  of th e  
tw o  te rm in a l я -bonds o f  th e  m olecule an d  h y d ro g en -sh ift m u s t be  p resum ed :

H 2C C H 2
■> M I I (3)

C H = C

/  I
M C H 3

T h e C5-cyclizations of th e  o th e r  m ono- and  po lyo lefins p ro ceed  e ither 
m u ch  m ore  slowly or th e y  a re  a b se n t; in  th is  la t te r  case th e  fo rm a tio n  of th e  
f iv e -m em b ered  ring  w o u ld  be  p reced ed  b y  th e  fo rm a tio n  of hexad iene-1 ,5  
fro m  h ex en e  b y  d eh y d ro g en a tio n , fro m  hexad ienes b y  iso m eriza tio n , an d  from  
h e x a tr ie n e  b y  h y d ro g en a tio n .

A tte n tio n  m ust b e  d ra w n  to  th e  fa c t t h a t  th e  fo rm a tio n  of five-m em bered  
rin g s from  b o th  s a tu ra te d  a n d  u n s a tu ra te d  h y d ro ca rb o n s w as o bserved  only 
in  a h y d ro g en  excess. T h is  p o in ts  to  th e  re la tio n sh ip  o f th e se  tw o  reac ­
tio n s : th e  C5-d eh y d ro cy c liza tio n  of n -h ex an e  and  th e  cycliza tio n  o f hexad iene . 
In  ag reem en t w ith  L ib e r m a n ’s con cep tio n  in  th e  course of th e  re a c tio n  th e re ­
fore, th e  presence of h y d ro g en  is necessary , b u t  th e  surface in te rm e d ia te  is no t 
n ecessarily  o f a s a tu ra te d  n a tu re . In  th e  case of € 6-dehydrocycIiza tion  lead ing  
to  a ro m a tiz a tio n  i t  w as show n th a t  th is  is a sim ple cyc liza tio n  follow ing 
d eh y d ro g en a tio n . Such a m ech an ism  m a y  also be assum ed fo r th e  fo rm a tio n  of 
th e  five-m em bered  ring . T h e  f in a l e lu c id a tio n  of th e  m echan ism , how ever, 
re q u ire s  s till fu rth e r  e x p e rim e n ta l w ork.
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ХИМИЯ 1,3-БИФУНКЦИОНАЛЬНЫХ СОЕДИНЕНИЙ,
XII I *

И З У Ч Е Н И Е  П Р Е В Р А Щ Е Н И Й  Ц И К Л И Ч Е С К И Х  А Ц Е Т А Л Е Й  Н А  К А Т А Л И З А Т О Р Е

Pt/т  С ПОМ ОЩ ЬЮ  МИКРОРЕАКТОРНОЙ ТЕХНИКИ.
1,3-ДИОКСОЛАНЫ И 1,3-ДИОКСЕПАНЫ

Й . А П Ь О К  и М. Б А Р Т О К

( И н с т и т у т  О р г а н и ч е с к о й  Х и м и и  У н и в е р с и т е т а  и м .  А .  Й о ж е ф а ,  С е г е д ,  В е н г р и я )  
(Поступило в редакцию: 22 октября 1969 г.; в переработанной форме: 20 сентября 1970г.)

Описываются контактно-каталитические превращения некоторых пяти- и 
семичленных циклических ацеталей (1,3-диоксоланы и 1,3-диоксепаны). Исследова­
ния проводились на катализаторе Pt/T, содержащем 10% платины, в атмосфере 
водорода и с помощью микрореакторной техники. Были определены основные на­
правления превращений, и результаты сравнивались с наблюдениями для 1,3- 
диоксанов. Были сделаны заключения относительно зависимостей относительных 
реакционных способностей от числа членов цикла в гомологическом ряду цикли­
ческих ацеталей.

На основе исследований было установлено, что в случае 1,3-диоксепанов, в 
противоположность пяти- и шестичленным циклическим ацеталям, отсутствует 
реакция изомеризации, приводящая к образованию сложного эфира, а другие 
направления реакций, такие как изомеризация в алкоксиальдегид, гидрогенолиз 
кольца с образованием моноэфира диола, а также фрагментация кольца, являются 
общими направлениями превращений для всех трех циклических ацеталей. Умень­
шение числа членов цикла приводит, как правило, к уменьшению реакционной спо­
собности. Изменение направлений превращений циклических ацеталей и их реакци­
онных способностей в зависимости от числа членов цикла, вероятно, вызвано раз­
личиями в конформациях этих соединений.

1 ,3 - Д и о к с о л а н ы  и  1 ,3 - д и о к с е п а н ы * *  м о ж н о  р а с с м а т р и в а т ь  к а к  5 -  и  

7 -ч л е н н ы е  г о м о л о г и  1 ,3 - д и о к с а н а .  Э т и  с о е д и н е н и я  м о г у т  б ы т ь  п о л у ч е н ы  

а н а л о г и ч н ы м  п у т е м  и з  д и о л о в  и  о к с о с о е д и н е н и й ,  и  в  н е к о т о р ы х  р е а к ц и я х ,  к а к  

н а п р и м е р  г и д р о л и з  и л и  п о л и м е р и з а ц и я ,  в е д у т  с е б я  п о д о б н ы м  п у т е м .  В  л и т е ­

р а т у р е  [ 1 ]  п р и в о д я т с я  с р а в н и т е л ь н ы е  д а н н ы е  о т н о с и т е л ь н о  с к о р о с т и  г и д р о ­

л и з а  в с е х  т р е х  г р у п п  с о е д и н е н и й ,  н а  о с н о в е  к о т о р ы х  м о ж н о  з а к л ю ч и т ь ,  ч т о ,  

н е с м о т р я  н а  а н а л о г и ю  в с т р о е н и и  э т и х  с о е д и н е н и й ,  с у щ е с т в у ю т  р а з л и ч и я  в  и х  

р е а к ц и о н н о й  с п о с о б н о с т и .

В  т о  ж е  в р е м я  в  л и т е р а т у р е  п р а к т и ч е с к и  о т с у т с т в у ю т  д а н н ы е  о т н о с и ­

т е л ь н о  п р е в р а щ е н и й  ц и к л и ч е с к и х  а ц е т а л е й ,  п р о т е к а ю щ и х  н а  к о н т а к т а х .  

Р о н д е с т в е д т  с  с о т р .  [ 2 ]  с р а в н и в а л и  п р е в р а щ е н и я  ц и к л и ч е с к и х  а ц е т а л е й  п р и  

и з о м е р и з а ц и и  1 ,3 - д и о к с а н о в  н а  п е м з е  и  с и л и к а г е л е ,  о д н а к о ,  в ы б о р  у с л о в и й  

р е а к ц и и ,  к а к  н а п р и м е р  к а т а л и з а т о р а  и  т е м п е р а т у р ы ,  в  н е к о т о р о й  с т е п е н и  

б ы л  п р о и з в о л ь н ы м . И н т е р е с н ы м  к а з а л о с ь  б ы  и з у ч е н и е  п р е в р а щ е н и й  1 ,3 - д и о к -

* Предыдущее сообщение: Acta Chim. Acad. Sei. Hung. 70, 133 (1971)
** Получение 1,3-диоксоланов и 1,3-диоксепанов проводилось из диолов и оксо- 

соединений согласно [16].
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с о л а н о в  и  1 ,3 - д и о к с е п а н о в ,  п р и  т а к и х  у с л о в и я х ,  п р и  к о т о р ы х  у ж е  и з у ч а л и с ь  

к о н т а к т н о - к а т а л и т и ч е с к и е  п р е в р а щ е н и я  1 ,3 - д и о к с а н о в  [ 3 — 1 0 ] ,  ч т о  п о з в о ­

л и л о  б ы  д е л а т ь  с р а в н е н и я  о т н о с и т е л ь н о  н а п р а в л е н и й  п р е в р а щ е н и й  и  и х  

о т н о с и т е л ь н ы х  с к о р о с т е й .

В  н а с т о я щ е м  с о о б щ е н и и  п р и в о д я т с я  р е з у л ь т а т ы  и с с л е д о в а н и й  п р е в р а щ е ­

н и й  1 ,3 - д и о к с о л а н о в  и  1 ,3 - д и о к с е п а н о в  н а  к а т а л и з а т о р е  P t /T *  в  п р и с у т с т в и и  

в о д о р о д а  и  э т и  р е з у л ь т а т ы  с р а в н и в а ю т с я  с  р е з у л ь т а т а м и ,  п о л у ч е н н ы м и  д л я  

1 ,3 - д и о к с а н о в .  И с с л е д о в а н и я  п р о в о д и л и с ь  с  п о м о щ ь ю  м и к р о р е а к т о р н о й  т е х ­

н и к и  [ 1 1 ] .

Н а  о с н о в е  н а ш и х  и с с л е д о в а н и й ,  п р е в р а щ е н и я  п я т и - ,  ш е с т и -  и  с е м и ч л е н ­

н ы х  ц и к л и ч е с к и х  а ц е т а л е й ,  п р о т е к а ю щ и е  н а  к а т а л и з а т о р е  P t / T  в  п р и с у т ­

с т в и и  в о д о р о д а ,  м о г у т  б ы т ь  п р е д с т а в л е н ы  в в и д е  с л е д у ю щ е й  с х е м ы :

О
II

R -C —О—СН2(СН2)ПСН3

R—СН=0 +  СН3(СНо)„СН-0

+2H —2Н 2Н + 2H

. R — СН2ОН СНз(СН,)„СН2ОН

R

5 +4Н
Y

R-С Н з + НОСН,(СН2)»СН2ОН п =  0,1,2

К о л и ч е с т в е н н ы е  д а н н ы е  о т н о с и т е л ь н о  э т и х  п р е в р а щ е н и й  п р е д с т а в л е н ы  в  

т а б л и ц е  1.
Таблица 1

М а к с и м а л ь н ы е  в ы х о д ы  п р о д у к т о в  п р е в р а щ е н и й  ц и к л и ч е с к и х  а ц е т а л е й ,  в ы р а ж е н н ы е  в  % - а х  
п о  о т н о ш е н и ю  к  и с х о д н о м у  с о е д и н е н и ю

п
И зо м е р и за ц и я , 
% , в  с л о ж н ы е  

эф иры
(н а п р а в л е н и е  1)

Ф р а г м е н т а ц и я , 
% , В ОКСИ-, о к с о -  

со е д и н ен и я  и  
у гл ев о д о р о д ы  

(н а п р а в л е н и е  2)

И зо м е р и з а ц и я , 
% , в  а л к о к с и -  

а л ь д е ги д ы  
(н а п р а в л е н и е  3)

Г и д р о ген о л и з , 
% , в м он оэф и ры  

д и о л а
(н а п р а в л е н и е  4)

Г  и д р о ге н о л и з , 
% , в  д и о л  +  

у л г е в о д о р о д  
(н а п р а в л е н и е  5)

0 8 9 10 ,5 0 ,5 2 ,9 „,1 0 / 
/0

1 81 6 0 15 14 —

2 — 5 7 ,6 3 5 ,8 3 7 —

* Приготовление и свойства катализатора Pt/T могут быть найдены в литературных 
ссылках [11, 12].
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О ч е в и д н о ,  ч т о  с р е д и  п р о ц е с с о в ,  и з о б р а ж е н н ы х  н а  о б щ е й  с х е м е  п р е в р а ­

щ е н и й ,  и з о м е р и з а ц и я  (н а п р а в л е н и е  1 ) о т с у т с т в у е т  д л я  с е м и ч л е н н о г о  ц и к л и ­

ч е с к о г о  а ц е т а л я  (п  =  2 ) ,  в  т о  в р е м я  к а к  д л я  п я т и -  и  ш е с т и ч л е н н ы х  ц и к л и ч е ­

с к и х  а ц е т а л е й  ( R  =  а л к и л )  о н а  п р е д с т а в л я е т  с о б о й  н а п р а в л е н и е ,  д а ю щ е е  н а и ­

б о л ь ш и й  п р о ц е н т  п р е в р а щ е н и я .

Э т и  г л а в н ы е  п р о ц е с с ы  с о п р о в о ж д а ю т с я  в т о р и ч н ы м и  п р о ц е с с а м и ,  к а к  

н а п р и м е р  г и д р и р о в а н и е ,  д е г и д р и р о в а н и е ,  д е к а р б о н и л и р о в а н и е  и  д р .  С т е п е н ь  

п р е в р а щ е н и я ,  а  т а к ж е  % -н ы й  с о с т а в  о б р а з у ю щ и х с я  п р о д у к т о в  з а в и с я т  о т  

т е м п е р а т у р ы  и  о т  п р и р о д ы  з а м е с т и т е л я  R ,  е с л и  д р у г и е  п а р а м е т р ы  с о в п а д а ю т  

и л и  н е  и з м е н я ю т с я  в  о д н о й  с е р и и  и з м е р е н и й .

П р о в е д е н и е  и с с л е д о в а н и й  с  1 ,3 - д и о к с о л а н а м и  и  1 ,3 - д и о к с е п а н а м и  в  

а н а л о г и ч н ы х  у с л о в и я х  п о з в о л я е т  д е л а т ь  с р а в н е н и я  с  р е з у л ь т а т а м и ,  п о л у ­

ч е н н ы м и  д л я  1 ,3 - д и о к с а н о в  [ 3 — 1 0 ] .

Экспериментальные результаты и их обсуждение
I. Каталитические превращения 1,3-диоксоланов*

R

где R =  СН3 (I);
изо—С3Н8 (И); 
CcHä (III).

2 - М е т и л - 1 ,3 - д и о к с о л а н  (I)

Соединение I подвергалось каталитическим превращениям на Pt/T в присутствии 
водорода. На основе результатов газохроматографического анализа были определены 
состав катализата и степени превращения I, в зависимости от температуры (см. табл. 2 и 
рис. 1.).

Р и с .  1 . Изменение степени превращения 2-метил-1,3-диоксолана(1)и %-Ного состава обра­
зующихся продуктов в зависимости от температуры

* Физические константы [12]: I Т. кип.: 81—82°С, п2̂  =  1,3926; II Т, кип.: 123°С, 
п”  =  1,4072; III Т. Кип.: 106— 107°С (11 мм рт. ст.), ni? =  1,5220
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Таблица 2

С т е п е н и  п р е в р а щ е н и я  2 -м е т и л -! ,3 -д и о к с о л а н а  (I) и  % -н ы й  сост ав о б р а зу ю щ и х с я  п р о д у к т о в  
в з а в и с и м о с т и  о т  т е м п е р а т у р ы  а )  — о т н о с и т е л ь н о  и сх о д н о го  и б )  — о т н о си т ел ь н о

п р е в р а щ е н н о го  д и о к с о л а н а

Т е м п е р а т у р а ,
°С

С теп ен ь  
п р е в р а щ е н и я  

д и о к с о л а н а , %

О б р а зо в а н и е  
с л о ж н о г о  э ф и р а , %  

(н а п р а в л . 1)
Ф р а г м е н т а ц и я , % 

(н а п р а в л . 2)

О б р а зо в а н и е  
а л к о к с и а л ь д е г и д а  

(н а п р а в л . 3) и м о н о ­
э ф и р а  д и о л а  (н а ­

п р а в л . 4), %

а б а б а б

180 3,5 1 28,6 1,5 42,8 1 28,6
200 7 3 42,8 3 42,8 1 14,3
220 14,5 10 69 3,5 24,1 1 6,9
240 42 36,7 87,4 4,3 10,2 1 2,4
260 55,4 49 88,5 5,4 9,7 1 1 ,8

280 71,2 63,3 88,9 6,9 9,7 1 1,4
300 78,3 70,3 89,8 7,5 9,6 0,5 0,6
320 97 87 89,7 10 10,3 — —

Как видно из данных таблицы 2 и рисунка 1, в ходе превращений образуется этил- 
ацетат с хорошей селективностью. Количество продуктов с низкой температурой кипения 
достигает 10%-ов лишь при 320°С. Основным направлением превращений является изо­
меризация в сложные эфиры, обозначенная на общей схеме (R =  СН3; п =  0) как l-oe 
направление. Фрагментация соединения I (2-ое направление), изомеризация в альдегид 
(3-ье направление) и гидрогенолиз (4-ое направление) не играют важной роли в превраще­
ниях диоксоланового кольца. В катализате были найдены лишь следы этиленгликоля, что 
свидетельствует о незначительной роли 5-ого направления.

Хроматограмма, характеризующая превращения соединения I представлена на 
рис. 2.

мин.

I -  ЛЕГКОКиПЯИШЕ ПРОД.
*0

о-с2н5сн3-с ч

г п

сн ,-сн ,-о-сн ,-с*
5 -  С2Н5- 0 - (С Н 2^ -0 Н

Р и с . 2 . Хроматограмма, характеризующая превращения 2-метил-1,3-диоксолана (1) 
Экспериментальные условия: а) 1 мл Pt/T, Н.,,260 °С; б) 2 м 20% полипропиленгликольади- 

пата, 142°С, 60 мл Н2 мин, 140 ма, предельное отклонение компензографа 8 мв.
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2 - И з о п р о п и л - 1 ,3 - д и о к с о л а н  (II)

При превращениях соединения II на катализаторе Pt/T образуются также в основ­
ном жидкие продукты (см. табл. 3 и рис. 3).

Как видно из данных таблицы 3 и рисунка 3, основным продуктом превращений 
является этилизобутират. Другие продукты, включая и низкокипящие продукты, были 
найдены в катализате лишь в небольших количествах.

Р и с .  3 . Изменение степени превращения 2-изопропил-1,3-диоксолана (II) и %-ного состава 
образующихся продуктов в зависимости от температуры

Таблица 3

С т е п е н и  п р е в р а щ е н и я  2 - и з о п р о п и л - 1 ,3 - д и о к с о л а н а  (II) и  % - н ы й  с о с т а в  о б р а з у ю щ и х с я  
п р о д у к т о в  в  з а в и с и м о с т и  о т  т е м п е р а т у р ы  а )  — о т  и с х о д н о г о  и  б )  — о т  п р е в р а щ е н н о г о

д и о к с о л а н а

Тем­
пера­
тура,

°С

Степень 
превраще­
ния диок­
солана, %

Образование 
сложного 
эфира, % 

(направл. 1)

Ф рагментация
%

(направл. 2)

Образование
алкоксиальд,

%
(направл. 3)

Образование 
моноэфира 
диола, % 

(направл. 4)

а б а б а б а б

175 4,6 2,5 54,4 0,5 10,8 0,1 2,2 1,5 32,6
200 24,4 16 66,7 2,5 10,2 0,2 0,8 5,7 23,3
220 29,6 23,2 78,4 3,2 10,8 0,3 1 2,9 9,8
240 58,8 50,5 85,8 5 8,5 0,5 0,9 2,8 4,8
260 71 62,1 87,5 6,7 9,4 0,2 0,3 2,0 2,8
280 86,7 77,4 89,3 7,5 8,6 сл . СЛ. 1,8 2,1
305 96,7 85,9 88,6 9,8 10,1 — — 1 1Д
315 100 89 89 10,5 10,5 — — 0,5 0,5

При превращениях II доминирующим процессом является изомеризация в сложный 
эфир (1-ое направление). Фрагментация диоксоланового кольца (2-ое направление) и 
вторичные превращения продуктов обеспечивают лекгокипящую часть катализата. Общее
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количество их при 240°С не достигает 5%-ов и достигает 10%-ов лишь при 315°С.' При 
200°С количество 2-изобутоксиэтанола (4-ое направление) превышает 5%-ови сповышением 
температуры уменьшается равномерно. На рис. 4 представлена хроматограмма, характери­
зующая превращения II.

мин.
Д,-/1ЕГК0КиПЯШ.ЦЕ

ПРОД. „0
2-  СН3'СН-С*°

А- и -С 4Н9-0-СН2-С*

СНЭ" ч О-С2Н5

3_ 51 5 -  U-C4H9-0-(CH j)2-0H

X
Р и с .  4 .  Хроматограмма, характеризующая превращения 2-изопропил-1,3-диоксолана (II) 
Экспериментальные условия: а) 1 мл Pt/T, Н2, 240°С; б) 2 м 20% полипропиленгликольади- 

пата, 142°С, 60 мл Н.,/мин, 160 ма, предельное отклонение компензографа 8 мв

2 - Ф е н и л - 1 , 3 - д и о к с о л а н  (III)
В таблице 4 и на рисунке 5 представлены данные превращений III на Pt/T в при­

сутствии водорода.
Таблица 4

С т е п е н и  п р е в р а щ е н и я  2 - ф е н и л - 1 ,3 - д и о к с о л а н а (III) и  % - н ы й  с о с т а в  о б р а з у ю щ и х с я  п р о д у к т о в  
в  з а в и с и м о с т и  о т  т е м п е р а т у р ы  а )  — и с х о д н о г о  и  б )  — 

п р е в р а щ е н н о г о  д и о к с о л а н а

Температура,
°С

Степень пре­
вращ ения ди­
оксолана, %

Образование сложно­
го эфира, % (на- 

правл. 1)
Фрагментация, % 

(направл. 2)

Образование ал- 
коксиальдегида, 

(направл. 3) и моно­
эфира диола (на­

правл. 4 ) , %

а б а б а б

220 33 ,3 6 ,2 18,6 12,5 37,6 14,6 4 3 ,8

235 41 10 2 4 ,4 13,5 32,9 17,5 4 2 ,7

250 61 21 3 4 ,4 15 24 ,6 25 41

265 67 26 38 ,8 17 25 ,4 24 35 ,8

285 8 3 ,2 39 4 6 ,9 19 22 ,9 2 5 ,2 3 0 ,2

300 91 49 5 3 ,8 23 25 ,3 19 20 ,9
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Среди продуктов превращений, особенно при более высоких температурах, значи­
тельное место занимает этилбензоат.

С повышением температуры степень образования сложного эфира монотонно воз­
растает и при 300°С количество образующегося этилбензоата достигает 54%-ов от всего 
превращенного диоксолана III, т. е. 1-ое направление становится доминирующим.

Р и с .  5 .  Изменение степени превращения 2-фенил-1,3-диоксолана (111) и %-ного состава обра­
зующихся продуктов в зависимости от температуры

Р и с .  6 .  Изменение степеней превращений 1,3-диоксоланов и выхода образующихся продук­
тов в зависимости от температуры
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II. Сравнение реакционных способностей 1,3-диоксоланов и 1,3-диоксанов

Изученные на Pt/T в присутствии водорода 1,3-диоксоланы с хорошим выходом 
превращаются в соответствующие сложные эфиры (рис. 6).

Диоксоланы, на основе температурных величин, соответствующих 50%-ному превра­
щению, могут быть помещены в следующий ряд: 2-изопропил- >  2-фенил- >  2-метил-1,3- 
диоксолан. Приводимый ряд отражает склонность 1,3-диоксоланов к превращениям 
(реакционную способность) в данных условиях контактного катализа на Pt/T в присут­
ствии водорода. На основе выхода сложного эфира склонность к изомеризации уменьша­
ется в следующем ряду: 2-изопропил- >  2-метил- >  2-фенил-1,3-диоксолан. Рисунки 7 и 8 
служат для сравнения реакционной способности некоторых 2-алкил-1,3-диоксоланов и
1,3-диоксана. Согласно рис. 7, 2-метил-1,3-диоксолан (I) является более реакционноспособ­
ным и обладает большей склонностью к изомеризации в сложный эфир, чем 2-метил-1,3-

Р и с .  7. Изменение степеней превращений 2-метил-1,3-диоксолана и 2-метил-1,3-диоксана, 
а также выхода образующихся продуктов в зависимости от температуры

Р и с .  8 .  Изменение степеней превращений 2-изопропил-1,3-диоксолана и 2-изопропил-1,3- 
диоксана, а также выхода образующихся продуктов в зависимости от температуры
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диоксан. Изменения степеней превращения 2-изопропил-замещенных циклических ацета­
лей относительно близки, однако, на основе выхода сложного эфира 2-изопропил-1,3- 
диоксолан (II) превышает 2-изопропил-1,3-диоксан (рис. 8.). При превращениях 2-изопро- 
пил-1,3-диоксана можно наблюдать образование значительных количеств алкоксиальде- 
гида (14,5%) и алкоксипропанола (14%) [9], в то время как в случае 2-изопропил-1,3- 
диоксолана (III) выход соответствующих продуктов значительно меньше (всего макс. 6%).

На основе сравнения результатов, полученных для превращений 2-алкил-замещен- 
ных 1,3-диоксоланов и диоксанов было установлено, что склонность к изомеризации в 
сложные эфиры (разрыв связи С(4)—0(3))является более выраженной у диоксоланов, чем у 
диоксанов. В то же самое время диоксаны более склонны по сравнению с диоксоланами к 
гидрогенолизу с разрывом связи С(2)—0(3), и изомеризации, с образованием алкоксиальде- 
гида.

III. Каталитические превращения 1,3-диоксепанов*

R

2 - П р о п и л - 1 , 3 - д и о к с е п а н  (IV)

где R =  С3Н 7 (IV);
изо-С3Н 7 (V).

Процентный состав основных продуктов превращения соединения IV на Pt/T в при' 
сутствии водорода определялся газохроматографическим методом (см. табл. 5).

Таблица 5

С т е п е н и  п р е в р а щ е н и я 2 - п р о п и л - 1 , 3 - д и о к с е п а н а { \ У )  и  % - н ы й  с о с т а в  о б р а з у ю щ и х с я  п р о д у к т о в  
в  з а в и с и м о с т и  о т  т е м п е р а т у р ы  а ) —  и с х о д н о г о  и  б ) —  п р е в р а щ е н н о г о  д и о к с е п а н а

Температура,
°С

Степень пре­
вращения ди­
оксепана, %

Ф рагментация,0//0
(направл. 2)

Образование 
алкоксиальдегида, % 

(направл. 3)

Образование 
моноэфира диола, %  

(направл. 4)

а б а б а б

180 71 6,5 9,1 27,2 38,2 37,3 52,6
200 73,5 11,7 16 29,5 40,5 32 43,5
220 74,2 24,4 32,9 24,9 33,5 24,9 33,5
230 84 40,2 47,9 23,4 27,8 20,4 24,3
255 85 52,5 61,7 16,7 19,7 15,8 18,6
270 88,5 57,6 65,1 15,1 17,1 15,8 17,8

Д а н н ы е  т а б л и ц ы  и з о б р а ж е н ы  в в и д е  г р а ф и к а  н а  р и с .  9 .  К а к  в и д н о  и з  р и с .  9 ,  в 

п р о ц е с с е  п р е в р а щ е н и й  IV  с  у в е л и ч е н и е м  т е м п е р а т у р ы  у м е н ь ш а е т с я  о б щ и й  

в ы х о д  а л к о к с и а л ь д е г и д а  и  м о н о э ф и р а  д и о л а ,  б л а г о п р и я т с т в у я  о б р а з о в а ­

н и ю  л е г к о к и п я щ и х  п р о д у к т о в .  Э т о  я в л е н и е  у к а з ы в а е т  н а  в о з р а с т а ю щ е е  

з н а ч е н и е  ф р а г м е н т а ц и и  д и о к с е п а н а ,  а  т а к ж е  н а  у с к о р е н и е  в т о р и ч н ы х  п р о ­

ц е с с о в ,  в  р е з у л ь т а т е  к о т о р ы х  о б р а з у ю щ и е с я  а л к о к с и а л ь д е г и д  и  м о н о э ф и р  

д и о л а  р а з л а г а ю т с я  д а л е е .  Т а к  к а к  и з о м е р и з а ц и я  в  с л о ж н ы й  э ф и р  ( l - o e  н а -

* Физические константы [12]: IV Т. кип.: 75—77°С (45—50 мм рт. ст.) ng 1,4293;
V Т. кип.: 69—71°С (45—50 мм р^’т. ст.) п 1,4289.
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п р а в л е н и е )  о т с у т с т в у е т ,  т о  г л а в н ы м и  н а п р а в л е н и я м и  п р е в р а щ е н и й  с т а н о в я т ­

с я  и з о м е р и з а ц и я  в  а л к о к с и а л ь д е г и д  ( 3 - ь е  н а п р а в л е н и е )  и  г и д р о г е н о л и з  (4 - о е  

н а п р а в л е н и е ) .  С п о в ы ш е н и е м  т е м п е р а т у р ы ,  н а р я д у  с  ф р а г м е н т а ц и е й ,  п р о т е к а ­

ю т  г и д р о г е н о л и з ,  д е г и д р и р о в а н и е ,  д е г и д р а т а ц и я ,  д е к а р б о н и л и р о в а н и е  и  д р .  

о б р а з о в а в ш и х с я  п р о д у к о в .  Х р о м а т о г р а м м а ,  х а р а к т е р и з у ю щ а я  п р о д у к т ы  

п р е в р а щ е н и й  с о е д и н е н и я  I V ,  п р е д с т а в л е н а  н а  р и с .  1 0 .
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Р и с .  9 .  Изменение степени превращения 2-пропил-1,3-диоксепана (IV) и %-ного состава 
образующихся продуктов в зависимости от температуры

мин.
Д _ -  ДЕГКОКиПЯ1ДиЕ ПРОД.

2 -  П1 О оSr
СЭН7

3- с4Н9-0-(СН2)э-С̂ °
4 -  С4 Н9-О-(СН2)4- 0 Н

Р и с .  1 0 . Хроматограмма, характеризующая превращения 2-пропил-1,3-диоксепана. 
Экспериментальные условия: а) 1 мл Pt/T, Н2, 220°С; б) 1 м 20% полипропиленгликольади- 

пата, 162°С, 60 мл Н2/мин, 140 ма, предельное отклонение компензографа 8 мв
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0 с.

Р и с .  1 1 . Изменение степени превращения 2-изопропил-1,3-диоксепана (V) и %-ного состава 
образующихся продуктов в зависимости от температуры

мин.

1- ЛЕГКОКипЯШДЕ ПРОД.

" 9  '
з -  и - с 4 н э- о -  (СН2)3- С ^ °

и Ц-С4 Н9- 0 - ( С Н 2)4 -0 Н

Р и с .  1 2 . Хроматограмма, характеризующая превращения 2-изопропил-1,3-диоксепана (V) 
Экспериментальные условия: а) 1 мл Pt/T, Н2,200°С; б) 1 м 20% полипропиленгликольади- 

пата, 162°С, 60 мл Н2/мин, 140 ма, предельное отклонение компензографа 8 мв
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2 - И з о п р о п и л - Т , 3 - д и о к с е п а н  (V)

Соединение V ведет себя на Pt/T и в токе водорода подобно соединению IV, однако, 
наблюдаются некоторые расхождения в поведении двух изомеров IV и V относительно 
количественных отношений образующихся продуктов.

В случае соединения V в изученном интервале температур общий выход алкокси- 
альдегида и моноэфира диола превышает количество легкокипящих продуктов (см. табл. 
6 и рис. 11).

Таблица 6

С т е п е н и  п р е в р а щ е н и я  2 - и з о п р о п и л - 7 , 3 - д и о к с е п а н а ( У )  и  % - н ы й  с о с т а в  о б р а з у ю щ и х с я  п р о д у к ­
т о в  в  з а в и с и м о с т и  о т  т е м п е р а т у р ы  а )  — и с х о д н о г о  и  б )  —  п р е в р а щ е н н о г о  д и о к с е п а н а

Температура,
С

Степень 
1 превращения 
1 диоксепана,

о//0

Фрагментация, % 
(направл. 2,

Образование ал- 
коксиальдегида, % 

(направл. 3)

Образование 
моноэфира, % 

(направл. 4)

а б а б а б

180 65 5,5 8,5 28,5 43,8 31 47,7
200 73,8 10,8 14,6 32,5 44 30,5 41,4
225 76,3 13 17 35,8 47 27,5 36
240 80,5 25,7 32 32,4 40,2 22,4 27,8
255 88,5 37,3 42,2 30,5 34,4 20,7 23,4

В процессе превращений соединения V при температуре 255°С выход алкоксиальде- 
гида в полтора раза превышает количество моноэфира диола, в то время как в случае соеди­
нения IV выходы этих двух продуктов гораздо меньше различаются в тех же самых усло­
виях. На рис. 12 предствалена хроматограмма, характеризующая превращения соеди­
нения V.

IV. Сравнение реакционных способностей 1,3-диоксепанов, 1,3-диоксанов и
1,3-диоксоланов

В превращениях 1,3-диоксепанов не наблюдалось образование сложных эфиров. В то 
же время, два изомерных диоксепена (IV и V), на основе сравнения их степеней превраще­
ния, обладают почти одинаковой реакционной способностью, независимо от структуры 
алкильного заместителя. Иначе говоря, решающим фактором, определяющим направление 
и скорость превращений, является семичленная циклическая структура, а алкильный 
заместитель с разветвленной цепочкой в положении 2 препятствует процессу фрагмен­
тации.

В случае 1,3-диоксанов алкильный заместитель с разветвленной цепочкой в поло­
жении 2 оказывает также значительное влияние и на степень изомеризации в сложный эфир 
(степень превращения 2-изопропил-1,3-диоксана превышает степень превращения его 
изомера 2-пропил-1,3-диоксана; см. рис. 13).

2-Изопропил-производные циклических ацеталей, на основе температур, при кото­
рых достигается 50%-ное превращение, могут быть представлены в следующем ряду реак­
ционных способностей:

1,3-диоксепан §> 1,3-диоксан >  1,3-диоксолан.
Для склонности к гидрогенолизу циклических ацеталей получаем обратный 

порядок. В таблице 7 приводятся ряды реакционных способностей циклических ацеталей,
измеренных при различных условиях, в зависимости от числа членов цикла.
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Таблица 7

Р е а к ц и о н н а я  с п о с о б н о с т ь  ц и к л и ч е с к и х  а ц е т а л е й

О с н о в а  с р а в н е н и я

З а в и с и м о с т ь  
р е а к ц и о н н о й  
сп особн ости  
от р азм е р о в  

к о л ь ц а

Л и т е р а т у р а

Энтальпия образования 5 >  7 >  6 13
Скорость гидролиза 5 >  6 >  7 14
Полимеризационная способность 7 > 5  >  6 15
Контактно-каталитические превращения, 
Pt/T; Н2:

Степень превращения 7 >  6 ^  5
Изомеризация в алкоксиальдегид 7 => 6 >  5 а
Гидрогенолиз в моноэфир диола 7 §> 6 >  5
Изомеризация в сложный эфир 5 >  6

а  — на основе экспериментальных данных для 2-изопропил-производных, приво­
димых в настоящем сообщении.

Р и с .  1 3 . Изменение степеней превращений 2-пропил- и 2-изопропил-замещенных цикли­
ческих ацеталей в зависимости от температуры.

V. О механизме химических превращений пяти-, шести- и семичленных 
циклических ацеталей на P t/T  в присутствии водорода

Пяти- и шестичленные циклические ацетали на катализаторе Pt/T в присутствии 
водорода с хорошим выходом превращаются в сложные эфиры в процессе изомеризации, 
являющимся главным направлением превращений. Насколько удивительным является 
селективность превращений в случаях 1,3-диоксоланов и 1,3-диоксанов, не менее особен­
ным кажется тот факт, что в гомологическом ряду циклических ацеталей для случая 
семичленных 1,3-диоксепанов изомеризация с образованием сложного эфира отсутствует в
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полной мере, а вместо этого, через раскрытие связи между углеродом в положении 2 и 
соседним кислородом, происходит образование алкоксиальдегида и моноэфира диола. 
Образование сложного эфира не наблюдалось и в случае линейных ацеталей, превращения 
которых проводились также на катализаторе Pt/T в присутствии водорода.

В литературе приводятся данные относительно того, что в жидкой фазе при усло­
виях протекания радикальных реакций (УФ-облучение, присутствие перекисей) пяти- и 
шестичленные циклические ацетали, а также ацетали с открытой цепочкой превращаются 
с образованием сложного эфира [17—22]. Можно полагать, что при подобных условиях
1,3-диоксепаны будут претерпевать аналогичные превращения. Помимо этого, в двух 
работах по термической изомеризации в паровой фазе 5-метилен-1,3-диоксанов сообщается 
об образовании металлиловых сложных эфиров [23, 24]. В некоторых вышеперечисленных 
случаях ацетальная связь находится в сопряжении с двойной связью (сопряжение аллиль- 
ного типа), так что всеми авторами, обсуждающими механизм реакции, в качестве началь­
ной ступени реакции полагается без исключения радикальная реакция с потерей водо­
рода, протекающая на углероде второй степени окисления (для циклических ацеталей на 
атоме С(2)).

Изучая превращения ацеталей, протекающие на Pt/T в присутствии водорода, было 
установлено, что характерное образование сложного эфира в случае пяти- и шестичленных 
циклических ацеталей, можно представить как формальную 1,3-перегруппировку, связан­
ную с разрывом связи 0(3)—С(4).

о—сн2— сн2
\ н з

R

Относительно термодинамических сил, движущих процессом (стабильности цикли­
ческого ацеталя и сложного эфира), имеются лишь сравнительные данные, согласно кото­
рым сложные эфиры являются более стабильными, чем циклические ацетали по отношению 
к терморазложению и контактно-каталитическим превращениям [12, 25]. Отсюда следует 
полагать, что при контактно-каталитических превращениях, образованию и дальнейшим 
превращениям переходного комплекса, необходимого для изомеризации обычно реакцион­
носпособного 1,3-диоксепана в сложный эфир, препятствуют не энергетические, а ад­
сорбционные геометрические факторы, исходящие из конформации цикла. Для пяти-, 
шести- и семичленных алициклических углеродных соединений имеются в распоряжении 
надежные конформационные данные [26, 27]. На основе подобия в конформациях пяти- и 
шестичленных ацеталей с соответствующими им эпициклическими соединениями [26, 28— 
30] можно полагать, что 1,3-диоксепаны следует рассматривать в корреляции с цикло­
гептаном.
Полагая конформацию с минимальной энергией и переходы между экваториальными 
аксиальными положениями алкильных заместителей при атоме С(2), можно обнаружить, 
что в случае 1,3-диоксолана и 1,3-диоксана кислороды, примыкающиеся к атому С(2), на­
ходятся в одной плоскости и, помимо этого, у 1,3-диоксолана второй центр превращения, 
приводящего к образованию сложного эфира, а именно атом С(4) в основном своем состоя­
нии находится в той же самой плоскости. В случае 1,3-диоксепанов такая копланарность 
центров, принимающих участие в реакции, в конформации, означающей минимальное 
энергетическое состояние, еще более затруднена по сравнению с 1,3-диоксанами, не говоря 
уже об ацеталях с открытой цепочкой. На этой основе могут быть объяснены результаты, 
относящиеся к изомеризации ацеталей. Количественные различия в изомеризации пяти- и 
шестичленных циклических ацеталей (см. табл. 1) переходят в качественное отличие — от­
сутствие данного направления реакции для случая 1,3-диоксепанов. На этой же основе 
следует рассматривать и отсутствие образования сложного эфира у ацеталей с открытой це­
почкой. С другой стороны, что касается точного механизма, а именно выяснения вопроса о 
том, что переход водорода происходит меж- или внутримолекулярно, необходимы дополни­
тельные исследования. Хемосорбированный на поверхности платины водород может всту­
пать в сложные реакции на поверхности, и тем самым, образование сложного эфира воз­
можно и неза счет внутримолекулярного переноса водорода. В атмосфере гелия изомериза­
ция в сложный эфир не протекает, а протекают другие не каталитические, а в основном 
пиролитические процессы.

1 О

С -----
/  V-

R I Н

3̂

с н ,
4
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Среди прочих превращений циклических ацеталей на катализаторе Pt/T  в атмо­
сфере водорода, важное место занимают изомеризация с образованием алкоксиальдегида 
за счет разрыва связи С(2)-0, и гидрогенолиз до моноэфира диола. В случае 1,3-диоксепа- 
нов наблюдаются почти только эти два процесса, в то время как в гомологическом ряду 
ацеталей с уменьшением числа членов цикла и молекулярного веса алкильного замести­
теля в положении 2, они становятся все менее важными. Образование алкоксиальдегида 
является также процессом изомеризации, только направление переноса водорода явялется 
обратным по сравнению с изомеризацией, приводящей к образованию сложного эфира. 
Отношение образующихся алкоксиальдегида и моноэфира диола особенно трудно опре­
деляется при повышенных температурах, вследствие возможных гидрирования — дегидри­

рования и прочих вторичных процессов. Однако, и в данном случае было определено, что с 
увеличением числа членов цикла увеличивается образование алкоксиальдегида и моно­
эфира диола, что, вероятно, связано с вытекающими из конформаций циклических ацеталей 
адсорбционно-геометрическими условиями, благоприятствующими процессам такого на­
правления.

S u m m ary

T h e  heterogeneous ca ta ly tic  tran s fo rm a tio n s  o f som e 5 and  7 -m em bered  cyclic ace ta ls , 
1 ,3 -d ioxolans and  1 ,3-dioxepans, hav e  been  s tu d ie d  in  a  m icro reac to r, u sin g  a  P t/T  c a ta ly s t  
w ith  a P t  c o n ten t o f 1 0% , in  th e  p resence o f h y d ro g en . T he general d irec tio n  of th e  re ac tio n s  
in v o lv ed  has been e s tab lish ed  and co m p ared  w ith  th e  find ings fo r 1 ,3 -d ioxans. C onclusions 
w ere d ra w n  concerning th e  re la tiv e  re a c tiv i ty  o f hom ologous cyclic ace ta ls , d ep end ing  on  th e  
n u m b e r  o f atom s in th e  ring.

I t  has  been e s tab lish ed  th a t ,  in c o n tra s t  to  5 a n d  6-m em bered cyclic ace ta ls , iso m eriza ­
tio n  to  th e  ester does n o t  occur in th e  case o f  1 ,3 -d ioxepans. H ow ever, th e  o th e r  ty p ic a l re a c ­
tio n s  su ch  as iso m erization  to  a lk o x y a ld eh y d e , r in g  hydrogenolysis to  diol m o n o e th e r a n d  r in g  
fra g m e n ta tio n  are com m on  ch arac te ris tic  fe a tu re s  o f  all th e  3 cyclic ace ta ls . T he decrease  in 
th e  n u m b e r of ring  a to m s, in general, lead s to  a  decreased  reac tiv ity . T he dependence  o f th e  
re ac tio n s  an d  re ac tiv itie s  o f cyclic ace ta ls on  th e  n u m b er of ring  a tom s can  p ro b a b ly  be a t t r i ­
b u te d  to  differences in  th e ir  conform ation .
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THE CHEMISTRY OF 1,3-BIFUNCTIONAL SYSTEMS, XIV
K IN E T IC  ST U D Y  O F T H E  A L K A L IN E  H Y D R O L Y S IS  O F  T H E  2 ,2 -D IS U B S T IT U T E D  

H O M O LO G U ES O F  T R IM E T H Y L E N E  C H L O R O H Y D R IN

M. B artók , G. B o zóki-B a rtó k  and К. K ovács

(D epartm ent o f  Organic C hem istry , A . J ó zse f U niversity, Szeged)

R eceived  O c to b er 27, 1969, 
in rev ised  fo rm  J u ly  15, 1970

T h e  k in etics o f a lkaline  h y d ro ly sis  o f th e  2 ,2 -d isu b stitu ted  hom ologues [2,2- 
d im e th y l  (I), 2 ,2 -d ie thy l (II), 2 -m eth y l-2 -p ro p y l (III), 2 -e th y l-2 -b u ty l (IV), 2,2-diiso- 
p ro p y l-3 -ch lo ro p ro p an o l (V)] o f t r im e th y le n e  ch lo ro h y d rin  w ere stud ied . F ro m  th e  e x p e r­
im e n ta l  d a ta ,  th e  ra te  c o n stan ts , a c t iv a t io n  energies a n d  en trop ies , and  p re ex p o n e n tia l 
fa c to rs  h a v e  been  de te rm in ed  fo r th e  fo rm a tio n  of o x acy c lo b u tan e  hom ologues.

W e h a v e  re p o rte d  in  tw o co m m u n ica tio n s on a k inetic  in v es tig a tio n  o f 
th e  a lk a lin e  hyd ro lysis  of 1 ,3 -ch lo rohydrin s [1, 2].

I n  th is  p a p e r  we w ish to  re p o r t  th e  re su lts  o b ta in ed  w ith  th e  fo llow ing  
m odel co m p o u n d s belonging to  th e  g roup  o f  2 ,2 -d isu b stitu ted  1 ,3 -ch lo ro h y ­
drins:

C H , C H , c 2H5 C2H 5
\ /  

C H 2-  C -
1

C H 2 C H 2- ^ C ^ -C H 2
1 11

Cl OH Cl O H

I I I

C H 3 C3H, C2H 5 C4H 9
\ /  

C H 2— C -
1

CH2 C H 2-^ C  - C H 2

Cl OH Cl O H

II I IV

CH3̂ C H 3 C H 34 /C H 3
CH

/  \
C H 2 C H 2
I I
Cl O H

V

B ey o n d  a sim ple descrip tion  o f th e  ex p e rim en ta l re su lts  we shall ex am in e  
th e  v a lid ity  o f  th e  reac tio n  m echan ism  suggested  earlie r [1] and  th e  effect o f 
su b s titu e n ts  in tro d u c e d  in to  th e  tr im e th y le n e  ch lo ro h y d rin  m olecule on th e  
k inetic  p a ra m e te rs .

5* A da Chim. (Budapest) 72, 1972



2 9 8 B A R T Ó K  e t  a l.: 1 ,3 -B IF U N C T I O N A L  S Y S T E M S , X I V

In  ou r p re p a ra tiv e  w ork  we w ere ab le  to  confirm  th a t  w hen  boiled  in  an 
a lk a lin e  m edium , co m p o u n d s (I) to  (V) an d  th e ir  acetals are  co n v erted  m ain ly  
in to  th e  co rrespond ing  oxe tan es [1, 3].

R  R '
\  /

C Cl
/  \ /

C H 2 C H 2
\

OH

он<->
R  R '

w h ere  R  and  R ' re p re s e n t m e th y l—m e th y l, e th y l—e th y l, m e th y l—p ro p y b  
e th y l— b u ty l an d  iso p ro p y l— iso propy l rad ica ls .

T he fo rm atio n  o f  o xetanes is a cco m p an ied  b y  som e m inor f ra g m e n ta tio n  
[1]. A ccording to  o u r  re c e n t  in v es tig a tio n s , in  a 0.2 M  aqueous b a riu m  h y d ro x ­
ide  so lu tion  too  th e  m a in  reac tio n  is o x e tan e  fo rm atio n .

O n th e  h as is  o f  th e  m echanism  su g g ested  in  our earlier w ork  [1] th e  fo r­
m a tio n  of 2 ,2 -d isu b s titu te d  oxetanes m a y  be  ex p la in ed  as follows:

R R '

0,_(-)

R  R '
\  /

C Cl C Cl
/  \ / /  \ /

CH, CH2 +  OH<-> ^ CH, CH,
\ V

OH 0(->

R R ' R R '
\  / \ /

C Cl / \ 4 t
/  \ /

CH, CH,
\  /

► 0

H »0

The k in e tic  re su lts  are sum m arized  in  T ab le  I. The ra te  co n s ta n ts  h av e  
b een  ca lcu la ted  in  acco rdance  w ith  [1] fro m  a  second o rder ra te  e q u a tio n . T h e  
T ab le  contains b esid e  th e  ex p erim en ta l cond itions th e  ra te  co n s ta n ts  ( k ) ,  
th e  ac tiv a tio n  energ ies (/JR*), th e  p reex p o n en tia l factors (A ) an d  th e  a c t iv a ­
t io n  en trop ies (zJS*).

The e x p e rim e n ta l d a ta  lis ted  in  th e  T ab le  are in sa tis fa c to ry  ag reem en t 
w ith  a second o rd e r  ra te  eq u a tio n , w hich  con firm s th e  v a lid ity  o f th e  suggested  
reac tio n  m ech an ism  (1) also for th is  ty p e  o f ch lo rohydrins. T he ra te  c o n s ta n ts  
m easu red  a t  v a rio u s  te m p e ra tu re s  can  be  sa tis fac to rily  described  b y  m ean s of 
th e  A rrhenius e q u a tio n  (Fig. 1). T he v a lid i ty  of th e  proposed  reac tio n  m ech a ­
n ism  is su p p o rted  b y  th e  values of AH*  a n d  AS* calcu la ted  from  th e  ex p ern  
m e n ta l d a ta .
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Table I
K inetic  data o f the alkaline hydrolysis o f  1,3-chlorohydrins o f  the type  

R  R '
\  /

C H 2-  C - C H 2 
I I
Cl O H

°C Chlorohy drin ! [OH] к AH\ A A S%
cone, mol/1. 1

1
ge4/> min-1 kcal • mol-1 1 • mol-1 • min-1 e.u.

80 0.01005 0.01806 0.023

85 0.01011 0.01610 0.043

90 0.01005 0.01623 0.065

I 90 0.01005 : 0.01480 0.076 23.6 1.2X 1013 -  7.2

195 0.01003 0.01610 0.105

95 0.01006 0.01480 0.115

100 0.01011 0.01480 0.195

100 0.01003 0.01834 0.200

80 0.01001 0.09510 0.076

80 0.01003 0.01571 0.071

II* 85 0.01004 0.01623 0.115 21.9

90 0.01005 1 0.01630 0.175

95 0.01001 0.01687 0.254 2.4X 1012 - 1 0 .4

95 0.01003 0.01571 0.235

80 0.01012 0.01687 0.044

III 85 0.01001 0.01610 0.069 23.1

90 0.01005 0.01623 0.109

95 0.01014 0.01610 0.167 8 .6 X 1 0 12 -  7.9

80 0.01005 0.01687 0.060

TV 85 0 01005 0.01610 0.098 22.0

.90 0.01001 0.01623 0.145

95 0.01010 0.01610 0.213 2 .3 x  1012 - 1 0 .5

75 0.01007 0.01687 0.162

80 0.01007 0.01687 0.234

80 0.01004 0.01554 0.216

80 0.00993 0.01554 0.224 22.0

V 80 0.01005 0.01939 0.245

85 0.01007 0.01918 0.382

90 0.01007 0.01918 0.571

95 0.01001 0.01554 0.747

95 0.01003 0.02087 0.716 9.1 X lO 12 -  7.8

95 0.01007 0.01918 0.802

* E x p erim en ta l d a ta  tak en  from  Ref. [1]
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Comparison o f the rate constants in  the Table w ith the rate constant o f  
the parent substance —  trim ethylene chlorohydrin —  under identical experi­
m ental conditions [2], e.g . at 80 °C where the la tter is 0.024 1 • m ol-1 • m in -1 , 
shows th a t the presence o f the tw o alkyl groups has considerably raised the  
rate o f  alkaline hydrolysis despite the fact th a t the substituents are not attached  
to carbon atoms participating directly in th e  reaction. The m ost probable cause 
for th e  higher rate constants should be sought in the developm ent of a favour­
able conform ation necessary for the S Ni  process to  take place. The sim u lta ­
neous presence o f  tw o substituents on carbon atom  2 forces the m olecule to  
take up th is favourable conform ation.

F ig . 1. V a ria tio n  of th e  a lk a lin e  h y dro lysis r a te  o f th e  2 ,2 -d isu b stitu ted  hom ologues o f  t r i ­
m e th y len e  ch lo rohydrin  w ith  th e  te m p e ra tu re . A : tr im e th y le n e  ch lorohydrin . I: 2 ,2 -d im eth y l- 
t r im e th y le n e  ch lo rohydrin . II: 2 ,2 -d ie th y ltr im e th y le n e  ch lo rohydrin . Ill: 2-m eth y l-2 -p ro p y l- 
t r im e th y le n e  ch lo ro h y d rin . IV: 2 -e th y l-2 -b u ty ltr im e th y le n e  ch lo rohydrin . V: 2 ,2 -diisopro-

p y ltr im e th y len e  c h lo ro h y d rin

E xp erim en ta l

T h e  1 ,3 -ch lorohydrins w ere p rep ared  b y  th e  d e ac e ty la tio n  of th e  correspond ing  chloro- 
a c e ta te s  in  th e  presence o f m e th an o l [1]. T he y ie ld s w ere a b o u t 80% . T he p u r i ty  o f th e  s ta r tin g  
m a te ria ls  was checked b y  gas-liqu id  c h ro m a to g ra p h y . T h e  physical p a ram ete rs  o f th e  s ta r tin g  
su b s ta n c es  are lis ted  in  T ab le  I I .

Table II

Sym bol
of

com pound

B oiling  p o in t

n D

Cl Of/О

°C m m H g calcd. fo u n d

I 93 40 1.4440 28.92 28.51

и 117 40 1.4596 23.54 23.50

h i 117 40 1.4532 23.54 22.87

IV 143 40 1.4600 19.77 19.36

V 115 20 1.4642 19.77 19.22
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80 °C
a =  0.01806 
6 =  0.01005

I

C H 3 C H 3

CH2 - C - C H 2 
I I
Cl OH

85 °C
a =  0.01610 
b =  0.01011

No. t X к No. 1 X к

í 150 0.00066 0.025 í 60 0.00044 0.046

2 215 0.00097 0.027 2 120 0.00081 0.044

3 275 0.00133 0.029 3 180 0.00110 0.041

4 335 0.00156 0.029 4 230 0.00142 0.042

5 395 0.00181 0.029 5 280 0.00162 0.041

6 455 0.00204 0.029 6 300 0.00181 0.043

7 510 0.00227 0.030 7 320 0.00189 0.042

8 340 0.00199 0.042

=  0.029 fei-8 =  0.043

90 °C
a =  0.01623 
b =  0.01005

90 °C
a =  0.01480 
b =  0.01005

No. t X к No. t X к

í 55 0.00055 0.065 1 50 0.00062 0.086

2 78 0.00076 0.063 2 102 0.00104 0.075

3 130 0.00126 0.066 3 150 0.00157 0.081

4 170 0.00158 0.066 4 200 0.00192 0.076

5 220 0.00195 0.065 5 250 0.00226 0.075

6 280 0.00241 0.066 6 300 0.00270 0.077

7 340 0.00278 0.064 7 350 0 00293 0.076

8 400 0.00310 0.063 8 400 0.00323 0.075

fcj_s =  0.065 2̂; i-s =  0-076
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II

C „H 5 C ,H 5
\  /

C H 2-
1

C - C H 3

95 °C
a =  0.01610 
b =  0.01003

I
Cl OH

95 °C
a  =  0.01480 
b =  0.01006

N o. t X к N o . t X к

í 45 0.00075 0.108 1 44 0.00067 0.109
2 85 0.00138 0.113 2 83 0.00125 0.112

3 125 0.00186 0.109 3 120 0.00176 0.115
4 165 0,00226 0.104 4 155 0.00222 0.118

5 205 0.00271 0.105 5 195 0.00263 0.116

6 245 0.00309 0.104 6 235 0.00307 0.118

7 285 0.00341 0.102 7 280 0.00349 0.118
8 325 0.00372 0.097 8 320 0.00372 0.113

8 =  0.105 f e i - е  =  0.115

100 °C
a =  0.01480 
b =  0 .0 1 0 1 1

100 ° c
a =  0.01834 
b =  0.01003

N o . t * к N o. t X к

í 20 0,00052 0.179 í 21 0.00067 0.188
2 40 0.00105 0.191 2 42 0.00135 0.196
3 60 0.00152 0.193 3 61 0.00198 0.208
4 80 0.00195 0.195 4 82 0.00252 0.207
5 100 0.00243 0.203 5 100 0.00288 0.201
6 120 0.00291 0.213 6 121 0.00333 0.201

7 140 0.00369 0.200

f e ,_e =  0.195 fe j- ,  =  0.200
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III

80 °C
a =  0.01687 
b  =  0 . 0 1 0 1 2

с н ,  е , н ,
\  /

с н 2-  с  - с н 2 
I I

С1 о н
85 °С
а =  0.01610 
Ь =  0.01001

N o. t X к N o . t X

1 68 0.00057 0.050 1 60 0.00066 0.072
2 120 0.00092 0.048 2 120 0.00120 0.068
3 180 0.00127 0.047 3 180 0.00172 0.068
4 240 0.00160 0.044 4 230 0.00208 0.068
5 300 0.00189 0.041 5 280 0.00250 0.069
6 360 0.00226 0.045 6 300 0.00260 0.068

7 420 0.00248 0.043 * 320 0.00277 0.069
8 480 0.00278 0.043 8 340 0.00292 0.070

А^_а =  0.044 k x - s  =  0.069

90 °С
а =  0.01623 
Ъ =  0.01005

95 °С
а =  0.01610 
Ь =  0.01014

N o. 1 X к N o, t X к

l 30 0.00053 0.113 l 20 0.00053 0.169

2 65 0 . 0 0 1 1 1 0.115 2 40 0.00104 0.173

3 102 0.00184 0.130 3 60 0.00154 0.179
4 135 0.00290 0.107 4 80 0.00186 0.167

5 168 0.00235 0.106 5 100 0.00218 0.162

6 200 0.00271 0.107 6 120 0.00261 0.168

7 230 0.00308 0.109 7 140 0.00287 0.164

8 260 0.00334 0.108 8 160 0.00319 0.180

fcx_2; 4_ 8 =  0.109 fc,_8 =  0.170
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IV

C2H 5 C4H 9

C H 2-  C - C H 2 
I I

Cl O H
80 °C
a =  0.01687 
b =  0.01005

85 °C
a =  0.01610
b =  0.01005

N o . t X к N o . t к

í 68 0.00072 0.066 1 60 0.00083 0.091
2 120 0.00112 0.060 2 120 0.00211 0.130
3 180 0.00175 0.066 3 180 0.00226 0.095
4 240 0.00203 0.059 4 230 0.00294 0.104
5 300 0.00249 0.060 5 280 0.00328 0.099
6 360 0.00278 0.058 6 300 0.00341 0.099
7 420 0.00316 0.059 7 320 0.00363 0.099
8 480 0.00349 0.059 8 340 0.00377 0.099

fcj-s =  0.060 fc3_s =  0.098

90 °C
a  =  0.01623 
b =  0.01001

95 °C
a =  0.01610 
b =  0.01010

N o . t X к N o. í X к

í 23 0.00053 0.144 í 20 0.00058 0.186
2 58 0.00124 0.144 2 40 0.00130 0 219
3 95 0.00194 0.148 3 60 0.00178 0.211
4 128 0.00242 0.145 4 80 0.00229 0.214
5 161 0.00286 0.142 5 100 0.00274 0.215
6 193 0.00334 0.146 6 120 0.00306 0.207
7 223 0.00368 0.144 7 140 0.00325 0.192
8 253 0.00397 0.143 8 160 0.00346 0.184

k t - 8 =  0.145 k.,-6 =  0.213
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V

i. C3H 7 i. C3H 7

75 °C C H 2- c - C H 2 80 °C
a  =  0.01687 1 1 a =  0.01687
6 =  0.01007 Cl O H b =  0.01007

No. t X к No. t X к

í 15 0.00043 0.173 i 10 0.0003828 0.226

2 30 0.00077 0.157 2 20 0.0006559 0.198

3 45 0.00112 0.159 3 30 0.001039 0.219
4 60 0.00122 0.132 4 40 0.001460 0.243

5 78 0.00179 0.157 5 52 0.001650 0.215
6 90 0.00213 0.167 6 60 0.002068 0.241

7 105 0.00239 0.164 7 70 0.002355 0.242

8 120 0.00258 0.160 8 80 0.002680 0.251

3í5—в — 0.162 3-8 — 0.234

80 °C
a =  0.01554 
b =  0.009927

80 °C
a =  0.01939 
b =  0.01005

No. t X

1 30 0.00103
2 60 0.00185

3 90 0.00246
4 120 0.00320
5 180 0.00414
6 210 0.00443
7 240 0.00473

h _ 7 =  0.224

к No. t

0.244 í 15

0.236 2 45

0.222 3 75

0.236 4 105

0.227 5 130

0.216

0.211

6 140

X к

0.00076 0.277

0.00196 0.262

0.00291 0.255

0.00364 0.246

0.00418 0.243

0.00429 0.235

fc3 _ 6  =  0.245

80 °C
a =  0.01554 
6 =  0.01004

85 °C
a =  0.01918 
b =  0.01007

No. t X к No. t X к

1 10 0.00039 0.256 í 10 0.00059 0.319
2 60 0.00182 0.228 2 20 0.00136 0.397
3 125 0.00325 0.228 3 30 0.00187 0.376
4 180 0.00411 0.221 4 40 0.00235 0.370
5 240 0.00468 0.204 5 50 0.00296 0.397
6 300 0.00485 0.173 6 60 0.00335 0.390
7 360 0.00581 0.200 7 70 0.00368 0.380

8 80 0.00399 0.369

fc;-5; 7 =  0.216 fc2_ 8 =  0.383
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V

i. C3H ; i. C3H 7
\  /

C H 2- C - C H 2 

Cl O H
90 °C 95 °C
a =  0.01918 a =  0.01554
b =  0.01007 b =  0.010005

N o . t X к N o . t X к

í 8 0.00073 0.499 i 20 0.00205 0.795

2 17 0.00165 0.575 2 40 0.00346 0.781

3 25 0.00224 0.558 3 65 0.00452 0.715

4 32 0.00279 0.574 4 80 0.00512 0.699

5 39 0.00327 0.579 5 120 0.00595 0.633

6 47 0.00377 0.585 6 160 0.00654 0.567

7 57 0.00425 0.572 7

8 67 0.00461 0.552

fcj.g =  0.571 =  0.747

95 °C
a =  0.02087 
b =  0.01003

07 °C
a =  0.01918 
b =  0.010073

N o . ■ X к N o. * X к

í 10 0.00129 0.721 í 5 0.00059 0.640

2 20 0.00234 0.695 2 15 0.00191 0.770

3 30 0.00349 0.764 3 20 0.00255 0.816

4 40 0.00410 0.716 4 25 0.00296 0.788

5 50 0.00461 0.682 5 30 0.00341 0.795

6 60 0.00502 0.651 6 35 0.00381 0.797

7 70 0.00563 0.677 7 40 0.00421 0.802

8 80 0.00598 0.660 8 45 0.00459 0.816

=  0.716 fc,_e =  0.802
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T he ch lo ro h y d rin s c ry sta llize  on  stand ing .
T he m ethods o f k in e tic  m easu rem en ts  and calcu la tio n s h av e  been d escribed  in full 

d e ta il in  o u r earlie r co m m u n ica tio n  [1]. In  th e  k inetic  ca lcu la tio n s th e  ra te  c o n s ta n ts  o f chlo­
ro h y d rin s  m easu red  u p  to  a  30— 40%  conversion  have  been  used .

Experimental data

T he follow ing n o ta tio n s  a re  used : 
t:  tim e (m in)
a:  in itia l co n ce n tra tio n  o f h y d ro x id e  ions [B a(O H )2, geq/1] 
b: in itia l co n ce n tra tio n  of ch lo rohydrin  (mol/1) 
k :  second o rd er ra te  c o n s ta n t (1 • m ol” 1 • m in“ 1).
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N-GLYCOSIDES, XV*
T H E  V A L ID IT Y  O F  H U D S O N ’S ISO R O T A T IO N A L  R U L E  F O R  A R O M A TIC  O- A N D  

N -G L U C O S ID E  D E R IV A T IV E S  O F  A N A L O G O U S ST R U C T U R E S

A . L i p t á k  an d  R .  B o g n á r

(O rg a n ic  C hem ica l In s t i tu te , L. K o ssu th  U n iv e r s i ty , Debrecen)

R eceived  M ay 6, 1970, 
in  revised  form  M arch 15, 1971

I n  seco n d ary  glucosylam ine d e riv a tiv e s, th e  d esig n atio n  of th e  co n fig u ra tio n  
b a se d  on th e  d irec tio n  an d  m ag n itu d e  o f th e  o p tica l ro ta t io n  also gives th e  co rre c t a b so ­
lu te  co n fig u ra tio n . T h e  H udson  2В  v a lu es o f th ese  com p o u n d s are com p arab le  w ith  th e  
co rrespond ing  v a lu es o f O -glucosides o f analogous s tru c tu re s  in  th e  free N -a ry l-D -g lu - 
cop y ran o sy lam in e  g ro u p  only. I n  glucosides, te tra a c e ta te s  an d  te tra m e th y l e th e rs  th e  
d ifferences in  th e  2 В  va lues increase  w ith  in creas in g  p o la rizab ility  o f th e  ag lycones.

In  th e  free  O-glucosides a n d  th e ir  O -ace ty l d e riv a tiv e s  exam ined  b y  u s, A r n d t ’s 
q u a n ti ta t iv e  re la tio n sh ip  was s ta te d  be tw een  th e  p o la riza b ility  of th e  ag lycones (a )  
a n d  th e  m olar ro ta tio n . I t  has b een  show n th a t  in  th e  tw o  anom ers th e  c o n tr ib u tio n s  of 
th e  aglycones to  th e  m o la r ro ta tio n  are  n o t  equal. T h e  p a r tic ip a tio n  in  m o la r ro ta t io n  
increases w ith  in creas in g  p o la rizab ility  o f  th e  aglycone.

On th e  b asis o f  th e  v a n ’t  H o ff  th e o ry  on o p tic a l superp osition  [1 ], H u d ­
s o n  [2 ]  foun d  a re la tion sh ip  b etw een  th e  o p tic a l ro ta tion  o f  th e  g ly c o s id e  
carbon a tom  and th e  other a ctiv e  cen tres in  sugars w ith  c y c lo se m ia ce ta l 
stru ctu res.

T he v a lid ity  o f th e  ru le has been  s tu d ie d  on several g roups o f  c a rb o ­
h y d ra te  d e riv a tiv e s  a n d  i t  w as fo u n d  to  he  ap p licab le  fo r a c e ty la ted  g lyco­
sides [3], m e th y lp en to se s  [4], su g ar p h o sp h a te s  [5], deoxyam ino  sugars [6] 
and  ace toha logen  sugars [7]. T he lim it of th e  a p p licab ility  o f th is  ru le  w as 
p o in ted  o u t p rim a rily  b y  B o n n e r  [ 8 ] ,  w ho em p h asized  th a t  in  th e  p resence  o f 
po la r ag lycones a v e ry  s tro n g  v a r ia tio n  in  th e  2 В  v a lu es  should  be ex p ec ted .

Special a t te n t io n  is to  be p a id  to  g lycosy lam ine  deriv a tiv es , since in  
te r t ia ry  g lycosy lam ine  d e riv a tiv es  a ro ta tio n a l ir re g u la r ity  w as observed  w hich  
p u t  an  en d  to  th e  u n eq u iv o ca l d esigna tion  o f th e  anom eric  co n fig u ra tio n  on 
th e  basis o f  th e  d irec tio n  an d  m ag n itu d e  o f th e  o p tica l ro ta tio n . T h u s, e.g., th e  
/S-anomers o f all p y rim id in e  nucleosides show  h ig h er p o sitive  ro ta tio n  th a n  th e  
co rrespond ing  a -an o m ers  [9, 10].

A ccord ing  to  th e  in v estig a tio n s of B e r t h o  [11] an d  F r u s h  an d  I s b e l l  

[12], p r im a ry  g lycosylam ine deriv a tiv es  follow th e  H u d so n  ru le . In  seco n d ary  
g lycosylam ines, th e  2 В  values ca lcu la ted  fo r th e  anom eric  te tra a c e ta te s  can  
be co m p ared  in  som e cases w ith  tho se  o f  th e  a ro m a tic  O -glycoside te t r a a c e ­
ta te s  o f  analogous s tru c tu re s , as in d ica ted  b y  th e  in v e s tig a tio n s  of P i g m a n  [13] 
and  B o g n á r  and  N á n á s i  [14].

* P a r t  X IV  : R . B ognár, H . F renzel , I .  F a rk as: A cta  Chim . A cad. Sei. H ung . 60, 163 (1969)
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B o th  anom ers o f  severa l N -ary l-D -g lu co p y ran o sy lam in e  d e riv a tiv e s  
h a v e  b een  p rep ared  la te ly ; th u s  th e  2 В  an d  2A  va lues of N- an d  O -glucosides 
o f s im ila r  s tru c tu re s  can  be ca lcu la ted  from  th e  specific ro ta tio n s  m easu red  
u n d e r  id en tica l co n d itio n s in  ab so lu te  m e th a n o l, an d  th e y  m ay  be com pared . 
In  T a b le s  I — I I I  th e  2 В  va lues o f th e  co m p o u n d s exam ined  are  g iven .

Table I

2 B  va lues o f  som e arom atic  N -  a n d  O-glucosides

2 В

A glycone
N H -g lucosy l O -glucosyl

A 2B R e t

C6H5- 29.600 33.900 4.300 [15]
p-CH3—C6H4 — 33.600 33.800 200 [16]
p-B r-C 6H4- 42.400 41.100 -1 .300 [16]
n o 2- c6h 4-
C6H5—СН,—

51.600 45.500
26.800

-6 .100 [16]

Table II

2 В  va lues o f  som e arom atic  N -  a n d  O -glucoside tetraacetates

2 В

A glycone N H -g lucosy l
(OAc)j

O -glycosyl
(OAC),

A 2 B R ef.

CeH5- 69.500 58.100 -11.400 [15]
p-CH3—C6H4— 76.300 57.300 -19.000 [16]
P -B r—C6H4 — 47.200 65.200 18.000 [16]
p-N02—C6H4— 60.800 69.400 8.600 [16]
C6H5-C H 2 — 43.100 —

Table III

2 B  va lues o f  som e arom atic  N -  a n d  O -glucoside te tram ethyl ethers

2 В

A glycone N H -g lucosy l
(0 C H s) ,

O -glucosyl
( 0 C H s) .

A 2B R ef.

C6H5- — 33.000 ___

p-CH3—C6H4 — 50.000 38.000 -12.000 [17]
p-Br—C6H4— 65.000 42.500 -23.500 [17]
p-NO.—C6H4— 48.000 20.600 -27.400 [17]
C6H5-C H 2- — 39.900 —
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T he 2 В  va lues o f th e  a ro m a tic  О- and  N -g lucoside  d e riv a tiv es  o f  a n a l­
ogous s tru c tu re s  show , in  genera l, a good ag reem en t w ith  a m ax im u m  d e v ia ­
tio n  o f ab o u t + 1 0 % . In  b o th  series an increase o f  th e  2 В  va lues can  he o b ­
served  in  th e  d irec tion  p h e n y l—>-p-N02-phenyl.

In  th e  case o f  glucoside te tra a c e ta te s  th e  d e v ia tio n  betw een  th e  com ­
p a re d  values is fa r  g rea te r. I n  O -glucoside te tr a a c e ta te s  th e  2В  v alues increase 
again  in  th e  sam e o rd er as above; in  N -glucoside te tra a c e ta te s  no sim ilar 
re g u la r ity  can be d e tec ted .

T here  is a sig n ifican t d ifference betw een th e  an a lo g o u s N- an d  O -glucoside 
d e riv a tiv es  in  th e  g roup  o f  g lucoside te tra m e th y l e th e rs ;  how ever, th e  changes 
o f th e  2 В  values w ith  re sp e c t to  d irec tion  and  m a g n itu d e  are n ea rly  id en tica l 
in  b o th  series. S im ilarly  to  th e  te tra a c e ta te s , th e  2 В  v a lu es  of th e  O -glucoside 
te tra m e th y l  e th ers  a re  low er th a n  those  of N -g lucoside  te tra m e th y l e th ers . 
In  all th re e  groups, th e  2 В  v a lu es  o f th e  O -benzyl glucosides are  also g iven; 
th ese  are  v e ry  n e a r to  th e  co rrespond ing  d a ta  of th e  a ro m a tic  glucoside d e riv ­
a tives.

In v e s tig a tin g  th e  d ependence  of th e  2 В  v a lu es  on th e  aglycone o f th e  
tw o  glucoside groups, th e  differences betw een th e  o p tic a l d a ta  a p p e a r in  a 
d iffe ren t ligh t.

Y a m a n a  [18, 19] an d  A r n d t  [20] stud ied  ace to h a lo g en  sugars an d  som e 
glucoside te tra a c e ta te s , re sp ec tiv e ly , and  s ta te d  t h a t  in  te traacety l-D -g luco- 
p y ran o se  deriv a tiv es  s u b s ti tu te d  a t  C -l by  X  (ha logen , O H , 0 —CeH 5, SC H 3, 
OAc, OC(CH 3)3), th e  m o la r ro ta t io n  o f th e  anom ers a n d  th e  p o la rizab ility  of 
th e  free X  ~ ions (a) w ere in  a lin e a r  re la tionsh ip  w ith  each  o ther. In  th e  case 
o f th e  tw o anom ers th is  dependence  is different, th u s  th e  H udson  В  va lu e  also 
depends on th e  p o la rizab ility  o f  th e  aglycone (the  an io n  derived  from  th e  ag ly ­
cone), accord ing  to  th e  fo llow ing fo rm ula:

or ß  =  A <* or ß  +  B

where

A a  =  m a  ‘ A ß  =  "V • *
and

■̂ Hudson =  ( m a  +  m ß ) */2 +  B '

I t  also follows from  th e  e q u a tio n s  th a t  in  c o n trad ic tio n  to  H u d s o n ’s orig inal 
fo rm u la tio n  (A a) ^  (Aß), i.e., th e  degrees of p a r tic ip a tio n  o f th e  tw o  agly- 
cones in  th e  m o lar ro ta tio n  a re  n o t  equal to  each o th e r .

In  th e  know ledge o f th e  p o la rizab ility  (a) a n d  th e  B '  values p u b lished  
b y  A r n d t  for te traacety l-D -g lu co p y ran o sy l de riv a tiv es , we h av e  ca lcu la ted  th e  
p o la rizab ility  va lues (a) o f th e  an ions derived from  th e  aglycones o f th e  gluco­
sides exam ined  b y  us. T he fo llow ing values w ere o b ta in e d : C6H 50 — : 39; 
p -C H 3— C6H 4— 0 — : 41 ; p -B r— C0H 4— O — : 55— 56; p - N 0 2—CeH 4— 0 — : 59—
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60 ■ 10—25 cm 3. This m ad e  possib le th e  ca lcu la tion  of th e  d ep en d en ce  of the  
m o la r  ro ta tio n  of th e  an o m ers  on th e  p o la rizab ility  of th e  ag lycone (AMJAoc 
a n d  A M ß lA x) ,  as well as th e  change in  th e  В  values per u n i t  p o la rizab ility  
(ABjAoc), an d  fu rth e r  on , th e  m o lar ro ta tio n  (В ') o f 1 ,5 -an h y d ro so rb ite  deriv ­
a tiv e s , fo r all th e  th re e  O -glucoside groups (F igs 1— 3 an d  T ab le  IV ). In  the  
case o f  O-glucoside te t r a m e th y l  e th e rs  th e  sc a tte rin g  of th e  m e asu red  d a ta  is 
h ig h , th e  slopes of th e  lines are  u n c e rta in , th u s  th e  values p er u n it  p o la rizab ility  
are  n o t  given n um erica lly .

ot -10“  ccm

F ig . 1 .  M olar ro ta tio n  (M a a n d  M ß )  an d  th e  H u d so n  В  values o f anom eric  a ro m a tic  O-gluco- 
sid es as a function  of th e  p o la r iz a b ili ty  o f th e  p h en o la te  an ion  (a). О  p h e n y l-: •  p -B r-p h en y l-;

X p -c re sy l-; О p - N 0 2-phenyl-

at Ю25 ccm
F ig . 2. M olar ro ta tio n  (M a a n d  M ß )  an d  th e  H u d so n  В  va lues of an o m eric  a ro m a tic  O-gluco­
sid e  te tra a c e ta te s  as a  fu n c tio n  of th e  p o la rizab ility  o f th e  p h en o la te  a n io n  (a l. О  phenyl-; 

•  p -B r-p h en y l- ; X p -c resy l-; □ p - N 0 2-phenyl-
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Table IV

M olar ro ta tions o f  the anom ers, В  values p e r  u n it  p o la r iza b ility  a n d  m o lar ro ta tions o f  1 ,5 -a n h yd ro -
sorbite derivatives

Ma/10‘ Mßl 10« в
B'*a • 102‘ a • 1034 a • 1024

A rom atic  O-glucosides 
A rom atic  O-glucoside te tra -

+ 0 .9 8 ° - 0 .5 8 ° +  0.20°

©Hо©+

a ce ta tes +  1.22° - 0 .6 0 ° +  0.31° + 1 .5 °  • 10“

On th e  basis o f th e  B '  va lues th e  specific  ro ta tio n s  o f 1 ,5 -an h y d ro so rb ite  an d  
te tra a c e ty l- l,5 -a n h y d ro so rb ite  w ere found  to  be -(-54° (—(—43°) an d  -j-46° 
(+ 4 0 ° ), re sp ec tiv e ly . (The l i te ra tu re  d a ta  are g iven in  p a ren theses.)

The differences in  th e  o p tica l b eh av io u r of th e  tw o  groups o f glucosides 
are n o t sa tis fac to rily  exp la ined .

oC • 10”  ccm

F ig . 3. M olar ro ta t io n  (VTa an d  M ß) a n d  th e  H u d so n  В  values o f anom eric  a ro m atic  O-gluco- 
side te tra m e th y l e th e rs  as a  fu n c tio n  o f th e  p o la rizab ility  o f th e  phen o la te  an io n  (a ).

О  p h e n y l-; •  p -B r-p h en y l- ; X p -cresy l-; □ p-N O „-phenyl-

The anom ers o f th e  N -glucosides m ay  n o t h av e  been  qu ite  p u re  in  sp ite  
o f th e ir  carefu l p re p a ra tio n  u n d e r  m ild  reac tio n  co n d itio n s and  p u rif ic a tio n . 
A n o th e r possible cause o f th e  d ev ia tio n s  m ay  be th e  difference be tw een  th e  
conform ations o f  th e  tw o  glucoside groups, w hich can  be a t tr ib u te d  to  th e  
d iffe ren t va lence  angles o f oxygen  an d  n itro g en . T hou g h  th is  d ifference is n o t 
v e ry  g rea t, i t  m ay  be enough  to  give rise  to  a d ifferen t degree o f co n fo rm atio n a l 
defo rm ation  o f th e  g lu co p y ran o sy l g roup . The po lariz ing  effect of so lv en t m ay  
increase th is  d ifference so m uch  th a t  th e  op tica l b eh av io u rs  o f th e  tw o  g roups 
o f  com pounds c a n n o t longer be co m p ared . This a ssu m p tio n  is confirm ed b y  o u r

* B '  is th e  m o la r ro ta t io n  of th e  h y p o th e tic  g luco p y ran o sy l c a tio n  or th e  te tra a c e ty l-  
g lu co pyranosy l ca tio n , its  n u m erica l v a lu e  be ing  equal to  th e  m o la r ro ta tio n  of 1 ,5 -an h y - 
d ro so rb ite  an d  te tra a c e ty l- l ,5 -a n h y d ro s o rb ite , respec tive ly .
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o b se rv a tio n  th a t  th e  lo w e s t d ifference is fo u n d  betw een  th e  o p tica l beh av io u r 
o f th e  free  N- and  O -glucosides. N am ely , in  th e se  com pounds th e  po la r h y ­
d ro x y l groups in  th e  g lu co p y ran o sy l p a r t  s tab ilize  an  a c tu a l conform er m uch 
m ore  th a n  the  ap o la r s u b s ti tu e n ts  o f a te tra a c e ty l-  or, p a r tic u la r ly , a te tra -  
m e th y lg lu co p y ran o sy l g ro u p .

A ccording to  A r n d t ’s in v estig a tio n s, th e  com pounds w h ich  follow th e  
ru le  h a v e  iden tical co n fo rm atio n s, as show n b y  N M R sp ec tro scopy .

O n th e  basis o f  r e c e n t co n fo rm atio n a l stud ies, th e  В  v a lu es  should  a l­
w ay s  b e  com pared u s in g  th e  sam e so lven t, because  th e  d o m in a n t conform a­
tio n s  o f  th e  anom ers m a y  be d ifferen t o r even  opposite  in  an  a c tu a l so lven t; 
th u s  th e  direction  o f  th e  v a r ia tio n  m ay  d iffer in  d ifferen t so lv en ts  [21],

Table V

2 A  values o f  aromatic 0 -  and N-glucopyranosides

Aglycone
O-glucoside N-glucoside

-̂ a Aß (Mal + \ A ß  1) 2 A 2 A

CeH6 28.220 -22.620 60.840 64.300 83.200
i'CHg C6H4 40.180 -23.780 63.960 70.200 87.900
p-Br—C6H4- 53.900 -31.900 85.800 79.500 115.900
p -N 02— C6H4— 58.800 -34.800 93.600 99.500 150.700

Table VI

2A  values o f  aromatic 0 - and N-glucopyranoside tetraacetates

Aglycone
O-glucoside (OAc), N-glucoside (OAc)4

-^a A ß (Mal + M/9l) 2 A 2 A

C6H5- 47.580 -23.400 70.980 83.100 112.300
Р - С Я 3 C6H4 50.020 -24.600 74.620 84.700 123.200
p -B r-C 6H4— 67.100 -33.000 100.100 90.400 100.500
p -n o 2- c6h 4- 73.200 -36.000 109.200 109.600 153.700

Table VII

2A  values o f  arom atic 0 - and N - glucopyranoside tetramethyl ethers

Aglycone
O-glucoside (OCH3)4 N-glucoside (OCH8)4

A ß (Ma + \ A ß \ ) 2 A 2 A

C6H5- 37.440 -23.400 60.840 74.200 —

р-СНз—CeH4— 39.360 -24.600 63.960 78.400 96.300
p-Br—CeH4- 52.800 -33.000 85.800 88.700 122.200
p -N 02—C6H4— 57.600 -36.000 93.600 94.400 173.600
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Table VIII
Physical constants and elemental analyses o f  phenyl-D -glucopyranoside tetramethyl ethers substi­

tuted in  the aromatic ring

-D-glucoside
(O C H a),

M .p ., o r 
b .p ./0 .09  

to r r

W d
(in  m e th a ­

nol)

Y ie ld ,
%

C ry s ta lliz a tio n  
g /m l so lv en t A n aly sis

a-pheny l 1 3 6 - 7 ° +  171.6 8 4 . 4 — C16H 24Oe (312.35). Calcd. C 
61.52; H  7.77; O CH 3 39.74. 
F o u n d  C 61.41; H  7.73; 
O C H 3 38.91% .

/3-phenyl 78° -  6 6 . 0 84.5 3 ( P ) C16H 240 6 (312.35). Calcd. C 
61.52; H  7.77; O CH 3 39.74. 
F o u n d  C 62.05; H  7.77; 
O C H 3 38.16% .

a-p-cresyl- 2 4 - 2 8 ° +  180.1 97.2 i ( P ) C17H„e0 6 (326.38). Calcd. C 
62.55; H  8.03; O C H 3 38.03. 
F o u n d  C 62.31; H  8.00; 
O C H 3 37.73%

jő-p-cresyl- 52° -  61.9 70.4 3 (P ) C17H 260 6 (326.38). Calcd. C 
62.55; H  8.03; O CH 3 38.03. 
F o u n d  C 62.51; H  8.17; O C H 3 
37.50%

a-p-B r-pheny l- 58.5° +  167.7 77.8 1.5 (P) C16H 230 6B r (391.26). Calcd. C 
49.11; H  5.92; B r 20.42; O C H 3 
31.72. F ound  C 49.09; H  6.08; 
B r 20.66; OCH3 31.08%

ß -p -B r-phenyl- 8 9 - 9 0 ° -  59.2 60.9 2.5 (P) C16H 230 6B r (391.26). Calcd. C 
49.11; H  5.92; B r 20.42; 
O CH 3 31.72. F o u n d  C 49.80; 
H  5.90; B r 20.49; O C H 3 
31.71%

u-p-N 0 2-phenyl- syrup +  160.8 99.6 C16H 230 8N  (357.32). Calcd. C 
53.77; H  6.48; N  3.92; O C H 3 
34.73. F ound  C 53.57; H  6.42; 
N  3.99; OCH3 34.18%

ß-p-'S  0 2-phenyl- 109° - 1 0 3 .4 54.5 35 (P ) C16H ,30 8N (357.32). Calcd. C 
53.77; H  6.48; N 3 .9 2 ; O C H 3 
34.73. Found  C 53.76; H  6.94; 
N  4.23; OCH3 34.46%

/?-o-NO,-phenyl- 90.5° - 1 0 5 .2 65.5 4 (A ) C16H ,30 8N (357.32). Calcd. C 
53.77; H  6.48; N  3.92; O C H 3 
34.73. Found  C 53.97; H  
6.66; N  4.13; OCH3 34.56%

a-benzyl- 1 6 1 - 2 ° +  162.7 87.1 C17H 260 6 (326.38). Calcd. C 
62.55; H  8.03; O CH 3 38.03. 
F o u n d  C 62.60; H  8.22; O C H , 
37.84%

/5-benzyl- 1 6 1 - 4 ° -  40.4 94.4 Ci 7H 260 6 (326.38). Calcd. C 
62.55; H  8.03; O C H 3 38.03. 
F o u n d  C 62.54; H  8.00; O C H 3 

1 38.00%

A b b rev iatio n s: A =  e thy l alcohol
P  =  petro leum  e th e r
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E xperim ental

T h e  2A  and  2 В v a lu e s  in  th e  pap er w ere c a lc u la te d  from  specific ro ta t io n  va lues m eas­
u red  in ab so lu te  m eth an o l.

T h e  a- and  /i-anom ers o f phenylglucosides a n d  te t ra a c e ta te s  su b s ti tu te d  in th e  a ro m atic  
r in g  w ere  p rep ared  as d e sc rib e d  in th e  l ite ra tu re .

T h e  anom eric g lucoside  te tra m e th y l e th e rs  w ere  o b ta in e d  b y  m e th y la tio n  of th e  corre­
sp o n d in g  glucoside an o m ers acco rd in g  to  K u h n  [22], u n d e r  th e  reac tio n  co n d itions discussed 
in  d e ta il  below.

T h e  syntheses a n d  ro ta t io n a l  values o f th e  a n o m e ric  N -glucosides, N -glucoside t e t r a ­
a ce ta te s  a n d  N -glucoside te t ra m e th y l  e thers are  g iv en  in  th e  lite ra tu re  [15— 17].

T h e  specific ro ta tio n s  o f  all com pounds e x am in ed  w e re  m easu red  in  ab so lu te  m e th an o l 
w ith  a  S ch m id t-H aen sch  p o la r im é te r  in  10 cm  tu b e s , a t  ro o m  te m p e ra tu re  (20— 22 °C); th e  
ro ta t io n  va lues were re ad  2 m in u te s  a fte r d isso lv ing  th e  sam ple . D uring  th is  tim e  no s ig n ifican t 
m u ta ro ta t io n  took  place.

T h e  m elting  a n d  b o ilin g  p o in ts  given are  u n c o rre c te d .
M eth y la tio n  of th e  s u b s ti tu te d  pheny l-D -g lucopyrunosides w as c a rried  o u t accord ing  

th e  follow ing genera l p ro c ed u re :
3— 6 g (1 m ole) o f th e  phenylglucoside  a n o m e r su b s ti tu te d  in  th e  a ro m a tic  rin g  w as d is­

so lved  in  20— 40 m l of d im eth y lfo rm am id e , w ith  s tir r in g . A  calcu la ted  a m o u n t (20 m ole) o f 
m e th y l iod ide was ad d ed  to  th e  so lu tion  in one p o r tio n , th e n  active  silver ox ide w as ad d ed  in  
sm all p o rtio n s , u n d e r  c o n tin u o u s  stirring , d u rin g  15 m in . T h e  am o u n t of silver oxide in  g ram s 
w as e q u a l to  th e  n u m b er o f m illilite rs of m e th y l iod ide  ad d ed  to  th e  reac tio n  m ix tu re . T he te m ­
p e ra tu re  o f th e  re ac tio n  m ix tu re  was k e p t below  30 °C. W h en  no m ore h e a t  evo lved , th e  m ix ­
tu re  w as s tirred  fu r th e r  fo r 10— 12 hrs. a t  room  te m p e ra tu re .

D ilu tin g  th e  re a c tio n  m ix tu re  w ith  50— 100 m l o f chloroform , th e  silver iodide p rec ip i­
ta te d  fro m  th e  so lu tio n ; th e  p re c ip ita te  was f i lte re d  o ff  on  a G4 sin tered  glass f ilte r  an d  w ashed 
w ith  chloroform . The d im e th y lfo rm am id e-ch lo ro fo rm  f i l t r a te  w as w ashed w ith  w a te r, 1%  K C N  
so lu tio n , th e n  again  w ith  w a te r . The so lu tion  w as d r ied  o v e r  N a2S 0 4 and  th e  so lv en t w a- e v a p ­
o ra te d  in  vacuum . T he re s id u e  w as c rysta llized  o r d is tilled  u n d e r reduced  p ressure .

T h e  physical c o n s ta n ts  o f th e  p ro d u c ts  o b ta in e d , y ields, th e  co n d itio n s of c ry s ta lliz a ­
t io n , a n d  e lem ental an a ly se s a re  sum m arized  in  T ab le  V I I I .
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P H Y T O C H E M I C A L  I N V E S T I G A T I O N  O F  C E R T A I N  

C E S T R U M  S P E C I E S  G R O W I N G  I N  E G Y P T

A L K A L O ID S  AND S A P O N IN S

M. S. K a ra w y a ,* A. M. R iz k , F. M. H ammouda, A. M. D iab and Z. F. A h m ed**
(P harm aceutical Sciences Laboratory, N ational Research Centre, D okki, Cairo, U .A .R .)

R ece iv ed  N ovem ber 30, 1970

S olan id ine  a n d  solasodine w ere iso lated  fro m  Cestrum  p u rp u reu m , while C. 
auranliacum  a n d  C. d iu rn u m  w ere devoid  of any  s te ro id a l a lkalo id . Q u a n tita tiv e  d e te r ­
m in a tio n  of th e  a lkam ines w as carried  o u t by  t i t r im e tr ic  an d  co lo rim etric  m ethods. 
In v e stig a tio n  o f th e  sapon in  c o n te n t show ed th a t  b o th  C. aurantiacum  a n d  C. p u rp u reu m  
co n ta in  th e  sam e sapon in , viz. d ig ito n in  while C. d iu rn u m  co n ta in s tig o n in ; th e ir  id en ­
t i ty  was p ro v ed  b y  acid  h y d ro ly sis  an d  iden tifica tio n  of th e  ste ro id  sapogenins (d ig ito- 
genin  and tig ogen in ) an d  th e  su g a r com ponents.

Introduction

T he review  o f l i te ra tu re  rev ea ls  th a t  som e Cestrum  species ( Solanaceae) 
co n ta in  ste ro id  a lkalo ids an d /o r s te ro id  sapogenins. M e r c ie r  et al. [1] re p o rte d  
in  1913 th a t  C. parqu i  L 'H er  co n ta in s  a b it te r  a lk a lo id  p a rq u in e  (C21H 390 8N) 
w hich  has a m ixed  effect o f s try c h n in e  and  a tro p in e ; la te r  severa l au th o rs  
[2— 4] failed  to  iso la te  from  th is  p la n t e ither p a rq u in e  or an y  o th e r  a lkalo id . 
S ilva  et al. [5] in  1962 w ere ab le to  iso late  so lasonine from  C. parqui.  T he  sa ­
pogenins g itogenin  a n d  d ig itogen in  w ere o b ta in ed  a f te r  h y d ro lysis  o f th e  
n e u tra l  glycosides o f  b o th  C. laevigatum  and  C. parqu i  [5 —7], w hile th e  sap o ­
n in  o f C. d iu rn u m  [8, 9] was fo u n d  id en tica l w ith  tig o n in  w hich on m ild  h y ­
dro lysis y ields tigogen in  an d  th e  su g ars  xylose, glucose a n d  galactose. T igogenin 
a n d  yuccagen in  w ere also iso la ted  from  th e  h y d ro ly sa te  o f th e  sap on ins p re ­
p a re d  from  C. nocturnum  [10].

T he p resen t w ork  deals w ith  th e  s tu d y  of th e  alkalo ids an d  sap on ins of 
ce rta in  Cestrum  species grow ing in  E g y p t viz. C. aurantiacum  L in d l., C. d iur­
n u m  L . an d  C. p u rp u re u m  S tan d .

R esu lts and discussion

T he p h y to ch em ica l screen ing  o f  th e  th ree  Cestrum  species s tu d ies  re ­
vealed  th e  presence o f  alkalo ids o n ly  in  C. purpureum .  Tw o procedures w ere a p ­
p lied  fo r th e  p re p a ra tio n  o f th e  alkalo ids o f C. p u rp u reu m .  In  th e  f irs t  m e th o d  
th e  d ry , pow dered  leaves w ere e x tra c te d  w ith  m e th a n o l, co n ta in in g  acetic

* F a c u lty  of P h a rm a c y , Cairo U n iv e rsity .
** D eceased on 30.1.1971.
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acid  to  ta k e  up  th e  a lk am in es a n d  saponins, an d  th e  e x tra c t, a f te r  d e fa ttin g  
w ith  b en zen e—ether, w as m a d e  alkaline w ith  am m o n ia  to  give a frac tio n  o f 
a lk a lo id  m a tte r . In  th e  second  m eth o d  th e  d e fa tte d , pow dered  leav es were 
e x tra c te d  w ith  5%  ace tic  ac id  an d  th e  c o n c e n tra ted  e x tra c t w as t r e a te d  w ith  
a m m o n ia  to  p rec ip ita te  th e  a lkam ines. T he alkalo ids, p rep a red  b y  th e  tw o 
m e th o d s , w ere found  b y  th in - la y e r  ch ro m a to g rap h y , using  d iffe ren t so lven t 
sy s te m s , to  consist o f so lasod ine  an d  so lan id ine. T h e  m ix tu re  w as reso lved  by  
f ra c tio n a l c rysta lliza tion  as w ell as b y  so lv en t f ra c tio n a tio n  p rocedures.

F ig . 1

F ra c tio n a l  c ry s ta lliza tio n  from  m eth an o l—w a te r  affo rded  a t  f i r s t  so lan id ine; 
th e  m o th e r  liquor, a f te r  b e in g  tre a te d  w ith  a few  m ore d rops o f  w a te r, gave  
so lasod ine . On th e  o th e r  h a n d , ex trac tio n  o f th e  w hole a lkalo id  m ix tu re  w ith  
ace to n e  and  th en  w ith  m e th a n o l resu lted  in  th e  iso la tion  o f  so lan id ine and  
so lasod ine , respective ly .

TLC in v estig a tio n  o f  th e  m ethano lic  e x tra c t  o f C. p u rp u re u m  revealed  
th e  presence  of on ly  so lasod ine  and  so lan id ine a n d  th e  absence o f an y  traces 
o f  g lycoalkaloids.

T he iden tities o f  th e  iso la ted  so lan id ine(I) an d  so lasod ine(II) were es­
ta b lis h e d  b y  TLC, p re p a ra tio n  o f c rysta lline  d e riv a tiv es , viz. hydroch lo ride , 
p ic ra te , ace ta te  an d  O -benzoa te , as well as b y  co m p ara tiv e  I R  spectra  and  
m ix e d  m .p . w ith  th e  co rrespond ing  a u th e n tic  a lkam ines.
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The q u a n ti ta t iv e  d e te rm in a tio n  o f th e  a lkam ines w as carried  o u t u sin g  
b o th  t i tr im e tr ic  a n d  sp ec tro p h o to m e tric  m e th o d s [11]. N on-aqueous p o te n - 
tio m etric  t i t r a t io n  o f th e  iso la ted  a lkam ines w as assum ed  to  p rov ide  th e  a m o u n t 
of so lasodine, w hile th e  co lorim etric  m e th o d  w as u sed  to  assay  th e  in d iv id ­
u a l a lkam ine. N o m ark ed  differences w ere observed  be tw een  th e  re su lts  o b ­
ta in e d  b y  th e  tw o  m eth o d s. A lum in ium  oxide fo r TLC  w as used  as a d so rb e n t 
in  th e  q u a n ti ta t iv e  assay  in stead  o f silica gel w hich  e n ta iled  d ifficu lties in  th e  
e lu tio n  of th e  s tro n g ly  adsorbed  a lk am in es, even w ith  acetic  acid as e lu tin g  
ag en t. T he re su lts  o b ta in e d  are show n in  T ab le  I .

T able  I

A lkam ine  content o f  C. purpureum

M eth o d S olan id ine Solasodine T o ta l

G rav im etry 0.012 0.032 0.044
T itr im e try - - 0.054

C olorim etry 0.016 0.039 0.055

T he sapon ins o f  th e  species s tu d ied  w ere p re p a re d  b y  b u ta n o l ex trac tio n  
o f  th e  am m o n iaca l f i l t r a te  a fte r  iso la tion  o f th e  a lk am in es, follow ed b y  p re ­
c ip ita tio n  w ith  cho lestero l. T he free sapon ins w ere o b ta in e d  b y  tre a tm e n t w ith  
p y rid in e , in  th e  m a n n e r  recom m ended  b y  W a l l  et al. [12]. In v es tig a tio n  of 
th e  sapon in  c o n te n t b y  TLC revealed  th a t  b o th  C. aurantiacum  and  C. p u r ­
pureum  co n ta in  th e  sam e sapon in , viz. d ig ito n in , w hile C. d iurnum  co n ta in s  
a d iffe ren t sap o n in , viz. tigon in . S tu d y  o f th e  acid h y d ro ly sa te  of th e  sap o ­
n in s  revealed  th e  p resence  o f th e  ex p ec ted  sugars (viz. g a lac to se , glucose an d  
xylose in  C. d iu rnum ;  galactose and  glucose in  C. aurantiacum  an d  C. p u r p u ­
reum)  as well as th e  ex p ec ted  sapogenins, viz. d ig itogen in  (III) an d  tigogen in  
(IV) (Table I I ) .

Table I I

Saponin  content, sapogenins and the component sugars o f  the Ceslrum species studied

Species
S a p o n in

% S te ro id  sapogenin S u g ars

C. aurantiacum 0.09 D igitogenin G alactose, glucose

C. d iurnum 0.05 Tigogenin G alactose, glucose, xylose

C. purpureum 0.10 D igitogenin G alactose, glucose

The id en titie s  o f th e  iso la ted  sapogenins w ere con firm ed  b y  TLC m .p ., 
m .m .p ., IR  an d  th e  p re p a ra tio n  of th e  a c e ta te  d e riv a tiv es .
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E x p erim en ta l

P lan t m ate ria l

C. aurantiacum  L in d l., C. d iu rn u m  L . a n d  C. p u rp u reu m  S ta n d , w ere collected  in April 
fro m  th e  O rn am en ta l P la n ts  F a rm , H o rtic u ltu re  D e p t., Cairo U n iv ersity . T he p lan ts  w ere 
k in d ly  a u th e n tic a te d  b y  P ro f. V. T äckholm . F a c u lty  o f Science, Cairo U n iv e rs ity .

T h in -lay er ch ro m ato g rap h y
A d so rb en ts :

Silica gel G a n d  a lu m in a .
S o lv e n t system s [13— 16]:

F o r a lkalo ids: B en zen e-m e th an o l (5 : 1)
E th a n o l-c h lo ro fo rm -a m m o n ia  1%  (2 : 2 : 1)
A cetic  a c id -e th a n o l (1 : 3)

F o r saponins a n d  sapogenins: B e n ze n e-m e th a n o l (15 : 2, 5 : 1).
S p ra y in g  reag en ts :

T h e  follow ing re ag e n ts  w ere used  fo r a lk am in es, n e u tra l glycosides a n d  sapogenins: 
D ra g en d o rff’s a n tim o n y  trich lo ride  [17] (33%  so lu tion  in chloroform ), 10%  aqueous su lfuric  
acid , p -an isa ld eh y d e  in  ace tic  acid co n ta in in g  su lfuric  acid [15, 18] (follow ed b y  UV e x am in a ­
tio n ) , Clark’s [19] 1%  p arafo rm ald eh y d e  in  80%  phosphoric  acid an d  iod ine v apours.

(A ) A lkam ines 

P re p a ra tio n  of th e  a lkam ines

M ethod 1: T he d ried , pow dered leaves o f  C. p u rp u reu m  (850 g) w ere m ac era ted  w ith  2 1 
o f 80%  m ethano l co n ta in in g  5%  ace tic  acid  a t  room  tem p e ra tu re  fo r 48 h rs ., f ilte red  a n d  th e  
m a rc  re -e x trac ted  tw ice  th e  sam e so lv en t (1 1 each  tim e). T he com bined e x tra c t ,  a f te r  concen­
t r a t io n  to  a b o u t 150 m l, w as tre a te d  w ith  an  eq u al vo lum e of 10%  ace tic  acid , th e n  allow ed to  
s ta n d  ov ern ig h t an d  freed  from  th e  d ep o sited  resinous m a tte r . T he so lu tion  was d e fa tte d  b y  
re p e a te d  e x trac tio n  w ith  b en zen e-e th e r (1 : 1), h e a ted  to  ab o u t 70 °C, a d ju s te d  w ith  an  am m o ­
n ia  so lu tion  to  p H  10, an d  allowed to  s ta n d  o v ern ig h t. The p re c ip ita te d  ste ro id a l a lka lo idá i 
b ases w ere se p a ra ted  b y  cen trifu g a tio n , re fin e d  b y  rep ea ted  d isso lu tion  in  5 %  acetic  acid  and  
p re c ip ita tio n  w ith  am m o n ia . T his process gave a b o u t 0.5 g o f crude  m ate ria l.

M ethod 2: 1 kg  of th e  d e fa tte d , pow d ered  C. p u rp u reu m  was m ac e ra ted  w ith  3 1 o f 5%  
ace tic  acid  for 48 h rs. a n d  th e  m arc  w as re -e x tra c te d  tw ice w ith  ace tic  acid . T he c o n ce n tra ted  
ac id ic  so lu tion  w as t r e a te d  w ith  an  am m o n ia  so lu tio n  (pH  10) and  left to  s ta n d  a t  room  te m ­
p e ra tu re  for 48 h rs. T h e  p re c ip ita te d  a lk a lo id á i m ix tu re , a fte r  sep a ra tio n  a n d  p u rif ic a tio n  as 
m en tio n ed  above, gave  a b o u t 0.63 g o f c ru d e  m ate ria l.

Iso la tion  of so lan id in e  and  solasodine

1. F ra c tio n a l c ry sta lliza tion . T h e  p u rif ie d  a lkalo idái m ix tu re  (0.5 g) w as re flu x ed  w ith  
successive p o rtio n s of m eth an o l. T he com b in ed  m ethano lic  so lu tion  w as co n ce n tra ted  to  a b o u t 
30 m l, w hen a c ry sta llin e  sub stan ce  b eg an  to  sep a ra te . A few d rops o f w a te r  w ere ad d ed  and  
th e  so lu tion  was le ft a t  room  te m p e ra tu re  fo r 48 h rs .; th e  c ry sta lline  d ep o sit w as rem o v ed  b y  
f i ltra tio n  (so lanid ine). T he f i ltra te  w as tre a te d  w ith  a n o th e r few d rops o f  w a te r  till tu rb id ity - 
o ccurred , left to  c ry sta llize  a t room  te m p e ra tu re  for 72 hrs. and  th e  c ry sta llin e  dep o sit was 
f i lte re d  (solasodine).

2. Solvent frac tio n a tio n . T he cru d e  a lk a lo id á i m ix tu re  (0.6 g) was e x tra c te d  in a S o x h le t 
a p p a ra tu s  w ith  ace to n e  and  th e  ace to n e-in so lu b le  residue was e x h au s te d  w ith  m eth an o l. T he 
so lven t-free  ace to n e  e x tra c t ,  a f te r  bo iling  in m eth an o l w ith  a c tiv a te d  ch arcoal an d  c ry s ta lli­
za tio n  from  m eth a n o l—w ate r, gave so lan id ine  w hile th e  m ethano l e x tra c t  t re a te d  in th e  sam e 
m an n e r  gave solasodine.

Solanid ine

Solanid ine, c rysta llized  from  m e th a n o l-w a te r  m elted  a t  219 °C (u n depressed  b y  a u th e n ­
tic  solanidine); [ o c ] — 27° (in  ch loroform ), Amax, 205 m/л, its  IR  sp e c tru m  w as id en tica l w ith  
a n  a u th e n tic  sam ple . T he p rep ared  h y d ro ch lo rid e  m elted  a t  345 °C (u n d epressed ) an d  th e  ace ­
ta te  a t  204 °C (undepressed).
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Solasodine

Solasodine, c ry s ta lliz ed  from  m e th a n o l-w a te r  m elted  a t  197 °C (undepressed  b y  an 
a u th e n tic  sam ple o f so lasod ine); [a ]o  — 92° (in benzene), Amax 210 т/л; its  IR  sp ec tru m  w as 
id en tica l w ith  th e  a u th e n tic  sam ple. T he follow ing d e r iv a tiv e s  w ere p rep ared : hydroch lo ride , 
m .p . 280 °C (Ref. [15]: 277— 280 °C), p ic ra te , in .p . 142 °C (u n d epressed ) (Ref. [20]: 144 °C), 
O -benzoate, m .p. 219 °C (R ef. [21]: 216—217 °C), an d  a c e ta te , m .p . 195 °C (undepressed ).

Q u an tita tiv e  de term ination  of th e  a lk am in es

1. T itrim etric  d e te rm in a tio n . 50 m g of th e  a lk a lo id á i residue, p rep ared  as m en tio n ed  
above, w as d issolved in  20 m l o f g lacial acetic  acid an d  a few d ro p s o f acetic  anhydride  w ere 
add ed . T itra tio n  w as c a rried  o u t w ith  0.1 N  perchloric  acid  in g lacial ace tic  acid and th e  e n d ­
p o in t w as d e tec ted  p o ten tio m e tric a lly .

2. C olorim etric d e te rm in a tio n . A 0.1%  m ethano lic  so lu tio n  of th e  alkam ines was q u a n ­
t i ta tiv e ly  app lied  on  th e  p la te s  coated  w ith  a lum ina. A fte r  develop ing  w ith  th e  so lven t, th e  
p la te s  w ere dried  a n d  d ip p ed  v e rtica lly  in  a ja r  co n ta in in g  solid iodine. A fter th e  a lkam ines 
were s ta in ed  brow n, th e  correspond ing  areas were m ark ed  a n d  k e p t o v e rn ig h t a t  room  te m p e r ­
a tu re  to  rem ove iodine. T h e  zones w ith  th e  adsorbed  a lk am in e  an d  a reas o f th e  sam e size fro m  
a b lan k  p la te  were sc rap ed  off and  tran s fe rre d  to  sep a ra te , g lass-s to p p ered  tubes. To each sam ple  
was ad d ed  5 ml o f 1%  H 2S 0 4 in e th an o l, th en  5 m l o f cone. H 2S 0 4 (added  gradually  th e n  
v igorously  shaken), fo llow ed  a f te r  one m in u te  by  th e  a d d itio n  of 2 .5%  of 1%  fo rm aldehyde  
solu tion . A fter cooling th e  tu b es  were cen trifuged , th e  o p tic a l d e n s ity  o f th e  su p e rn a ta n t w as 
m easu red  a t  570 т/л a n d  th e  c o n cen tra tio n  de te rm in ed  fro m  th e  s ta n d a rd  curve of each  
a lkam ine.

(B ) Saponins

Preparation. T he am m o n iaca l f i ltra te , rem ain ing  a f te r  rem o v a l o f th e  stero idal a lkalo ids 
(C. p u rp u reu m )  was c o n c e n tra te d , sod ium  chloride w as a d d ed , follow ed by  cone. HC1 to  b rin g  
th e  p H  betw een  4.0 a n d  5.0. T he so lu tion  was th en  sh aken  w ith  an  e q u a l vo lum e of n -b u tan o l 
(p rev iously  sa tu ra te d  w ith  w a ter). T he com bined b u tan o l e x tr a c t  w as d istilled  in  vacuum , th e  
residue w as dissolved in  m e th a n o l, boiled  w ith  charcoal, f i lte re d  a n d  th e  f iltra te  e v ap o ra ted  
in vacuum . The residue w as d issolved in  ch lo ro fo rm -9 0 %  e th an o l. C holesterol in e thano l w as 
added , an d  th e  m ix tu re  b o iled  on a w a te r  b a th  for 15 m in  an d  le ft in  a re frig e ra to r for 2 days. 
The p re c ip ita te d  ch o lestero l com plex w as filte red , w ashed  w ith  e th an o l, decom posed w ith  
py rid in e  an d  th e  sap o n in s w ere p re c ip ita te d  w ith  e th e r.

T h e  saponins of th e  o th e r  tw o species, viz. C. aurantiacum  a n d C . d iu rn u m , were p rep ared  
as follows:

1 kg  of th e  d e fa tte d , pow dered  p la n t was e x tra c te d  w ith  80%  e th an o l. T he e thano l e x ­
tra c t  w as co n cen tra ted  u n t il  alcohol free, and  th e  aqueous so lu tio n  w as th e n  trea te d  as m en ­
tioned  above.

H ydrolysis. 0.5 g o f th e  saponin , ob ta in ed  from  C. p u rp u reu m , w as dissolved in 2 N  
H 2S 0 4 in 50%  e th an o l (100 m l) an d  re flu x ed  on a w ater b a th  fo r 2 hrs. T he so lu tion  was cooled 
and th e  p re c ip ita te  th u s  o b ta in e d  was e x tra c te d  w ith  ch lo ro fo rm . T h e  crude  ta r r y  sapogenin  
was re flu x ed  for 1/2 hr. w ith  a m ix tu re  o f 400 ml benzene an d  200 m l o f 5%  m ethanolic  K O H . 
The so lu tion  was th en  cooled an d  filte red  and  the  residue w as w ashed  w ith  h o t benzene con­
ta in in g  10%  e thano l. T he f i l t r a te  and  w ashings were com bined . W a te r  (10 m l) was added  and  
th e  aqueous so lu tion  w as d ra w n  off an d  re -e x trac ted  tw ice  w ith  benzene  (100 ml each). T he 
benzene so lu tions w ere co m b in ed , w ashed  w ith  d istilled  w a te r , d ried  over an h y d ro u s sodium  
sulfate a n d  ev ap o ra te d  to  d ry n ess.

D igitogenin

D igitogenin , c ry sta lliz ed  from  ch lo ro fo rm -m eth an o l, m e lted  a t  295— 296 °C b o th  alone 
and  w hen adm ixed  w ith  a u th e n tic  d ig itogen in . The d ig ito g en in  a c e ta te  p rep ared  m elted  a t  
188— 190 °C (undepressed).

T he rem ain ing  aq u eo u s lay e r co n ta in in g  th e  sugar su b s tan ces , a f te r  ex trac tio n  of th e  
sapogenin m a tte r , was n e u tra liz e d  w ith  B aC O ;5 an d  th e  so lu tio n  w as in v es tig a te d  for th e  sugar 
com ponents by  p ap er ch ro m a to g ra p h y . T he ch ro m ato g ram  w as o b ta in e d  w ith  e th y l a c e ta te -  
p y rid in e -w a te r  ( 2 : 1 : 2 )  a n d  th e  spo ts w ere developed b y  sp ray in g  w ith  an iline-oxalic  acid 
reag en t [22].

In v estig a tio n  of th e  sap o n in s of th e  o th e r two Cestrum  species w as re s tr ic te d  to co m p ara ­
tive  ch ro m ato g rap h ic  an a ly sis  (T able II) .

*
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STRETCHING FREQUENCIES AND IONIZATION 
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T he f i r s t  ion ization  p o te n tia ls  of 4 -su b s titu te d  acetophenones were ca lcu la te d  
d irec tly , w ith  good accuracy , b y  m ean s of th e  sim ple HM O m ethod .

A  lin e a r corre lation  w as fo u n d  betw een  th e  m easu red  carb o n y l s tre tc h in g  f re ­
quencies a n d  th e  у HOMO energy-leve l coefficients, b y  w hich  a  lin ea r e q u a tio n  c an  be 
d irec tly  given fo r th e  a p p ro x im ate  calcu la tion  of s tre tch in g  frequencies.

Introduction

I n  an  earlie r com m unication  [1] we re p o rte d  th e  resu lts  o f our c a lc u la ­
tio n s  m ad e  fo r 4 -su b s titu te d  ace tophenones b y  in fra re d  spectroscopy  a n d  th e  
H iickel M olecular O rb ita l (HM O) m eth o d . T he p re se n t p a p e r described  th e  
ca lcu la tio n  o f th e  expec ted  ca rb o n y l s tre tch in g  frequencies an d  ion iza tion  p o te n ­
tia ls  o f th e  com pounds in v es tig a ted .

M any  co m m u n ica tio n s deal w ith  th e  th e o re tic a l d e te rm in a tio n  o f th e  
ex p ec ted  s tre tc h in g  frequencies o f ca rb o n y l groups [I , 2a, b , c, d, e, f, g, h , i, 
j ] .  In  each  case, th e  n  bond  o rd er o f th e  ca rbony l g roup  is de te rm in ed  b y  som e 
q u a n tu m  chem ical ap p ro x im atio n  m eth o d , an d  th is  va lu e  is used  for th e  c a l­
cu la tio n  o f  th e  force co n stan t a n d  th e  group freq u en cy , b y  m eans of v a rio u s  
fo rm u las . H ow ever, calcu lations o f th is  ty p e  are  r a th e r  com plicated .

A  sim p ler ap p ro ach  to  th e  p rob lem  is possible w ith  th e  use of th e  io n i­
z a tio n  p o te n tia ls  (Ip) of th e  m olecules. A lin ea r co rre la tio n  w as fo u n d  [3] 
b e tw een  th e  f irs t  ion iza tion  p o te n tia ls  and  C = О s tre tc h in g  frequencies o f c a r ­
bony l com pounds. A ccording to  K o o p m a n s  [ 4 ] ,  th e  f ir s t  ion iza tion  p o te n tia l  
o f a m olecule is th e  neg a tiv e  va lu es  o f th e  energy  o f th e  h ighest occupied m o ­
lecu la r o rb ita l (H O M O ). T his v iew  h as been genera lly  accep ted  in  th e  l i te r a ­
tu re  [5a, b , c], H ow xver, i t  m u s t be n o ted  th a t  th is  ho lds p recisely  fo r SC F 
LCAO ca lcu la tio n s on ly  [6a, b ].

C alculation

T he ca lcu la tio n s were ca rried  o u t, a fte r an  a p p ro p ria te  choice of th e  p a ­
ra m e te rs  [1] b y  a com pu ter o f O D R A -1013 ty p e , ap p ly in g  th e  sim ple H M O  
m e th o d . Io n iz a tio n  p o ten tia ls  w ere ca lcu la ted  b y  th e  m e th o d  o f C h i n  et al. [ 8 ] .
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E xp erim en tal

The in frared  sp ec tra  o f th e  investiga ted  co m p o u n d s were reco rded  in  c a rb o n  te tra c h lo ­
ride  so lu tio n  (c =  0.1— 0.3 m o le /lite r; d =  0.1— 0.5 m m ), using  a Zeiss U R -10W  sp ec tro p h o to m ­
e te r. T h e  accuracy  of m ea su re m e n t was + 2  cm

R esu lts

T h e ex p erim en ta l a n d  calcu lated  d a ta  are  p resen ted  in  T ab le  I .

Table I

4-R
substituent

r(C= O)
experimental,

cm-1
A

Ip*
experimental,

eV
В

z h o m oC
Ip*

calcd., 
eV 
D

Ip*
calcd.,
eV
E

p(C=0)** 
calcd., 
cm-1 
F

— n h 2 1675 8.33 0.6191 8.65 9.11 1671

O H 1680 — 0.7693 9.02 9.24 1675

— CH3 1688 9.31 0.9938 9.58 9.55 1687

- H 1692 9.53 1.0000 9.60 9.72 1690

- C l 1692 9.58 1.0000 9.60 9.69 1690

- B r 1693 9.47 0.9958 9.59 9.72 1690

— I 1693 - 1.0031 9.61 9.72 1691

- n o 2 1700 10.16 1.1370 9.94 9.96 1698

F ig . 1. T he f irs t  io n iz a tio n  p o ten tia l as a fu n c tio n  of o j .  О  e x p erim en ta l v a lu es [8] (colum n 
В ); X  values c a lc u la te d  from  /НОМСП A v a lu e s  calcu la ted  b y  th e  Cook e q u a tio n  [3]

* +  0.1 eV 
** rounded v a lu es

*** Xh o m o : co effic ien t for the  energy  leve l o f  HOMO к ц о м о  =  a 0 +  /HOMO ßo
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D iscu ssion

T he d a ta  lis ted  in  T ab le  I  show  th a t  th e  values o f th e  f ir s t  io n iza tio n  
p o te n tia l estab lished  ex p erim en ta lly  (co lum n B) and  th o se  ca lcu la ted  b y  us 
(co lum n D) are  in  good ag reem en t ( ta k in g  in to  accoun t th e  n a tu re  o f th e  ca l­
cu la tio n  m e th o d  app lied ). T he sc a tte r in g  is g rea te r in  th e  va lu es  o f th e  f ir s t  
io n iza tio n  p o te n tia ls  (colum n E) c a lcu la ted  b y  Co o k ’s [3] eq u a tio n  from  th e  
m easu red  ca rb o n y l frequencies. T his can  be seen in Fig. 1 w here th e  Ip  va lu es  
are  p lo tte d  ag a in st th e  ap values of th e  su b stitu en ts  [9]. On p lo ttin g  th e  
m easu red  c a rb o n y l s tre tch in g  frequencies against th e  X H o m o  values (co lum n 
C), th e  g rap h  show n in  F ig . 2 is o b ta in e d .

F ig . 2. D ependence of th e  v a lu e  q o -o )  on ZHOMO

I t  can be seen th a t  in  ag reem en t w ith  th e  general re su lts  re p o rte d  in  th e  
l i te ra tu re  [3, 4, 5], a lin e a rly  rising  s tr a ig h t  is ob ta ined . T h u s, on th e  basis  of 
th is  co rre la tio n , a d irec t fo rm ula  can b e  given for th e  re la tio n  be tw een  th e  
ca rb o n y l s tre tch in g  freq u en cy  an d  th e  ^ H0 M0  energy-level coeffic ien ts

r c = o  (cm  _1) =  1618 .0  4- 73 £ homo i  3.2 .

T he ca rbony l frequencies ca lcu la ted  from  th is fo rm ula  (co lum n F) agree 
well w ith  th e  ex p erim en ta lly  es tab lish ed  va lu es  (colum n A).

T his is also p ro v ed  b y  Fig. 3 w here th e  ex p erim en ta lly  e s tab lish ed  (col­
u m n  A) an d  ca lcu la ted  (colum n F) c a rb o n y l frequencies are p lo tte d  a g a in s t 
th e  <Tp values of th e  su b s titu e n ts  app lied .

I t  appears from  F ig . 3 th a t  th e  s tra ig h ts  p lo tted  on th e  basis o f th e  m e a s­
u red  a n d  ca lcu la ted  values ru n  p ra c tic a lly  parallel, an d  th e ir  c h a ra c te r  is 
id en tica l w ith  th e  d a ta  p u b lished  in  th e  l i te ra tu re  [10].

In  general, th e  eq u a tio n

V( C = 0 )  ( c m -1) =  1615 .32  - \ -  73 я НОмо ±  6
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can  be successfully a p p lie d  for th e  sim ple a p p ro x im a te  ca lcu la tion  of th e  e x ­
p e c te d  carbony l s tre tc h in g  frequencies o f  a ro m a tic  c a rb o n y l com pounds.

F o r exam ple, in  th e  case of th e  chalcone (benzalacetophenone):

V(C=0 ) ex p erim en ta l: 1672 c m -1 
Г(с=о) ca lcu la ted : 1673 c m -1

(P aram ete rs : h o : 2 .0  fcc0 • У~2)

feC- c : °-9

F ig . 3. D ependence o f th e  v a lu e s  o f Г(с-0) 011 О  e x p e rim e n ta l v a lu es; X calcu la ted  v a lu es 
»
H

*

The a u th o r’s th a n k s  a re  due  to  th e  F ir s t  D e p a r tm e n t o f N a tu ra l  Sciences of th e  H u n g a r ­
ian  A cadem y of Sciences fo r  sponsoring  th e  p re se n t  w ork , an d  to  th e  resea rch  w orkers o f th e  
C om puter C entre o f  th e  L . K o s su th  U n iv e rs ity  fo r th e ir  a ssistan ce  in  th e  calculations.
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СИНТЕЗ МОНО- И Д И С У Л Ь Ф О П Р О И З В О Д Н Ы Х  
Д И Ф Е Н И Л П И К Р И Л Г И Д Р А З И Л А  (ДФПГ)

Г. В. ПУТЫРСКАЯ и Ю. СИЛАДИ 
( Ц е н т р а л ь н ы й  И с с л е д о в а т е л ь с к и й  И н с т и т у т  Х и м и и  В А Н ,  Б у д а п е ш т )

Поступила 25. I. 1971 г.

Описывается синтез моно- и дисульфопроизводных 1,1-дифенил-2-пикрилгид- 
разила. Синтез осуществлялся ступеньчато: сульфированием асе. дифенилгидра- 
зина хлорсульфоновой кислотой, конденсацией полученного сульфопроизводного 
асе. гидразина с пикрилхлоридом и окислением продукта конденсации перекисью 
свинца. Варьированием молярного отношения асе. дифенилгидразина и хлор­
сульфоновой кислоты реакцию можно направлять в сторону получения моно- или 
ди-производного сульфогидразина. Приводятся ИК спектры соединений и дается 
их оценка.

С о  в р е м е н и  с и н т е з а  п е р в о г о  с т а б и л ь н о г о  р а д и к а л а  1 ,1 - д и ф е н и л - 2 - п и к -  

р и л г и д р а з и л а  [ 1 ]  с и н т е з и р о в а н о  б о л ь ш о е  к о л и ч е с т в о  е г о  а н а л о г о в  с  р а з л и ч ­

н ы м и  з а м е с т и т е л я м и  и  ф у н к ц и о н а л ь н ы м и  г р у п п а м и  в  ф е н и л ь н ы х  и  п и к р и л ь -  

н о м  к о л ь ц а х  ( [ 2 — 5 ]  и  д р . ) ,  и с с л е д о в а н ы  и х  с т а б и л ь н о с т ь  и  х и м и ч е с к и е  с в о й ­

с т в а  в  з а в и с и м о с т и  о т  т и п а  и  к о л и ч е с т в а  з а м е с т и т е л е й ,  а  т а к ж е  и х  п о л о ж е н и я  

в м о л е к у л а х .  Э т и  с в о б о д н ы е  р а д и к а л ы  в с и л у  с в о е й  п р и р о д ы  о к а з а л и с ь  в е с ь ­

м а  п о л е з н ы м и  с о е д и н е н и я м и  д л я  и з у ч е н и я  к и н е т и к и  п о л и м е р и з а ц и о н н ы х ,  

б и о л о г и ч е с к и х  и  р а д и а ц и о н н о - х и м и ч е с к и х  п р о ц е с с о в .  О с о б ы й  и н т е р е с  п р е д ­

с т а в л я ю т  в о д о р а с т в о р и м ы е  с т а б и л ь н ы е  р а д и к а л ы  д л я  и з у ч е н и я  р а д и о л и з а  

в о д ы  и  в о д н ы х  р а с т в о р о в .

В п е р в ы е  у п о м и н а н и е  о  с у щ е с т в о в а н и и  в о д о р а с т в о р и м о г о  а н а л о г а  

Д Ф П Г  с  с у л ь ф о - г р у п п о й  в  о р т о - п о л о ж е н и и  п и к р и л ь н о г о  к о л ь ц а  с о д е р ж и т ­

с я  в  р а б о т е  [ 6 ] ,  в  к о т о р о й  с о о б щ а л о с ь  о  р е з у л ь т а т а х  и с с л е д о в а н и я  п а р а м а г ­

н и т н ы х  с в о й с т в  э т о г о  с о е д и н е н и я ,  н о  н е  с о д е р ж а л о с ь  н и к а к и х  с в е д е н и й  о 

е г о  с и н т е з е .  В  о д н о й  и з  н а ш и х  р а б о т  [ 7 ]  н а м и  о п и с ы в а е т с я  с и н т е з  д р у г о г о  

а н а л о г а  Д Ф П Г ,  а  и м е н н о  п ,п ’- д и с у л ь ф о - 1 ,1 - д и ф е н и л - 2 - п и к р и л г и д р а з и л а ,  

к о т о р ы й  о д н а к о  о к а з а л с я  н е д о с т а т о ч н о  у с т о й ч и в ы м  в  в о д н о м  р а с т в о р е .  П о ­

э т о м у  п р е д с т а в л я л  и н т е р е с  с и н т е з  м о н о - с у л ь ф о - п р о и з в о д н о г о  Д Ф П Г  и  и с с л е ­

д о в а н и е  е г о  с в о й с т в  в  н а д е ж д е  н а  е г о  б о л ь ш у ю  у с т о й ч и в о с т ь  в  в о д н ы х  р а с т ­

в о р а х .

В  о с н о в у  с и н т е з а  м о н о - с у л ь ф о - п р о и з в о д н о г о  Д Ф П Г  н а м и  в з я т  т о т  ж е  

х о д  р е а к ц и й ,  ч т о  и  п р и  п о л у ч е н и и  д и с у л ь ф о - п р о и з в о д н о г о  [ 7 ] ,  т . е .  с у л ь ф и ­

р о в а н и е  а с е .  д и ф е н и л г и д р а з и н а  в  с у х о м  н и т р о б е н з о л е  х л о р с у л ь ф о н о в о й  к и с ­

л о т о й  с  п о с л е д у ю щ е й  к о н д е н с а ц и е й  п о л у ч е н н о г о  п р о д у к т а  в  с п и р т о - в о д н о й  

с р е д е  с  п и к р и л х л о р и д о м  п о  н и ж е с л е д у ю щ е й  с х е м е :
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H O 3 S

(II) (H I)

МаОз

МаОзВ

(VII)

И з м е н е н и е м  с о о т н о ш е н и я  д и ф е н и л г и д р а з и н а  и  х л о р с у л ь ф о н о в о й  к и с л о ­

т ы , к а к  п о к а з а л и  п р е д в а р и т е л ь н ы е  о п ы т ы , р е а к ц и ю  м о ж н о  н а п р а в и т ь  в  с т о ­

р о н у  п о л у ч е н и я  и л и  м о н о с у л ь ф о - п р о и з в о д н о г о  ( I I )  и л и  д и с у л ь ф о - п р о и з в о д -  

н о г о  д и ф е н и л г и д р а з и н а  ( I I I ) .  Т а к  к а к  в  х о д е  с и н т е з о в  п о  с р а в н е н и ю  с  п р о ­

п и с ь ю  [7 ]  в в е д е н ы  н е к о т о р ы е  и з м е н е н и я ,  в  д а н н о й  с т а т ь е  б у д у т  о п и с а н ы  с и н ­

т е з ы  о б о и х  п р о и з в о д н ы х  Д Ф П Г .
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Экспериментальная часть
I. П олучение п -с у л ь ф о -1 ,1 -Д и ф е н и л -2 -п и к р и л г и д р а зи л а  (VI)

1. Исходные продукты

Необходимый для реакции асе. дифенилгидразин (1) получался восстановлением 
N-нитрозодифениламина [8 ] в среде абс. эфира L iA lH 4 [9]. Очищенные двух- или трех­
кратной перекристаллизацией из этилового спирта игольчатые кристаллы серо-зеленого 
цвета имели температуру разложения 139—142°С. Следует заметить, что успех синтеза 
всегда зависел от чистоты асе. дифенилгидразина.

Другие исходные вещества, такие, как хлорсульфоновая кислота (F lu k a  AG. B uchs 
SG. p ra c t) , нитробензол (F a b rik a  O dczynnikow  C hem icznych, p u riss) и пикрилхлорид 
(L ab o ra to ry  R e ag e n t, th e  B ritish  d rug  H ouses L T D , p .a .)  использовались без дополни­
тельной очистки.

2. Сульфирование асе. дифенилгидразина

20  г асе. дифенилгидразина (1) при энергичном перемешивании небольшими пор­
циями добавлялось к раствору 6,5 мл хлорсульфоновой кислоты (мол. соотношение 1 : 1) 
в 200 мл сухого нитробензола. Реакция начиналась сразу же с выделением пузырьков 
хлористого водорода и с небольшим разогревом (30—35°). Полученная зеленоватая лип­
кая масса медленно нагревалась до 110—120° при непрерывном перемешивании. По исте­
чении 10—15 минут вся масса превращалась в черный рассыпчатый продукт, который 
после охлаждения отделялся от реакционной смеси простым фильтрованием, многократно 
промывался небольшими порциями нитробензола и бензола, а затем высушивался над 
хлористым кальцием.

Если молекулярное соотношение дифенилгидразина и хлорсульфоновой кислоты бра­
лось в пределах 1 : 1, то продукт (111) образовывался в небольших количествах.

3. Получение п-сульфо-1,1-дифенил-2-никрилгидразина (IV) (конденсация)

Хорошо высушенный и измельченный сульфогидразин (II) вносился в смесь 400 мл 
этилового спирта с 70 мл воды и нейтрализовался бикарбонатом натрия, затем очищался 
от примесей непродолжительным кипячением с активированным углем, фильтровался. 
К еще теплому раствору добавлялось 8 г бикарбоната натрия и 22 г пикрилхлорида, 
предварительно растворенного при нагревании в 100 мл этанола. Реакционная смесь вы­
держивалась при температуре 60—70° в течение примерно 2-х часов до полного прекра­
щения выделения пузырьков двуокиси углерода. При этом смесь окрашивалась в красно­
вато-коричневый цвет. Под пониженным давлением из нее отгонялся избыток раствори­
теля, остаток же высаживался нагретым до 60° изо-амиловым спиртом (около 600 мл). 
После охлаждения изоамиловый спирт декантировался, смолообразный остаток же экстра­
гировался 4 раза бензолом и высушивался над хлористым кальцием. Полученный гидразин 
(IV) очищался от примесей методом распределительной хроматографии на колонках с 
последующей перекристаллизацией из спирта.

4. Хроматографическая очистка (IV)
Предварительные опыты хроматографии на бумаге показали, что наиболее подходя­

щим для хроматографирования составом является смесь н-бутанола, уксусной кислоты и 
воды, взятых в объемном отношении 3 : 1 : 1 .  Значение коэффициента Rf =  0,67 для моно- 
сульфогидразина (IV).

Для распределительной хроматографии пользовались колонкой размером 4,5x50 
см, заполненной целлюлозной пудрой марки Schuchardt. Хроматографируемая смесь 
наносилась из метанолового раствора на небольшое количество целлюлозной пудры, цел­
люлоза высушивалась и вносилась в колонку. Скорость подачи растворителя поддержи­
валась 1 мл/мин. Собранные фракции высушивались под вакуумом в тонком слое. Хрома­
тографирование повторялось два-три раза. Отбирались те фракции, которые давали поло­
жительную реакцию на свободный радикал при окислении их перекисью свинца (метано- 
ловый раствор окрашивался в лиловый цвет). Для элементарного анализа полученный 
гидразин (IV) перекристаллизовался из этанола. Результаты анализа указаны в таблице 1.
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5. П олучение п-сульфо-1,1-дифенил-2-пикрилгидразила (VI) (окисление)

Высушенный после конденсации продукт может быть окислен без дополнительной 
очистки. Навеску 4 г растворяли в 200 мл метилового спирта, к смеси добавляли 30 г 
перекиси свинца и встряхивали в течение двух часов до получения лилового окрашивания 
реакционной смеси. Раствор фильтровался от шламма и испарялся в струе воздуха от 
растворителя до наступления кристаллизации. Выпавшие мелкие кристаллы отфильтровы­
вались и на фильтре промывались попеременно водой и спиртом до получения промыв­
ных вод чистого лилового цвета. Кристаллы, напоминающие по внешнему виду сажу, высу­
шивались над пятиокисью фосфора. Выход их составлял 0 ,7 — 1 г. Свободный радикал 
может быть перекристаллизован из этанола, но может быть использован и без дополнитель­
ной очистки. Из сделанной для проверки чистоты продукта бумажной хроматограммы 
видно, что весь продукт переместился в виде одной полосы без расслоения. Спектроскопи­
ческие испытания же показали, что даже в перекристаллизованном стабильном радикале 
содержатся следы исходного гидразина (IV). Результаты анализа приведены в таблице 1. 
Дериватографические исследования по определению кристаллизационной воды были про­
ведены на кафедре Общей и Аналитической Химии Будапештского Политехнического 
Института Ш. Галом и Т. Мейзелем, за что авторы приносят им свою благодарность.

Опыт показал, что наибольший выход стабильного радикала получался при окис­
лении небольших порций гидразина (IV), не превышающих 4—6 г. Окисление можно 
проводить и из ацетонового раствора. Так как полученный свободный радикал представ­
ляет собой гигроскопический продукт, целесообразно хранить его над пятиокисью фос­
фора. В этих условиях он может сохраняться без изменений годами.

II. Получение п ,п’-дисульфо-1,1-дифенил-2-пикрилгидразила (VII)

1. Сульфирование дифенилгидразина

Дисульфогидразин (III) получался по тому же рецепту, что и (II), но с тем отличием, 
что отношение хлорсульфоновой кислоты к дифенилгидразину бралось в пределах от 2-х 
до 4-х. Выход продукта (III) получался заниженным по сравнению с получением (II) в 
предыдущем синтезе за счет частичного осмоления продуктов избытком хлорсульфоновой 
кислоты. Параллельно с дисульфо-производным (III) всегда образовывался в небольших 
количествах и (II). Их разделение целесообразно проводить после конденсации.

2. Получение п,п’-дисульфо-1,1-дифенил-2-пикрялгидразина (V) (конденсация)

Полученный после сульфирования продукт (III) после сушки и измельчения вно­
сился в раствор 400 мл этанола и 70 мл воды, нейтрализовался примерно 22 г бикарбоната 
натрия и очищался небольшим количеством активированного угля от примесей. После 
фильтрования получалась жидкость лилово-розового цвета. К ней при перемешивании 
добавлялся раствор 24 г пикрилхлорида в 100 мл этанола и 8 г бикарбоната натрия. В даль­
нейшем ход реакции и обработка продуктов совпадает с получением (IV).

Как уже упоминалось выше, при сульфировании одновременно с продуктом (III) 
образуется в небольших количествах и продукт (II), который может быть легко отделен от 
дисульфопроизводного после конденсации. Разделение производится высаждением дисуль- 
фопикрилгидразина из метанолового раствора ацетоном, т. к. последнее нерастворимо в 
ацетоне, а моно-сульфогидразин (IV) хорошо в нем растворим.

3. Разделение (IV) и (V)

10 г сухого неочищенного после конденсации продукта при небольшом нагревании 
растворялось в 50 мл метанола и высаждалось при энергичном перемешивании в 500 мл 
ацетона. При этом дисульфопикрилгидразиновая фракция (V) высаживалась в виде 
светло-коричневых хлопьев, а гидразин (IV) оставался в ацетоновом растворе. Для предот­
вращения осмоления продукта (V) к концу фильтрации к осадку добавлялось небольшое 
количество н-бутанола, вещество высушивалось над хлористым кальцием, а затем очища­
лось методом распределительной хроматографии на колонках, который полностью совпада­
ет с методом очистки продукта (IV). Значение Rf =  0,20 для продукта (V) было определено 
в предварительных опытах на бумажной хроматограмме.
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Дисульфодифенилпикрилгидразин (V) может быть перекристаллизован после хро­
матографирования из этилового спирта. Результаты элементарного анализа приведены в 
таблице 1.

4. Получение п,п’-дисульфо-1,1-дифенил-2-пикрилгидразила (VII) (окисление)

4 г очищенного гидразина (V) растворялось в 80 мл метанола и окислялось 30-ю 
граммами перекиси свинца в течение 2-х часов при энергичном перемешивании. Смесь 
отфильтровывалась через обычный бумажный фильтр, фильтрат обрабатывался двумя 
путями:

1) быстрым испарением метанола в струе воздуха или азота,
2 ) частичной отгонкой большей части растворителя и высаждением стабильного 

радикала сухим бензолом.
Следует заметить, что моно-сульфо-ДФПК оказался более устойчивым в водных 

растворах, чем дисульфопроизводное. Элементарный анализ соединения (VII) указан в 
таблице 1.

Для подтверждения строения полученных соединений были проведены спектро­
скопические исследования.

III. Спектроскопические исследования

И з м е н е н и я  в  и н ф р а к р а с н ы х  с п е к т р а х ,  к о т о р ы е  в о з н и к а ю т  п р и  п е р е х о ­

д а х  о т  (IV) к  (VI) и  о т  (V) к  (VII), т . е .  п р и  о к и с л е н и и  с у л ь ф и р о в а н н ы х  п и к р и л -  

г и д р а з и н о в  в  с в о б о д н ы е  р а д и к а л ы  л у ч ш е  в с е г о  м о г у т  б ы т ь  о п р е д е л е н ы  п р и  

с р а в н е н и и  и х  с  б о л е е  п р о с т ы м и , н о  х о р о ш о  и з у ч е н н ы м и  м о д е л я м и  т а к и м и ,  

к а к  п а р а  1 ,1 - д и ф е н и л - 2 - п и к р и л г и д р а з и н  —  1 ,1 - д и ф е н и л - 2 - п и к р и л г и д р а з и л  

( Д Ф П Г ) .

У  1 ,1 - д и ф е н и л - 2 - п и к р и л г и д р а з и н а ,  к а к  э т о  в и д н о  и з  с п е к т р а  1 , п о л о с а

L i F NaCI KBr
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Таблица 1

Р е з у л ь т а т ы  э л е м е н т а р н о г о  а н а л и з а

С о ед и н ен и е В и д  п р о д у к т а

Р е з у л ь т а т ы  а н а л и з а  

р ас сч и т а н н ы е

С н N 1 S

í. п-сульфо-1,1-дифенил-2 -пикрил- 
гидразин (IV)
C18H]2N509SNa • С2Н5ОН

коричн.
мелкие
крист. 44,10 3,32 12,90 5,90

2 . п-сульфо-1,1-дифенил-2 -пикрил- 
гидразил (VI)
CiaHuNäO,SNa • 2Н20

черные
мелкие
крист. 40,61 2,84 13,15 6,02

3. п,п’-дисульфо-1,1-дифенил-2- 
пикрилгидразин (V) 
C18HuN50 ,2S2Na2 • CHgOH

желтокоричн.
крист.

36,21 2,22 11,07 10,01

4. п,п’-днсульфо-1,1-дифенил-2- 
пикрилгидразил (VII) 
Ci8H10N5Oi2S2Na2 • С2Н5ОН

черные
мелкие
крист. 38,12 3,22 10,01 9,28

Р е з у л ь т а т ы  а н а л и з а

С о ед и н ен и е В и д  п р о д у к т а п о л у ч е н н ы е

С н N S

1. п-сульфо-1,1-дифенил-2-пикрил- 
гидразин (IV)
C,8H12N5SNa • С2Н50Н

коричн.
мелкие
крист. 43,82 3,46 13,19 6,34

2 . п-сульфо-1,1-дифенил-2 - 
пикрилгидразил (VI) 
C18HnN509SNa • 2Н20

черные
мелкие
крист. 40,31 3,07 13,05 6,20

3. п,п’-дисульфо-1,1-дифенил-2 - 
пикрилгидразин (V) 
Ci8HuN50 12S2Na2 • СН3ОН

желтокоричн.
крист. 36,48 2,21 11,38 10,28

4. п,п’-дисульфо-1,1 -дифенил-2- 
пикрилгиДразил (VII) 
C18H10N5O12S2Na2 .C2H5OH

черные
мелкие
крист. 38,30 2,98 10,22 9,76

в а л е н т н ы х  к о л е б а н и й  г р у п п ы  N H  и м е е т  ч а с т о т у  3 2 9 0  с м  Ч В а л е н т н ы е  к о л е ­

б а н и я  а р о м а т и ч е с к о г о  с к е л е т а  м о г у т  б ы т ь  п р и п и с а н ы  п о л о с а м  с  ч а с т о т а м и  

1 6 2 5 ,  1 6 0 0 ,  1 4 9 5  и  1 4 4 0  с м - 1  ( х о т я  с п е к т р  с н я т  в  п а р а ф и н о в о м  м а с л е ,  о ч е н ь  

т о н к и й  с л о й  —  0 ,0 2  м м  —  в с е  ж е  д а е т  в о з м о ж н о с т ь  о п и с а т ь  т а к ж е  и  о б л а с т ь ,  

л е ж а щ у ю  в р а й о н е  1 4 6 0  с м - 1 ).
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В  с п е к т р е  2  1 ,1 - д и ф е н и л - 2 - п и к р и л г и д р а з и л а  н е д о с т а е т  п о л о с ы  в а л е н т ­

н ы х  к о л е б а н и й  г р у п п ы  N H ,  и  к а р т и н а  о б л а с т и  п о г л о щ е н и я  а р о м а т и ч е с к о г о  

с к е л е т а  п о  с р а в н е н и ю  с  с о о т в е т с т в у ю щ и м  с п е к т р о м  1 д л я  1 ,1 - д и ф е н и л - 2 -  

п и к р и л г и д р а з и н а  т а к ж е  и з м е н и л а с ь .  Т а к ,  н а п р и м е р ,  п о л о с а  с  ч а с т о т о й  1 6 2 5  

с м - 1  н а  с п е к т р е  1 п е р е м е с т и л а с ь  к  1 5 8 0  с м - 1  и з - з а  и з м е н е н и я  у с л о в и й  с о п р я ­

ж е н и я .

LiF NaCI К Вг

Р и с .  2 .  ИК-спектр 1,1-дифенил-2-пикрилгидразила (ДФПГ)

Н а  с п е к т р е  3 ,  п р и н и м а я  в о  в н и м а н и е  с п е к т р  1, п о л о с а  в а л е н т н ы х  к о л е ­

б а н и й  г р у п п ы  N H  и м е е т  ч а с т о т у  3 2 8 5  с м - 1 . Ш и р о к а я  п о л о с а  п о г л о щ е н и я  с  

м и н и м у м о м  3 4 4 0  с м - 1 , х а р а к т е р н а я  д л я  к о л е б а н и й  г р у п п  О Н ,  а  т а к ж е  к о л е ­

б а н и я  в  о б л а с т и  м е ж д у  3 0 0 0 — 2 8 0 0  с м - 1  ( п о л о с ы  а л и ф а т и ч е с к и х  ч а с т о т  С Н )  

у к а з ы в а ю т  н а  п р и с у т с т в и е  в  в е щ е с т в е  н е к о т о р о г о  к о л и ч е с т в а  с п и р т а , о с т а в ­

ш е г о с я  п о с л е  п е р е к р и с т а л л и з а ц и и .  В  с п е к т р е  м о ж н о  н а й т и  п о л о с ы  в а л е н т н ы х  

к о л е б а н и й  а р о м а т и ч е с к о г о  с к е л е т а  с  ч а с т о т а м и  1 6 2 0 ,  1 6 0 0 ,  1 5 7 0 ,  1 4 9 5  и  1 4 4 0  

с м ~ х. П о л о с а  г асс. S O ;T , х а р а к т е р н а я  д л я  г р у п п ы  N a 0 3S ~ ,  и з - з а  б о л ь ш о г о  

м о л е к у л я р н о г о  в е с а  п р о я в л я е т с я  с л а б е е ,  ч е м  о б ы ч н о , и  и м е е т  ч а с т о т у  1 2 2 8  

с м - 1  ( ц е л е с о о б р а з н о  и н т е н с и в н о с т ь  п о л о с ы  г асс. SO -7 о т н е с т и  к  и н т е н с и в н о с т и  

п о л о с ы  vCHM N 0 2, и м е ю щ е й  ч а с т о т у  1 3 4 0  с м “ 1, т . к . т а к и м  о б р а з о м  м о ж н о  л е г ч е  

з а м е т и т ь  в о з р а с т а н и е  к о л и ч е с т в а  с у л ь ф о - г р у п п  в  п а р а х  ( I V )  и  (V ) ,  (V I )  и  ( V I I ) .

В  с п е к т р е  4  в е щ е с т в а  (V I )  п р а к т и ч е с к и  о т с у т с т в у е т  п о л о с а  г р у п п ы  N H .  

Н е б о л ь ш о й  и з г и б  н а  к р и в о й  с  ч а с т о т о й  3 2 9 0  с м - 1  у к а з ы в а е т  н а  т о , ч т о  п р о ­

ц е с с  о к и с л е н и я  п р о и з о ш е л  н е  н а  в с е  1 0 0 % . Э т о  п о д т в е р ж д а е т с я  и  т е м  ф а к т о м ,  

ч т о  п о л о с а  с  ч а с т о т о й  1 6 2 0  с м - 1  с п е к т р а  3 ,  х а р а к т е р н а я  д л я  в а л е н т н ы х  к о л е ­

б а н и й  а р о м а т и ч е с к о г о  с к е л е т а ,  х о т я  и  с  о ч е н ь  н е б о л ь ш о й  и н т е н с и в н о с т ь ю ,
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r m ' 1

P u c .  3 .  ИК-спектр п-сульфо-1,1-Дифенил-2-пикрилгидразина (IV)

н о  п о я в л я е т с я  и  з д е с ь .  В л и я н и е  и з м е н е н и я  у с л о в и й  с о п р я ж е н и я  п р и  п е р е х о д е  

к  с в о б о д н о м у  р а д и к а л у  п о я в л я е т с я  и  в  д а н н о м  с л у ч а е :  п о л о с а  (IV) с  ч а с т о т о й  

1 6 2 0  с м - 1  п е р е м е щ а е т с я  в  с п е к т р е  с о е д и н е н и я  (VI) к  1 5 8 0  с м - 1 . Т о ч н о  т а к ж е  

и з м е н е н и е м  у с л о в и й  с о п р я ж е н и я  о б ъ я с н и м о  т о  о б с т о я т е л ь с т в о ,  ч т о  в  с п е к т р е  

( V I )  и н т е н с и в н е е  п о я в л я е т с я  п о л о с а  vacc. S 0 3~  п р и б л и з и т е л ь н о  у  1 2 1 5  с м - 1 , 

ч е м  в  с п е к т р е  3 .  С л е д у е т  з а м е т и т ь ,  ч т о  п о л о с а  н а  с п е к т р е  4  с  м и н и м у м о м  3 4 5 0  

с м - 1  о б я з а н а  с в о и м  п о я в л е н и е м  к р и с т а л л и з а ц и о н н о й  в о д е  (г  О Н ) .

L iF NaCI KBr

Р и с .  4 . ИК-спектр п-сульфо-1,1-дифенил-2-пикрилгидразила (VI)
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Н а  с п е к т р е  5  с о е д и н е н и я  (V )  п о л о с а  в а л е н т н ы х  к о л е б а н и й  г р у п п ы  N H  

и м е е т  ч а с т о т у  3 2 9 5  с м - 1 , а  п о л о с ы  в а л е н т н ы х  к о л е б а н и й  а р о м а т и ч е с к о г о  с к е ­

л е т а  —  1 6 2 3 ,  1 6 0 0 ,  п р и б л .  1 5 6 0  ( э т а  п о л о с а  п о я в л я е т с я  в  в и д е  н е б о л ь ш о г о  

и з г и б а  и  с л и в а е т с я  с  п о л о с о й  г сим N 0 2 с  ч а с т о т о й  1 5 4 5  с м - 1 ) ,  1 5 0 0  и  1 4 4 0  с м - 1 . 

П о л о с а  с  м и н и м у м о м  3 4 4 0  с м - 1  о т н о с и т с я  к  в а л е н т н ы м  к о л е б а н и я м  г р у п п  О Н ,  

и  п о л о с ы  п о г л о щ е н и я  в  о б л а с т и  3 0 0 0 — 2 8 0 0  с м - 1 , х а р а к т е р н ы е  д л я  а л и ф а т и ­

ч е с к и х  C H - г р у п п ,  о б я з а н ы  с в о и м  п р о и с х о ж д е н и е м  с п и р т у ,  и з  к о т о р о г о  п р о и з ­

в о д и л а с ь  п е р е к р и с т а л л и з а ц и я .  П о л о с а  п о г л о щ е н и я ,  х а р а к т е р н а я  д л я  тасс 

S 0 3, с  ч а с т о т о й  1 2 0 0  с м - 1 , в  э т о м  с п е к т р е  б о л е е  и н т е н с и в н а ,  ч е м  в  с п е к т р е  

в е щ е с т в а  ( I V ) .

Р и с .  5 .  ИК-спектр п,п’-дисульфо-1,1-дифенил-2-пикрилгидразина (V)

В  с п е к т р е  6  н е б о л ь ш о й  и з г и б  у  ч а с т о т ы  у  3 2 9 0  с м - 1  у к а з ы в а е т  н а  п р и ­

с у т с т в и е  с л е д о в  г р у п п ы  N H .  И з м е н е н и е  о б л а с т и  п о л о с  а р о м а т и ч е с к о г о  с к е л е т а  

п о  с р а в н е н и ю  с  п р е д ы д у щ и м и  д в у м я  с п е к т р а м и , з д е с ь  н е  н а с т о л ь к о  з н а ч и ­

т е л ь н о е .  Б о л ь ш е е  к о л и ч е с т в о  о с т а в ш е г о с я  г и д р а з и н а  п о  с р а в н е н и ю  с о  с п е к т ­

р о м  4  с о о т в е т с т в е н н о  п р о я в л я е т с я  в  н е к о т о р о м  у в е л и ч е н и и  и н т е н с и в н о с т и  

п о л о с ы  с  ч а с т о т о й  1 6 2 3  с м - 1 . Н о в а я  п о л о с а ,  к о т о р а я  п о я в л я е т с я  п р и  п е р е х о д е  

о т  г и д р а з и н а  к  с в о б о д н о м у  р а д и к а л у ,  з д е с ь  п е р е м е щ а е т с я  о т  1 6 2 3  с м - 1  и  с л и в а ­

е т с я  с  п о л о с о й  а р о м а т и ч е с к о г о  с к е л е т а  у  1 6 0 0  с м  \  в ы з ы в а я  е е  у ш и р е н и е .  

Ш и р о к а я  п о л о с а  с  м и н и м у м о м  у  3 4 5 0  с м - 1  —  с л е д с т в и е  п р и с у т с т в и я  в  м о л е к у ­

л е  к р и с т а л л и з а ц и о н н о й  в о д ы  и л и  с п и р т а .
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С п е к т р ы  с н и м а л и с ь  н а  и н ф р а - к р а с н о м  с п е к т р о м е т р е  Ц е й с а  т и п а  U R - 1 0  

с  и с п о л ь з о в а н и е м  п р о г р а м м ы  щ е л и  4 .  В  с л у ч а е  1 ,1 - д и ф е н и л - 2 - п и к р и л г и д р а з и -  

н а  и  с о о т в е т с т в у ю щ е г о  е м у  с в о б о д н о г о  р а д и к а л а  и с п о л ь з о в а л а с ь  т е х н и к а  

N U J O L  (с п е к т р ы  1 и  2 ) ,  о с т а л ь н ы е  ч е т ы р е  с п е к т р а  с н и м а л и с ь  п о  К В г  т е х ­

н и к е .

__       I I и л  I I I I I I I I I I I I I I I I I I I I I I I I I
3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 700 600 500

Р и с .  6 . ИК-спектр п,п’-дисульфо-1,1-дифенил-2-пикрилгидразила (VII)

Na03S

N a03 S

В заключение считаем своим приятным долгом выразить благодарность канд. хим. 
наук Ш. Холли за снятие и оценку ИК спектров.

Sum m ary

T he syn thesis o f m ono- a n d  d isu lfonated  d e riv a tiv e s  o f l ,l-d ip h en y I-2 -p ic ry !h y d razy l 
(D P P H )  is described. T h e  sy n th e s is  was carried  o u t  s te p  b y  step : b y  su lfo n a tio n  of th e  a sy m ­
m e tr ic  d iphen y lh y d raz in e  w ith  chlorosulfonic acid , b y  co n d en sa tio n  o f su lfo n a ted  de riv a tiv e  
fo rm ed  w ith  p icry lch loride  a n d  b y  sub seq u en t o x id a tio n  of th e  co n d en sa tio n  p ro d u c t w ith  lead  
p e ro x id e . V aria tio n  of th e  m ole  ra tio  o f th e  a sy m m etric  d ip h en y lh y d raz in e  an d  chlorosulfonic 
acid  lead s  to  th e  fo rm atio n  o f  e ith e r  th e  m ono- o r th e  d isu lfo n ated  h y d ra z in e  d eriva tive . T he IR 
sp e c tra  a n d  th e ir  c h a ra c te ris tic s  a re  described.
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INFRARED ABSORPTION BANDS ASSOCIATED WITH
THE SULTAM RING

S. H . D oss
(O rganisch-C hem isches In stitu t der U niversitä t B onn , Germ an Federal R epublic)

R eceived January 25, 1971, 
in revised form May 20, 1971

The infrared spectra of various arom atic and aliphatic six-m em bered cyclic sul- 
tam s have been studied. The characteristic frequencies and shifts are discussed.

S u ltam s are cyclic su lfonam ides, analogous to  th e  y - ,  Ö- a n d  e-lactam s, 
an d  m ay  con ta in  five- or six -m em bered  rings. T h ey  a re  well c ry sta llized  su b ­
s tan ces; th e ir  so lubilities in  alkalies are  due to  th e  fo rm a tio n  o f m e ta l salts. 
T he “ im ino  g ro u p ”  has an  acid  n a tu re  due to  th e  in fluence  o f th e  neg a tiv e  
SO , g roup  [1].

F ew  observ a tio n s h av e  been  re p o rte d  on th e  in fra re d  sp e c tra  benzene- 
an d  to luen e-su lfo n am id es [2, 3].

A dams an d  T je p k e m a  [4] fo u n d  a s tro n g  b a n d  a t  1180—1160 c m -1 as 
th e  c h a ra c te ris tic  freq u en cy  fo r severa l N ,N -d isu b s titu te d  su lfonam ides.

B a x t e r  et al. [5] s tu d ied  th e  in fra red  s p e c tra  o f 25 su lfonam ides and  
found  th a t  all su lfonam ides h a d  tw o s tro n g  b an d s a t  freq u en c ies  n e a r 1160 
a n d  1350 cm  -1 w hich are  due to  th e  sy m m etric  vs an d  a n tisy m m e tr ic  vas v i­
b ra tio n s  of th e  tw o S —О bo n d s.

In  th e  p resen t w ork  th e  sp ec tra  o f 17 co m p o u n d s lis te d  in  T ab le  I  were 
m easu red  betw een  4000 an d  650 cm  1 in  K B r pe lle ts  a n d  in  ace to n itrile . The 
p rin c ip a l resu lts  are sum m arized  in  T ab le  I I  (a ce to n itrile ) an d  T ab le  I I I  
(K B r).

E xperim ental

T he IR  spectra were obtained w ith a Perkin-Elm er m odel 221 spectrophotom eter con­
taining a prism grating interchange unit. The spectra were m easured in both  the solid form  
using K Br and in solution using acetonitrile, which dissolved m ost com pounds under investi­
gation  and was suitable for the region studied.

R esu lts and d iscussion

W hen th e  su lfonam ide group  cyclizes form ing  th e  su lta m  rin g , its  tw o 
ch a rac te ris tic  b an d s  a t  1180—1160 c m -1 an d  1360—1330 c m -1, respective ly , 
are  sh ifted  to  low er frequencies. These sh ifts ap p e a r c learly  w hen th e  spectra  
are  ru n  in  K B r. T he freq u en cy  due to  th e  sy m m etric  v ib ra tio n  vs is alw ays 
n e a r 1130 c m -1 ( ^ 1 0  c m -1), w hile th e  o th e r f req u en cy  w hich  is assigned to  
th e  an tisy m m etric  v ib ra tio n s  vas is v a riab le  an d  depends on th e  n a tu re  of th e  
neighbouring  carbon  a to m , w h e th e r a lip h a tic  or a ro m a tic , as w ill be show n 
la te r .
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Table I

No. Compound Ref.

I Bis-l,2-(4-chloro-n-butane-l-sulfonam ide)-ethane (I, n  =  2) [6]
i i B is-l,3-(chloro-n-butane-l-sulfonam ide)-propane (I, n  =  3) [6]

h i Bis-],6-(4-chloro-7i-butane-l-sulfonam ide)-hexane (I, n  =  6) [6]
IV Bis-1,2-((N)-1,4-n-butanesultam yl)-ethane (II, n  =  2) [6]
V Bis-l,3-((N)-L4-7i-butanesultam yl)-propane (II, n  — 3) [6]

V I Bis-l,6-((N)-l,4-ra-butanesultam yl)-hexane (II, n  =  6) [6]
VII jo-(N-(4-Chloro-n-butane-l-sulfonyl)-am ino)-N-m ethyl-N-acetylbenzylam ine

(III) [7]
VIII p-(I,4-n-B utanesultam yl-(N ))-N 'm ethyl-N '-acetylbenzylam ine (IV, 

R =  C O -C H 3) [7]
IX p-(l,4-n-Butanesultam yl-(N ))-N 'm ethylbenzyJam ine (IV, R =  H ) [7]
X B is-(N -sultam yl-(l,4)-benzyl)-m ethylam ine (V) [7]

X I N -(4-A cetam inophenyl)-butanesultam -(l,4) (VT, R  =  CO — CH3) [8]
X II N-((4-Am inophenyl)-butanesultam -(l,4) (VI, R  =  H ) [8]

X III Butanesultam -(1,4) (VII) [9]
XIV N-Benzylbutanesultam -(1,4) (VIII) [10]

XV N-(p-ToIyl)-butanesultam -(l,4) (IX, R =  CH3) [10]
XVI N -(p-N itrophenyl)-butanesultam -(l,4) (IX, R  =  NO,) [10]

XVII N,N -p-Phenylam ine-bis-butanesu]tam -(l,4), (X) [10]

T h e resu lts  o b ta in e d  h ere  are  in  ag reem en t w ith  th o se  p u b lished  b y  
B a x t e r  et al. [5], i f  we consider th e  d a ta  given b y  D ir s c h l e r  et al. [9] fo r 
th e  six-m em bered  u n s u b s ti tu te d  su lta m  ring  XIII as th e  ideal case. W hen  th e  
s p e c tra  are ru n  in  K B r, in  ad d itio n  to  th e  b a n d  a t  th e  h igh  freq u en cy  of ca. 
1300 c m -1, we fin d  a n o th e r  b a n d , w ith  n ea rly  th e  sam e o r so m ew hat sm aller 
in te n s ity , betw een 1291 a n d  1270 c m -1 in  all su ltam s (Table I I I ) .  W e suggest 
t h a t  th is  b an d  is due  to  th e  su lta m  ring.

T h is assignm ent sh o u ld  be, how ever, s u b s ta n tia te d , because  th e  tw o  
C H 2-defo rm ation  freq u en c ies  occur a t  1433 cm  ~x a n d  1440 cm  -1; o th e r  sh ifts  
also occu r when th e  g ro u p in g  is a tta c h e d  to  o th e r  a tom s such  as n itro g en  o r 
su lfu r  [11].

T h e  following c o n sid e ra tio n s  an d  facts enable  us to  reach  our conclusion 
safe ly :

(1) The above re s tr ic tio n  is n o t well defined  an d  depends to  som e e x te n t 
on th e  n a tu re  of th e  o th e r  a tta c h m e n ts  to  these  a tom s [11].

(2) These b an d s  a re  r a th e r  fa r  from  our h a n d  region, i.e. 1291— 1270
cm  “ 1.

(3) A ccording to  th e  o b serv a tio n s of B r o w n  et al. [12], th e  w agging  
v ib ra tio n  y s CH2 ap p ea rs  as w eak  b an d s n ea r 1240 c m -1 an d  1300 c m -1.
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Table II

S pectra  obtained in  acetonitrile

N o. S— 0  s tre tc h in g  v ib ra t io n
S — N  stre tc h in g  

v ib ra t io n
S u g g ested  
p e a k  fo r 
su lta m

I
b y  m m .  

1128 (s)

A s y m m .  

1295 (s) 870 (w)

и 1129 (s) 1298 (s) 910 (m) —
h i 1128 (s) 1295 (s) 910 (m) —
IV 1128 (s) 1305 (s) 890 (m) 1285 (s)
V 1125 (s) 1294 (s) 890 (w) 1280 (w)

VI 1128 (s) 1305 (w) 875 (s) 1280 (s)

VII 1138 (s) 1325 (m) 897 (w) —
VIII 1128 (s) 1305 (s) 890 (s) 1288 (s)

IX 1130 (s) 1308 (s) 880 (s) 1288 (s)

X 1125 (s) 1312 (s) 872 (s) 1282 (s)
XI 1129 (s) 1315 (s) 878 (s) 1280 (s)

XII 1129 (s) 1320 (s) 910 (s) 1280 (m)
XIII 1120 (s) 1300 (s) 900 (w) 1278 (s)
XIV 1130 (s) 1308 (s) 905 (s) 1290 (m)

XV 1130 (s) 1320 (s) 875 (s) 1290 (s)

XVI 1140 (s) 1340 (s) 872 (s) 1285 (w)
XVII 1130 (s) 1320 (s) 870 (s) 1180 (s)

m =  m oderate intensity  
s =  strong  
w =  weak

Table 1П

S pectra  obta ined  in  K B r  p e lle ts

No. S—C s tre tc h in g  v ib ra t io n
S— N  s tre tc h in g  

v ib ra t io n
S u g g ested  

p e a k  for 
s u lta m

v s v as

I 1128 (s) 1292 (s) 870 —
IV 1130 1298 (s) 890 1285
X 1125 1312 (s) 872 (s) 1282 (s)

XI 1130 (s) 1305 (s) 878 (s) 1280 (s)
XII 1130 (s) 1310 (s) 878 (m) 1280 (m)

XIII 1120 (s) 1300 (s) 900 (w) 1275 (s)

XV 1130 (s) 1320 (s) 875 (s) 1290 (s)

XVI 1140 (s) 1340 (s) 870 (s) 1285 (w)

XVII 1131 (s) 1320 (s) 870 (s) 1282 (m)
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(4) Ma risso n  [13] re p o r te d  th a t  cyclohexane d e riv a tiv es  have  b an d s  in 
th e  ranges 1005— 952 cm  -1 a n d  1005— 1000 cm  _1.

(5) C om paring th e  sp e c tra  of su lfonam ides a n d  th e  correspond ing  cy- 
clized  sulfonam ides (su ltam s) in  aceton itrile , we h av e  observed  th e  presence 
o f on ly  tw o b an d s in  su lfonam ides, in  th e  region b e tw een  1328 and  1300 cm  -1. 
In  th e  case of su ltam s, in  a d d itio n  to  these b an d s , 1 to  3 h an d s m ore ap p ear 
in  th is  region (1350— 1100 c m ^ 1) (Figs 1 and  2); in  all su lta m  sam ples a reg u ­

la r  b a n d  w ith  m ed iu m  in te n s ity  alw ays appears b e tw een  1291 an d  1270 c m -1. 
T he o th e r tw o w eak  b an d s o ccu p y  th e  regions 1226— 1291 c m -1 an d  1191—- 
1185 c m -1 .

(6) C om paring a ro m a tic  an d  a lip h a tic  su lta m s , e.g., com pounds X II 
an d  IV (Fig. 3), we f in d  th a t  b o th  o f th em  ex h ib it th e  sam e bands in  so lu tion  
(ace to n itrile ); th is  p roves t h a t  th e  benzene ring  p lay s no  p a r t  in  these  sp ec tra .
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(7) Com paring th e  su lfonam ide V II an d  th e  ace ty lsu ltam  V III w ith  the  
free  am inosu ltam  IX  (F ig . 4), we fin d  th e  sam e h an d s in  th e  sp ec tra  of th e  
s u l ta m  and  ace ty lsu ltam , in  a d d itio n  to  th e  tw o ch a rac te ris tic  b an d s  of su l­
fo n am id e . This proves t h a t  th ese  b an d s are n o t due to  th e  ac e ty l group .

J _________I_________I------------- 1--------------1-------------- 1--------

1300 1200 1100
c m '1 

Fig. 4

(8) C om paring th e  b is-su ltam  like com pound  X w ith  th e  m o nosu ltam  
XV, w e observe th e  sam e b a n d s  (Fig. 5); th is  adds fu r th e r  ev idence to  our ob­
s e rv a tio n  th a t  th e  b a n d  a t  1291— 1270 c m -1 is un ique  an d  ch a rac te ris tic  of 
th e  su lta m  ring. T h e  b a n d  of h igher frequency  (ca. 1300 cm  -1) show s a slight 
in c rea se  on a ro m atic  s u b s ti tu tio n  (F ig. 6) r a th e r  th a n  w hen  a lip h a tic  groups 
a re  in tro d u ced  (F ig . 7), as fa r  as can  be ju d g e d  from  th e  com pounds stud ied  
(T ab le  I I I )  and  from  th e  re su lts  of B a x t e r  et al. [5].

R egard ing  th e  S— N  b o n d , A n g u s  et al. [3] rep o rted  t h a t  th e  c h a ra c te r­
is tic  b a n d  lies b e tw een  1100— 1070 c m -1 as show n b y  his R a m a n  spectra l 
s tu d y  of five co m p o u n d s co n ta in in g  S— N  linkage. W e believe t h a t  th is  h an d
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is n o t  c h a rac te ris tic  fo r th e  S — N  b o n d  because (a) m o n o su b s titu te d  benzene  
rings abso rb  w eak ly  in  th is  reg ion  [14], (b) th e  observ a tio n s o f H o ffm a n  et a l. 
[15] a re  in  co n tra d ic tio n  w ith  th is  d a ta ,  f ina lly , (c) th is  b a n d  does n o t  a p p e a r 
re g u la r ly  in  o u r sam ples.

T------------1------------ 1------------ 1------------ Г

X. (— ) and XV (.... •) in
acetonitrile

___ I_______ I_______I_______ 1_______ I____

1300 1200 1100
cm' 1

T------------ г------------1------------ 1------------ г

Infrared spectra in К Br of: 
----- XIII.---- X.-----VIII. ........IX.

L J ______________ I______________ I_______________I______________ I__

1500 1400 1300 1200 1100
cm'

F ig . 5 F ig . 6

Maschka  et al. [16] fo u n d  vS—N  lines in  th e  region b e tw een  900 an d  800
cm  -1.

K a t r it z k y  et al. [17] assign th e  rS — N  stre tch in g  v ib ra tio n  in  severa l 
su lfonam ide  d e riv a tiv es  to  a b a n d  w ith  m ed ium  in te n s ity  in  th e  reg ion  912—- 
866 cm  -1.

H adzi [18] re p o rte d  th a t  in  N -m ethy l-p -to ly lsu lfo n am id es th e  pS— N 
s tre tc h in g  freq u en cy  b a n d  ap p ears  a t  839 c m -1.

T h e  re su lts  o f th e  p re se n t s tu d y  agree w ith  those re p o rte d  b y  K a t r it z k y  
et al. [17] as th e  vS— N  b a n d  is fo u n d  be tw een  910 an d  870 cm  -1.

I t  can  be concluded  th a t  th e  b a n d  betw een  1291— 1270 c m -1 is p ro b a b ly  
th e  c h a ra c te ris tic  b a n d  o f th e  six -m em bered  su ltam e ring , a n d  th e  pS—N 
b a n d  lies b e tw een  910 a n d  870 c m -1.

*

8* Acta Chim. ( Budapest) 72, 1972



3 4 8 D O S S : I N F R A R E D  A B S O R P T IO N  B A N D S

cm4 
F ig . 7

T he a u th o r’s th a n k s  a re  due to th e  d irec to rs  o f th e  A lex an d er von  H u m b o ld t S tiftu n g  
fo r  a  scholarship a w ard , to  P ro f. D r. B. H elferich  fo r h is k in d  en co u rag em en t and  fo r a g ift 
o f  sam ples XIV—XVII, a n d  to  P ro f. D r. G. Snatzke fo r read in g  th e  m an u sc rip t and  v ery  h e lp ­
fu l discussion.
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A L K A L I N E  C L E A V A G E  O F  S O M E  
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R eceived  J u ly  27, 1971

In  connection  w ith  th e  syn th esis  of h e te ro a ro m a tic  am m o n io am id a tes  
o f ty p e  2, s ta r tin g  w ith  p y ry liu m  sa lts  o f ty p e  1 an d  s u b s ti tu te d  hy d raz in es , 
th e re  arose re c e n tly  som e in te re s t  in  th e  ch em is try  o f  (2-pyrazolin-5-y l- 
m e th y l) ketones (3, X  =  H N , R N , P h S 0 2N ), th e  a lte rn a tiv e  p ro d u c ts  o f th e  
above reactions, as w ell as o f th e  re la te d  2-isoxazolines (e.g ., 4) [1— 4].

*• л  ..©
2: X  =  N — N — R

3a: R ' =  R " =  P h ; X  =  P h S 0 2N 
b: R ' =  P h ; R" =  H ; X  =  P h S 0 2N 
c: R ' =  Me; R" =  P h ; X  =  P h S 0 2N 

4 : R ' =  R" =  P h ; X  =  О

R

Jv. ,R

» \O T
N Ph

5a: R =  H ; R" = P h
b: R =  H ; R" = BzCH 2
c: R =  H ; R" = COOH
d: R =  P h ; R" == B zC H 2
e: R =  P h ; R" == H
f: R =  B zC H 2; R" =  P h

H av ing  recen tly  s tu d ied  th e  cleavage of th e  (l-pheny lsu lfony l-2 -py razo - 
lin -5 -y lm ethy l) ke to n es 3 a— c u n d e r acidic cond itions [4], we have  now  in ­
v e s tig a te d  th e  p ro d u c ts  o f th e ir  a lka line  cleavage, em phasis  b e ing  la id  p rim a-
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Table I

M elting po in ts, elemental compositions and spectra o f  some pyrazoles and pyridazines

C om pound M.p.
(R e c ry s t.)

F o rm u la IR  (KBr) NMR U Y  (EtOH)*

A =  5b 153—4 °C 
(E tO H )

c I7H14N2o vN H  3330, vC =  0  1665 c m -1 DMSO-d„: N H  12.75 <5 (b), 
P h  5 0 0 -4 2 0  H z (10 H ), 
4 —H  6.585, > C - C H „ -  CO 
4.43 5 (s)

—>200 (~ 4 .7 ) ,  249 (4.47), 
->314 (2.46) sh.

D =  5f 1 7 7 - 8  °C 
(MeOH)

c23h I8n 2o vN H  3 4 0 0 -2 8 0 0 , local 
m axim um  a t  3190, г С = 0  
1688 c m -1

CDC13: N H  8.6 5 (b), P h  
4 9 0 -4 3 0  H z. (m , 15 H ), 
> C - C H 2- C O  4.3 5 (s)

202 (4.76), 243 (4.56), 
— 310 (2.15) sh.

3,5-D iphenyl- 
pyrazole (5 a ) [10]

205 (4.56), 254 (4.50), 
->310 (1.9) sh.

3(5),4-D iphenyl- 
pyrazole  (5e) [12]

204 (4.57), 228 (4.28), 
254 (4.06)

5d 1 8 8 - 9  °C 
(E tO H )

c23h 18n 20 vN H  3250 (b), r C = 0  1695 
c m -1

DM SO—dB: P h  4 9 0 -4 1 5  
H z (15 H ), ^ C - C H 2- C O  
4.37 5 (s)

201 (4.78), 242 (4.41), 
320 (2.62) sh.

E  =  7d 1 4 1 - 3  °C 
(E tO H )

c23h 16n 2o vC =  0  1665 c m " 1; no N H  
band

CDC13: A rH  5 0 0 -4 2 5  H z; 
no o th e r  signals

->200 (->4.75), 263 (4.53), 
->330 (—3.0) sh.

F  =  7e 1 4 0 - 2  °C 
(MeOH)

c 23h 18n 2o vOH 3400 — 3100 cm - 1 ; no 
C =  0  band

CDC13: A rH  5 0 0 -4 0 5  Hz 
(m , 16 H ), A rA r’CH O H  
6.05 5 (s), O H  -> 5.1 5 (b)

->200 (—4.7), 255 (4.43), 
—>326 (->2.75) sh.

7a  [15] ->200 (~ 4 .7 5 ) , 259 (4.48), 
->320 (— 2.9) sh.

7b [14] 202 (4.70), 266 (4.40), 
330 (2.7) sh.

7c 2 0 3 - 4  °C 
l i t . [16] 200 °C

->200 (->4.65), 271 (4.43)

* T h e  UV sp ec tra  have been published in  fu ll in  R ef. [17].
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r ily  on th e  s tru c tu re  e lucidation  o f  th e  cleavage p ro d u c ts  o f 3a. W hile o n ly  a 
single com pound  (A and B, resp ec tiv e ly ) could be iso la ted  upon  a lkaline  c leav ­
age o f  b o th  3b an d  3c, a t  leas t fo u r p ro d u c ts  (C—F ), sep a rab le  b y  c h ro m a to g ­
ra p h y , w ere fo rm ed  upon  s im ila r t r e a tm e n t of 3 a .*  * *

A, w hich w as o b ta in ed  in  53 %  yield , could be id en tified  w ith  2-[5(3)- 
-p h eny l-3 (5 )-py razo ly l]-ace tophenone  (5b) (1) b y  its  e lem en ta l com position  an d  
sp e c tra , (2) b y  ox idation  (K M n 0 4 in  aqueous t-b u ta n o l)  to  th e  k n o w n  [5] 
5(3)-pheny l-3 (5 )-pyrazo lecarboxy lic  acid (5c), an d  (3) b y  syn thesis fro m  1,5- 
-d ip h en y l-l,3 ,5 -p en tan e tr io n e  [6] an d  hyd raz in e  h y d ra te . F o rm a tio n  o f  5b 
m a y  possib ly  be exp lained  b y  assu m in g  b ase-induced  concerted  or stepw ise  
e lim in a tio n  of benzenesulfin ic  acid  from  3b to  y ie ld  th e  З Л -pyrazole 6b w hich  
su b se q u e n tly  isom erizes in to  5b, th e  course of th e  e lim in a tio n  step  b e in g  de­
te rm in e d  b y  th e  b e tte r  le av in g  g roup  p ro p erties  o f th e  b en zen esu lfin a te  as 
co m p ared  w ith  th e  acetophenone en o la te  anion.***

3a: R" =  P h  6a: R" =  P h  a: R  =  H ; R ' =  P h
3b: R" =  H  6b: R" =  H  b: R  =  P h ; R ' =  P h C H 2

c: R  =  P h ; R ' =  Bz 
d: R  =  B z; R ' =  P h
e: R  =  P hC H O H ; R ' =  P h

В —  m .p . 72— 3 °C (ligroin), C18H 15N , 40— 50%  y ie ld  —  was fo u n d  to  be 
id e n tic a l (m ixed  m .p ., IR  sp ec tra ) w ith  an  a u th e n tic  sam ple  of 2 -m ethy l-4 ,6 - 
-d ip h en y lp y rid in e  [8], an d  C —  m .p . 138—140 °C (M eO H ), C23H 17N, 3 2 %  y ie ld  
—  cou ld  sim ilarly  be id en tified  w ith  2 ,4 ,6 -trip h en y lp y rid in e  [9].

T he close resem blance o f th e  UY sp ec tra  o f D (o b ta in ed  in  11%  y ie ld ), 
o f  A  an d  of 3 ,5 -d ipheny lpyrazo le  (5a) [10], as well as o th e r  p ro p erties  o f D 
sugg ested  th e  s tru c tu re  of a 2 -(d ipheny lpy razo ly l)-acetophenone fo r D , a 
possib le  m ode of its  fo rm ation  in v o lv in g  th e  in te rm ed iacy  o f 6a w hich  could  
y ie ld  D b y  a su b seq u en t v an  A lphen  ty p e  re a rra n g em e n t [11]. S ince, so fa r, 
on ly  a ry l g roups w ere found  to  m ig ra te  in  th e  course o f  v a n  A lphen re a rra n g e -

* F o r th e  e lem en tal com positions a n d  th e  p h y sical p ro p e rtie s  o f com pounds A —-F  as 
w ell as o f som e reference substances, see T ab le  I.

** All new  com pounds d escribed  in  th e  p re sen t co m m u n ica tio n  gave co rre c t m ic ro ­
analyses.

*** S im ilar reac tions, y ield ing  5 -aren esu lfo n am id o -l-p h en y lp y razo lin es and  a lk a li arene- 
su lfin a te s , w ere observed  b y  H . D orn  et al. [7] w hen tre a tin g  3 -a ren esu lfo n am id o -l-a ry l- 
su lfonyl-2 -pheny l-3 -pyrazo lines w ith  a lk a lie s.
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m e n ts  (suffering th e re b y  in tram o lecu la r e lec troph ilic  su b s ti tu tio n  (с/, [ l ie ] ) ,  
D w as orig inally  th o u g h t  to  be iden tica l w ith  2 -[4 ,5(3)-d iphenyl-3(5)-pyra- 
zo ly l]-acetophenone  (5d ). T he d issim ilarity  o f th e  UY sp e c tra  o f D and  of 
3 (5 ),4 -d ipheny lpy razo le  (5e) [12] casted , how ever, d o u b ts  on th e  correctness 
o f  th e  above s tru c tu re  a ssignm en t, an d  an  a u th e n tic  sam ple  o f 5d, p repared  
fro m  l,2 ,5 - tr ip h e n y l- l,3 ,5 -p e n ta n e tr io n e  [13] w ith  h y d raz in e  h y d ra te , p roved  
to  b e  d ifferen t from  D . T h u s , D had  an d , in d eed , was show n to  be id en tica l 
w ith  2 -(3 ,5 -d ipheny l-4 -py razo ly l)-acetophenone (5 f), an a u th e n tic  sam ple of 
w h ich  w as p rep ared  b y  re a c tin g  2 -b en zo y l-l,4 -d ip h en y l-l,4 -b u tan ed io n e  [14] 
w ith  h y d raz in e  h y d ra te . If , th en , D =  5 f  is in  fac t fo rm ed  th ro u g h  6a, th e  
re a rra n g em e n t step  c o n s titu te s  th e  f irs t ex am p le  of a novel ty p e  o f th e  v an  
A lp h en  re a rran g em en t in  w hich  a n o n -a ro m a tic  group m ig ra tes  in  preference 
to  a n  ary l group. S ince v a n  A lphen re a rra n g em e n ts  o f 3 if-p y razo les  u n su b ­
s t i tu te d  in  position  4 ( th e  so-called A ty p e  re a rra n g em e n ts  [11c]) w ere h ith e rto  
in d u c e d  th e rm a lly  or b y  a c id  catalysis w hile in  o u r case th e  m ed ium  was a lk a l­
ine , th e  reversa l o f th e  u su a l order of th e  m ig ra to ry  a p titu d e s  m ay  easily  he 
u n d e rs to o d : th e  acid ic m e th y len e  group o f 6a is a p p a re n tly  ion ized , and , as a 
consequence, its  a b ility  o f  being  a ttack ed  e lec troph ilica lly  becom es enhanced  
to  su ch  an  e x te n t t h a t  a t ta c k  of the n e ig h b o u rin g  carbon  a to m  (C—4) occurs 
a t  th is  site  ra th e r  th a n  a t  th e  phenyl g ro u p .

T he close re sem b lan ce  o f th e  UY sp e c tra  o f E and  F, w hich  w ere form ed 
in  5 a n d  24%  yield , re sp ec tiv e ly , suggested  closely re la ted  s tru c tu re s  for these  
tw o  com pounds; th is  w as confirm ed b y  L iA lH 4 reduc tion  (an h y d ro u s T H F ) of 
E to  F, as well as b y  K M n 0 4 ox idation  (aqueous t-b u tan o l)  o f F to  E. M oreover, 
th e  s im ila rity  of th e  UV sp e c tra  of E an d  F. on th e  one h a n d , an d  of 3,5-di- 
p h en y lp y rid az in e  (7a) [15] an d  4 -benzy l-3 ,6 -d ipheny lpy ridaz ine  [14] (7b), on 
th e  o th e r, as well as th e  I R  an d  NM R sp e c tra  o f  E and  F sugg ested  th e  s tru c ­
tu re  o f  a d ip h en y lp y rid az in y l phenyl k e to n e , viz. e ith er 7c or 7d (th e ir carbon  
sk e le to n s being id e n tic a l w ith  those of D =  5 f  an d  3a, re spec tive ly ) for E, and  
th a t  o f  th e  co rrespond ing  alcohol for F. Since 7c, o b ta in ed  b y  chrom ic acid 
o x id a tio n  of 7b* w as c le a rly  d ifferent from  E, th e  co rrect s tru c tu re s  of E and  
th e re fo re  of F are 7d a n d  7e, respectively .**
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ALKALOIDS FROM VINCA MAJOR L. 
(APOCYNACEAE)
( ± )-V IN C A D IF F O R M IN E  

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

B . ZsADON, G y . ÁRVAY an d  P .  TÉTÉNYI*

(D epartm en t o f  Chemical Technology, L . Eötvös U niversity , B udapest and  * Research In stitu te
fo r  M ed ic ina l P la n ts , B udapest)

R eceived  S ep tem b er 3, 1971

In  th e  course of s tu d ies  concern ing  th e  A sp idosperm a  a lka lo ids, re c e n tly  
w e iso la ted  racem ic v incad iffo rm in e  (I)  [1, 2] from  th e  a lk a lo id  m ix tu re  o b ­
ta in e d  b y  e x tra c tio n  o f V inca m ajor  sp ro u ts . So fa r 24 alkalo ids h a v e  been  
iso la te d  from  or de tec ted  in  th is  p la n t  [3]. A ll these  are  indole  a lka lo id s , b u t  
do n o t  include e ith e r v in cad iffo rm in e  or o th e r  com pounds belonging  to  th e  
g ro u p  o f  A spidosperm a  a lkalo ids.

R acem ic v incad iffo rm ine  has been  iso la ted  h ith e r to  from  Vinca d iffo rm is  
[1], R hazya  stricta  [4], V inca m inor  [5] a n d  Vallesia dichotom a  [6]. F ro m  th e  
f ir s t  tw o  p la n ts  (-(-)-v incadifform ine [4], w hile from  th e  th i rd  one (—)-v in c a ­
d iffo rm ine  [7], too , could  be iso la ted .

E x tra c tio n  w ith  m e th an o l o f a ir -d ry  sp ro u ts  (2 kg) o f Vinca m ajor  gave 
18 g o f a c rude  a lkalo id  m ix tu re . I t  w as fra c tio n a ted  b y  p a r titio n in g  be tw een  
d ilu te  aqueous c itric  acid an d  benzene, an d  th e  benzene p h a se  co n ta in in g  th e  
w eak  bases (1.8 g) was c h ro m a to g rap h ed  on a colum n o f a lu m in iu m  oxide w ith  
a 1 : 1 (vol) m ix tu re  of benzene  an d  h e p ta n e . T he e lu a te  co n ta in ed  one a lk a ­
lo id  o n ly  an d , accord ing  to  th in - la y e r  ch ro m a to g rap h y , i t  w as id en tica l w ith  
v in cad iffo rm in e .

E v a p o ra tio n  of th is  e lu a te  gave 130 m g of colourless su b stan ce , w hich  
on c ry s ta lliz a tio n  from  e th an o l y ie ld ed  45 m g c ry sta llin e , op tica lly  in ac tiv e  
p ro d u c t, id en tica l in all re sp ec ts  w ith  ( ^ -v in c a d if fo rm in e  (I). M. p . 124°, 
UV sp ec tru m  Amax 226, 300 an d  328 n m . No m . p. dep ression  w as o bserved  
w ith  an  a u th e n tic  sam ple.

(I) (II) OH)
In  o rd er to  o b ta in  fu r th e r  ev idence concerning th e  id e n tity  o f th e  c ry s­

ta ll in e  p ro d u c t, i t  w as sapon ified  an d  d eca rb o x y la ted  in  a know n m a n n e r
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[2, 8, 9], and  th e  re su ltin g  ( : j=)-l,2 -d eh y d ro asp id o sp erm id in e  (II) was red u ced  
wdth sodium  b o ro h y d rid e  in  h o t e th an o l to  give (=j=)-q u eb rach am in e  (III).

T he ex perim en ts w ere  carried  ou t w ith  b o tan ica lly  id en tified  Vinca m ajor  
p la n ts  o f New Z ea lan d  o rig in  grow n in th e  R esearch  I n s t i tu te  for M edicinal 
P la n ts , B u d ap est, a n d  co llec ted  in S ep tem b er 1970.
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Topics in  C urrent C hem istry ; V olum e 18 

R . C. B in g h a m  an d  P . v . R . S c h l e y e r : C hem istry  o f  A d am an tan es , 102 p ag e s

Springer-V erlag , B e rlin — H eid elb erg —N ew  Y o rk , 1971

T he new' vo lum e of th is  jo u rn a l deals w ith  a  well de fin ed  to p ic  of o rgan ic  c h em istry , 
n am ely  th e  ch em istry  o f a d am an ta n e  a n d  re la te d  polycyclic h y d ro carb o n s . This specia l fie ld  o f 
ch em istry  has ra p id ly  developed  since 1956, w hen th e  re a rra n g e m e n t o f te trah y d ro c y c lo p e n - 
tad ien e  to  a d am an ta n e  w as d iscovered  b y  P . v. R . Schleyer . T h e  p o p u la r ity  of th e  c h em istry  
o f  “ cage-like”  h y d ro carb o n s has n o t  been  due  to  an y  u n iq u e  p ro p e rtie s  assoc ia ted  w ith  th e  
cage s tru c tu re s  o f th e  m olecules, as th ese  sy s tem s are  ty p ica lly  h y d ro c a rb o n  in  n a tu re . T h e  use ­
fu lness o f these  com pounds lies in  th e ir  co n fo rm ational r ig id ity , e lim in a tin g  th e  s tru c tu ra l  
v a riab le s  fo und  in  n o rm al hy d ro carb o n s.

The m o n o g rap h  is d iv id ed  in to  f iv e  ch ap te rs ; th e  f irs t  (20 pages) deals w ith  th e  p re p a ra ­
tio n  of d iam ono id  s tru c tu re s  b y  th e  re a rra n g e m e n t o f polycyclic  h y d ro carb o n s; th e  second  (17 
pages) w ith  th e  sy n th esis  an d  ch em istry  o f polycyclic  h y d ro carb o n s  re la te d  to  a d am an ta n es , 
includ ing  p ro to ad a m a n tan e s , tw istan es, tricyclodecanes, h o m o ad a m an tan e s , n o ra d am an ta n es , 
b isn o rad am an tan es , d e h y d ro ad a m a n tan e s , d e h y d ro h o m o ad am an tan es  an d  e th a n o ad a m an tan e s . 
T h e  th ird  ch ap te r  (10 pages) deals w ith  th e  p h y sical p ro p erties , th e  fo u r th  (19 pages) w ith  th e  
chem ical p roperties , a n d  th e  la s t  (5 pages) w ith  th e  biological p ro p e rtie s  o f a d am an ta n e  d e r iv ­
a tiv es.

T he a u th o rita tiv e n e ss  o f th is  m o n o g rap h  is g u a ran teed  b y  th e  p e rso n ality  o f th e  w rite rs , 
as one of th em  (P . v . R . Schleyer) w as th e  in it ia to r  of th e  w hole a d am an ta n e  ch em istry  and  
c o -au th o r o f th e  f ir s t  su m m ary  (Chem . R ev . 64, 277 (1964)) d ealin g  w ith  th e  c h em istry  o f 
“ cage-like”  co m pounds. T h u s th e  ch ap te rs  dealing  w ith  th e  p h y sical an d  chem ical p ro p e rtie s  of 
a d am an ta n e  d e riv a tiv e s  a re  o f o u ts tan d in g  v a lue , as th ey  com prise, am ong  o thers , th e  n ew est 
re su lts  achieved a t  th e  P rin ce to n  U n iv e rs ity  u n d e r the  leadersh ip  o f P rof. Schleyer .

T he la s t c h ap te r , “ A d a m an tan e  D eriv a tiv es in P h a rm aco lo g y  an d  B io ch em is try ” , 
deserves special in te re s t . H ere  we can  f in d  n o t  on ly  a su m m ary  o f th e  a n tiv ira l a c t iv ity  o f 
1 -ad am an tan am in e  hyd ro ch lo rid e  d iscovered  in  1964, b u t  also som e v e ry  in te res tin g  s tru c tu re -  
a c tiv ity  re la tionsh ips . T his c h ap te r  co n ta in s  even specu lations concern ing  th e  b io logical p a th ­
w ays o f pharm aco log ica lly  active  a d a m a n ta n e  deriva tives.

T he u p -to -d a ten ess  o f th e  m o n o g rap h  can  also be seen fro m  th e  references (372), th e  
la te s t  o f w hich qu o tes  th e  lite ra tu re  o f 1970. A special “ A d d en d u m ”  (2 pages) can  be fo u n d  a t  
th e  end  of th e  book, dealing  w ith  th e  m o st recen t l ite ra tu re  p u b lish ed  u p  to  J a n u a ry  1971.

T he m o n o g rap h  can  be reco m m en d ed  to  all chem ists w ho w a n t to  get a com p le te  an d  
u p -to -d a te  survey  o f th is  special field  o f o rg an ic  ch em istry , as i t  is b o th  h igh ly  th eo re tic a l and  
p rac tica l.

J .  K uszm ann

M ethoden der A n a lyse  in  der Chemie, B a n d  8 

W . B e n z : M assen sp ek tro m etrie  O rganischer V erb in d u n g en , 424 S.

A kadem ische V erlagsgesellschaft, F ra n k fu rt  am  M ain , 1969

Die M assenspek trom etrie  h a t  sich in  den  le tz te n  zehn J a h re n  als eine seh r erfo lgreiche 
M ethode erwiesen, u n d  f in d e t au f e inem  sich  d au ern d  erw eite rn d en  E in sa tzg eb ie t sow ohl in der 
M o lek ü ls truk tu rfo rschung  als auch  zur L ösung  analy tisch er A ufg ab en  A nw endung. B esonders 
schnell w ächst die Z ahl je n e r  o rgan ischen  C hem iker, die diese M ethode  zu r Lösung ih re r  o rg a ­
n isch-chem ischen s tru k tu re lle n  oder a n a ly tisch e n  P roblem e an w en d en  m öchten .

Acta Chim. ( Budapest) 72, 1972



358 R E C E N S I O N E S

D as B uch k a n n  e b en  d iesen  C hem ikern w ertv o lle  H ilfe leisten , d en n  es is t  v o r allem  fü r 
L ese r gedach t, die a u f  d e m  G eb ie te  der M assen sp ek tro m etrie  A n fän g er sind , jed o ch  ü b e r 
gew isse o rganisch-chem ische K en n tn isse  verfügen . I n  E in k lan g  d am it, w ird  das G ew icht in  
e r s te r  Linie au f tech n isch e  u n d  m ethod ische  F rag en  in  V erb indung  m it d e r A ufnahm e, A us­
w e rtu n g  u n d  In te rp re ta t io n  d e r M assenspek tren  gelegt.

Die M assen sp ek tro m eter w erden  —  rich tigerw eise  —  n ich t e ingehend  beschrieben , s t a t t  
dessen  w erden im  e rs te n  k u rz e n  A b sch n itt, e tw a als E in le itu n g , die A rb e itsp rin z ip ien  u n d  
A ufbauschem en  der M e ß in s tru m e n te  ku rz  angegeben.

Die vom  G e sic h tsp u n k te  de r A ufnahm e von  M assenspek tren  beso n d ers w ichtigen tec h ­
n isc h en  G eräte, die so g e n a n n te n  E in laß sy stem e , v e rsch iedene  P ro b en e in fü h ru n g sm eth o d en , 
w e rd en  im  zw eiten A b s c h n it t  besch rieben . B esonders w ertv o ll in diesem  A b sc h n itt  sind jen e  
T eile , die die versch ied en en  V a ria n te n  de r sog. d irek ten  E in fü h ru n g  sch w erflü ch tig e r o rgan i­
sc h e r V erb indungen  sow ie d ie  m it angeschlossenem  G asch ro m ato g rap h en  v e rw en d e ten  tech n i­
sch en  Lösungen u n d  P ro b le m e  beschreiben.

Im  d ritten  A b s c h n itt  d isk u tie r t  der V erfasser, a u f  v ersch iedene m assensp ek tro m etrisch e  
A u fg ab en  spezialisiert, d ie  m it  d e r A ufnahm e u n d  A u sw ertu n g  der M assen sp ek tren  v e rb u n d e ­
n e n  m ethodologischen P ro b le m e  u n d  Griffe (P rob lem e des U n te rg ru n d es, d e r A uflösung, de r 
B estim m u n g  der M assenzah l, die A u sw ertu n g stech n ik  m e ta s tab ile r  P eak s usw .), m it A usnahm e 
d e r  P rob lem e bezüglich  M assen sp ek tren  hoher A uflösung , die in  e inem  b eso n d e ren  A b sch n itt 
b e h a n d e lt  werden.

B esonders w e rtv o ll u n d  g leichzeitig  von g rö ß tem  U m fang  (m ehr als 100 Seiten) is t de r 
v ie r te  A bschn itt. D ieser A b s c h n it t  w ird  vom  A u to r d e r D iskussion  des Z usam m enhanges zw i­
sch en  M assenspektrum  u n d  M o le k ü ls tru k tu r gew idm et, u m  d a m it de r In te rp re ta t io n  der M as­
se n sp e k tren  eine B asis zu  sch affen . D er A ufb au  dieses Teiles fo lg t v o r a llem  d en  G esich tspunk­
te n  d e r S tru k tu r id e n tif ik a tio n . D ie w ich tigsten  E le k tro n en sto ß -in d u z ie rte  F ra g m en ta tio n sv o r­
g än g e  w erden im  w esen tlich en  in  d ie von  K . B iem anns B uch  (»Mass S p e c tro m etry , O rganic 
C hem ical A pplications«, M cG raw -H ill, 1962) b e k a n n te n  T y p en  g e tre n n t d isk u tie r t  u n d  die e in ­
zeln en  T ypen  an  H a n d  v o n  B eisp ie len  illu strie rt. D ie B eispiele fü r  die U m lag eru n g sreak tio n en  
s in d  besonders g u t g e lu n g en . A m  E n d e  des A b sch n itte s  w erden  die M assenspek tren  einiger 
w ich tig e r V erb in d u n g sg ru p p en  k u rz  c h ara k te ris ie rt. J e d e  V erb in d u n g sg ru p p e  w ird  du rch  ein 
se p a ra te s  L ite ra tu rv e rz e ic h n is  e rg än z t, w as den W e r t  dieses A b sch n itte s  noch  e rh ö h t. D er 
A b s c h n itt  is t g ed rän g t a b g e fa ß t  u n d  e n th ä lt  eine seh r große M enge v o n  In fo rm atio n en . D och 
sch e in en  au f G rund  des A b sch n itte s  die Z u sam m en h än g e  zw ischen M assenspek trum  u n d  
M o lek ü ls tru k tu r ste llenw eise  zu  e in fach  u n d  p ro b lem fre i zu  sein.

D er fün fte  A b s c h n it t,  w elcher sich m it der In te rp re ta t io n  von  M assen sp ek tren  b e faß t, 
i s t  e ine  nützliche S am m lu n g  zah lre ich er m ethodo log ischer Griffe. B eispiele u n d  P roblem e der 
In te rp re ta t io n  der S p e k tre n  h eb en  noch den W ert des A b sch n itte s.

D er D iskussion d e r a u f  dem  G ebiet der q u a n ti ta t iv e n  chem ischen A nalyse  verw endeten  
m assen sp ek tro m etrisch en  M e th o d en  (G em ischanalyse  o rgan ischer S u b s tan zen , Iso to p en an a ly se) 
w ird  ein sep ara ter A b s c h n it t  gew idm et.

D er siebente A b s c h n it t  b e fa ß t sich m it den  speziellen  m eß- u n d  ausw ertu n g stech n isch en  
P ro b lem en  der m o d ern en  h o ch au flö sen d en  M assen sp ek tro m etrie  (S pek tru m au fn ah m e-T ech n ik , 
»peak  m atching«, B estim m u n g sm eth o d en  der B ru tto fo rm e l, B eschreibung  u n d  D iskussion d e r 
S in n v o ll und  n ü tz lich  im  A n h a n g  beigefüg ten  T ab e lle  von  H en n eber g  u n d  Casper). D er 
A b sc h n itt  b eh an d e lt a u c h  zah lre ich e  spezielle F rag en  d e r A u fa rb e itu n g stech n ik  von S p ek tren  
h o h e r  A uflösung (z. B. »e lem en t m ap«). Die M öglichkeit der D a te n v e ra rb e itu n g  von  S p ek tren  
m it  C om putern  w erd en  a u c h  e rw äh n t.

Im  ach ten , re la tiv  k u rz e n  A b sch n itt illu s tr ie r t  de r V erfasser an  H a n d  ein iger B eispiele, 
w ie  die In te rp re ta tio n  v o n  M assen sp ek tren  d u rc h  die chem ische U m w an d lu n g  der zu u n te r ­
su ch en d en  Probe e r le ic h te r t  w erden  kann .

Je d e r A b sch n itt des B u ch es w ird  du rch  ein en tsp rech en d es L ite ra tu rv erze ich n is  e rg än z t, 
w elches auch  zah lreiche R e fe ra te  aus dem  J a h r  1968 e n th ä lt.  Die p ra k tisc h e  V erw en d b ark e it 
des B uches wird d u rch  d ie T ab e llen  im  A nhang  noch  v e rb esse rt. U n te r  d iesen  b e fin d en  sich auch  
d ie  vollen  M assenspektren  z ah lre ich er (etw a 350) o rg an isch er V erb indungen , die die w ich tigsten  
G ru p p en  der o rgan ischen  V erb in d u n g en  v e r tre te n .

W ie bereits e in le iten d  e rw ä h n t w urde, w ird  das B u ch  »M assenspektrom etrie  organ ischer 
V erbindungen« von W . B enz  v o r  allem  solchen C hem ikern  eine große H ilfe sein, die au f diesem  
G e b ie t noch A nfänger s in d , doch  k a n n  das B uch  a u ch  den  in  der M assen sp ek tro m etrie  a k tiv  
T ä tig e n  sowie jen en  v o n  N u tz e n  sein, die sich ü b e r d ie  A n w endungsm öglichkeiten  der M assen­
sp e k tro m e trie  in der o rg a n isch e n  Chemie o rien tie ren  wollen.

J .  Tamás

Acta Chim. ( Budapest) 72, 1972
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A C T A  C H IM IC A
TOM 72 — ВЫП. 3

РЕЗЮМЕ

Использование диатомных молекул в качестве сравнительных 
элементов в спектроскопии

й . л и т о м и с к и

Обсуждаемые примеры подтверждают возможность аналитического использования 
спектров молекулярной эмиссии. До сих пор эти спектры рассматривались как нежелатель­
ный балласт, затрудняющий оценку спектрограмм.

Приводимые же примеры указывают на возможности успешного применения их в 
качестве сравнительного элемента при аналитическом построении пар линий.

Построение молекулярных полосатых спектров связано с такими элементами, 
которые составляют матрицу изучаемой системы даже в том случае, когда они являются 
составляющими образца или электрода. В результате этого отпадает необходимость в 
добавлении «инородного» сравнительного элемента и, тем самым, открывается возможность 
простого приготовления образца для анализа.

Электронное строение изоэлектронных молекул
Ш. СЁКЕ, ДЬ. ЯЛШОВСКИ и Э. ДУДАР

Влияние электронного строения и орбитальной конфигурации изучалось с помощью 
методов П. П. П. и Э. X. На основе результатов измерений было установлено, что в поляр­
ных растворителях спектр молекулы N-окси-пиридина приближается к спектру моно- 
фторбензола, в то время как в неполярных растворителях сохраняется акцепторно-донор­
ный характер. Что же касается различий в электронных спектрах, то это объясняется 
удвоенной заряженностью основного характера азота в связи N—О, приводящей к пони­
женным энергиям перехода в близкой УФ-области, по сравнению со связью С—F моно- 
фторбензола.

Алгольная программа KDF-9 была любезно предоставлена в наше распоряжение 
Дж. К. Пакером и модифицирована нами для проведения некоторых, интересующих нас 
проблем.

Расчеты были произведены на машине ICT-1905 ЦИИФ АН Венгрии.

Влияние концентрации водородного иона на поляризацию 
р-германиевых электродов

Д. СИНГ и А. Н. ДВИВЕДИ

Анодная поляризация р-германиевых электродов была изучена в растворах (0,02N 
ТЭА Вг +  х N НВг), где х — нормальность кислоты. Анодные характеристики р —Ge с 
различным сопротивлением идентичны и лишь различаются при более высоких плотностях 
тока. Уравнение Тафеля ч  =  а +  b log i справедливо для р—Ge анодов лишь при 
ограниченных плотностях тока. Анодная поляризация уменьшается с уменьшением pH, и 
анодные реакции с молекулами воды протекают бурно в кислых средах. Тангенс угла 
наклона прямых Тафеля изменяется от 0,094 до 0,123 в. Это указывает на тот факт, что пере­
напряжение повышается в области двойного слоя Гельмгольца.



Изучение адсорбционных явлений на платиновом электроде 
с помощью техники радиоактивного мечения, X

И с с л е д о в а н и я  с  а ц е т о н о м , м е ч е н ы м  С 14

ДЬ. ХОРАНИ и Ф. НАДЬ
1. Изучалось поведение ацетона, меченого С14, на платиновом электроде в интервале 

потенциалов 0—1000 мв.
2. Было исследовано влияние газообразных продуктов, образующихся при электро­

гидрировании или электроокислении ацетона, на измерения с помощью радиоактивной 
техники.

3. Согласно наблюдениям были сделаны общие заключения относительно явлений, 
происходящих при адсорбции отдельных органических веществ.

Изучение адсорбционных явлений на платиновом электроде 
с помощью техники радиоактивного мечения, XI

И с с л е д о в а н и е  а д с о р б ц и и  и з о п р о п а н о л а

ДЬ. ХОРАНИ, П. КЁНИГ и Ф. НАДЬ
1. Адсорбция изопропанола изучалась в кислых средах на электроде платинирован­

ной платины.
2. Было установлено, что адсорбция является необратимой и адсорбированные 

молекулы не принимают участия в окислении изопропанола до ацетона.
3. При восстановлении адсорбированного изопропанола образуется газообразный 

продукт. В связи с этим изучались возможности измерения меченого газообразного про­
дукта, накапливающегося на платиновой черни. Было сделано заключение, что поверх­
ностный комплекс, образующийся при адсорбции изопропанола и ацетона, вероятно, один 
и тот же.

Химия 1,3-бифункциональных систем, XIV
К и н е т и к а  р е а к ц и и  щ е л о ч н о г о  г и д р о л и з а  2 ,2 - д и з а м е щ е н н ы х  г о м о л о г о в

т р и м е т и л е н х л о р г и д р и н а

М. БАРТОК, г. БОЗОКИ-БАРТОК и К. КОВАЧ
Исследовалась кинетика щелочного гидролиза 2,2-дизамещенных гомологов три­

метиленхлоргидрина: 2,2-диметил-(1), 2,2-диэтил-(П), 2-метил-2-пропил-(Ш), 2-этил-2- 
бутил-(1У) и 2,2-диизопропил-3-хлорпропанолов(У). На основе экспериментальных 
данных рассчитывались константы скоростей, энергии активации, энтропии активации и 
предэкспоненциальные множители в уравнении констант скоростей процессов, приводя­
щих к образованию гомологов оксациклобутана.

N-Гликозиды, XV
С п р а в е д л и в о с т ь  и з о р о т а ц и о н н о г о  п р и в и л а  Х а д с о н а  с р е д и  п р о и з в о д н ы х  

а р о м а т и ч е с к и х  О -  и  N - г л ю к о з и д о в  а н а л о г и ч н о г о  с т р о е н и я

А. ЛИПТАК И  Р. БОГНАР
Для производных вторичных глюкозил-аминов конфигурационное обозначение, 

основанное на направлении и величине оптического вращения, дает также правильную 
абсолютную конфигурацию. Величина 2В по Хадсону этих соединений может быть сравни­
ма лишь для свободных N-арил-О-глюкопиранозиламинов с соответствующей величиной 
О-глюкозидов аналогичного строения. У тетраацетатов и тетраметильных эфиров глюко- 
зидов расхождения в значениях 2В увеличиваются с увеличением поляризуемости аглюко- 
нов.

Для изученных свободных 0-глюкозидов и их О-ацетил-производных была устано- 
лена количественная зависимость по Арндту между поляризуемостью аглюконов (а) 
и молярным вращением. Далее было показано, что в случае двух аномеров доля участия 
аглюконов в молярном вращении различается. Это участие увеличивается с повышением 
поляризуемости аглюконов.



Фотохимическое исследование некоторых представителий Cestrum, 
произростающих в Египте

( А л к а л о и д ы  и С а п о н и н ы )

М. С. КАРАВЯ, А. М. Р И З К , Ф. М. ХАММОУДА, А. М. ДИ А Б и 3. Ф. АХМ ЕД

Соланидин и соласидин были изолированы из Cestrum p u rp u reu m  в то время как 
С. A u ru n tia c u m  и С. diurnum  были лишены каких-либо стероидальных алкалоидов. Ко­
личественное определение алкаминов производилось титрометрическим и колориметри­
ческим методами. На основе исследования состава сапонина было обнаружено, что С. 
аигапйасит  и С. purpureum  содержат один и гот же сапонин, а именно дигитонин, в то 
время как С. d iu rn u m  содержит тигонин; их идентичность была доказана кислым гидро­
лизом, а также идентификацией стероидных сапогенинов (дигитогенин и тигогенин) и 
сахарных компонентов.

Расчет ИК частоты валентного колебания карбонила и ионизационного 
потенциала 4-замещенных ацетофенонов

3. Д Ы Н Я

С помощью простого метода НМО непосредственно и с хорошей точностью были рас­
считаны первые ионизационные потенциалы 4-замещенных ацетофенонов.

Была найдена линейная зависимость между измеряемой частотой валентного коле­
бания карбонила и энергетическим коэффициентом (ж,-) нанвысшей заполненной молекуляр­
ной орбиты. На этом основании может быть дано линейное уравнение для приближенного 
расчета частоты валентного колебания.

Полосы ИК поглащений, характерные для кольца сультама
С. X. ДОСС

Были сняты ИК спектры различных ароматических и алифатических шестичленных 
циклических сультамов. Обсуждаются характерные частоты и сдвиги.
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HYDRAZ0-9-ACRIDINE, A NEW ACID BASE 
INDICATOR FOR TITRATIONS 
IN GLACIAL ACETICL ACID, I

L . L a d á n y i , P h a m  H a i T u n g *, G. F a u v e l o t ** and G. S zó k á n ***

(In stitu te  o f  Inorganic a n d  A n a ly tica l Chemistry, L . Eötvös U niversity , B udapest, * P erm anent 
address-. In stitu te  o f  A n a ly tica l Chemistry, F aculty  o f  P harm acy, H a no i, V ietnam , ** D epartm ent 
o f  Organic Chemistry, E . S . С. P . I . ,  Paris, F rance, *** In stitu te  o f  Organic Chemistry, L . Eötvös

University, B u dapest)

H y d razo -9 -ac rid in e  is recom m ended  as an  a c id -b ase  in d ica to r in ace tic  acid  
m edium  fo r th e  t i t r a t io n  o f bases w ith  p K ц 20 va lues h ig h er th a n  5. The p recision  
o b ta in ab le  is g re a te r  th a n  th a t  using C ry sta l V iolet.

In tro d u c tio n

P o te n tio m e trie  t i t r a t io n  is a co n v en ien t m e th o d  o f end -po in t d e tec tio n  
in  ac id -b ase  t i t ra t io n s  in  glacial acid, if  th e  t i t r a t io n  cu rve  has an  easily d e te r ­
m ined  in flex ion  p o in t coinciding w ith  th e  equ iva lence  p o in t. N evertheless, 
th is  does n o t e lim in a te  th e  need for in d ic a to rs  w hich  fu n c tio n  effectively  in  
such  a m ed ium , an d  th is  p ro m p ted  th e  p re se n t s tu d y  o f  th e  dye hy d razo -9 - 
acrid ine(I).

N H

C om pounds o f th is  ty p e  were f irs t  sy n th esized  b y  Lucius and  B r ü n ig  
[1] from  9-halogenoacrid ines w ith h y d ra z in e . A ccord ing  to  Ca u q u is  an d  
F a u v e l o t  [2] h y d razo -9 -acrid in e  is a b iv a le n t base in  C H 3CN w hich can  be 
p ro to n a ted  in  tw o  co n secu tiv e  steps. O n re a c tio n  w ith  one equ ivalen t of p e r ­
chloric acid th e  o range  so lu tio n  of th e  d y e  becom es red ; reac tio n  w ith  a second 
eq u iv a len t o f th e  acid  changes th e  colour to  yellow . O n th e  basis of these re a c ­
tions we supposed  th a t  th e  substance h a s  ac id—base in d ic a to r  properties and

1 Acta Chim. (Budapest) 72, 1972
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is su ita b le  for en d -p o in t de tec tio n  in  non -aq u eo u s m edia. I n  fa c t, in  g lacial 
a c e tic  ac id  hyd razo -9 -acrid ine  can  be  successfu lly  used in  th e  t i t r a t io n  o f bases 
o f  v a rio u s  s tren g th s . T h e  colour o f th e  ‘b a s ic ’ form  o f th e  in d ic a to r  is rose , 
t h a t  o f its  ‘acid’ form  is yellow . E v e n  a t  2.5 • 10~5M  co n cen tra tio n  of th e  d y e , 
u s in g  0.05IV perch loric  acid  as th e  t i t r a n t ,  th e  colour ch an g e  is v e ry  sh a rp .

E x p erim en ta l

T itra tions in  g lac ia l acetic  acid  u s in g  hydrazo-9-acrid ine  in d ica to r

In s tru m en ts . A R ad elk is  Precision  p H -m e te r , ty p e  OP-205, eq u ip p ed  w ith  a m ag n e tic  
s t i r r e r  w as em ployed fo r a ll p o ten tio m e tric  t i t r a t io n s .  Glass-Ag/AgCl e lec trode-pairs filled  w ith  
a ce tic  acid  an d  sa tu ra te d  so lu tions o f p o tass iu m  chloride  in  acetic  acid, re sp ec tiv e ly  (T acussel 
A cO H  B.10 and  AgCl 10 m odel) w ere u sed ; th e  sy s tem s a tta in ed  e q u ilib riu m  rap id ly .

Chem icals. All chem icals, if  n o t s ta te d  o th erw ise , were o f a n a ly tic a l g rad e  of p u r i ty .
A cetic  acid used  in  th e  p re p a ra tio n  o f a ll so lu tions was p u rified  acco rd ing  to  Gy e n e s  

[3] (w a te r  c o n ten t less th a n  0 .06% ). H y d razo -9 -acrid in e  (2.5 • 10~3M  in  ace tic  acid) a n d  
C ry s ta l  V io let (0.1 g in  100 m l of ace tic  acid) w ere  app lied  as in d ica to r s to ck  so lu tions.

T itra tio n  of bases. F o r  th e  s ta n d a rd iz a tio n  o f perchloric acid th e  ro u tin e  p ro ced u re  w as 
fo llow ed  [3] using l , l ’-d ip h en y lguan id ine  as s ta n d a rd . The effectiveness o f h y d razo -9 -acrid in e  
w a s  co m p ared  w ith  th a t  o f C rysta l V iolet in  th e  p o ten tio m e tric  an d  v isu a l t i t r a tio n s  o f som e 
b ase s  a n d  hydroch lorides o f bases (e.g., p y rid in e , p ap av e rin e  HCl, m e th y lam in e  HC1, u re a  a n d  
a -n ap h ty la m in e ) . In  t i t r a tio n s  of th e  h y d ro ch lo rid es of bases, H g(C H 3COO)2 was ad d ed  a n d  
th e  a ce ta te s  w hich form ed w ere th en  d e te rm in ed . T h e  resu lts  were ev a lu a te d  s ta tis tica lly . T h e  
e ffe c t o f m oistu re  in th e  so lv en t on th e  co lour change  of th e  in d ica to r w as also in v es tig a te d .

R esu lts

T he resu lts o f th e  p o te n tio m e tric  t i t r a t io n s  are show n in  F ig . 1.
I t  can  be seen th a t  th e  colour ch an g e  of C rystal V iolet is g rad u a l, w hile  

t h a t  o f  h yd razo -9 -acrid ine  from  rose to  yellow  is very  sh a rp .

Acta Chim. ( Budapest)  72, 1972
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Mole ratio acid /base

e f

Fig. 1. P o te n tio m e tr ie  t i t r a t io n  cu rves show ing a  com parison  b e tw een  C rysta l V io let an d  
h y d razo-9 -acrid ine  in d ica to rs , a) D ip h en y lg u an id in e  0.05 N ,  b ) D ip h eny lguan id ine  0.05 N ,  
D eriv a tiv e  cu rv e , c) P y rid in e  0.05 N ,  d) M e th y lam m o n iu m  chloride  0.05 N ,  e) P ap av erin e

h y d ro ch lo rid e  0.05 N ,  f )  U rea  0.05 N

Fig. l b  illu s tra te s  th e  f irs t  d e riv a tiv e  o f th e  t i t r a t io n  cu rve  an d  th e  co lour 
change of h y d razo -9 -acrid in e  in  th e  case o f l , l ’-d ipheny lguan id ine .

T ab le  I  show s th a t  b o th  in d ica to rs  g ive v e ry  good resu lts , b u t  th e  p rec i­
sion an d  accu racy  of h y d razo -9 -acrid in e  is h igher.

1* Acta Chitn. (Budapest) 72, 1972
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Table I
9

Titrations o f  bases in glacial acetic acid with 0.05 N  HC104

B ase In d ic a to r
N u m b e r of 
d e te rm in a ­

tions

M ean
n o rm a lity

S ta n d a rd  
dev ia tio n  

o f  a  single 
d tn . ,
%

1,1-diphenyl- I C rysta l V iolet 10 0.0490 0.29
quan id in e l H ydrazo-9-acrid ine 10 0.0489 0.25

P y rid in e Í C rysta l V iolet 6 0.0501 0.45
l H ydrazo-9-acrid ine 6 0.0501 0.42

P a p av erin e ( C rysta l V iolet 10 0.0430 0.27
hydroch loride l H ydrazo-9-acrid ine 10 0.0429 0.21

M ethylam m onium Í C rysta l V iolet 10 0.0493 0.27
chloride l H ydrazo-9-acrid ine 10 0.0493 0.17

In  th e  case of p y rid in e  (р К и о  —  5 .2), p ap av erin e  an d  m e th y lam in e  
h y d ro ch lo rid e  th e  colour change o f C ry sta l V iolet is re la tiv e ly  d ifficu lt to  p e r­
ceive an d  requires m uch  p ra c tic e ; w hen  hydrazo -9 -acrid ine  in d ica to r  is used  
i t  is m ore easy to  ev a lu a te . T h is is re flec ted  in  th e  s ta n d a rd  d ev ia tions. F o r  
u re a  ( р К Нг0 — 0.4) an d  a -n a p h ty la m in e  ( p K HO =  4.0) th e  co lour change does 
n o t coincide w ith  th e  equ ivalence  p o in t.

A ccording to  Gy e n e s  [3] if  th e  perch lo ric  acid so lu tion  is n o t w eaker th a n
0.17V, up  to  ab o u t 1%  w a te r  does n o t in te rfe re  w ith  th e  co lour change o f C rys­
t a l  V io le t; w ith  h y d razo -9 -acrid in e  in d ic a to r  th e  response is s till sh arp  u p  to  
1 .25%  w a te r co n te n t using  a 0.057V so lu tio n  o f perch loric  acid .

T herefore, in  glacial ace tic  ac id  m ed ium  hydrazo -9 -acrid ine  seem s to  be 
b e t te r  th a n  C rystal V iolet fo r th e  t i t r a t io n  o f d ilu te  (0.057V) so lu tions of bases 
w hose  p K H O values are  h ig h er th a n  5.

E x p erim en ts  fo r th e  d e te rm in a tio n  o f som e physico-chem ical p ro p ertie s  
o f  th e  dye  are in  progress.
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HYDRAZ0-9-ACRIDINE, A NEW ACID BASE INDICATOR 
FOR TITRATIONS IN GLACIAL ACETIC ACID, IP

D E T E R M IN A T IO N  O F  T H E  IN D IC A T O R  D IS S O C IA T IO N  CONSTANT 

P h a m  H a i  T u n g ** and L .  L a d á n y i

(In s titu te  o f Inorganic and  A n a ly tica l Chemistry, L . Eötvös U niversity , Budapest, ** P erm a ­
nent address: In s titu te  o f  A n a ly tica l Chemistry, F aculty  o f  P harm acy, H anoi, V ietnam )

R ece iv ed  J a n u a ry  5, 1971

T he a c id -b ase  eq u ilib riu m  o f hydrazo-9 -acrid ine  has b een  s tu d ied  and th e  in d ica ­
to r  d issociation  co n s tan t (p K j =  p H  CIO,) d e te rm in ed  in  g lacial ace tic  acid.

A cta  Chimica Academ iae S c ien tia rum  H ungaricae, Tom us 72 ( 4 ) ,  p p .  363—369 (1 9 7 2 )

Introduction

In  a p rev ious paper*  a new  ac id -b ase  in d ic a to r  (hyd razo -9 -acrid ine , 
fu r th e r :  I)  has b een  described  th a t  p roved  to  be u sefu l fo r  th e  titra tio n s  o f 
bases o f various s tre n g th s  ( p K H O )> 5) in  glacial ace tic  ac id . T he p resen t com ­
m u n ica tio n  deals w ith  th e  in v e s tig a tio n  o f som e physico -chem ical p roperties 
an d  th e  m echan ism  o f colour ch an g e  o f th is  dye.

A ccording to  H ig u c h i [1] th e  colour change o f an  ac id —base  in d ica to r in  
ace tic  acid depends up o n  th e  re la tiv e  c o n cen tra tio n  o f th e  b ase  to  th a t  of its  
co n ju g a te  acid.

I f  an o th er b a se  (В ) is p re se n t in  th e  so lu tio n  besides th e  so lvent and  th e  
in d ica to r, th e  r e s u lta n t  process c a n  be w ritte n  as:

В П + А -  +  7 H + A c -  B H + A c -  +  I H + A ~

w here

В Я + А -

B  H + A c -  
m + A -  
m + A c -

—  th e  sa lt of base  В  form ed w ith  th e  s tro n g  acid  used for th e  
t i t r a t io n

—  th e  a c e ta te  o f b a se  В
—  th e  acid  form  o f th e  in d ica to r
—  th e  base  form  o f th e  ind ica to r.

F o r th e  equilib rium  c o n s ta n t o f th is  process we hav e :

IBH +A c—1 \ IH+A~ \  _  K lnd 

|B H + A - | |JH + A c - | “  K base '

* Part I: Acta Chim. Acad. Sei. Hung. 72, 359 (1972)
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T h is  expression  can be used  fo r th e  d e te rm in a tio n  of th e  d issoc ia tio n  c o n s tan t 
o f  th e  in d ica to r. T he v a lu e  o f | B H  + A c _ | / | В Л +А ~  | in  th is  exp ression  can 
b e  a d ju s te d  a rb itra r ily  w ith  th e  a id  o f  b u ffe r so lu tions.

T h e  ra tio  | Ш  + А ~  | / | I H + A c~  [ can  be d e te rm in ed  sp ec tro p h o to m e tri-  
ca lly  from  E q . (2):

I J H + ^ - l  =  E B- E X

|J H + A c - | E ^ E a
where:

Е в  —  th e  ab so rb an ce  o f  th e  so lu tio n , w hen th e  to ta l  q u a n t i ty  of th e  
in d ic a to r  is p re se n t in  its  base  form  (a t  a g iven  w aveleng th )

E a  —  th e  abso rb an ce  o f th e  so lu tio n , w hen th e  to ta l  q u a n ti ty  of th e  
in d ic a to r  is p re se n t in  its  acid form  (a t  th e  sam e w aveleng th )

Е г — th e  abso rb an ce  m e a su re d  a t  th e  g iven w av e len g th  w hen  b o th  
form s are  p resen t.

L a p id u s , L ucas an d  T r é m il l o n  [2] p roposed  a g rap h ica l m e th o d  for 
th e  d e te rm in a tio n  o f р К ш  b y  p lo tt in g  lg / H + А с-  | / | I i L +A ~  | as a fu n c­
t io n  o f  lg j B H  + A c -  I /  I BH + A~  |. T his gives a s tra ig h t line of u n it  slope and  
w h e n  I B H + A c~  | =  | B H  + A ~  |, one has:

| / H +A c ~ |___ v
S I TTT+ t  I B̂ vind p k base- (̂ )\ m + A - \

In s te a d  of pAj,ase an(i  Р ^ - ш  ^  possib le  to  use th e  c o n s ta n t K BHA an<l  K-r 
fo r  th e  equilib ria  inc lud ing  В Л А  a n d  Ш +А ~ ,  re sp ec tiv e ly .

K b ha  —
|B | \HA\

I n  th is  case E q . 3 can  be w ritte n  as follow s:

lg
| I H + A c ~ |

|/H + A - |
pKßHA p K i

(4)

(5 )

W h e n  perchloric acid  is used as a s tro n g  a c id ,p A BHAis o b serv ed  as th e  pH C 104 
v a lu e  (5) of base В  in  glacial ace tic  ac id . T hus, th e  c a lcu la ted  p K x can  be placed 
d ire c tly  on the  pH C 104 b as ic ity  scale of th e  sam e so lv en t.

E xp erim en ta l

T he follow ing b u ffer system s w ere u sed : lith iu m  a c e ta te - l i th iu m  p e rch lo ra te ; sodium  
a ce ta te -so d iu m  p e rch lo ra te ; and  a n tip y rin e  a ce ta te  —an tip y rin e  p e rch lo ra te . T he buffers were 
p re p a re d  by  p a r tia l  n e u tra liz a tio n  o f th e ir  b asic  com ponents w ith  perch lo ric  acid. T he fin a l
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concentration of I  w as in  all cases 2.5 • 10_6JVf. In order to  obtain the spectra o f I  in the  
‘pure acid’ and ‘pure base’ forms, they  were recorded in the presence of excess perchloric 
acid and a sufficiently strong base, respectively , so that no spectral change occurred even  
if  a stronger base was em ployed.

The spectra o f I  were recorded in CH 3CN, both  in non-buffered and acidic m edia. A  stock  
solution o f O.liV perchloric acid in CH3COOH was prepared and suitable quantity o f th is was 
added to the solution o f I  in CH3CN b y  a H am ilton m icrosyringe.

The absorption spectra were obtained  at room tem perature w ith  a Unicam  SP 700 
spectrophotom eter using quartz cells o f 1 cm  length.

The chem icals used  were com m ercial products o f analytical grade of purity.
H ydrazo-9-acridine was prepared according to Ca uq uis and Fauvelot [3].
The solvents were purified by conventional m ethods. The water content of the so lvents  

was less than 0.06% .

R esults an d  discussion

T he ab so rp tio n  spectra  of h y d razo -9 -acrid in e  reco rded  in  various an ti-  
py rin e  ace ta te—a n tip y r in e  p e rch lo ra te  buffer so lu tions a re  show n in  F ig . 1. 
T he ab so rp tio n  m a x im a  of the  ‘p u re  b ase ’ an d  ‘p u re  ac id ’ form s of I  a re  a t

•103 crn’

F ig . 1 . Absorption o f hydrazo-9-acridine in  antipyrine acetate —antipyrine perchlorate buffer
solutions in  acetic acid

19.500 an d  23.500 c m -1 , re spec tive ly . O nly one isobestic  p o in t is found  in d i­
ca tin g  one tru e  acid—b ase  equ ilib rium . A t 19.500 c m -1  th e  absorbance  o f  th e  
‘pu re  ac id ’ form  is negligible.

T he ca lcu la tio n  o f  p K j  of hy d razo -9 -acrid in e  is show n in T able I.
B y  using th e  g rap h ica l m e th o d  m en tio n ed  ab o v e , th e  p K j  is d e te rm in ed  

as show n in  Fig. 2. F o r  o ther b u ffe r  system s, th e  p K j  (pH C 104) values a re  
sum m arized  in T ab le  I I .
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Table I

Solution

Molar concentration 
of buffer components Absorbance at 

19.500 cm-1
1 IH+Ac- 1
1 IH + A -  1

P*7(pHC104)Antipyrine
acetate

Antipyrine
perchlorate

1 0.0500 0 .0 0 1.00 — ___

2 0.0179 0.0321 0.62 1.63 6.48
3 0.0072 0.0428 0.33 0.50 6.48
4 0.0051 0.0449 0.26 0.35 6.45
5 0.0035 0.0465 0.17 0.20 6.51
6 0.000 0.0500 0.00 — —

F ig . 2 . Determ ination of p K /  in  antipyrine perchlorate —antipyrine acetate buffer solutions

Table II

Buffer solution p K ,

Lithium  acetate-lith ium  perchlorate 6.47 +  0.02

Sodium acetate—sodium perchlorate 6.30 +  0.30

In  th e  case o f  th e  bu ffer sy s tem  sod ium  a c e ta te -so d iu m  p erch lo ra te  
th e  e rro r in  p K j  is con sid erab ly  g re a te r . T his can  be due to  th e  fa c t th a t  th e  
co lou r change o f I  is n o t g rad u a l enough  even  if  th e  perch lo ric  ac id  is added  in  
v e ry  sm all q u a n titie s . M oreover, sm all am o u n ts  of perch lo ric  ac id  can n o t be 
in tro d u ced  w ith  su ffic ien t precision .

On th e  p H C 1 0 4 b as ic ity  scale, th e  p K j  v a lu e  of h y d razo -9 -acrid in e  lies 
v e ry  n ear to  t h a t  o f  C ry sta l V iolet as show n in  Fig. 3.
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In  Fig. 4 th e  a b so rp tio n  sp e c tra  o f I  in  C H 3CN are  show n.
W hen  one e q u iv a len t a m o u n t o f HC104 is ad d ed  to  th e  non -bu ffe red  so lu­

tio n  o f I  in  CH3CN, th e  a b so rp tio n  sp ec tru m  is p ra c tic a lly  id en tica l w ith  th a t  
of th e  ‘p u re  base’ fo rm  in C H 3C O O H  (C urve I) . A fte r th e  second  eq u iv a len t of 
H C104 has been a d d e d , th e  a b so rp tio n  sp ec tru m  becom es s im ila r to  th a t  of 
th e  ‘pu re  acid’ form  in  C H 3C O O H , b u t  th e  equ ilib rium  is n o t com plete ly  sh ifted

/ / / / / / / / / / / / /
2,4-dichloro,
6-nitraniline

2

4-

6

8

I Crystal violet 
I Hydrazo-9-acridine
4m. ni t ro - N , N -  
dimethylani l ine

10
Ethylred

V

F ig .  3. pH C 104 B a sic ity  scale in acetic acid

103 c m 1

F ig . 4. Absorption spectra o f  hydrazo-9-acridine in acetonitrile. 1 — Indicator in  acetonitrile. 
2 — Indicator -f- 1 equivalent o f HC104 in acetonitrile. 3 — Indicator +  2 equivalents of HC104 

in acetonitrile. 4 — Indicator -f- 3 ,4 ,5-equivalents o f H C104 in acetonitrile
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to  th e  r ig h t-h an d  side (C urve 2). I n  th e  presence of 3 o r 4 equ ivalen ts of 
H C 104, th e  spectra  are  v e ry  s im ila r to  th a t  o f th e  ‘p u re  ac id ’ fo rm  in  C H 3COOH.

T h e  fac t th a t  h y d razo -9 -ac rid in e  reac ts  w ith  on ly  one  m olecule of HC104 
d u rin g  its  colour change a t  th e  eq u iv a len t p o in t in  C H 3C O O H  w as also proved  
in  a n o th e r  w ay. T he re su lts  o b ta in e d  a t  23.500 an d  19.500 c m -1  in  an tip y rin e  
a c e ta te -a n tip y rin e  p e rc h lo ra te  bu ffers w ere ev a lu a ted  b y  a co m p u te r  p rogram . 
T h e  p ro g ram  does n o t in v o lv e  a n y  ap p ro x im atio n s an d  ca lcu la tes  th e  co n stan t 
p a ra m e te rs  of th e  fo llow ing  eq u a tio n :

N

, f  о +  У  «л ßn ап
A  T
r  N
С /  l +  2 * ’ßn-a?

1

w h ere

A  —  ab so rb an ce  m easu red
Ct — to ta l  c o n c e n tra tio n  of I
Bn —  m o la r e x tin c tio n  coefficient o f th e  n th  fo rm  a t  th e  given w ave­

len g th
ß n —: fo rm a tio n  c o n s ta n t of th e  n th  form

a n d  b y  th e  d e fin ition :
K BHA \ B K A ~ \

a  = -------------------------  .
| B |

T h e  resu lts  of th e  c a lc u la tio n  p ro v ed  th a t  N  is eq u a l to  I in  th e  system  u n d e r 
d iscussion, i.e. th e  in d ic a to r  beh av es as a o n e-eq u iv a len t base . T he final value 
fo r  p K , is:

p K j  =  6.43 +  0.035.

The ca lcu la ted  m o la r e x tin c tio n  coefficients fo r th e  ‘p u re  b a se ’ and  ‘pu re  
a c id ’ form s are  1.73 • 104 an d  2.90 • 104 a t  23.500 c m -1  an d  3.89 • 104 an d  
1 • 10 -1 a t 19.500 c m -1 , re sp ec tiv e ly . T he co rrespond ing  m easu red  values w ere: 
1.80 • 104, 2.80 • 104 a n d  4 .00 • 104 an d  0. T here is a v e ry  good agreem ent b e ­
tw een  th e  d a ta  g iven  in  T ab le  I  an d  those  o b ta in ed  b y  th e  co m p u ter m eth o d .

A ccording to  th e  above  resu lts , th e  follow ing equ ilib ria  an d  colour change 
m echanism  can be w r it te n  fo r I  in  acetic  acid :

J + H A c  I K  A c ~  (6)

o range in  Г  rose in  C H 3COOH
C H 3CN (‘pu re  b a s ic ’ form ).

This process ta k e s  p lace  im m ed ia te ly  w hen  I  is d isso lved  in  acetic ac id ; 
th e  equilib rium  is m a rk e d ly  sh ifted  to  th e  r ig h t-h a n d  side.
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A t th e  eq u iv a le n t p o in t th e  second  p ro to n a tio n  ta k e s  p lace an d  th e  co lour 
is changed  to  yellow .

Г  +  H 2A c+C104-  ^  I '  H + C 104-  +  HA c

rose (H C 10 4  in  CH 3 CO O H ) yellow (‘p u re  acid ic’ form
(? )

in C H 3COOH)

W e are v e ry  in d e b te d  to  Miss M. KÁLDY a n d  Dr. L. B arcza fo r v a luab le  d iscussions 
d u rin g  th e  course o f th is  w o rk  and  for th e  c o m p u te r calculations.
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2. La p id u s , M., Lucas, M ., T rémillon, В .: B ull. soc. chim. 1960, 1949
3. Ca u q u is , G., F a uvelot , G.: P o la ro g rap h y , 1964, p. 847. M acM illan, London, 1964
4. Gy e n e s , L : T itra tio n  in  N on-aqueous M edia, A kadém iai K iad ó , B u d ap es t, 1967
5. Charlot, G., Trém illon , В.: Les ré a c tio n s  chim iques d an s les so lv an ts  e t sels fo n d u s.
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INVESTIGATIONS ON THE THERMOCONDENSATION OF 
AMMONIUM PARATUNGSTATE PENTAHYDRATE BY 
A COMBINED THERMOANALYTICAL AND IR SPECTRO- 
PHOTOMETRIC METHOD, AND ADDITIONAL METHODS

A. B. K is s , P. G a d ó  and A. J. H e g e d ű s

(T ungsram  Research In s titu te , B udapest, Ú jpest)

R ece iv ed  F e b ru a ry  1, 1971

T he th e rm o co n d en sa tio n  of am m o n iu m  p a ra tu n g s ta te .5 -h y d ra te  was in v e s ti­
g a te d  b y  com bined th e rm o a n a ly tic a l a n d  IR  spec tro p h o to m etric  gas a n a ly tic a l m eth o d s. 
B y  se p a ra tin g  graph ically  th e  I R  a b so rp tio n  m axim a of gas p ro d u c ts  m oles o f  re leased  
N H 3 a n d  H 20  were d e te rm in ed , a n d  th e  com position  of in te rm e d ia te  phases, fo rm ed  in 
o v erlap p in g  n e t processes, w as g iven . D u rin g  th e  processes changes in  c ry s ta l s tru c tu re s  
w ere follow ed too. I t  h as b een  d isco v ered  th a t ,  betw een 195 a n d  230 °C th e re  is a 
change  in th e  s tru c tu re  o f th e  p a ra c ry s ta l .  In  th is phase  th e  follow ing com position  
w as estab lished : 3 .75(N H 4)20 «  1 2 W 0 3 * 3 .25H 20 ,  the  sam e as ca lcu la ted  p rev iously  
fro m  sp ec tro p h o to m etric  d a ta .  X -ra y  a n a ly tic a l and IR  sp ec tro p h o to m etric  c h arac ­
te r is tic s  o f th is  phase w ere g iven . B y  an a ly s in g  th e  gas p ro d u c ts  we h av e  fo u n d  th a t  
N H 3 is re leased  from  th e  c ry s ta l  la tt ic e  p a r tly  alone, p a r tly  to g e th e r  w ith  H 20 .  M ore­
o v e r, i t  w as found  th a t  a f te r  th e  re lease  o f d ry  N H 3 gas co v alen tly  bon d ed  O H  groups 
re m a in e d  a tta ch e d  to  th e  W 0 6 o c ta h ed ro n s  of th e  polyanion.

E x p erim en ts  hav e  u n a m b ig u o u sly  show n th a t  in 5 -h y d ra te s  th e re  is one m ole o f 
loosely bonded  w a ter an d  tw o  m oles o f w a te r  o f c ry sta lliza tion ; co n seq u en tly , in  th e  case 
o f  5 -h y d ra te s  th e  s tru c tu re  o f  th e  p a ra tu n g s ta te  anion c an n o t be  [W 12O3f>(O H )10] 10~ , 
as accep ted  prev iously .

A m m onium  p a ra tu n g s ta te  h y d ra te s  including  also th e  p e n ta h y d ra te , are 
s ta r t in g  m ate ria ls  for th e  in d u s tr ia l  p ro d u c tio n  of tu n g s te n  m eta l. T he p ro p e r­
ties o f  tu n g s te n  filam en t d ep en d  v e ry  m u ch  on th e  com position  an d  s tru c tu re  
o f  th e  s ta r t in g  p a ra tu n g s ta te , on  th e  th e rm o d y n am ica l an d  k in e tic a l co n d i­
tio n s o f its  decom position  to  W 0 3 an d  on  th e  redu c tio n  o f th e  la t te r  m eta llic  
tu n g s te n .

A lth o u g h  th e  th e rm a l d eco m p o sitio n  o f am m onium  p a ra tu n g s ta te s  in  
a ir  has been  w idely s tu d ied  [1— 5], su re  know ledge on th is  is fa r  from  being  
u n am b ig u o u s. T his m anifests its e lf  e.g. a t  th e  in te rp re ta tio n  o f  TG curves [3], 
because  on th e  basis of th e rm o g ra v im e tr ic  m easurem ents a lone, if  m ore th a n  
one gas is re leased , th e  q u a lity  a n d  q u a n t i ty  of th e  gas p ro d u c ts  c a n n o t be 
d ire c tly  assigned  to  th e  co n secu tiv e  s tep s  o f  th e  TG curve. A lth o u g h  A h n  [2 ]  

o b ta in e d  sa tis fac to ry  resu lts  b y  t i t r a t in g  th e  released am m o n ia , he, how ever, 
d id  n o t in te rp re t th e  in itia l s ta g e  o f th e  reaction . O thers s tu d ie d  on ly  th e  
tra n s fo rm a tio n  o f am m onium  tu n g s te n  b ro n ze  to  W 0 3 [1, 4 , 5].

E a rlie r  [1] we a tte m p te d  to  e lu c id a te  th e  details o f th e  th e rm a l decom ­
p o sitio n  of am m onium  p a ra tu n g s ta te . G TA  m easurem ents w ere carried  o u t in 
d iffe ren t gas a tm ospheres b y  a C h ev en a rd -ty p e  th e rm o b a lan ce . T he resu lts  of 
th ese  s tu d ies  are  given in  F igs 1 a n d  2 as w ell as in  Table I .  T e m p e ra tu re  in te r-
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Table I

Molecular weight values related to 1 W 0 3 at the inflexions o f  the TG curve

in  N 2
N 2 : H 20

97 : 3 90 : 10
T G volum e ratio

Mw c° phase M w c° phase Mw c° Mw c° p hase

orig. 262.2 20 ASTM
1— 0040

262.3 20 ASTM
1—0040

262.3 20 —

1. infl. 258.5 49—  72 ASTM
1—0040

258.3 49— 62 ASTM
1— 0040

259.0 68—  84 260.4 20 ASTM
1— 0040

2. infl. 255.6 89— 130 ASTM
1— 0040

255.2 98— 104 ASTM
1—0040

254,0 134— 147 257.7 100 ASTM
1—0040

3. infl. 250.8 181—203 ASTM
1— 0040

250.4 181— 187 ASTM
1— 0040
greyish

251.0 178— 200 250.9 191 ASTM 
1 —0040

4. infl. 238.8 258 272 am orphous 
greyish w.

239.6' 249—262 am orphous
blueish-
greyish

240.0 226— 271 240.9 274 am orphous
greyish

5. infl. 235.4 299—329 am orphous 
yellowish w.

235.6 300— 312 am orphous
blueish
grey

235.6 300—349 236.4 306 am orphous
blueish
grey

6. infl. 
(step)

231.9 above 427 w o 3
+

bronze 
ligh t orange

231.3 above 467 w o 3 •
+

bronze 
d a rk  blue

231.9 above 400 231.9 above 400 W 03

yellowish
green
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T G
in N H ,

N H 3 : H 20  
97 : 3

v o lu m e ra tio
in  H 2

H 2 : H 20
97 : 3 90 : 10 

vo lum e ra t io

Mw C° Mw C° phase Mw C° phase Mw C° Mw c°

orig. 262.3 20 262.3 20 ASTM 262.3 20 ASTM 262.3 20
1— 0040 1— 0040

I. inf]. 260.9 29— 36 260.7 47 ASTM 259.0 43 — 77 ASTM 260.9 67—  78 260.3 20
1— 0040 1— 0040

2. infl. 258.7 63— 68 258.8 64— 77 ASTM 256.2 82— 153 ASTM 254.7 131— 145 258.8 70
1— 0040 1— 0040

3. infl. 256.1 98— 112 256.1 111 -1 1 9 ASTM 252.3 160— 222 ASTM 251.8 151— 167 251.9 180
1— 0040 1— 0040

4. infl. 244.7 257— 281 245.5 257— 275 ASTM 243.5 231— 273 am orphous 240.6 257— 262 241.2 270
greyish greyish 1— 0040 blueish

241.5 302 — black
greyish am orphous
green

5. infl. 236.1 356 236.2 357— 365 bronze 238.1 262—343 am orphous 236.8 294—301 236.8 314
blueish greyish 236.0 297— 301 bronze
black green 235.3 305— 403 d a rk  blue

6. infl. — 400 ,— 400 bronze 232.7 351— 475 bronze 232.5 360—380 232.8 377— 447
(step) blueish dark 230.8 383— 534 bronze 230.4 541— 564

black blueish- blueish
green black 227.6 492 217.6 640
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vals a re  ind ica ted  in  th e  T ab le  because th e  te m p e ra tu re  d a ta  co rrespond ing  to  
th e  in flec tion  p o in ts  a re  in fluenced  b o th  b y  th e  ra te  o f  h e a tin g  and  b y  th a t  of 
th e  gas flow . T hese p a ra m e te rs  w ere d e lib e ra te ly  v a rie d  in  th e  exp erim en ts . 
As i t  can  be seen fro m  T ab le  I  an d  F ig . 1, th e  th e rm o ly sis  o f am m onium  p ara - 
tu n g s ta te  proceeds in  6 steps in  a ir, n itro g en , m oist n itro g en , an d  d ry  am m onia ,

F ig . 1. T G  curves m easu red  in  d iffe ren t gas a tm ospheres

1. A ir (1686.3 m g) 2. N 2+ H 20  (1477.2 mg)
3. N H 3 (1175.6 m g) 4. N H 3+ H 20  (1189.0 mg)
5. H 2 (1321.5 m g) 6. H 2 +  H 20  (1132.0 mg)

100 200 300 400 500 600 700 800
°C

F ig . 2 . D TA  curves. 1. in  a ir; 2. in  h y d ro g en

re spec tive ly . In  m o ist am m onia s tep  5 sp lits  in to  tw o  s tep s , i.e. a to ta l  o f 7 
s tep s  w as observed . T h e  sam e n u m b e r o f steps w as o b serv ed  a t  th e  therm olysis  
in  m oist hyd rogen , h u t  in th is  case s tep  6 w as sp lit. I n  d ry  hydro g en  b o th  step  
5 a n d  step  6 w ere sp lit so th e  en tire  therm olysis  co n sis ted  of 9 steps. I t  can  be 
seen  from  T able  I ,  m oreover, t h a t  th e  1st an d  2nd  in flec tions are  sen sitiv e  to  
w a te r  v ap o u r an d  am m onia , th e  4 th  an d  6 th  ones are  sensitiv e  to  am m onia  an d  
hyd ro g en , th e  3 rd  one on ly  to  am m onia , w hile th e  5 th  one p resu m ab ly  on ly  to
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hydrogen.. T hese fac ts  m ay  in d ic a te  t h a t  before th e  2 n d  s tep  m a in ly  H 20  
a n d  N H 3, before  th e  3rd  one N H 3, a n d  before th e  4 th  a n d  6 th  step s  N H 3, or 
p o ssib ly  N2 an d  H 2 are th e  p ro d u c ts  o f  th e  therm olysis. T hese  la tte rs  com bine 
c a ta ly tic a lly  to  fo rm  N H 3. Process 5 is p ro b ab ly  sp lit in to  m ore processes by  
reac tio n s lead ing  to  b ronze fo rm a tio n  due  to  H 2. T he d a ta  o f X -ra y  analysis 
in  T ab le  I  a re  inc luded  only  fo r p re lim in a ry  in fo rm atio n ; m ore precise  phase  
analyses will be g iven la te r  in  th e  p a p e r . A ccording to  th e  D T A  re su lts , show n 
in  F ig . 2, up  to  400 °C essen tia lly  th e  sam e processes ta k e  p lace  b o th  in  a ir  an d  
in  hyd ro g en , ex cep t th a t  th e  en d o th e rm ic  peaks ap p e a r a t  low er te m p e ra tu re ,
i.e. a t  h igher m olecu lar w eight v a lu es , an d  th a t  th e  en d o th e rm ic  process w ith  
a m ax im um  a t  500 °C m easu red  in  a ir  c an n o t be observed  in  hyd rogen .

D ue to  th e  q u a lita tiv e  n a tu re  o f  th e  above in fo rm a tio n  th e  th e rm a l 
decom position  o f  am m onium  p a ra tu n g s ta te  was re in v e s tig a te d  b y  th e  com ­
b in e d  th e rm o g rav im e tric  an d  I R  sp ec tro p h o to m etric  m e th o d  developed  in  
th is  la b o ra to ry  [6— 8]. T he sam e m e th o d  was used in  th e  s tu d ies  on am m o n iu m  
p a ra m o ly b d a te  [9].

E x p erim en ta l

1. TG—IR, and DTA measurements

A m m onium  p a ra tu n g s ta te  sam ples o f  T ungsram  and  F lu k a  AG  p .a . p ro d u c ts  
w ere used  th ro u g h o u t th e  experim en ts. A ccord ing  to  X -ray  d iffrac tio n  d a ta  a n d  I R  sp ec tra  
th e  tw o  p ro d u c ts  h a d  sim ilar s tru c tu ra l c h a ra c te ris tic s , only th e ir  w a te r  c o n te n t d iffered  s lig h tly  
(T ab le  II).

Table II

A n a ly s is  data

T u n g s ra m F lu k a

W 0 3% 88.73 89.17

N H ,% 5.43 5.45

H 2o % 5.84 5.38

W 0 3 moles 12.00 12.00

N H 3 m oles 9.99 9.98

H ,0  moles 10.17 9.32

C om position w  5(NH4)20  • 1 2 W 0 3 • 5H20 ~  5(N H 4)20  • 1 2W 03 • 4 .5H 20

M olecular w eight 3133.52 3124.51

Com bined TG  a n d  continuous I R  sp e c tro p h o to m etric  gas a n a ly tic a l m easu rem en ts  have  
co n firm ed  th a t  th e  sam ples y ield  W 0 3 in  six  s te p s  (F igs 3 and 4), a n d  fro m  th e  d e riv a to g ram s 
(F ig s 5 an d  6) th e  sam e q u a lita tiv e  conclusions can  be  draw n.

C o n trary  to  th e  decom position  o f a m m o n iu m  h e p ta m o ly b d a te .4 -h y d ra te  (p a ra m o ly b ­
d a te )  [7— 9] th e  th e rm a l decom position  s te p s  o f p a ra tu n g s ta te s  a re  o v erlap p in g , w hich  fa c t 
re n d e rs  th e  q u a lita tiv e  an d  q u a n tita tiv e  a n a ly s is  o f th e  process m ore d ifficu lt. D esp ite  these
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F ig . 3. T ungsram  sam ple . 1. T G  cu rve, 2. I R  H 20  (C2H 2) cu rv e , 3. I R N H 3 curve, x. th e  equi- 
l ib r iu m  m oistu re  c o n ten t o f th e  ca rrie r gas

F ig . 4. F lu k a  sam ple. 1. T G  cu rv e , 2. I R  H 20  (C2I I 2) cu rv e , 3. I R  N H 3 cu rv e , x . th e  equ ilib rium
m o is tu re  c o n ten t o f th e  ca rrie r gas

d ifficu lties  the  resu lts  o f I R  sp ec tro p h o to m etric  gas analysis (Figs. 3 a n d  4) clearly in d ica te  
th e  o rd e r of appearance  o f N H , a n d  H 20  w ith  th e  te m p e ra tu re  rise as w ell as th e  com position 
o f  th e  gas phase above th e  so lid  ph ase  du ring  th e  therm o ly sis*  (T able  I I I ) .

* O n th e  b a s is  o f  T G  s tu d ie s  o n  7 -h y d ra te s  W a n e k  [3] c o n c lu d e d  t h a t  b e tw e e n  240  
a n d  380 °C N H 3 is r e le a s e d  in  o n e  s te p  a n d  is n o t  a c c o m p a n ie d  b y  H 20 .  W e  h a v e  o b se rv e d , 
h o w e v e r , se v e ra l N H 3 m a x im a  in  th e  th e rm o ly s is  c u rv e s  o f  p a r a tu n g s ta te  11- a n d  7 -h y d ra te s .
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T h e  a m o u n t o f th e  gases fo rm ed  can  be e s tim a te d  a fte r red raw in g  F ig s 3 an d  4 [7, 8]. 
F igs 7 a n d  8 ob ta in ed  th is  w a y  express even  b e tte r  th e  fac ts  given in  T ab le  I I ,  a n d  a t  th e  sam e 
tim e  th e  s lig h t differences b e tw een  th e  d ecom position  of th e  tu n g s ta te  p ro d u c ts  can  also be 
obse rv ed . I t  is a p p a re n t t h a t  e.g. in  th e  deco m p o sitio n  of th e  F lu k a  sam ple  s tep s IV  an d  V are  
a lm o st s e p a ra te d  in com parison  w ith  th e  T u n g sram  sam ple, an d  th e  v a r ia tio n  o f N H 3 co n ce n tra ­
tio n  in  th e  gas phase  a t  s tep  V show s a v e ry  sh a rp  m axim um . I t  is also a p p a re n t th a t  th e  
w e igh t loss corresponding  to  s tep  I I I  is m a in ly  due  to  th e  release of d ry  N H 3.

K n o w in g  th e  to ta l  a rea  below  th e  m ax im u m  curves in  F igs 7 a n d  8, a n d  th e  to ta l  w eigh t 
change  d a ta ,  ob ta in ed  fro m  th e  T G  curves (see T ab le  IY , Nos. 1. 2, 5 a n d  6), th e  sp ec tro p h o to -

°C

F ig . 5. T ungsram  sam ple . W eig h t: 1.1790 g, DTA: 1/10, DTG: 1/5, T G : 200

Table III

Released gases

T G  s te p s I I I I I I IV V V I

T em p era tu re  range  

Gas p ro d u c ts

20— 130

H 20

70— 170

H 20

100— 280

N H 3

190— 390

N H 3+ H ,0

340— 480

n h 3+ h 2o

460— 450

H 2o
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E xperim enta l conditions o f  the measurements and the planim elrically determined

No.
Sam ple

m g
A m
m g

Flow  ra te  
l it /h

H e a tin g  ra te
°C /h

G as
m ea su red T't r .

l 800 89.5 15.35 300 N H 3 — —

2 800 89.5 15.01 300 C2H 2 46.0 97.0

3 400 15.66 300 N H 3 — —

4 800 15.52 150 N H 3 — —

5 800 87,3 15.47 300 N H 3 — —

6 800 87.3 15.55 300 C2H 2 27.1 98.0

1—4: “ T ungsram ”  p a ra tu n g s ta te  
5, 6: “ П и к а ”  p a ra tu n g s ta te

Fig. 6. F lu k a  sam ple , W eight: 1.1791 g, D TA : 1/10, D TG: 1/5, TG : 200
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values proportiomal to the areas below the I R  m axim a absorption

T 's T ' T 's T ' , T T Í
M easured

T ( to t) D ifference

160.0 390.2 84.6 — 634.8 640.0 (T j) — 5.2

— 252.5 50.5 22.2 468.2 472.5 (T3) —4.3

78.3 202.0 46.2 — 326.5 330.2 — 3.7

156.0 398.0 84.0 — 638.0 635.3 + 2 .7

149.0 396.5 69.0 — 614.5 618.0 (T j) — 3.5

— 241.7 55.0 26.8 448.6 455.0 (T 3) — 6.4

m etrica lly  d e te rm in ed  N H 3 a n d  H 20  co n ten ts  o f th e  s ta r tin g  m ate ria l w ere com p ared  w ith  those 
d e te rm in ed  b y  chem ical analy sis . T he follow ing equ atio n s are  va lid  [8]:

mi _  ^ 1  * M 3 • т]г V1
nL ' T3 • • K3

m2 A m (> — 1 K + l  )
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o r, in  m oles

1V1 = M pw ■ m,
G ■ М г ■ 1000

IV, =  -
M p w • m„

G ■ m 7 -  fooo

w h ere

m l a n d  m2 deno te  th e  to ta l  a m o u n ts  o f N H 3 an d  H 20  (in mg) re leased ;
A m  den o tes th e  to ta l  w eigh t change o b ta in ed  fro m  th e  TG  curve;
T j a n d  T 3 deno te  th e  to ta l  a reas below  th e  m ax im u m  curves o f N H 3 a n d  C^H., (T able IV , m eas.

T‘ot>;
r]1 a n d  //:i deno te  flow  fac to rs  concern ing  th e  g iven  ex p erim en ta l sy s tem  an d  ch a ra c te ris tic  o f 

N 'H , an d  C2H 2 (Vl : ъ  =  1.155) [8];
n i  deno tes th e  a p p a re n t m ole n u m b er ra tio  o f  th e  reac tio n  b e tw een  CaC, an d  H .,0  (n L =  2.34)

[8];
V j a n d  V.t den o te  th e  flow  ra te s  o f ca rrie r  gas a t  th e  m easu rem en t o f  N H 3 an d  H 20  (1 a ir/h); 
M 15 M 2 an d  M 3 are th e  m olecu lar w eigh ts o f N H 3, H 20  a n d  C2H 2, re sp ec tiv e ly ;
M p„ is th e  m olecu lar w eigh t o f p a ra tu n g s ta te ;
IV] a n d  N 2 deno te  th e  n u m b er o f  N H 3 a n d  H 20  m oles in  th e  s ta r tin g  su b stan ces;
G d en o tes  th e  w eight o f th e  sam ple  (g).

T he good ag reem en t b e tw een  th e  d a ta  o b ta in ed  by  th ese  expressions a n d  by  chem ical 
analysis (Table V ) in d ica tes  th a t  th e  a rea  below  th e  IR  m ax im u m  curves a n d  th e  to ta l  am o u n t 
o f gas p ro d u c ts  form ed a re  in  a  sa tis fac to ry  corre lation .

In  th e  m easu rem en ts o f gas p ro d u c ts  fo rm ed  in  th e  co n secu tiv e  step s i t  is a  good ap p ro ­
x im a tio n  to  assum e t h a t  th e  m ax im a  cu rves o f N H 3 an d  H 20  are  G aussian . (A fter th e  m inim a 
o f th e  curves of N H 3 a n d  H 20  th e  p reced ing  reac tio n  causes n e a rly  th e  sam e w eigh t change as 
th e  n e x t reac tio n  has caused  before  th e  m in im um .) T he a rea  below  th e  overlap p in g  m axim um  
curves in Figs 7 and 8 w as d e te rm in ed  b y  p lan im etry  (T able IV ), an d  th e  m ole n u m b ers  of
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Table У

Comparison o f  the data obtained spectrophotometrically and by chemical analysis

N H S m oles H 20  m oles

S am ple Chem ical
anal.

I R  epect. 
an a l.

D ifference
m o le% Chem ical

anal.
I R  spect. 

anal.

D iffe rence
m ole%

T ungsram 10 10.25 +  2.50 10 9.83 — 1.70

F lu k a 10 9.79 — 2.10 9.5 9.65 +  1.58

N H 3 an d  H 20  re leased  in in d ep en d en t p rocesses w ere d e term ined  by  th e  follow ing e q u a tio n
[8]:

N  ■ T'i
ni =  — ------

2 ' t ;

•where щ  d en o te s  th e  n u m b er of N H 3 a n d  H 20  m oles fo rm ed in  th e  i th  step , N  d en o tes  th e  n u m ­
b e r o f N H 3 a n d  H 20  m oles in th e  s ta r tin g  su b s tan ce , w hile Т,- is a n u m b er p ro p o rtio n a l to  th e  
a rea  below  th e  m ax im u m  curves co rresp o n d in g  to  th e  i th  step . T he resu lts  a re  show n in  T able
V I.

Table VI

The am ount o f gaseous product ( in  moles) released in the reaction steps

N o.
G as

p ro d u c t nI "2 "3 n « ns n6 N =  £тц

1 N H 3 ___ — 2.52 6.15 1.33 — 10

2 H 20 0.98 2.07 — 5.40 1.08 0.46 10

3 N H 3 — — 2.41 6.19 1.40 — 10

4 N H 3 — _ 2.43 6.25 1.32 — 10

5 N H 3 — — 2.42 6.45 1.12 — 10

6 H ,0 0.57 2.07 — 5.12 1.16 0.56 9.5

1 —4: “ T u n g sram ”  p a ra tu n g s ta te  5, 6: “ F lu k a ”  p a ra tu n g s ta te

Since ev en  in  th e  case o f d iffe ren t sam p le  w eigh ts an d  h ea tin g  ra te s , i.e. in d ep e n d en tly  
o f  th e  k in e tic  con d itio n s o f th e  reac tio n , th e  re su lts , show n in  T ab le  V I, are n ea rly  th e  sam e (an d  
th e  sam e is t ru e  fo r  th e  m olecular w e igh t v a lu es given in  T ab le  I), i t  is v e ry  p ro b ab le  t h a t  th e  
d a ta  o b ta in e d  a re  indeed  ch arac te ris tic  o f th e  decom position  process itself. F ro m  d a ta  in T ab le  
V I those  in  T ab le  V II  can  read ily  be o b ta in e d . T ab le  V II  con ta ins th e  com position  re la te d  to  
12 W O j a n d  th e  m olecu lar w eight re la te d  to  1 W 0 3 of th e  in te rm ed ia te  phases fo rm ed  in  th e  
su b seq u e n t te m p e ra tu re  ranges. T he m o lecu la r w eights given in th is  T able  an d  co rresp o n d in g  
d a ta  o f  T ab le  I  a re  in  a good agreem ent.
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Table VII

The composition o f  the phases

T G  step s  
I R  m ax im a °C (N H ,) ,0 w o, H 20

M olecular 
w eigh t re la te d  

to  1 W O ,

T u n g sram  sam ple 20 5.0 12 5.0 261.1

I. 20— 130 5.0 12 4.0 259.6

I I . 70— 170 5.0 12 2.0 256.6
I I I . 100— 280 3.75 12 3.25 253.1

IV . 190— 390 0.67 12 0.83 236.0

V . 240— 480 — 12 0.5 232.6

V I. 460— 550 — w o 3 — 231.9

2. Ш  sp ec tro p h o to m etric  and X -ray  a n a ly tic a l study  of th e  phase

U n d e r th e  e x p e rim e n ta l conditions ap p lied  in  th e  m easu rem en ts  y ield ing  Figs 3 an d  
4, i.e. in  crucible co n ta in in g  sev e ra l h u n d red  m g o f sam ple , th e re  a re  m ixed  phases p re sen t a t  
th e  m in im a  of th e  I R  cu rv es , d u e  to  th e  overlap p in g  re a c tio n  steps. To avo id  th is , 30— 40 m g 
o f p a ra tu n g s ta te  sam ples w e re  u sed , p laced on a  silica p la te  o f  15 m m  in  d iam ete r, fo rm ing  a 
th in  a n d  evenly  d is tr ib u te d  lay e r . Sam ples w ere h e a te d  to  a  g iven  te m p e ra tu re  a t  a  h ea tin g  
ra te  o f  150 °C/h. A fter coo ling  th e  sam ples in a  desicca to r ow er P 20 5 th e  analyses were im m edi­
a te ly  s ta r te d . In  each su ccess iv e  procedure  th e  f in a l te m p e ra tu re  was increased  w ith  15— 20 °C, 
a n d  th e  s tru c tu ra l ch an g es o f  th e  phases w ere d e te c te d . U n d e r  these  cond itions th e  ph ases 
w ere fo rm ed  w ith in  w ell d e f in e d  tem p e ra tu re  ranges. B o th  fo r sp ec tro p h o to m etry  and  fo r X - 
ra y  an a ly sis  su ffic ien tly  p u re  sam ples were o b ta in ed . T h e  re su lts  o b ta in ed  are  sum m arized  as 
follow s:

20— 180 °C range: a p a r t  f ro m  m inor changes 4- a n d  2 -h y d ra te s  re ta in  th e ir  o rig ina l c ry s ta l 
s tru c tu re .

195— 230 °C range: th e  s t r u c tu r e  is m odified in  step  I I I  (a ll W — О ban d s frequencies change in 
th e  IR  spec tra).

240— 320 °C range: a m o rp h o u s  tu n g sten  bronze  is fo rm ed
320— 350 °C range: som e m in o r  signs of th e  c ry s ta lliz a tio n  o f  am m onium  bronze  can be ob se rv ­

ed.
350— 440 °C range: s t r u c tu r a l  ch arac te ris tics  o f  W 0 3 a p p e a r ;  according to  I R  spec tra  and  gas 

an a ly tica l d a ta  h y d r a te d  W 0 3 is form ed.

C om paring th e  a b o v e  s tru c tu ra l tran s itio n s  w ith  th e  d a ta  ta k e n  fro m  th e  l i te ra tu re ,  
a tte n tio n  should be ca lled  to  th e  phase  tran s itio n  o b se rv ed  a ro u n d  200 °C. T he change of d if­
frac tio n  p a tte rn  in th e  v ic in i ty  o f 200 °C was also o b se rv ed  b y  A h n  [2], b u t  n e ith e r th e  com po­
sitio n  n o r th e  c ry s ta llo g ra p h ica l ch aracteris tics o f th e  p h ase  fo rm ed in th is  tem p e ra tu re  ran g e  
w ere g iven . On th e  o th e r  h a n d , o u r observations —  e x c e p t th e  appearan ce  of h y d ra te d  W 0 3 — 
on th e  phases w hich o ccu r d u rin g  th e  am m onium  tu n g s te n  b ronze  and  W 0 3 fo rm ations essen­
t ia l ly  agree w ith  those  p u b lish e d  in  th e  l ite ra tu re  [1, 4, 5].

As fa r as s tru c tu ra l  changes are concerned, p a ra tu n g s ta te  sam ples o f F lu k a  an d  T u n g s­
ra m  p ro d u c ts  b ehave  id e n tic a lly . The only d ifference is t h a t  th e  bronze form ed from  F lu k a  
tu n g s ta te  is m ore c ry s ta ll in e  in  ch arac te r in th e  te m p e ra tu re  ran g e  be tw een  320 an d  350 °C. 
T h is l a t te r  m igh t be th e  re a so n  th a t  th e  overlap  o f s tep s IV  a n d  V is sm aller an d  th a t  a sep a ra te  
N H 3 m ax im u m  is fo rm ed  in  s te p  V (see Fig. 8).

T he chem ical c o m p o s itio n  of th e  sam ple p re p a re d  a t  220 °C an d  sto red  in a desiccato r 
o v e r P 20 5 was d e te rm in e d  a n d  th e  following re su lt w as o b ta in e d : 3.71 (N H 4)20  • 1 2 W 0 3 • 3.42 
H 20 ,  w hich  is in a good a g ree m e n t w ith  th e  co m position  corresponding  to  step  I I I ,  given in
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T ab le  V II.*  T ak in g  also in to  acco u n t t h a t  th e  com position  correspond ing  to  step  IV  is also in  a 
reaso n ab le  ag reem en t w ith  th e  com position  of am m o n iu m  bronzes d e te rm in e d  b y  o th e r  a u th o rs  
[1], th e  s to ich io m etric  d a ta  given in  T ab le  V I can  be accepted.

Since a m ore  d e ta iled  s tu d y  of th e  s tru c tu ra l  prob lem s o f am m o n iu m  p a ra tu n g s ta te  
h y d ra te s  a n d  o f th e  in te rm ed ia te s  form ed fro m  th em  is going to  b e  p u b lish ed  in  a se p a ra te  
p a p e r  dealing  w ith  in fra re d  spectroscopic  in v es tig a tio n s , th is  p a p e r  re p o rts  on ly  th e  c ry s ta l­
log raph ic  a n d  I R  sp e c tro p h o to m etric  fe a tu re s  o f th e  so fa r n o t iso la ted  ph ase  fo rm ed  in  s tep  
I I I ,  in  com parison  w ith  th e  corresponding  fe a tu re s  o f th e  s ta r tin g  m a te ria l  (Tables V I I I  a n d  
IX ).

Table V III

X -ra y  d iffraction data

5 (N H 4)20  • 1 2 W 0 3 -5H20 3 .7 5 (N H 4)20  • 1 2 W 0 3 -3.25H 20

e in 20  • 10s 
obs.

s in 20  • 106 
calc. h k l

e in 20  • 105 
obs.

s in 20  • 105 
calc. h k l

560 556 001 563 563 001
818 821 111 832 840 111

1083 1090 IÖT 1103 1107 10I

1365 1379 i l l 1393 1398 111
1430 1412 120 1446 1429 120
1661 1688 121 1707 1713 121

2221 2220 002 2256 2252 002
2287 2304 300 2298 2271 12Г

2508 2505 012 2542 2541 012
3080 3070 122 3124 3123 122
3303 3319 122 3362 3366 112
3641 3625 230 3720 3726 1 3 l

3723 3696 3 0 l 3780 3785 3ÖI

4227 4190 122 4478 4495 103

4431 4414 103 4646 4656 040

X -ra y  d iffrac tio n  d a ta  lis ted  in  T able  V I I I  w ere o b ta ined  b y  th e  ev a lu a tio n  of G uiner- 
ty p e  m easu rem en ts  (Cu K a ra d ia tio n , KC1 in te rn a l s ta n d ard ); th e  w ave  n u m b er va lues g iven  
in  T ab le  I X  w ere o b ta in e d  fro m  th e  sp ec tra  o f K B r  disc sam ples.

O n th e  basis o f T ab le  X  one can  see t h a t  th e  la ttic e  p a ram e te rs  o f T ungsram  p a ra ­
tu n g s ta te  a re  v e ry  close to  th o se  given in  th e  l ite ra tu re  [10], an d  th e  d e n sity  (o =  4.415) a n d  
th e  cell p a ra m e te r  v a lu es m easu red  sa tis fy  th e  req u irem en ts  for Z  =  2. I n  step  I I I  th e  p a r t ly  
d ry  re lease  o f N H 3 causes a  change in  th e  d im ension  an d  form  of th e  cell. T h e  m easured  d en sity  
v a lu e  of th e  sam ple  p re p a re d  a t  200 °C accord ing  to  th e  above described  process was fo u n d  to  
b e  Q =  4.66. T ak in g  th e  com position  correspond ing  to  th is  den sity  a n d  assum ing  an  (N H 4)20  
a n d  W 0 3 c o n te n t t h a t  is th e  possib ly  n ea re s t to  th is  com position , o r co n ta in s  d iffe ren t in te g e r 
n u m b ers  o f sa id  g roups, th e  (N H 4)20 : W 0 3 ra tio , how ever, k e p t n ea rly  c o n s tan t, th e  m ost lik e ly  
Z -value  w as d e te rm in ed .

* A llow ing to  s ta n d  on a ir, th e  com pound  tran sfo rm s in to  5 -h y d ra te ; th e  (N H 4)20  : 
W 0 3 ra tio  a n d  s tru c tu ra l  fe a tu res  rem ain  u n ch an g ed .
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On th e  basis o f T ab le  X I  ra tio  5(N H 4)20  : 1 6 W 0 3 can be d isreg ard ed . A lthough in all 
o th e r  cases th e  ca lcu la ted  Z -v a lu es are n early  in te g e r  num bers , ra tio s  4 : 13 and  8 : 26 should  
be  d istingu ished . A ssum ing  th a t  m olecules co n ta in in g  an  odd n u m b er o f W 0 3-group are  less 
p ro b ab le , th e  m o st p ro b ab le  com position  of th e  new  phase  is 8(N H 4)20  • 2 6 W 0 3 • 7H 20 ,  an d  
th e  u n i t  cell co n ta in s o n ly  one m olecule.

Table IX

Characteristics o f  the infrared spectra

SfNH^O 12W03 5HsO 3.75(NH,)20  12W03 • 
. 3.25H,0 Assignment

cm-1

702 v s ,  v b 721 v s ,  v b
745 sh o
765

800 w
I

9 w on. w—он.
818 s, b 828 s , b SÍ834 sh o
870 s, b 880 s , b

918 1 ,  sh ’ P 928 1 « sh’ P term in al
934

b  sh ’ p 942
b  Bh’ P V  W  0

951 J Ь sh, p 963 J b sh, P

1100 w, s h W — O H , W  O H ,
1403 v s ,  s h 1408 s , s h r4(F2) N H +
1468 sh o
1630 m 1645 w <5 OH (H ,0 )
1678 w N H +  ?
2810 w 2825 w 2 v4 N H  +
2900 w 2885 w
3020 m , b 3035 m , b v. +  j>4 N H t+
3135 s, b 3150 s , b ъ  (F2) M l ,1

3380 m , b v O H  (H ,0 )
3450 sh o 3420 ) v O H  ( H ,0 )

3510 Í m , b w v OH (W — O H )
3615 1 w » O H  (W —O H )

s: strong , sh: sh a rp , w: weak, b: b ro ad , p: peak, sho: shoulder, v: very , 
m : m edium

Table X

Crystallographic parameters

Sam ple
a

U n it cell p a ra m e te rs  Д

I
b J c ß°

D en sity

N u m b e r  o f 
m olecules in  
th e  u n i t  cell 

Z

H a h n e rt  R e f [10] 15.54 14.53 11.02 108.75 4.40 1.99 я« 2

T ungsram 16.419 14.356 11.151 111.67 4.415 2.06 ^  2

l\ew  phase 16.094 14.302 11.028 111.25 4.660 2.012 ^  2

1.006 ^  1
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Table XI

The most probable composition o f the new phase

Possib le  com positions M olecular w e ig h t z

3.75(N H 4)„0 ■ 1 2W 03 • 3 .25H aO 3036.54 2.17

4(N H 4)20  • 1 3 W 0 3 • 3 .5H „0 3285.96 2.012 «=< 2

8(N H 4)20  • 2 6 W 0 3 • 7 H ,0 6571.92 1.006 1

5(N H 4) ,0  • I 6W O 3 • 5H 20 4061.20 1.628

5(N H 4) ,0  • 1 6 W 0 3 • 4 H ,0 4043.19 1.636

4(N H 4) ,0  • 1 2 W 0 3 • 3 H ,0 3045.04 2.171

D iscussion

Sum m ariz ing  th e  re su lts  o b ta in ed , th e  tra n s fo rm a tio n  o f am m onium  
p a ra tu n g s ta te  • 5—h y d ra te  to  W 0 3 in  a ir is th e  fo llow ing:

5 (N H ,).,0  • 12WO.. • 5H .,0  -  ~ H‘°
\  4 / -  ó 20 —130 °C

5 (N H 4) ,0  • 1 2 W 0 3 • 4 H 20

— 211,0 
7 0 - 1 7 0  °C

5 (N H 4)20  • 1 2 W 0 3 • 2H .,0  ~2' 5N- V
v -  1 0 0 - 2 8 0  °C

3 .75 (N H 4)80  • 1 2 W 0 3 • 3 .25H  ,0 — (3 .08(N H 4)2O -f-2 .4 2 H zO) 

1 9 0 - 3 9 0  °C

0 .67 (N H 4)2O • 12 W 0 3 • 0 .83H  ,0  - (0-67(NH<)2Q+0’33H>-Qt
V s  -  3 4 0 - 4 8 0  °C

12W O ,-0 .5H ,O  ~°'5 H-°e o rth o rh o m b ic  W O , .
Л * 4 6 0 - 5 5 0  °C л

O n the basis o f F igs 7 an d  8 as well as Tables V I an d  V II  it  can  be e s ta b ­
lished  th a t  in  s tep s  I ,  I I  an d  I I I  phases of th e  sam e s tru c tu re  an d  com posi­
t io n  are  form ed from  b o th  su b stan ces. C onsequen tly , th e se  processes a re  gener­
a lly  ch a rac te ris tic  o f p a ra tu n g s ta te  5 -hydra tes.

O n th e  o th e r  h a n d , d ifferences can  be  found in  th e  fo rm a tio n  an d  decom po­
s itio n  of am m onium  tu n g s te n  b ronzes o f sligh tly  d iffe ren t com position  (0.67—
0.56 (N H 4)20  • 1 2 W 0 3 • 0 .6—0.5FFO ). I t  is well k now n , how ever, th a t  bronzes 
a re  non  s to ich iom etric  com pounds, an d  a given ty p e  o f c ry s ta l  s tru c tu re  m ay  
ex is t over a re a so n ab ly  w ide ran g e  of com position  [1]. T h e  k in e tic  differences 
to  he seen on F igs. 5 an d  6 are  m o st likely  due to  d ifferences in  c rysta lline  
c h a ra c te r  and  in  th e  m orpho log ical fea tu res  o f p re d o m in a n tly  am orphous 
phases.
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T h e difference b e tw een  th e  com position  of th e  b ro n zes o b ta in e d  b y  IR  
g a s-a n a ly tic a l m e th o d  p ro b a b ly  h as  a connection  w ith  th e  ex o th e rm ic  process 
in d ic a te d  b y  th e  D T A  curves. T h is process m ay  be due  to  th e  co m b u stio n  of a 
sm all a m o u n t of am m onia . W ith  th e  F lu k a  tu n g s ta te  th e  e x o th e rm ic  p eak  and  
th e  te m p e ra tu re  co rrespond ing  to  th e  m ax im u m  is h igher. W ith  th e  T ungsram  
tu n g s ta te  th e  a m o u n t o f ox id ized  am m onia  m ay  n o t be s ig n if ican t because, 
a cco rd in g  to  T able  У, th e re  is no loss in  am m onia  a t  th e  co m p o sitio n  ca lcu la ted  
fro m  th e  to ta l a rea o f th e  IR  p eak s . W ith  th e  F lu k a  tu n g s ta te ,  a lth o u g h  th e  
d a ta  o f  T ab le  Y are  s till w ith in  th e  ex p e rim en ta l e rro r, th e  sign  o f th e  percen tag e  
e r ro r  is reversed , w hich fa c t m a y  b e  re la te d  to  th e  s lig h tly  h ig h e r exo therm ic  
p e a k  in  th e  D TA  cu rv e  o f F ig . 6. T h is effect m ay  s ligh tly  m o d ify  th e  com position  
d e te rm in e d  for th e  F lu k a  b ro n ze  b y  sp ec tro p h o to m e tric  m e th o d , a n d  m ay  b ring  
i t  c lo ser to  th e  co m position  o f T u n g sram  sam ple.

T h e  d eriv a to g ram s are  in  acco rd an ce  w ith  our p rev io u s T G  stud ies and  
w ith  th e  p resen t IR  d a ta . I n  F igs 3 a n d  4, an d  in  th e  D T G  cu rv es o f F igs 5 an d  6 
th e  sh o u ld er w hich ap p ea rs  a t  s te p  IV  is n o t connected  to  th e  in c id e n ta l fo rm a­
tio n  o f  a new su b stan ce , m ore p rec ise ly , th e re  could n o t be  fo u n d  a convincing 
p ro o f  fo r it, due to  th e  p re d o m in a n tly  am orphous s tru c tu re . S ince in  th is  s tep , 
to  som e e x te n t, c ry s ta lliz a tio n  o f b ronzes ta k e s  p lace [4, 5 ], w h ich  m ay  affect 
th e  re a c tio n  ra te , i t  seem s to  b e  e v id e n t th a t  th e  sh o u ld er is due  to  th is  effect. 
T h is  conclusion is also su p p o rte d  b y  th e  fa c t th a t  th e  b ro n ze  fo rm ed  from  th e  
F lu k a  sam ple is m ore  c ry s ta llin e , a n d , a t  th e  sam e tim e , th e  sh o u ld e r found  in  
th e  I R  curve is m ore p ro n o u n ced . (See Fig. 6.)

Processes in  w hich H 20  a n d /o r  N H 3 are re leased  a re  e n d o th e rm ic , reg a rd ­
less o f  th e  rea rran g em en t o f th e  c ry s ta l la ttic e . T he sam e w as fo u n d  in  th e  solid 
p h a s e  po lyco n d en sa tio n  re a c tio n  o f  am m onium  h e p ta m o ly b d a te .4 -h y d ra te
[9]. T h e  exo therm ic  p eak  in  th e  ra n g e  of 460—480 °C is d u e  to  W 0 3(disordered) —► 
W 0 3<ordered) tra n s itio n .

T h e  evo lu tion  o f  N H 3 on  its  ow n or to g e th e r w ith  w a te r  v a p o u r  suggests 
th e  assu m p tio n  th a t  th e re  m ay  be  tw o  d iffe ren t deco m p o sitio n  processes for 
th e  W O e groups o f p a ra tu n g s ta te  an ion  com pensated  b y  N H 4+ ion. A lthough , 
re ly in g  on th e  p rinc ip le  o f  u n ifo rm  charge  d is tr ib u tio n  o f  ion ic  c ry s ta ls , th e re  
is n o  reason  so fa r  to  assign NH^" ions to  ce rta in  oxygen  a to m s of th e  W 0 6 
o c tah ed ro n s , as a w ork ing  h y p o th es is , how ever, th e  co n d itions can  be sim plified 
acco rd in g  to  th e  follow ing schem e: —
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W  = <-H

° / l \ °

NH,
NHL
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0  + H
° \ l / °x
° / I \ o  . M

О - + H

T N H 3

N H 3

l . b

2 N H ,

0 \ ? / X  + H N H 3 — ♦ (N H 4)2°  — * 2N H 3 } H 20

0 /  I \ o  о
2

T he chan g es in  th e  sp ec tra , g iven  in  T able IX , show  a couple of fea tu re s  
su p p o rtin g  th e  a ssu m p tio n  th a t  th e  p h ase  of m odified  s tru c tu re  form ed in  s tep  
I I I  co n ta in s  -—O H  or O H 2 groups, co o rd in a ted  to  th e  m e ta l. So, e.g. th e  sh if t 
o f th e  b an d s  to w a rd  h igher w ave n u m b ers  in  th e  v O H  region, and  th e  a p p e a r­
ance of sm all in d iv id u a l m ax im a a t  3510 and  3615 c m -1 , can  genera lly  be 
exp la ined  b y  th e  decreased  s tre n g th  o f  h y d rogen  bon d s or, possib ly , b y  th e  
fo rm a tio n  o f  free  O H  [11, 12] o r  W — O H  [13— 15] groups. T he ap p e a ra n ce  
o f m ax im a  a t  1100 an d  800 c m -1 is also co n sis ten t w ith  th e  above a ssu m p tio n ; 
th e se  frequenc ies can  generally  b e  assigned  to  ő M— O H  [11, 12, 16] a n d  g 
M— O H 2 [12, 16] v ib ra tio n  m odes. M oreover, th e  sh if t o f 6 O H  from  1630 to  
1645 c m -1 m a y  b e  ch a rac te ris tic  e.g. o f  th e  d e fo rm atio n  v ib ra tio n  o f O H 2 
groups c o o rd in a te d  to  th e  m e ta l [12].

A m ong th e  s tru c tu ra l p rob lem s o f he te ro - an d  isopo lyacids an d  th e ir  sa lts , 
e.g. p a ra tu n g s ta te s , th e  n a tu re , b o n d in g  re la tio n s an d  cry sta llo g rap h ic  p o sitio n  
o f H 20 ,  O H , H 30 + an d  th e  b as ic ity  o f th e  po lyacids a re  am ong  th e  m ost w idely  
d iscussed issues. T h e  s tru c tu re  o f p a ra tu n g s ta te  an io n  w as de te rm in ed  b y  
L in d q v is t  [17], in  5N a20 , 1 2 W 0 3 • 2 8 H 20 .  I t  has b een  estab lished  th a t  th e  
p rev iously  assu m ed  [18] [W 12O41]10~ s tru c tu re  is in co rrec t, an d , in  fa c t, th e  
s tru c tu re  o f  th e  an io n  is [W 120 46]20 ~. T h is s tru c tu re , how ever, requ ires th e  p ro ­
to n s  to  be  b o u n d  to  th e  anion (e.g. [H 10W 12O4e]10~). T h e  prob lem s arising  h ere  
h av e  n o t b een  so lved  b y  L in d q v is t .

O n th e  basis  o f  IR  and  p ro to n  m ag n e tic  resonance  m easu rem en ts G l e m - 

se r  [19, 20] a n d  S ch w arzm ann  [21] concluded  th a t  th e  te n  H -atom s a re  n o t 
acid ic, an d  a re  p re se n t as O H  groups. B ased  o n th is  find ing , th e  recen tly  accep ted  
s tru c tu re  is N a 10[W 12O36(O H )10]23H 2O. O n th e  o th e r h a n d , L ipscom b  [22] 
has p o in ted  o u t  t h a t  on th e  basis o f L in d q v is t ’s d a ta  besides [W 12O46]20~ 
o th e r  s tru c tu re s , e.g. [W 120 43]12- can  also be  assum ed. T h is la t te r  assu m p tio n  
is also su p p o rte d  b y  recen t X -ra y  s tu d ies  o f  W e iss  [23] on  am m onium  p a ra tu n g ­
s ta te . 1 1 -h y d ra te . I n  th e  case o f 7- a n d  5 -h y d ra tes  n e ith e r  th e  p o sitio n  of 
tu n g s te n  a to m s, n o r  th e ir  m ode o f b o n d in g  to  th e  lig h t a to m s have been  d e te r ­
m ined . O nly  th e  size an d  th e  sy m m e try  o f th e  u n it  cell a re  know n [10, 24].
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In so fa r  as th e  Gl e m se r  — S c h w arzm ann  fo rm u la  was reg a rd ed  as general, 
11-, 7- an d  5 -h y d ra tes  shou ld  h av e  th e  fo llow ing general com position :

5(N H 4)20 - 1 2 W 0 3 • n H 20  =  (N H 4)10[W 12O3e(O H )10]m H 2O

w h ere  n  =  11, 7 or 5 a n d  m =  6, 2, o r 0.
H ä h n er t  [10] reaso n ed  on th e  basis  o f th is  form ula th a t  p a ra tu n g s ta te s  

c o n ta in in g  less th a n  f iv e  m olecules o f w a te r , in  an a ly tica l sense, c an n o t be 
p re c ip ita te d  aqueous so lu tions.

C onsequen tly , 5 -h y d ra te  an d  its  d e h y d ra te d  p ro d u c ts  w ould  n o t co n ta in  
w a te r  m olecules a t  all. T h is, how ever, c o n tra d ic ts  our ex p erim en ta l find ings, 
t h a t  w a te r  is re leased  a lre a d y  a t  25— 30 °C. T his could n o t be  exp lained  if  
th e  su b stan ce  co n ta in ed  w a te r  only  s tru c tu ra lly . In  such a case th e  oxygen a to m  
o f H 20  should  be re leased  from  th e  la tt ic e  o f th e  anion, an d  th e  considerab le  
o x y g en  loss due to  th is  process w ould  re su lt in  th e  collapsing o f th e  c ry s ta l 
la tt ic e . W e have  fo u n d , how ever, th a t  H 20  is re leased  w ith o u t s tru c tu ra l changes 
in  s tep s  I  and  I I .  T h e  d is tin c t ap p ea ran ce  o f ŐOH frequencies in  th e  sp ec tru m  
a t  1630 an d  1645 c m -1  (T able IX ) , w hich  frequencies ch a rac te rize  exclusively  
th e  d e fo rm atio n  m odes o f  H 20  m olecules, is also a decisive proof. C onsequen tly , 
i t  is obvious th a t  th e  fo rm ula  assum ed  b y  G l em ser  an d  S ch w arzm ann  as 
w ell as, to  ce rta in  e x te n t , b y  H ä h n e r t  [25] can  by  no m eans ho ld  in  th e  case 
o f  5 -h y d ra te s ; an d  th e  ex p e rim en ta l re su lts  shou ld  ra th e r  be in te rp re te d  on th e  
b as is  o f th e  L ipsc o m b— W e iss  s tru c tu re . I t  is, how ever, s till an  open  questio n  
w h e th e r  th e  p ro to n a te d  s tru c tu re  [H 2W 12O42]10~ or th e  s tru c tu re  —  co rre ­
sp o n d in g  to  Gl e m se r ’s princ ip le  — [W 12O40(O H )2]10- is p resen t.

T h e  low te m p e ra tu re  co rrespond ing  to  s tep  I  as well as th e  sto ich iom etric  
d ifferences found  b e tw een  tu n g s ta te s  o f d iffe ren t p ro d u c ts  in d ica te  th a t  in
5 -h y d ra te s  1 mole or less am o u n t o f m obile  w a te r , bonded  w ith  ab so rp tio n  or 
c a p illa ry  forces, is p re se n t. S tep  I I  in d ica tes  th e  presence of 2 m oles of w a te r  
o f  c ry s ta lliza tio n . T h e  process of step  I I I  c an  less easily  b e  acco u n ted  for. I t  
sh o u ld  be assum ed t h a t  in  th e  o u te r  co o rd in a tio n  sphere of th e  ion th e  W — 0 ~  
. . . N H 4+ groups, w h ich  are  b o nded  w ith  d iffe ren t energies, w hich  in  one case 
re su lt  in  th e  th e rm a l d issocia tion  of N H 4+ ions, in  o th e r cases to  th e  sp littin g  
o f (N H 4)20  groups co n ta in in g  an  oxygen  a to m  from  th e  la ttic e .

T he question  n ecessarily  em erges w h e th e r th e  hyd rogen  a to m s rem ain ing  
a f te r  th e  th e rm a l d issoc ia tion  of N H 4+ ions a re  acidic h y d rogens or th e y  form  
W — O H  groups b o n d e d  w ith  cov a len t forces. One m igh t decide on th e  basis 
o f  th e  follow ing co n sid e ra tio n . In  h e te ro - a n d  isopolyacids, so, in p rincip le  in 
th e  p a ra tu n g s tic  ac id  n o t  iso la ted  so fa r , th e  ana ly tica lly  d e te rm in ab le  w a te r  
c o n te n t consists o f tw o  p a r ts :  —  1. S a lt ‘fo rm in g  w a te r’, th e  a m o u n t of w hich 
is ex ac tly  defined b y  th e  b as ic ity  of p o ly ac id s , 2. W a te r  c o n te n t in d ep en d en t 
o f  s a lt  fo rm ation , w h ich  can  be e ith er H 20  b o n d ed  w ith  forces o f d iffe ren t n a tu re
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or O H  or OH., g roups, b o n d ed  w ith  co v a len t forces, ta k in g  p a r t  in th e  s tru c tu re  
o f th e  p o ly an io n .

I f  i t  is assum ed  th a t  th e  residue is acidic h y d ro g en , th e  s tru c tu re  o f th e  
an ion  o u g h t n o t to  change, because in  th is  case th e  degree of po lyco n d en sa tio n , 
com pared  to  th e  basic  su b stan ce , does n o t change e ith e r , an d  it  is kn o w n  t h a t  
in  th is  s tep  s tru c tu ra l  w a te r  is n o t re leased . L e t us m easu re  th e  degree o f co n ­
den sa tio n  b y  th e  ra tio  a  =  (N H 4)20  : W 0 3, w hich ra tio  in  tu rn , im p lic itly  
im plies th e  ch an g e  o f  ch arg e  w ith  re sp ec t to  1 m ole o f W 0 3. In  th is  case, sh o u ld  
acidic h y d ro g en  rem ain , th e  following expressions w ill be equ iv a len t, as fa r  as 
th e  charge w ith  re sp ec t to  1 mole of W 0 3 is concerned : —

* ( 5 - h y d r a t e )
[1 0 N H + + 5 0 2- ]

an d

a ( s t e p  III) —

[12W03] 
[7 .5N H + + 3 .5H + +  502~] 

[12WOJ

i.e. th e  e x te n t  o f co n d en sa tio n  will n o t change. C onsequen tly , th ere  w ould  be 
no  reason  fo r a s tru c tu ra l  rea rran g em en t.

A ccord ing  to  th e  d a ta  of T able IX , how ever, th e  s tre tch in g  frequencies 
o f th e  te rm in a l W — О groups as well as th e  v:i (F2) freq u en cy  of N H 4+ io n  are  
sh ifted  to w ard s  h ig h er v a lu es , w hich fac ts  are  ty p ic a l o f changes in  c ry s ta l 
s tru c tu re  co n n ec ted  w ith  increasing  degree of co n d en sa tio n  [26]. T he sh ifts  
in  th e  sp ec tru m  given in  T ab le  IX , co n sequen tly , confirm  th e  ex istence o f  a 
phase , co n ta in in g  co v a len tly  bonded  O H  groups. T he p h ase  is ch a rac te rized  
b y  th e  ra tio  a  =  3 .75(N H 4)20  : 1 2 W 0 3.

T he ch an g e  of th e  co n densa tion  degree w ith  a  or 1/a is also su p p o rted  b y  
th e  con tinuous sh if t o f th e  ph ase  d ensity  v a lu es . In  F ig . 9 th e  densities o f p h ases  
of d ifferen t s tru c tu re  an d  th e  co rrespond ing  a values a p p e a r to  be in  a fu n c ­
tio n a l re la tio n sh ip , because  th e  d en sity  v a lu e  a t  a g iven  com position  o f th e  
p h ase  belong ing  to  s tep  I I I ,  as well as t h a t  o f a tu n g s te n  bronze f i t  w ell th e  
p lo t d raw n  in  F ig . 9.

F in a lly , it  shou ld  be n o te d  th a t  also in  th e  case o f p a ra tu n g s ta te  — W 0 3 
reac tio n  in  th e  solid s ta te , th e  w ord “ th e rm o ly s is”  is n o t qu ite  a d e q u a te  to  
ch arac terize  th e  process, i t  should  ra th e r  be  te rm e d  as a th e rm a l p o ly co n d en ­
sa tio n  re a c tio n , o r as a th e rm o co n d en sa tio n . This te rm ino logy  was also fo l­
lowed in o u r p rev io u s p u b lica tio n s [9, 27].

O ur fu r th e r  concern  is to  clarify  th e  s tru c tu re  o f p a ra tu n g s ta te  • 5 -h y d ra te  
an d  in te rm e d ia te  su b stan ces  form ed from  it ,  b y  m eans of d eu te rium  exchange 
an d  IR  sp e c tro p h o to m e try .
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1 / d
1A 12 10 8 6 A 2 0

F ig . 9. T he d en sity  v a r ia tio n  o f th e  phases

5 -h y d ra te
su b stan ce  o f step  I I I  (220 °C) 
am m onium  bronze  (350 °C)
w o 3

Q —  9  WOa~~

a e
0.416 4.415
0.312 4.66
0.081 6.04
0.0 7.29 [28]

a 6 /a

2.
I

pwo3—p = a +  b/a.
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ADSORPTION OF WATER VAPOUR 
ON THE CHEMICALLY TREATED SURFACE 

OF A GERMANIUM SINGLE CRYSTAL

J. G i b e r ,* M. W e g n e r * aid O. D o b i s **
(* Tungsram  U nited Incandescent L a m p  and  Electrical Co., and  ** Central Research In stitu te  

fo r  C hem istry o f  the H ungarian  A cadem y o f  Sciences)

R eceived D ecem ber 4, 1970

T he in te ra c tio n  of w a te r  v a p o u r w ith  th e  surface  of g e rm an iu m  single c ry sta ls , 
e tc h ed  in  a lk a lin e  H 20 2 so lu tion , w as in v es tig a ted . U sing  v o lu m e tric  and  t r i t iu m  
tra c e r  tech n iq u es th e  a m o u n t o f w a te r  adso rb ed  on th e  su rface  w as m easu red  as a  fu n c ­
tio n  of te m p e ra tu re  (b e tw een  16—80 °C), a d so rp tio n  tim e  a n d  re la tiv e  h u m id ity  
(up  to  0.8). T he a d so rp tio n  eq u ilib riu m  is reach ed  in  10 h rs. T he a d so rp tio n  iso th erm s 
in  th e  50—80 °C te m p e ra tu re  ran g e  can  be described  b y  F re u n d lic h ’s e q u a tio n  g iv ing  
a v a lu e  of 1 5 5 X 1 0 “ 9 g /cm 2 for m ono layer coverage of th e  surface . T his a d so rp tio n  has 
a  “ w eak”  chem iso rp tio n  c h a ra c te r, th e  isoste ric  h e a t  o f a d so rp tio n  v a ries w ith  th e  
coverage be tw een  13 a n d  23 kcal/m ol. T he k in e tic  re su lts  p o in t to  a  d iffusion  con tro lled  
process in  w hich  th e  ox ide lay e r becom es sa tu ra te d  w ith  w a te r  v ap o u r. T he d iffusion  
m odel leads to  a  d iffusion  coefficien t o f 5.8 X 10“ 18 cm 2/sec a t  80 °C. T he a c tiv a tio n  en erg y  
of diffusion  is a b o u t 4 kcal/m ol, in good ag reem en t w ith  th e  a p p a re n t  a c tiv a tio n  en erg y  
ca lcu la ted  fro m  th e  k in e tic  curves o f w a te r  v a p o u r ad so rp tio n .

1. Introduction

T he process o f in te ra c tio n  betw een  w a te r  v a p o u r an d  th e  surface of g e r­
m an iu m  c ry s ta ls  o r g erm an iu m  d ioxide pow ders h as  been  s tu d ied  b y  
num erous a u th o rs  [1— 9]. E x p e rim en ts  h av e  b een  ca rried  o u t m o stly  on 
pow dered  sam ples o f g erm an iu m  [1, 3— 6, 8, 9]. T h e  su rface  w as su b jec ted  to  
vario u s p h ysica l t re a tm e n ts  b u t  only  P r u d n i k o v  an d  K is e l e v  [6] h a v e  em ­
p loyed  chem ical e tch in g  befo re  ad so rp tio n . As regards to  th e  m echan ism  o f 
w a te r  a d so rp tio n  on  a re a l g erm an ium  su rface  covered  b y  a th in  oxide lay e r, 
S r i n i v a s a n  et al. [4] h a v e  assum ed  a d o n o r-accep to r in te ra c tio n . K is e l e v  
an d  P r u d n i k o v  [7, 9] su pposed  th e  sam e m echan ism  on  e tch ed  germ an ium  
surfaces. On th e  basis o f E S R  an d  N M R  stud ies i t  w as concluded  th a t  w a te r  
ad so rp tio n  a t  a coverage o f 0  =  1 tak es  p lace in  th e  fo rm  o f m u ltilay e rs  a t  lo c a t­
ed p its  [9]. P r a v d ic , McCa f f e r t y  an d  Ze t t l e m o y e r  [8] h a v e  exam ined  th e  
co n d itions of w a te r  ch em iso rp tio n  on oxide co a ted  g e rm an iu m  surfaces, as a 
fu n c tio n  of th e  b u lk  ca rr ie r  co n cen tra tio n .

T h e  in v es tig a tio n s  re p o rte d  in  th is  p a p e r  are  p r im a rily  concerned  w ith  
th e  a d so rp tio n  of w a te r  v a p o u r  on chem ically  e tch ed  su rfaces o f g erm an ium  
single c ry s ta ls  over a w ide range of te m p e ra tu re  an d  re la tiv e  h u m id ity , in  an  
a tm o sp h ere  of p u rified  N 2. T he a m o u n t o f ad so rb ed  w a te r  w as m easu red  in  th e
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‘equilibrium ’ state and also as a function o f tim e. The purpose o f the kinetic  
s tu d y  of water adsorption was to determ ine the m echanism  of the overall 
process.

2. Experimental

T h e  germ anium  sam p les w ere in th e  fo rm  of re c tan g u la r , 2 X 2 X 0 .3  m m  slabs. T h ey  
w ere  c u t  from  an N -ty p e  in g o t p a ra lle l to  th e  (111) face an d  po lished o n  b o th  sides w ith  an  
a q u eo u s  suspension of silicon carb id e  pow der. T h e  in g o t re s is tiv ity  w as 1.5 +  1 O hm cm  and  
h a d  a  d islocation  d en sity  in  th e  ran g e  o f 3000— 5000 cm - 2 .

T h e  germ anium  p la te s  w ere  e tched  in  a lk a lin e  hydrogen  p e ro x id e  so lu tion  [250 ml h y ­
d ro g e n  peroxide (d15 =  1.104) +  2 m l 25%  (b y  w eigh t) aqueous K O H  so lu tion ]. T he chem ical

e tc h in g  was continued fo r 30 m in  a t  110 °C u n d e r  v igorous s tirrin g . A fte r w ash ing  an d  rin sing  
th e  sam ples in distilled w a te r  (c o n d u c tiv ity  10-6  O hm -1  cm - 1 ), th e y  w ere b a k ed  fo r 100 h rs 
a t  110 °C in purified a ir, th e n  th e  tem p e ra tu re  was ra ised  to  300 °C for 10 h rs  in  v acu u m  (10~ 4 
T o rr).

T he chem ical t r e a tm e n t  h a s  rem oved  fro m  th e  surface all th e  ab rasiv e  lay ers c rea ted  
b y  po lish ing . I t  was c o n tro lled  b y  m easu ring  th e  hom ogeneity  o f X -ra y  d iffrac tio n . T he th ic k ­
n ess  o f th e  G e0 2 layer w as fo u n d  to  be (30 +  2 )X 1 0 -8  cm  b y  e llipsom etry .

T h e  exam ination  o f th e  tre a te d  surface  w ith  an  e lectron  m icroscope has show n th a t  th e  
o x id e  lay e r on th e  surface  o f g e rm an iu m  is p lan e  a n d  com pact. T he specific surface  a rea  o f th e  
sam p le s  w as de term ined  b y  th e  B E T  m eth o d  from  lo w -tem p era tu re  ad so rp tio n  of k ry p to n , 
a n d  th e  roughness fa c to r ( r  =  specific surface /geom etrica l surface) w as fo u n d  to  be  1.2— 1.3.

W a te r  adsorp tion  w as m easu red  b y  th e  v o lu m e tric  m eth o d  [11 ,12 ] in  th e  re la tiv e  h u m id ­
i ty  ra n g e  0.01 <  pip  о <  0.3 a t  16 °C an d  b y  a  m eth o d  using  t r i t iu m  labe lled  w a te r  in  th e  
ra n g e  0.1 <  p lp 0 <  0.8.

W ith  th e  rad io ac tiv e  t ra c e r  m eth o d  th e  ad so rp tio n  process was carried  o u t in  an  a tm o s­
p h e re  o f purified  n itro g en , a t  c o n s ta n t te m p e ra tu re  (i|)  an d  re la tiv e  h u m id ity  (p lp 0). A schem e 
o f  th e  ap p a ra tu s  is show n in  F ig . 1. C ontainers w ith  th e  g e rm an ium  sam ples w ere p laced  in to  
tu b e  В  m ain ta in ed  on  te m p e ra tu re  tv  T r it ia te d  w a te r  in  reserv o ir A  w as th e rm o sta te d  a t  t, 
d e te rm in in g  the  v ap o u r p re ssu re  ( j>) o f th e  sy s tem  (tx >  t2). B lock D  h e a ted  th e  n o n th e rm o sta te d  
p a r t s  o f  th e  system . S to p co ck  F  an d  tra p  G w ere used  for ad ju s tin g  th e  a tm o sp h eric  p ressure  
a n d  fo r qu ick  se tting  o f p l p 0. T h is s ta tic  sy s tem  m ain ta in s  a co n tro lled  re la tiv e  h u m id ity  up  
to  0 .8.

T h e  adsorp tion  p rocess w as fin ished  b y  rem ov ing  th e  co n ta in ers  a n d  p ouring  th e  g e rm a­
n iu m  sam ples into arm  2 o f  th e  am poule  show n in  F ig . 2, b y  f i tt in g  g ro u n d  jo in t  3 to  th e  open
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en d  E  o f th e  ad so rp tio n  a p p a ra tu s . T h en  th e  am pou le  was quickly  conn ec ted  to  a  v acu u m  sy s­
te m  th ro u g h  g ro u n d  jo in t  3 an d  im m ersed  in to  liq u id  n itrogen . A fte r a  few  m in u te s  o f  cooling, 
i t  w as e v ac u a te d  to  10“ 4 T o rr  a n d  sealed  o ff a t  th e  side-pipe.

To d e te rm in e  th e  a m o u n t o f w a te r  v a p o u r  adso rb ed  on g e rm an ium  sam ple  th e  t r i t ia te d  
w a te r  w as co n v erted  in to  th e  form  o f t r i t ia te d  h y d ro g en . A rm  1 of th e  am pou le  w as filled  w ith  
a k n o w n  a m o u n t o f fresh  aq u a  reg ia  degassed  tw ice  in h igh vacu u m  u n d e r  cooling w ith  liqu id  
n itro g e n  a n d  th e  am poule  was sealed  o ff a t  th e  side-p ipe. T hen th e  b reak -sea l 6 w as opened  an d  
a q u a  reg ia  w as d istilled  in to  a rm  2 cooled w ith  liq u id  n itrogen . T he d is tilled  a q u a  reg ia  w as 
a  r in g -sh a p ed  lay e r o f frozen solid a b o u t 1 cm  ab o v e  th e  g e rm an ium  sam ples. O n ra p id  h e a tin g  
th e  r in g  d ro p p ed  up o n  th e  sam ples w hich  d isso lved  th e re in , w ith  in ten se  h y d ro g en  ev o lu tion  in 
30 m in .

Fig. 2. A m poule fo r th e  m ea su re m e n t of w a te r  a d so rp tio n

A fte r  th e  above opera tio n s , th e  am p o u le  w as connected  to  th e  v a cu u m  sy stem  th ro u g h  
jo in t  5, b reak -sea l 7 w as opened an d  h y d ro g en  w as p u m p ed  in to  a GM c o u n te r  o f in te rn a l filling .

H y d ro g en  evo lu tion  m ay  be in te r ru p te d  b y  freezing a t  any  stage o f th e  d isso lu tion . T his 
m eth o d  w as ap p lied  for checking e x p erim e n ta lly  th e  s ta tio n a rity  o f th e  specific  ra d io a c tiv ity  
o f th e  h y d ro g en  form ed. I t  seems th a t  th e  t r i t iu m  exchange is carried  o u t  before th e  ev o lu tion  
o f h y d ro g en  a n d  th e  process o f so lu tion  o f g e rm an iu m  does n o t in fluence th e  specific ra d io a c tiv ­
i ty  o f  t r i t i a te d  hydrogen .

T h e  adso rb ed  rad io ac tiv e  w a te r  v a p o u r  can  also be  converted  in to  m e th a n e  in  a  m ore 
co n v en ien t w ay . I f  a rm  1 co n ta in s a  k n o w n  a m o u n t (a b o u t 1 g) o f ace tic  acid  w ith  0.1 w e igh t 
p e r c en t o f ace tic  an h y d rid e  an d  th e  g e rm an iu m  sam ples are poured  in to  th is  so lu tion , a f te r  
d egassing , sea ling-off an d  im m ersing  i t  in  a  h o t  b a th ,  th e  w a te r will be  co m p le te ly  d eso rbed  
w ith in  tw o  h ours. (The ace tic  an h y d rid e  c o n te n t o f ace tic  acid  reac ts  to  th e  d eso rbed  w a te r.)  
I f  a rm  2 co n ta in s  an  ad eq u a te  a m o u n t o f degassed  m eth y lm ag n esiu m  iod ide , th e n  a few  d rops 
o f ace tic  acid  m ay  d istil in to  a rm  1 on  o pen ing  b reak -sea l 6. T he specific ra d io a c tiv ity  o f  th e  
m e th a n e  fo rm ed  w ill be th e  sam e as t h a t  o f ace tic  acid.

T he tw o  m ethods of deso rp tio n  give th e  sam e re su lts  w ith  a d e v ia tio n  3 % .
T he specific  ra d io a c tiv ity  o f w a te r  in  reserv o ir A  was m easured  w ith  a  P a c k a rd  liqu id  

sc in tilla tio n  in s tru m e n t w hich was co rre la ted  to  th e  GM coun ters b y  th e  ace tic  acid  m eth o d .
T h e  a m o u n t o f w a ter adso rbed  on  th e  surface  of germ anium  sam ples is p ro p o rtio n a l to  

th e  ra tio  o f i ts  specific ra d io a c tiv ity  a n d  th e  specific  ra d io a c tiv ity  o f w a te r  in  reserv o ir A :

G I  ■ S  1 I  S
“  F~-T  “  I 0 —  I  ’ F  ■ r ^  I„ ■ F  r

w here

a: a m o u n t o f w a te r adsorbed  on u n i t  su rface  a rea , g/cm 2;
G: a m o u n t o f w a te r adso rbed  b y  th e  su rface  o f germ anium  sam ples, g;
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F : geom etric surface  o f  th e  germ anium  sam ple , cm 2;
r: roughness fac to r;
S : th e  am o u n t o f h y d ro g e n  eq u iv a len t to  th e  desorb ing  so lv en t, g;
J 0: specific ra d io a c tiv ity  o f  w a te r in reserv o ir A ,  cpm /T orr;
I : specific ra d io a c tiv ity  o f  hydrogen  or m e th a n e  fo rm ed  d u rin g  th e  d issolu tion  of th e  ge r­

m anium  sam ple, cp m /T o rr.

T he h igh se n s itiv ity  o f  th e  rad io ac tiv e  tra c e r  m eth o d  allow ed carry ing  o u t th e  a d so rp ­
tio n  m easu rem en t on g e rm a n iu m  sam ples w ith  surface  a reas o f 3— 4 cm 2.

T he v ap o u r p re ssu re  a n d  tem p e ra tu re  can  be a cc u ra te ly  a d ju s te d  in  th e  ex p erim en ta l 
sy s tem , w hereas th e  m e a su re m e n t o f th e  roughness fa c to r a n d  th e  ra d io a c tiv ity  o f adso rb ed  
w a te r  give a + 1 0 %  s ta n d a r d  dev ia tion .

T he resu lts  o f th e  tw o  d iffe ren t m eth o d s a t  16 °C are  in  good ag reem en t in  th e  re la tiv e  
h u m id ity  range of 0 .1— 0.3 a n d  p o in t to a negligible iso tope  effect, as show n in  Table I.

Table I

A m oun t o f water ( a - )  adsorbed on un it area o f  the etched gertnanium  surface, 
at “equilibrium ’'' al 16 °C and different relative hum idities (p /p 0)

PlPo aM x  101 (g/cm2) 
(volumetric method)

x  109 (g/cm2) 
(tracer method)

0.007 1.2 —

0.022 2.6

0.029 4.0

0.051 5.2 —

0.073 7.1 —

0.103 9.5 8.0

0.147 12.0 11.0

0.206 14.0 13.2

0.250 16.4 14.8

0.301 18.4 16.8

3. Iso th erm s o f w ater vapour adsorption

F o r th e  p u rp o se  o f  d e te rm in ing  th e  iso therm s an d  isobars of ad so rp tio n , 
th e  am o u n t of ad so rb e d  w a te r  on th e  chem ically  e tch ed  surface of th e  g e rm a­
n iu m  single c ry s ta l w as m easu red  b y  th e  rad io ac tiv e  tra c e r  m ethod , a t  v a rio u s 
re la tiv e  hum id ities a n d  tem p era tu res . T he resu lts  a re  sum m arized  in T ab le  I I .  
T he values for th e  ad so rb ed  am o u n t of w a te r  in  T ab le  I I  are th e  average  of
6— 9 m easurem ents d u rin g  adso rp tio n  tim es ran g in g  from  10 to  25 h rs, w h ich  
is req u ired  for th e  p rocess to  reach  th e  “ eq u ilib riu m ” .

T he d a ta  in  T ab le s  I  arid I I  y ield  five isobars w ith  m ax im um  a d so rp tio n  
a t  50 °C, as show n in  F ig . 3. T he shape of isobars p o in ts  to  th e  ex istence o f an  
a c tiv a te d  ad so rp tio n  process in w hich th e rm o d y n am ic  equ ilib rium  is reach ed  
above  50 °C. Since th e  s ta te  of th e rm o d y n am ic  equ ilib riu m  can  ra re ly  be  reach -
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Table I I

A m oun t o f  water adsorbed ( a «,) on un it area o f  the etched germ anium  surface 
at “ equilibrium ” , at different temperatures and relative hum idities (p /p 0)

PlP a
aoo X 109 (g • cm -■)

30 ° c 50 °C 60 ° c 70 °C 80 °C

0.10 40.8 70.0 65.4 49.7 30.9

0.30 50.4 90.5 81.5 68.9 52.0

0.50 52.9 104.5 97.7 88.0 79.6

0.65 64.0 113.0 106.5 97.5 88.8

0.80 70.5 122.5 116.5 109.0 99.0

H g . 3. I s c l a r s  o f tv a te f  v a jjou r a d so rp tio n  on  e tch ed  germ an ium  surfaces

od in  case of ‘s tro n g ’ chem isorp tion , we m a y  suppose ‘w eak’ ch em iso rp tion  
w hich  p revails a t  low  coverage followed b y  ph y sica l a d so rp tio n  a t  h igher co v e r­
ages o f th e  su rface . T he p red o m in an t process a t  16 °C is physica l a d so rp tio n : 
u sing  th e  v o lu m e tric  m e th o d , th is  has been  p ro v ed  b y  read so rp tio n  iso th e rm s 
w hich  are  id e n tic a l w ith  th e  a d so rp tio n  d a ta  w ith in  ex p erim en ta l e rro r. T he 
iso th erm s m easu red  a t  50, 60, 70 an d  80 °C can  be  described  b y  F re u n d lic h ’s 
e q u a tio n  as show n in  F ig . 4. T he o rd in a te  be long ing  to  th e  in te rsec tio n  o f th e  
fo u r s tra ig h t lines gives th e  am o u n t of ad so rb ed  w a te r  a t  m onom olecular co v e r­
age (o0) of th e  su rface . U sing th e  leas t sq u ares  m e th o d  one o b ta in s : a 0 =  
=  (155 +  14) X 1 0 -9  g • c m -2 . (M onom olecular coverage is an  u n rea lis tic  s ta te  
since th e  system  is h ig h ly  su p e rsa tu re te d  w ith  w a te r  vapour.)

O u r resu lts  a re  in  a good ag reem en t w ith  th o se  in  th e  lite ra tu re . C o m p ar­
ison is m ade in  T ab le  I I I .  D ifferen t g e rm an iu m  sam ples tre a te d  in  a s im ila r 
w ay  give n ea rly  id e n tic a l iso therm s a t  g iven  p a ra m e te rs .
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F ig . 4. Iso th e rm s of w a te r  a d so rp tio n  on  th e  e tc h ed  g e rm an ium  surface  p lo tte d  acco rd ing  
to  th e  p a ram e te rs  o f F re u n d lic h ’s eq u atio n

Table III

C om parison o f  water adsorption values on real germ anium  surfaces given by different authors

a x l O 6
P/Po

t* V acuum
(g ■ e m - !) (°C) R ** tre a tm e n t 

a t  (°C)
sam ple R ef.

9.0 0.1 20 200 Ge pow der etched [7]
16.7 0.3 in  H 20 2 and  N aO H , 

N -ty p e , p =  35 O hm  • cm

25 0.6 300 Ge pow der, N -type, 
p =  0.14 Ohm  • cm

[4]

8.9 0.1 16 0.54 300 Ge plates etched in th is  w ork
16.5 0.3 30 1.11 H 20 2 and K O H ,

N -ty p e , p =  1 O hm  • cm

* T em pera tu re  of ad so rp tio n  m easurem ents 
** R  =  w ater area /argon  area  (The B E T  e q u a tio n  was applied to  calcu la te  th e  R  

v a lu es.)

T h e isosteric h e a t o f a d so rp tio n , is a logarithm ic  fu n c tio n  of th e  a m o u n t 
o f w a te r  adsorbed  b y  u n i t  a rea  o f th e  su rface . T his is ch a rac te ris tic  o f a d so rp ­
tio n  processes obeying F re u n d lic h ’s eq u a tio n . As is show n in Fig. 5, th e  iso s te ­
ric  h e a t  of ad so rp tio n  ran g es from  — 23.3 kcal/m ol (a t a coverage o f 0.36, 
co rresp o n d in g  to  a r a th e r  h igh  c o n tr ib u tio n  of chem isorbed  w a te r  v ap o u r) 
to  — 13.3 kcal/m ol (a t  a coverage o f 0 .71). T he dependence o f th e  h e a t  o f 
a d so rp tio n  on th e  coverage  p o in ts  to  ch em iso rp tio n  a t  0  <7 0.5. T he Qt v a lues 
c a lc u la te d  from  ca lo rim e tric  m easu rem en ts  [6] are m uch  low er th a n  ours. 
T h is  m ay  he caused b y  d iffe ren t c o n tr ib u tio n s  from  ch em iso rp tion  due  to  
d ifferences in th e  su rface  tre a tm e n ts  an d  te m p e ra tu re .
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0
03 0.4 0.5 0.6 Q7

Fig. 5. D ependence  of th e  h e a t (Q,j o f  iso ste ric  a d so rp tio n  on th e  coverage ( 0 )  (u p p er scale) 
and  on th e  a m o u n t o f  w a te r  adso rb ed  on u n i t  a rea  o f th e  germ an ium  su rface  (low er scale)

4. K in etics o f  the in teraction  o f  w ater vapour w ith  th e  etched  
germ aniu m  surface

W a te r  ad so rp tio n  is a tim e  d ep en d en t process during  th e  firs t 8 -h o u r 
period . T h is period  is suffic ien t fo r follow ing th e  w hole process as a fu n c tio n  o f 
tim e  b y  th e  rad io ac tiv e  tra c e r  m e th o d . T he k in e tic  curves o f w a te r  ad so rp tio n  
a t  fou r va lues of re la tiv e  h u m id ity  a n d  a t  80 °C are  show n in F ig . 6. T he k ine tics  
of th e  a d so rp tio n  process w ere also m easu red  a t  50, 60 an d  70 °C. This tim e  
d ep en d en t process can n o t be described  b y  a lo g arithm ic  ra te  eq u a tio n  v a lid ed  
for a c tiv a te d  ad so rp tio n  on he te rogeneous surfaces. T he re la tio n sh ip  b e tw een  
0  an d  1п(т +  r 0)lT0, w here t  d eno tes th e  tim e  o f th e  process, is n o t lin ear a n d  
th e  ra te  o f a d so rp tio n  does n o t increase  unam b ig u o u sly  w ith  th e  te m p e ra tu re . 
T he ca lcu la ted  a p p a re n t energy  o f a c tiv a tio n  is ab o u t 4— 7 keal/m o l an d  h as  
no d ependence  on th e  coverage. T h e  a m o u n t o f adsorbed  w a te r  v ap o u r, aT, 
d iv ided  b y  th a t  ad so rbed  a t  eq u ilib riu m , a „ ,  is in d ep en d en t o f th e  re la tiv e  
h u m id ity , as checked  in  a w ide ran g e  o f p / p 0 a t  80 °C. T herefo re  th e  k in e tic  
m easu rem en ts  a t  o th e r  te m p e ra tu re s  w ere ca rried  ou t only  a t  p / p 0 =  0.50 
w ith  a few  co n tro l ru n s a t  o th e r  va lu es  o f  p / p 0. T he  resu lts o f k in e tic  m easu re ­
m en ts a re  su m m arized  in  T ab le  IY  (th e  range  o f adso rp tion  tim es  was 0.5— 10 
hrs).
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F ig . 6. K in e tic s o f  w a te r  adso rp tion  o n  th e  e tched  g e rm an iu m  surface a t  80 °C

T he fea tu res d esc rib ed  above a re  n o t  ch a rac te ris tic  o f pu re  ad so rp tio n  
processes. So we m a y  suppose  th a t  th e  r a te  con tro lling  step  is n o t chem iso rp ­
tio n  h u t  diffusion o f  w a te r  v apour th ro u g h  th e  oxide la y e r  tow ard  th e  b o u n d a ry  
su rface  of g erm an ium . T h e  in te rp re ta tio n  o f th e  d iffusion  process in  a g e rm a­
n iu m  oxide lay er in v o lv es  th e  follow ing assum ptions.

(a) The a d so rp tio n  of w ate r v a p o u r  has a “ w eak ”  chem iso rp tion  c h a ra c ­
te r  an d  is fa s t co m p a re d  w ith  d iffusion .

(b) The a d so rp tio n  of w ater v a p o u r  begins a t  th e  surface of g erm an iu m  
ox ide  b u t  tak es  p lace  inside th e  en tire  ox ide layer.

(c) W ate r v a p o u r  diffuses in to  th e  ox ide lay e r b u t  can n o t diffuse in to  th e  
g erm an iu m  sin g lec ry s ta l a t  th e  te m p e ra tu re s  of th e  experim en ts.

(d) The d iffu sion  coefficient is a fu n c tio n  of th e  te m p e ra tu re  only.
F ick ’s eq u a tio n  fo r  diffusion in  one d im ension  is:

9c 0^ C
—  ( 1 )
8т Эя2

w here  c denotes th e  w a te r  vapour c o n c e n tra tio n , r  is th e  tim e  o f d iffusion , x  
s ta n d s  for th e  c o o rd in a te  p e rp en d icu la r to  th e  germ an ium  surface  an d  D  
rep resen ts  th e  d iffu sio n  coefficient o f  w a te r  v ap o u r.

T he schem e o f w a te r  v apour d iffu sion  is show n in  F ig . 7. T he oxide lay e r 
occupies th e  0 <[ x  <[ b in terval. T h e  decrease of w a te r  co n cen tra tio n  along 
th e  oxide lay er is s to p p e d  a t th e  su rface  o f g erm an iu m  m etal, i.e. th e  p o in t 
x  =  b rep resen ts an  im perm eable  w all fo r w a te r v a p o u r. Since th e  a m o u n t of
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Table IV

A m ount o f  water (aT)  adsorbed on un it area o f  the etched germ anium  surface, as a fu n c tio n  o f  tim e  
( t )  at different temperatures ( t )  and relative hum idities (p /p 0)

t r
aT x 10» (g /cm 2)

(°C) (hrs)
P/Po =  0-1 p Ip « =  n-3 P/Po =  0-3 P/Po =  0.65

0.5 — — 15.2

1.0 16.9 22.0 28.6

1.5 — — 50.1

2.0 - — 64.0

2.5 — — 73.1

50 3.0 50.6 56.0 78.7

3.5 — — 81.5
4.0 — — 88.0
4.5 — — 91.6

5.0 68.2 95.2 99.6

10.0 68.4 85.2 106.8

0.5 __ 19.0
1.0 14.6 22.8 34.7

1.5 — — 49.1
2.0 — — 61.0

2.5 — — 69.8
60 3.0 50.9 62.8 75.7

3.5 — — 80.0

4.0 — — 83.6

4.5 — — 88.5

5.0 — 78.9 97.3

10.0 66.1 82.7 99.6

0.5 — 22.7

1.0 28.8 34.6 47.5

1.5 — — 53.9
2.0 — — 64.5

2.5 — — 68.6
70 3.0 42.9 60.1 77.7

3.5 — — 78.0

4.0 —• — 81.0
4.5 — — 83.3
5.0 48.6 66.0 86.2

10.0 48.6 70.3 92.5
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Table IV (cent.)

<°C) (hrs)

ат  X 10» (g/cm')

P/Po =  0 1 P/Po =  0 3 P/Po =  0-5 P/Po =  0.65

0.5 10.8 16.6 23.7 32.7

1.0 15.6 24.3 38.4 45.0

1.5 20.1 33.4 49.5 56.4

2.0 23.1 38.2 57.6 68.2
2.5 26.2 41.2 62.6 —

80 3.0 28.7 45.4 73.5 82.7

3.5 26.9 47.0 71.7 —

4.0 29.6 50.5 76.0 83.6

4.5 30.2 51.6 76.9 86.0

5.0 30.7 53.7 79.8 87.9

10.0 32.5 53.5 81.2 90.8

concentration of water vapour

F ig . 7. Schem e of w a te r  v a p o u r  d iffusion  in to  th e  o x id e  lay e r w ith  th e  b o u n d a ry  co n d itions

a d so rb ed  w ater does n o t exceed 6 x  10 “ 7 g, th e  co n cen tra tio n  of w a te r v ap o u r 
(Cg) m ay  be regarded  as c o n s ta n t a t  th e  gas/solid b o u n d a ry  surface.

Owing to  th e  p rev a ilin g  v a p o u r  p ressu re , th e  equ ilib rium  co n cen tra tio n  
o f  w a te r  (Cs) co rrespond ing  to  th e  g iven  te m p e ra tu re  is ra p id ly  ach ieved  and  
rem ain s co n stan t d u rin g  th e  process o f diffusion. T herefo re, th e  b o u n d a ry  con­
d itio n s  for d iffusion are :

c( 0 , t) =  Cs ; Í—  I = 0  for г >  0 (2)
l ] x=tj
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T h e  in itia l cond ition  fo r w a te r  v a p o u r d is tr ib u tio n  in  th e  o x ide  lay er is described  
b y  th e  function  f ( x ) :

c(x , 0) =  f ( x )  a t  0 x  b (3)

W ith  b o u n d a ry  co n d itio n s (2), fu n c tio n  f ( x )  sa tisfies th e  following eq u a ­
tio n s:

f ( x )  -  Cs =  Cs - / ( - * )
an d

f ( x  +  b) =  f ( b  — x) (4)

i.e. f ( x )  is period ical w ith  re sp ec t to  4 6.
U sing conditions (2) an d  (3), th e  so lu tion  of E q . (1), a f te r  su b s titu tin g

c v  is [10]:

+ oo f x - 4  K b
(*, t) =  Cs+ (C 1- Q  V

k = - ° о
e rf

2 У D r

------e r f
x  (4К  2) b j

— e rf
2 2 у D r 2

( x ~ ( 4 K + 2 ) u
(5)

2 У Dz

w here К  is an in teger.
Since germ anium  sam ples w ere prev iously  t re a te d  in  v a c u u m  a t  300 °C, 

th e  in itia l d is trib u tio n  of w a te r  v a p o u r  in  th e  oxide lay e r is : c(x,0) = / ( x )  =  0 
a n d  E q . (5) takes th e  fo rm :

c(x,  r )  =  Cs X 4K b
2 1 ű r  .

Lerf(-_M+M|l
2 \ 2\Dr )

(4К  2) b \ 
2 \ÍDr )

( 6 )

O ur exp erim en ta l re su lts  y ie ld  th e  am o u n t o f w a te r  ad so rb ed  on u n it 
su rface  a rea  o f th e  ox ide la y e r  as a fu n c tio n  of th e  a d so rp tio n  tim e  (r). Since 
c(x, r) s ta n d s  for the  tim e  d ep en d en t co n cen tra tio n , E q . (6) has to  be in teg ra ted  
w ith  re sp ec t to  x:

x 4 K b ) 
2 У D r  I

( 4 K - 2 ) b \  
2 I Dr  J 1 c r f i X~ ( 4 K ± 2 ) 6 l

2 2 j  D r  )
d x .

( 7 )

E q . (7) can  be in te g ra te d  n u m erica lly  h u t  firs t we h av e  to  d e te rm in e  th e  
th ick n ess  of th e  oxide lay e r an d  th e  o rd e r of m ag n itu d e  of th e  d iffusion  coeffi­
c ien t.
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T h e  th ickness o f th e  ox ide la y e r  w as found  to  he З О х Ю “ 8 cm  b y  th e  
e llip som etric  m ethod . T he f irs t  te rm  in th e  square  b rack e ts  o f E q . (6) is su itab le  
fo r e s tim a tin g  th e  d iffusion  coeffic ien t a t  К  =  0; i t  gives D  =  1 0 -17 —  10~18 
cm 2/sec  in  th e  te m p e ra tu re  ran g e  s tu d ied . U nder th e  e x p e rim e n ta l condi­
tio n s , th e  v alue  of th e  ‘e r f ’ fu n c tio n  a t  | К  | >  1 ra p id ly  converges to  u n ity . 
C onsidering  th e  ex p e rim en ta l e rro r, i t  is n o t necessary  to  increase  th e  n u m b er 
o f te rm s  in  th e  ap p ro x im a tio n  series. T h e  calcu la tions w ere p e rfo rm ed  w ith  th e  
v a lu es  К  =  1, 0, — 1.

DI O"’8
F ig . 8. T he q u a d ra tic  su m  o f d e v ia tio n  ( 2 a 2) be tw een  th e  e x p e rim e n ta l an d  th eo re tica l d a ta  

as a  fu n c tio n  o f th e  d iffusion  coefficient (D ) a t  80 °C

B y perfo rm ing  th e  n u m erica l in teg ra tio n  of E q . (7) w ith  v a rio u s d iffusion 
coefficients in  th e  ran g e  of
D  =  (1.5 — 7.0) X 1018 cm 2/sec w ith  a dev ia tio n  o f A D  =  0.1 X 1 0 -18, we have 
o b ta in ed  th e  th e o re tic a l cu rves o f th e  ят/а тс= / ( т )  fu n c tio n  (w here aT —

b

=  I c(x, t ) d x  a n d  a„ =  Cs b). 
о

The ex p e rim en ta l curves w ere f i t te d  to  th e  th e o re tic a l ones. Fig. 8 shows 
th e  sum  of q u a d ra tic  dev ia tio n s of th e  ex p e rim en ta l re su lts  m easured  a t  
80 °C from  th e  c a lcu la ted  th e o re tic a l values, as a fu n c tio n  o f th e  d iffusion coef­
fic ien t. The m in im u m  is a t  D  =  5.8 X 1 0 -18 cm 2/sec. I n  th is  p o in t th e  o rd in a te  
h as  a sm all va lu e  in d ic a tin g  th a t  th e  exp erim en ta l d a ta  are  in  good agreem ent 
w ith  those of th e  th e o re tic a l cu rve .

The diffusion  coefficients a t  o th e r te m p e ra tu re s  w ere com p u ted  in  th e  
sam e w ay an d  th e  re su lts  are  sum m arized  in  T ab le  У .
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Table V

D iffusion  coefficients o f  water vapour in  the oxide layer 
at different temperatures ( t)

< (°C) D  (cm2/sec)

80 5 .8 X 1 0 -18

70 4 .8 X 1 0 -18

60 3 .8 X 1 0 '18

50 3 .3 X 1 0 - ’8

T h e e s tim a te d  a c tiv a tio n  en erg y  of th e  d iffusion  process is a b o u t 4 k c a l/ 
m ol in  th e  te m p e ra tu re  range used  in  th e  ex p erim en ts . T h a t  v a lue  is co m p arab le  
to  a p p a re n t ac tiv a tio n  energy ca lcu la ted  from  th e  k in e tic  curves o fw a te r  v a p o u r  
a d so rp tio n .

5. Conclusions

T h e g erm an ium  sing lecrysta l e tch ed  in  a lk a lin e  peroxide so lu tio n  has 
a p lan e  a n d  co m p act surface, th e  th ick n ess  of th e  ox ide lay e r being  3 0 X 10 “ 8 
cm . T he w a te r  a d so rp tio n  process on  th e  surface o f an  e tch ed  germ an ium  sing le­
c ry s ta l reaches th e rm o d y n am ic  eq u ilib riu m  w ith in  a perio d  of 10 h rs  a n d  th e  
iso th e rm s can  he  described  b y  F re u n d lic h ’s eq u a tio n  a t  50, 60, 70 a n d  80 °C. 
T h e  w a te r  a d so rp tio n  has a ‘w eak’ ch em iso rp tion  ch a ra c te r . T he ra te  o f th e  
w hole p rocess is con tro lled  b y  d iffusion . T he m echan ism  of w a te r a d so rp tio n  
p rocess involves ra p id , ‘w eak’ ch em iso rp tio n  on th e  b o u n d a ry  surface o f th e  
ox ide lay e r, from  w here d iffusion occurs to w ard  th e  surface of g e rm an iu m  
m eta l. T h e  residence tim e  of w a te r  v a p o u r  due to  ‘w eak ’ chem iso rp tion  an d  
th e  s te ric  cond itions of ad so rp tio n  inside th e  oxide la y e r  lead  to  a d iffusion  
coeffic ien t o f th e  o rd er o f 10 -18 cm 2 • sec“ 1. T his v a lu e  is m uch low er th a n  
in  case o f po re  d iffusion. T he e s tim a te d  a c tiv a tio n  energy  of d iffusion  is 4 
kcal/m ol, in  good ag reem en t w ith  th e  a p p a re n t a c tiv a tio n  energy ca lcu la ted  
from  th e  k in e tic  curves of w a te r v a p o u r  adso rp tio n . T herefo re, th e  p rocess of 
w a te r  v a p o u r  d iffusion th ro u g h  th e  germ an ium  oxide lay e r is co n tro lled  b y  
a d so rp tio n  an d  s teric  conditions.

*

T h e  a u th o rs  are in d eb te d  to  Mr. M. Me h n  an d  Mr. J .  Zsak  fo r p rogram m ing  a n d  com ­
p u tin g  th e  d iffusion  eq u ations, and  to  D r. P . F e je s  fo r his v a lu ab le  com m ents.
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UNTERSUCHUNGEN ZUM VERHALTEN DER 
URANYLSALZE IN WÄSSRIGEN BINÄREN UND 

TERNÄREN SYSTEMEN
E .  KÁLMÁN

(S ek tio n  Chemie der Technischen Universität Dresden, Bereich E lektrochemie und physika lische
Chemie)

E ingegangen 28. J a n u a r  1971

E s w ird  d ie  K o n zen tra tio n sa b h ä n g ig k e it v e rsch ied en e r E igenschaften  v o n  
U rany lsalz lösungen  in  W asser u n d  in  0,1m  HC104 u n te rsu c h t. D ie  M eßergebnisse d e u te n  
au f die s ta rk e  s tru k tu rb ild e n d e  W irk u n g  des U ran y lio n s h in . A u f G rund einer a u s fü h r­
lichen B e tra c h tu n g  v o rh an d en er A n g ab en , w urd en  d ie A nom alien  dieser L ösungen  
au f die B in d u n g en  (in  der äq u a to ria len  E b en e) zw ischen d en  L iganden  und  dem  U ra n  
de r U ra n y lg ru p p ie ru n g  zu rü ck g efü h rt. E s  w ird  a u f  die S chw ierigkeiten  bei der I n t e r ­
p re ta tio n  de r E rg eb n isse  der U n te rsu ch u n g e n  an  k o n z e n tr ie r te n  E lek tro ly tlö sungen  
hingewiesen.

In  der T echn ik  w erden  k o n z e n tr ie rte  E le k tro ly tlö su n g e n  allein schon  au s 
ökonom ischen G rü n d e n  häufig  ang ew en d e t. D ie E ig e n sc h a fte n  dieser L ösungen  
lassen  sich aber in  se h r  b e sch rän k tem  U m fan g  e rk lä ren . D iese S chw ierigkeiten  
sind  zum  Teil d a ra u f  zu rü ck zu fü h ren , d aß  die S tru k tu r  des flüssigen W assers, 
also die des v e rw e n d e te n  L ösungsm itte ls  se lb st, n och  u n g e k lä r t ist, obw ohl 
sie se it J a h rz e h n te n  m it  s tänd ig  n eu en  p h y sik a lisch en  u n d  chem ischen M eth o ­
den  u n te rsu ch t w ird . E in e  Z u sam m enste llung  ü b er die zu r Zeit v o rh an d en en  
w ich tig sten  M odellvorstellungen  zu r W a sse rs tru k tu r  ze ig t A bb. 1.

E ine  S tru k tu rä n d e ru n g  des W assers lä ß t  sich  u n te r  anderem  d u rc h  
einen  E le k tro ly tz u sa tz  herbeifüh ren . D ie S tru k tu rm o d e lle  der w äßrigen  
E lek tro ly tlö su n g en  k ö n n e n  ausgehend  v o n  d er e rs te n  A bb ildung  v ie lfä ltig  
ausgeleg t w erden. B is zu  einer Io n e n s tä rk e  v o n  1 0 - 2M ol/l lassen  sich viele E ig en ­
sch a ften  der E lek tro ly tlö su n g en  m it H ilfe  d er D eb y e-H ückel-T heorie  V oraus­
sagen. Jedoch  w erd en  die no tw end igen  V ere in fach u n g en , die in  v e rd ü n n te n  
L ösungen  zulässig s in d , m it s te ig en d er K o n z e n tra tio n  im m e r w eniger e rfü llt. 
E in e  geeignete a llgem eingü ltige T h eo rie  fü r  k o n z e n tr ie r te  E lek tro ly tlö su n g en  
e x is tie r t tro tz  in te n s iv e r  B em ühungen  bis h e u te  noch  n ic h t. D eshalb  sind  au c h  
die zah lreichen  B estreb u n g en , sie ex p e rim en te ll zu erfo rschen , v ers tän d lich . 
So k o n n te  S c h w a b e  [2— 5] an  H an d  se in e r U n te rsu c h u n g e n  des N eu tra lsa lze in ­
flusses a u f  v e rd ü n n te  Säure-, B asen -, oder Salzlösungen  eine D eu tung  d e r 
pH -V erschiebung geben .

D a  die k o n z e n tr ie r te n  U ra n y lp e rch lo ra tlö su n g en  in  b ezu g  au f ihre A k tiv i­
tä tsk o effiz ien ten  ein in te ressan tes  V e rh a lte n  zeigen, w u rd e n  eingehende U n te r-
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von Eis I sich (•/'Ŷ Y,s'iaufgebroche-^-^7TCjzufällig ° g °  Wasser- 
unterscheiden-'yW '1 nes oder ge-Y^PVgebun- o O o ^ ^ j j i , ,  
des GiUer A^A/kstörtes Eis I j -RQ  denes ° ° °

Gitter Wasser

Abb. 1. M odellvorste llungen  ü b e r  d ie  S tru k tu r  des W assers  [1]

Eis I 
Gitter

L u .

su ch u n g en  an  w äßrigen  U ran y lsa lz lö su n g en  d u rchgefüh rt [6]. A us den  fo lgen­
d e n  A bbildungen  g eh t das u n te rsch ied lich e  V erh a lten  d e r v e rsch iedenen  
U r  any lsa lz lösungen  in  A b h än g ig k e it v o n  ih re r  K o n z e n tra tio n  h e rv o r. E s w er­
d e n  zu n äch st die A k tiv itä tsk o e ffiz ie n ten  b e tra c h te t  (s. A b b . 2).

W ie zu e rw arten , e rh ä lt m an  w egen  der äu ß erst g e ringen  K o m p lex b il­
du n g sn e ig u n g  des P e rch lo ra tio n s  in  U ran y lp e rch lo ra t-L ö su n g en  die h ö c h s te n  
A k tiv itä tsk o e ffiz ie n ten . D ie n ied rig s ten  W e rte  liegen d agegen  a u f  G ru n d  d e r 
s ta rk e n  Io n e n p a a rb ild u n g  in  den  U ran y lsu lfa t-L ö su n g en  v o r. D ie A k tiv i­
tä tsk o e ffiz ie n ten  fü r  die U ra n y ln itra t-  u n d  U ran y lch lo rid -L ö su n g en  liegen 
zw ischen  diesen b e id en  E x tre m w e rte n .

W elchen E in flu ß  die A nionen a u f  d as  S pek trum  des U ran y lio n s au sü b en , 
g e h t  aus A bb. 3 h e rv o r.

Im  G ebiet des ste ils ten  A nstiegs d e r A b so rp tio n sb an d e  bei 418 n m  
k a n n  m an  die Ä n d eru n g  des m o la ren  E x tin k tio n sk o e ffiz ien ten , d er ja  ein 
M aß  fü r  die B ete iligung  des ab so rb ie ren d en  Stoffes an  einem  k o n zen ­
tra tio n sa b h ä n g ig e n  G leichgew icht is t , in  e iner U ra n y lp e rch lo ra tlö su n g  d u rch  
Z u sa tz  von  HC104, H N 0 3, HCl u n d  H 2S 0 4 sehen. Diese R eihenfo lge  (s. Abb. 3)
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e n tsp ric h t der K o m p lex b ild u n g sten d en z  des U ran y lio n s m it den  en tsp rech en ­
den  A nionen.

A uch das L e itfäh ig k e itsv e rh a lten  d er v ie r u n te rsu c h te n  U rany lsa lz - 
lösungen  zeig t [6 ] , d aß  hei diesen Salzen alle A rte n  der k o v a len ten  B in d u n g

Abb. 2. M ittlere  A k tiv itä tsk o effiz ie n te n  der U rany lsalze  in  ih ren  w äßrigen  L ösungen  [7]

Abb. 3. Ä nderung  d e r  m o la ren  E x tin k tio n sk o effiz ien ten  des U ran y lio n s in  einer 1.25 Mol/1 
U 0 2(C I0 4)2-L ösung  in  A b h äng igkeit v o n  de r K o n z e n tra tio n  d e r zu g ese tz ten  Säure
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—  b ei U ran y lsu lfa t, w ie schon  e rw ä h n t, Io n e n p a a rb ild u n g , be i U ran y lch lo rid  
K o m p lex b ild u n g  u n d  b e i U ra n y ln itra t  A ssozia tion  —  v o rh a n d e n  sind . A uch  in 
U ran y lp e rch lo ra t-L ö su n g en  t r i t t  be i h o h en  K o n z e n tra tio n e n  die so g en an n te  
B je rru m sch e  Io n e n p a a rb ild u n g  au f. A lle diese E ffek te  fü h re n  dazu , d aß  die 
Z ah l der Io n en  u n d  auch  deren  B ew eglichkeit h e rab g ese tz t w ird . B ei d en  sehr 
n ied rig en  L e itfäh ig k e itsw erten  d er U ran y lsu lfa t-L ö su n g en  sp ie lt au ß erd em

A bb. 4. Spezifische L e itfäh ig k e it von  U 0 ,(C 1 0 4)2, U 0 2( N 0 3)2, U 0 2C12 u n d  U 0 2S 0 4 in 
0,1 m  H C 104 L ösungen  in  A b h än g ig k e it von  d e r S a lzk o n zen tra tio n .

n o ch  die hohe V isk o sitä t eine Rolle. D ie L e itfäh ig k e itsm ax im a  tr e te n  zw ischen 
1— 2 M ol/kg auf. E tw a  in  d iesem  K o n zen tra tio n sb e re ich  erfo lg t d er Ü berg an g  
d e r L ö su n g ss tru k tu r v o n  d er W a sse rs tru k tu r  in  die des S a lzh y d ra ts .

W ie in  den  b in ä ren , so zeigen die v ie r U rany lsa lze  au ch  in  den  te rn ä re n  
S y stem en  s ta rk  v o n e in an d e r abw eichende W erte  d er spezifischen  L e itfäh ig ­
k e it  (s. A bb. 4).

N ach  A bb. 5 e rre ich t die spezifische L e itfäh ig k e it in  te rn ä re n  S y s te ­
m en  (^uo2(cio,)! in o,im него,) n ic h t d en  W e rt der Sum m e d er E in ze lle itfäh ig k ei­
te n  d er beiden  K o m p o n en ten  (vgl. A d d itio n sk u rv e ; *:add =  lm нею, 
^uo.ccio,),)

B ei höheren  K o n ze n tra tio n e n , o b erh a lb  von  e tw a  2 M ol/kg n ä h e rn  sich 
so g ar die gem essenen W erte  den  W e rte n  d er re inen  Salzlösungen. D ieses P h ä ­
n o m en  lä ß t sich fo lgenderm assen  e rk lä ren : der P ro to n e n a u s ta u sc h  w ird  d u rch  
die zunehm ende S a lzk o n zen tra tio n  im m er m eh r g ehem m t, es e n ts te h t le tz tlich  
eine geordnete  L ö su n g ss tru k tu r, die n u r  w enige »freie« W asserm olekü le  e n t­
h ä lt .  E in  P ro to n e n tra n sp o rt n ach  dem  S p rungm echan ism us k a n n  k a u m  noch
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erfolgen. M an m u ß  sogar a n n eh m en , d aß  d ie P ro to n e n  in  die H y d ra th ü lle  des 
U ran y lio n s einhezogen  sind u n d  d a h e r  n u r  m it diesem  w an d ern . In  k o n z e n ­
tr ie r te n  L ösungen  lie fe rt die S äu re  also n u r  noch  einen unw esen tlich en  B e itra g  
zu r L e itfäh ig k e it. I n  Abb. 6 k a n n  m an  diese L e itfäh ig k e itsv e rlu s te  [p<(W)]

?<(W ) =  ( ^ o ,lm  Säure ~f" ^S alz) ^gem .

v ersch ied en er Salze in  A b h än g ig k e it v o n  d er K o n z e n tra tio n  sehen.

Abb. 5. Ä nd eru n g  d e r spezifischen L e itfä h ig k e it v o n  U 0 2(C104)2, 0.1 m  H C 104 -(- 
+  U 0 2(C 10,)2 in  A bhäng igkeit v o n  de r K o n z en tra tio n  (vgl. A d d itio n sk u rv e)

D ie >i(W )-W erte c h a ra k te ris ie r te n  die B eseitigung  des speziellen  T ra n s ­
p o rtm ech an ism u s d er Ionen  des W assers infolge der Z erstö ru n g  d er W asse r­
s t r u k tu r  u n d  d er B in d u n g  des W assers als H y d ra tw asse r  heim  S a lzzusa tz . 
D ie g rö ß te n  « (W )-W erte  f in d e t m a n  in  A lum in iu m p erch lo ra tlö su n g en , n ach  
diesen  fo lgen die U ran y lsa lze : P e rc h lo ra t, N i t r a t ,  C hlorid u n d  S u lfa t, ab sch lie ­
ß en d  LiC104, NaClO,, u n d  N H jC l. E s is t in te re ssa n t fe s tzuste llen , d aß  die 
U ran y lsa lze , obw ohl die W erte fü r  ih re  spezifischen L eitfäh ig k e iten  sow ohl im  
W asser als auch  in  0,1m  P erch lo rsäu re  s ta rk  von e in an d er abw eichen , d ic h t 
b e ie in an d er liegende x(W )-W erte  b esitzen . D er große L e itfä h ig k e itsv e rlu s t 
k a n n  dem zufolge n u r  d u rch  das U ra n y lio n  v e ru rsa c h t w erden .

In  diesem  Z usam m enhang  w ird  k u rz  a u f  den  A u fb au  dieses Io n s einge­
gangen . D ie lineare  K o n fig u ra tio n  d e r U ra n y lg ru p p e  w urde  sow ohl in  Salzen  
als au ch  in  w äßrigen  Lösungen bew iesen . A u f die hohe S ta b ili tä t  der U — 0 -  
B in d u n g  w eist die g roße  K ra f tk o n s ta n te  h in . D agegen is t jed o ch  noch n ic h t 
e inm al ein  e in d eu tig e r k ris ta llo g rap h isch e r R ad iu s  des U rany lions b e k a n n t. 
F ü r  die E rk lä ru n g  d er B esonderhe iten  dieses Ions re ich t das an schau liche  
H an te lm o d e ll (s. A bb . 7. 1) n ich t au s . D iese T a tsach e  k a n n  m a n  au ch  d a ra u s
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e n tn e h m e n , d aß  sich  d e r U — O -B in d u n g sab stan d  »a« he i jed em  u n te rsu c h te n  
U ran y lsa lz  ä n d e rt. E r  k a n n  <=*Л,6— 2,0 Á b e tra g e n , d. h . k le iner als die S um m e 
d er R a d ie n  v o n  U 6+ u n d  0 2~ sein. A uch  a n d e re  E ig en sch aften  (P o la ris ie rb a r­
k e it , m agnetische  S u sz e p tib ilitä t u . a .), d ie d u rch  die E lek tro n en d ich te  d er 
B in d u n g  b e s tim m t w erd en , hängen  s ta rk  v o n  den  v o rh an d en en  L iganden  ab
[8, 9].

Abb. 6. L e itfäh ig k e itsv e rlu s te  x (W )  im  te rn ä re n  S y stem en  0.1 m  Säu re  +  Salz

Die B e tra c h tu n g  d er B esetzung  d er E lek tro n en sch a le  der B au ste in e  des 
U ranylions (s. A bb . 7.) e rg ib t das fo lgende B ild : im  U ran a to m  g ib t es neb en  den  
6 V alen ze lek tro n en  n och  eine ziem lich große Z ah l fre ier O rb ita le  in  den  u n te ­
re n  E lek tro n en -N iv eau s  (6d, 5f). E s w ird  angenom m en , d aß  im  U rany lion  
a u ß e r  der U = 0 — D o p pelb indung  eine zusä tz liche  D o n ato r-A k zep to r-G eg en - 
w irkung  zw ischen d en  einsam en E le k tro n p a a re n  der S auersto ffa tom e u n d  den  
freien  O rb ita len  des U ran a to m s a u f t r i t t  (s. A bb . 7. 2). (So k a n n  m an  au ch  die 
hohe K ra f tk o n s ta n te  d er U —-O -B indung, die einer B in d u n g so rd n u n g  g rößer
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<5' D о  

71

r0 2 - =  1.32 Á rQ6» = 0 .8 0 A

U r a n  K2 L8 M18 N32 5 s 2 5 p 6 5с1ю 5 f 3 6 s 2 6 p 6 6 d ’ 7 s 2 

E l e k t r o n e n k o n f i g u r a t i o n
d e r  V a l e n z s c h a l e  5 f 6 d  7 s

и 5 + K2 L8 M18 N32 5 s 2 5 p 6 5 d ’° 6 s 2 6 p G

S a u z r s  t o f f K2 2 s 2 2 P 4

0 2~ K2 2 s 2 2 p 6

Abb. 7. V orste llung  zur S tru k tu r  u n d  K o n fig u ra tio n  des U ranylions

als 2 e n tsp r ic h t, deu ten .) D as sch ließ lich  d arg este llte  M odell (s. A bb. 7.4) 
b e ru h t a u f  der gegenseitigen Ü b e rla p p u n g  d er E lek tro n en w o lk en  [10]. M it 
an d eren  v o rh a n d e n e n  M olekülen, oder Io n e n  b ild e t sich  eine K o n k u rren z  
h eraus. D ie A usb ild u n g  einer K o o rd in a tio n ssp h ä re  v o n  W asserm olekü len  
lä ß t sich  au ch  so e rk lä ren  (s. A bb . 7 .3). D ie H y d ra th ü lle  des U rany lions k a n n  
m an  sich  als einen  gefa lte ten  R ing  v o n  k o v a le n t gebundenen  W asserm olekü len  
um  das U ra n  des U rany lions vo rste llen . D ie W asserm oleküle  k ö n n en  auch  d u rch  
A nionen e rse tz t w erden . D er E in flu ß  a lle r L ig an d en  b e s tim m t d an n  die E ig en ­
schaften  eines U rany lsa lzes bzw . se in er w äß rig en  Lösung. H ieraus lä ß t  sich 
auch  das gezeigte un te rsch ied liche  V e rh a lte n  des U rany lions in  A b h äng igke it 
von den  A nionen  q u a lita tiv  e rk lä ren . (D ie K a tio n e n h y d ra ta tio n  in  den  v e r­
sch iedenen  U rany lsa lz lösungen  w u rd e  au c h  m it H ilfe der PM R -M ethode u n te r ­
su ch t [11].)

A u f die s ta rk e  s tru k tu rb ild e n d e  W irk u n g  des U rany lions in  w äßrigen  
L ösungen  w eist au ch  sein E n tro p ie -W e rt [12], d er ja  b e k an n tlich  ein M aß 
fü r  den O rd n u n g szu stan d  ist, h in  (s. T ab . I). Aus dem  E n tro p ie -W ert des
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U ran y lio n s  von  — 17 cal/grd  Mol k a n n  m an  schließen, d aß  es die W asse r­
m o lekü le  m it s ta rk e n  »spezifischen« K rä f te n  anzieh t.

D ie A usb ildung  e iner sehr fe s ten  H y d ra th ü lle  m it k o v a le n t gebundenen  
W asserm olekü len  fo lg t auch  aus dem  V e rla u f d er sche in b aren  M olvolum ina d er 
U ran y lp e rch lo ra t-L ö su n g en  in  A b h än g ig k e it v o n  der K o n z e n tra tio n  (s. A bb . 8) 
N a c h  der MASSONSchen B eziehung [15] n im m t das scheinbare  M olvolum en eines 
s ta rk e n  E le k tro ly te n  in  w äßrigen  L ösu n g en  m it der K o n z e n tra tio n  zu, so wie 
im  F a lle  von A lum in ium - u n d  M ag n esium perch lo ra t-L ösungen  (s. A bb. 8).

T abelle  I

E ntropie-W erte einiger K ationen in  ihren wäßrigen Lö­
sungen [1 3 ] ( als Vergleich werden die kristallographischen 

R adien  angeführt [1 4 ] )

Kation Entropie 
[cal/grd MolJ [Ä]

H  + 0,0

A1+ + + — 74,9 0,51

Mg + + — 28,2 0,66

U O J + — 17,0

Cd+ + — 14,6 0,97

Ca+ + — 13,2 0,99

Sr+  + —  9,4 1,12

B a + + +  3 1,34

A bb. 8. Ä nderungen  d e r sche inbaren  M olvolum ina q>2 in  w äßrigen  U 0 2(C104)2 -, A1(C104).. -3 
M g(C104)2-L ösungen in  A b h än g ig k e it v o n  de r K o n z en tra tio n
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D iese Z unahm e bew eist, daß die H y d ra th ü lle , in  d er das W asser e in er 
K o n tra k tio n  u n te rw o rfen  is t, m it  s te ig en d er S a lzk o n zen tra tio n  a b g e b a u t 
w ird . D er fa s t gerad lin ige  V erlauf des sch e in b aren  M olvolum ens in  w äß rig en  
U ran y lp e rcb lo ra t-L ö su n g en  d e u te t a n , d aß  das U ra n y lio n  neben  den  k o v a le n t 
g ebundenen  W asserm olekü len  k e in  e le k tro s ta tisc h  gebundenes W asser e n t ­
h ä lt ,  es lieg t, v ie lm e h r in  Ü b ere in stim m u n g  m it d en  sp ek troskop ischen  U n te r ­
suchungen  [6], bis zu  S ä ttig u n g sk o n z e n tra tio n  als A q u o ion  vor. E ine  D iskon-

U O f  + U o f + H 2 0  2H+ ♦ { [(U O ^ o ] 2̂  U20 25+)

[ (U 0 2 )2 o ] 2^  U 0 f - H 20

[nuof (n-1) 02']2+
A bb. 9. Zur H y d ro ly se  des U ran y lio n s [10]

t in u i tä t  k a n n  m an  led ig lich  im B ere ich  v o n  1,3 b is 1,7 Mol/1 b eo b ach ten . In  
diesem  K o n z e n tra tio n s in te rv a l lag a u c h  das L e itfäb ig k e itsm ax im u m , d e m e n t­
sp rechend  k a n n  m a n  au ch  dieses P h ä n o m e n  m it s tru k tu re lle n  E ffek ten  d eu ten .

A n H an d  d er S tru k tu r  des U ran y lio n s k a n n  m an  au ch  seine H ydro lyse  v e r ­
s teh en  (vgl. A bb. 9). Zw ischen H y d ra ta t io n , p a r tie lle r  H y d ro ly se , oder H y d ro ­
lyse g ib t es ke in e  g ro ß en  U ntersch iede . D u rch  E rh ö h u n g  des pH -W ertes ü b e r  
2,5 oder du rch  V erd ü n n en  w ird H y d ro ly se  h e rv o rg eru fen . In  A bb. 9.1 w u rd en  
zwei U ran y lio n en  d a rg es te llt, die n a c h  L i p i l i n a  [10] in  zwei b e n a c h b a rten  
K an ä len  d er W a sse rs tru k tu r  u n te rg e b ra c h t sind . (E rk lä ru n g  zur A bb. 9 .1: 
D ie B ildebene s te h t  sen k rech t zur K an a lach se , m it d e r die L ängsachse des 
U rany lions zu sam m en fä llt. Die P ro je k tio n  d er S au e rs to ffa to m e  au f die B ild ­
ebene w urde d u rch  g estriche lte  L in ien  geken n ze ich n e t. D ie dünnen  geschlos­
senen  K reise ste llen  die W asserm oleküle  dar.) D as U 2Os+ -Io n  b ild e t sich n a c h  
d er A bb. 9.2 aus zwei U rany lionen , d ie  u n te re in a n d e r  ü b e r  0 2_-Ionen  v e rb u n ­
den  sind , d. h . es e n ts te h e n  zwei se n k re c h t zu e in an d er s teh en d e  U — O -B indun- 
gen m it versch iedenem  A b stand . D ie K o n tu re n  dieses K om plexes in  der ä q u a ­
to ria le n  E bene  sind  m it einer d icken  du rch g eh en d en  L in ie  gekennzeichnet. 
A nalog b ild e t sich das n äch ste  H y d ro ly se p ro d u k t U 3Og+ u n d  w eitere m e h rk e r­
nige H y d ro ly sep ro d u k te , die m it der a llgem einen  F o rm el (n U O !+(n— 1 )0 2~ )2+ 
beschrieben  w erden  k ö n n en . Diese V o rste llu n g  b e s itz t zweifellos q u a lita tiv e n
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C h a ra k te r . M an k a n n  ab e r n u r  diese A rt d e r H y d ro ly sep ro d u k te  festste llen . 
Sie e n ts te h e n  auch  d a n n , w enn m an  U 0 3 in  U rany lsa lz lö sungen  au flö st. W ei­
te rh in  w urde  im  A b so p tio n ssp ek tru m  des U rany lions infolge H y d ro ly se  w eder 
eine n eu e  B ande noch  eine B an d en v ersch ieb u n g  zu g rö ß eren  W ellen längen  
b e o b a c h te t [16]. D as b e d e u te t in  Ü b e re in s tim m u n g  m it d er A bb . 9, d aß  sich 
die S tru k tu r  u n d  K o n fig u ra tio n  des U ran y lio n s  du rch  H y d ro ly se  n ic h t ä n d e rt. 
D u rc h  eine E rh ö h u n g  d er K o n z e n tra tio n  w ird  jedoch  die H y d ro ly se  zu rü c k ­
g e d rä n g t. So b e trä g t zum  Beispiel d er H y d ro ly seg rad  in  e iner 1 0 -3  N  U rany l- 
n itra t-L ö su n g  10% . W ird  n u n  die K o n z e n tra tio n  a u f  10-1  N  e rh ö h t, so s in k t 
e r a u f  2 ,7 %  ah [10].

A bb. 10. D ie pH -V ersch iebung  von  0.1 m Н С Ю 4 d u rch  Z usatz  v o n  U 0 .,S 0 4, U0„C1„ 
U 0 2( N 0 3)2, U 0 ,(C 1 0 4)2, A1C13 u n d  A1(C104)3

B ei hohen  K o n ze n tra tio n e n  t r e te n  in  den U ran y lsa lz -L ö su n g en  seh r 
n ied rig e  p H -W erte  auf. Sie lassen  sich  d u rc h  den S alzeffek t a u f  die d u rch  die 
H y d ro ly se  e n ts ta n d e n e  v e rd ü n n te  S äu re  zu rü ck fü h ren  [6]. I n  A bb ild u n g  10 is t 
die pH -V ersch iebung  in  einer 0,1 m  H C 104-L ösung d u rch  U ran y l- u n d  A lum i- 
n ium salze  zu sehen. B ei der Z ugabe v o n  U ran y lsu lfa t t r i t t  z u n ä c h s t d er a llge­
m ein  bei Sulfa ten  b e o b ach te te  n e g a tiv e  S alzeffek t gem äß S 0 4 _ - |-H + H S O ^ 
au f. D agegen v e ru rsach en  die a n d e ren  U rany lsa lze  (C hlorid, N itr a t  u n d  P e r ­
ch lo ra t)  u n d  insbesondere auch  die A lum in ium salze , die zu m  V ergleich einge­
tr a g e n  w urden , eine große pH -V ersch iebung , die m it d er Z u n ah m e d er A k tiv i­
tä tsk o e ffiz ien ten  des P ro to n s  g e d e u te t w erd en  k an n  [2, 3].

In  A bbildung  11 k a n n  m an  d ie  pH -V ersch iebung  e in er 0,1 m  H C104 
d u rc h  Z usatz  von  B ariu m -, C alcium -, M agnesium -, U ran y l-, u n d  A lum in ium -
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p erch lo ra t sehen . W ie aus der A bbildung  zu en tn eh m en  is t, fo lgen die G erad en  
der G leichung v o n  Schw abe  [2, 3]:

p H m =  PH 0 0,0555 m s ne

P ^m p H 0 К  m s K = f

w obei:

I>H0
p H m

"G
lle

h + hzw.

=  p H -W e r t der re inen  S äu re lösung  
=  p H -W e r t  der Säurelösung  n a c h  N eu tra lsa lzzu sa tz  
=  F rem d sa lz k o n z e n tra tio n  (M ol/kg)
=  e lek trochem ische  W ertig k e it
=  P ro p o rtio n a litä ts fa k to re n , die eine F u n k tio n  der H y d ra ta tio n s  

zah l d e r b e treffenden  Io n e n  sind.

Abb. 11. Die A b n ah m e des k o n v en tione llen  p H -W erte s  beim  Z u sa tz  v o n  M eta llp erch lo ra ten
zu 0.1 m P e rch lo rsäu re

D iese B eziehung lä ß t  sich  theo re tisch  e rk lä ren , w enn  m an  die e lek tro s ta tisch e  
W echselw irkung zw ischen  den  P ro to n en  u n d  den  Io n en  des Salzes fü r  die p H - 
V ersch iebung v e ra n tw o rtlic h  m ach t. D ie S te ig u n g  К  h ä n g t vom  R ad ius des 
K a tio n s  ab.

E inen  B e itra g  z u r  P ro b lem atik  d e r s ta rk e n  H y d ra ta tio n  in  w äßrigen  
U ran y lp e rch lo ra t-L ö su n g en  liefert auch  die s ta rk e  E rn ied rig u n g  der A lctivi-
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tä tsk o e ffiz ie n ten  des W assers be i Z u sa tz  v o n  U 0 2(C104)2 (s. A bb . 12). Sam oilov  
[17] w en d e t die A k tiv itä tsk o e ffiz ie n ten  des W assers fü r  die C h arak te ris ie ru n g  
der Io n e n h y d ra ta tio n  fo lg en d erm aß en  an :

D ie Io n en  w irken  a u f  die T ran sla tio n sb ew eg u n g  d er ih n en  am  n ä c h s te n  
gelegenen W asserm oleküle  ein . E in e  A bsch w äch u n g  dieser B ew egung fü h r t  
zu e in er V erringerung  d e r p o te n tie lle n  E n erg ie , d. h . zu  einer V ergröße-

Abb. 12. Ä nderung  de r A k tiv itä tsk o e ffiz ie n te n  des W assers in  A b h än g ig k eit v o n  d e r M e ta ll­
p e rc h lo ra t-K o n z e n tra tio n

ru n g  des n eg a tiv en  P o te n tia ls , also zu  e iner V erk le inerung  d er A k tiv i tä ts ­
k o effiz ien ten  des W assers. D agegen is t  eine V ergrößerung  v o n  f A  a u f den  u m ­
g ek e h rte n  E ffek t —  die so g en an n te  n eg a tiv e  H y d ra ta tio n  —  zu rü ek zu - 
fü h ren .

In  A bb. 12 k a n n  m a n  die n ied rig s ten  f A -W erte  in  A lu m in iu m p erch lo ra t-  
L ösu n g en  sehen, d a n a c h  folgen je d o c h  sogleich die des U ra n y lp e rc h lo ra ts . 
E s sch ließen  d an n  die W erte  fü r  C adm ium -, M agnesium - u n d  N a triu m p e rc h lo ­
r a t  an .

E s w urde  au ch  eine A b sch ä tzu n g  d er H y d ra ta tio n sz a h len  v o rgenom m en  
[6]. Als A u sg an g sp u n k t d ien ten  die W a sse ra k tiv itä te n , die aus den  D a m p f­
d ru ck w erten  der L ösungen  b e rech n e t w u rd en . Bei der B erechnung  des M olen­
b ru c h s  w urde  die In a n sp ru c h n a h m e  des W assers d u rch  die H y d ra ta tio n  b e rü c k ­
s ic h tig t. N ach  einer g raph ischen  A b sch ä tzu n g  k ö n n te  fü r  das U 0 2(C104)2
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eine H y d ra ta tio n sz a h l v o n  e tw a 7— 8 e rh a lte n  w erden . D er gleiche W e rt w urde  
au c h  nach  der M ethode von  P a d o v a  e rh a lte n  [siehe 18].

A us dem  D argeleg ten  k a n n  m a n  fo lgern , daß  in  U ran y lp e rch lo ra t-L ö su n - 
gen  die H y d ra ta tio n , in sbesondere  in  den  k o n z e n tr ie rten  w äßrigen  L ösungen , 
n ic h t ohne w eiteres a u ß e r a ch t g e lassen  w erden  darf. U n te r  V erw endung  des 
H y d ra ta tio n sm o d e lls  v o n  R o b in so n  u n d  Stokes [7, 19] bzw . G l u ec k a u f

A bb. 13. Ä nderung  des A k tiv itä tsk o e ffiz ie n te n  f ±  des U 0 2(C10,)2 1 m V ergleich zu r Ä n d eru n g  
des A k tiv itä tsk o effiz ien ten  f ± ,  de r u n te r  B erü ck sich tig u n g  der H y d ra ta t io n  b e rec h n e t w u rd e

[20] k a n n  d er A k tiv itä tsk o e ffiz ien t des h y d ra tis ie r te n  G elösten  b e rech n e t 
w erden . E ine  D arste llu n g  dieser T h eo rien  sowie ih re r M ängel k a n n  an  d ieser 
S te lle  n ich t gegeben w erden . Es sei n u r  soviel e rw äh n t, d aß  diese T heorien  
o ftm a ls  m it den  experim en te llen  W e rte n  in  E in k lang  g eb rach t w erden  k ö n n en . 
A bb . 13 zeig t die u n te rsch ied lich en  A k tiv itä tsk o e ffiz ien ten  der G elösten  m it 
u n d  ohne B erücksich tigung  der H y d ra ta t io n  in  w äßrigen  U ran y lp e rch lo ra t-  
L ösungen . Die m ittle re n  A k tiv itä tsk o e ffiz ie n ten  des U ran y lp e rch lo ra ts  in  ih re r  
w äßrigen  L ösung w eichen oberhalb  e in e r  K o n zen tra tio n  von  e tw a 1,4 M ol/kg* 
s ta rk  v o n  denen  ab , die u n te r  B e rü ck sich tig u n g  d er H y d ra ta t io n  b e rech n e t

* W ie schon gezeig t w urde , t r i t t  im  gleichen K o n zen tra tio n sb e re ich  eine Ä n d eru n g  
a n d e re r  E ig en sch aften , wie die de r spez ifischen  L eitfäh igkeit u n d  des sch e inbaren  M olvolu­
m en s auf. A uch sie w urd en  a u f  S tru k tu rä n d e ru n g e n  in  de r w äßrigen  L ösung  z u rü ck g e fü h rt.
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w u rd en . D ie h y d ra ta tio n sb e d in g te n  W ech se lw irk u n g sän d eru n g en  tre te n  d an n  
s ta r k  in  den  V o rd erg ru n d . I n  d er k o n z e n tr ie rten  U ran y lp e rch lo ra t-L ö su n g  liegt 
sch o n  eine etw a h u n d e r tfa c h e  A bw eichung vo r.

A b b . 14. Ä nderung de r m it t le re n  A k tiv itä tsk o effiz ien ten  ein iger M e tallperch lo ra te  in  A b ­
h än g ig k e it von  d e r K o n z en tra tio n

Zu den Z ah len w erten  des A k tiv itä tsk o effiz ien ten  in  k o n z e n tr ie rten  E le k ­
tro ly tlö su n g en  sei fo lgendes gesagt: u n te r  dem  A spek t, d aß  d e r A k tiv itä tsk o e f­
fiz ien t ein M aß der in te rio n isch en  W echselw irkung  is t, is t seine B erechnung  aus 
d e r A k tiv itä t m it H ilfe  d e r K o n zen tra tio n  aus der E in w aag e  n ich t zulässig. 
J e  n ach  der A rt d e r vo rlieg en d en  Ionen  sin d  n äm lich  alle Zw ischenform en der 
A ssoziation : von  d e r re in  e lek tro s ta tisch en  B in d u n g  wie in  d en  Io n en p aa ren , 
ü b e r  »undissoziierte Ionendipole«  m it zu n eh m en d en  hom öopo laren  B in d u n g s­
a n te il, bis zu K o m p lex io n en  m it überw iegend  u n p o la re r B indung  m öglich. 
A ußerdem  k a n n  m a n  n o ch  H ydro lyse an n eh m en . Schließlich  m uß  m an  n och
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b erü ck sich tig en , d aß  in  k o n z e n tr ie rten  E lek tro ly tlö su n g en  neue T e ilch en a rten  
a u f tre te n  kö n n en , z. B . Io n en , die gegenüber dem  S ta n d a rd z u s ta n d  tedw eise  
d eso lv a tis ie rt s ind . D ie e rm itte lte n  A k tiv itä tsk o e ffiz ien ten  (s. A bb. 14) s ind  
led ig lich  als F a k to re n  zu b e tra c h te n , m it denen die a n a ly tisc h e  K o n z e n tra tio n  
d er E le k tro ly te  m u ltip liz ie rt w erden  m u ß , um  zu d er w irk sam en  K o n z e n tra ­
tio n  zu gelangen. E s k a n n  also a llgem ein  festgeste llt w erd en , daß  die u n m itte l­
b a r  m eß b aren  G rößen  k o n z e n tr ie r te r  E lek tro ly tlö su n g en  m eistens eine F o lg e ­
e rsche inung  seh r v e rw ick e lte r W echselw irkungen  sind , d e re n  einzelne F a k to re n  
sich  n u r  schw ierig  v o n e in an d e r tre n n e n  lassen. F ü r ih re  D e u tu n g  is t dem zufo lge 
eine große Z ahl v o n  M eßergebnissen erforderlich .

*

H errn  P rof. D r.-In g . hab il. D r. re r. n a t.  h . c. K u rt  Schw abe sei fü r  die A nregung  zu  
d ieser A rb e it u n d  seine U n te rs tü tz u n g  he rz lich  g ed an k t.
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THE CHEMISTRY OF 1,3-BIFUNCTIONAL SYSTEMS, XV*
K IN E T IC  STU D Y  O F  T H E  A L K A L IN E  H Y D R O L Y S IS  O F  T H E  1-M O N O SU B STIT U T ED  

H O M O LO G U ES O F  3 -C H L O R O P R O P A N O L

M. B a r t ó k  a n d  G .  B o z ó k i - B a r t ó k  

(D epartm ent o f  Organic C hem istry, A .  J ó zse f U niversity , Szeged)

R eceived  D ecem ber 11, 1969, in  rev ised  fo rm  J u ly  15, 1970

T he k in e tic s  o f  alkaline h y d ro ly s is  o f  th e  1 -m o n o su b stitu ted  hom plogues (1- 
m e th y l (I), 1 -e thy l (II), 1-bu ty l (III), 1-cyclohexyl (IV), 1-p h en y l (V)) of 3 -ch loropropa- 
nol was s tu d ied . T h e  reac tio n  d irec tio n s , r a te  c o n stan ts , a c tiv a tio n  energies a n d  e n tro ­
pies, as w ell as th e  p reex p o n en tia l fa c to rs  w ere  d e te rm in ed . T h e  experim en ta l re su lts  
confirm ed  th e  v a lid ity  o f th e  re ac tio n  m ech an ism  suggested  e a rlie r , for th is  ty p e  of 
com pounds, too .

S tu d y in g  th e  ch em is try  of c e r ta in  1 ,3 -b ifu n c tio n a l sy stem s, we in v e s ti­
g a ted  th e  tra n s fo rm a tio n  o f various 1 ,3 -ch lo rohydrin s in  a lkaline  m edia . In  
o u r earlier p ap ers  [1, 2, 3] a re a c tio n  m echan ism  w as suggested  an d  p a r t ly  
confirm ed  for th e  a lk a lin e  hydro lysis o f  1 ,3 -ch lo rohydrin s con ta in in g  a ch lo rine 
a to m  in  th e  p r im a ry  p osition . The m o d e l su b stan ces w ere th e  2-m ono- an d  2,2- 
d isu b s titu te d  hom ologues of 3 -ch lo rop ropano l.

In  th e  p re se n t w ork  we wish to  e x te n d  th e  re a c tio n  m echan ism  suggested  
earlier [1] to  th e  e x p la n a tio n  of th e  a lk a lin e  h y d ro lysis  o f th e  following 1,3- 
eh lo rohydrin s:

C H 2- C H 2- C H —C H 3 CH2- C H 2- C H — C2H 5 C H 2—C H 2- C H - C 4H 9
I I  I I  I I
Cl O H  Cl O H  Cl O H

I II III

C H ! - C H ! - C H - C , H U C H 2- C H 2- C H - C , H 5
I I I I
Cl O H  Cl O H

IV V

A t th e  sam e tim e  we in ten d ed  to  s tu d y  th e  effect o f  th e  a lky l an d  a ry l 
su b s titu e n ts  in  tr im e th y lch lo ro h y d rin  on th e  k in e tic  p a ra m e te rs , rep o rt on th e  
k in e tic  s tu d y  o f th e  a lk a lin e  hydro lysis o f  1 ,3 -ch lo rohydrin  co n ta in in g  a second­
a ry  h y d ro x y l group .

I t  has been  con firm ed  in  our earlie r p re p a ra tiv e  w ork  [4], as well as b y  o th e r  
a u th o rs  (e.g. R ef. [5]), t h a t  in  a lkaline m ed ia  th e  above com pounds an d  th e ir  
a c e ta te s  are  c o n v e rted :

Cl
/С Н 2Ч /
/  \г ,н

R - C H  -’ o h ~

X 'O H

R  —
^ 0 /

* P a r t  X IV : A cta  Chim . Acad. Sei. H u n g . 72, 297 (1972)
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w h ere  R  rep resen ts  a m e th y l, e th y l, p ro p y l, isopropyl, n -b u ty l o r cyclohex> 1 
g roup .

A ccord ing  to  ou r m ore recen t ex p erim en ts , in th e  p resence  of 0.2 M  
b a r iu m  h y d ro x id e  th e  fo rm a tio n  of o x e tan es is again  th e  m a in  d irec tio n  o f th e  
re a c tio n .

B ecause  of th e  tw o d irec tions o f conversion  observed  in  th e  a lkaline h y ­
d ro lysis  o f 3 -ch lo ro -2 -pheny lp ropano l [2], in  th e  case of 3 -c h lo ro -l-p h en y lp ro - 
p a n o l p re p a ra tiv e  te s ts  w ere ca rried  o u t u n d e r th e  cond itions o f th e  k in e tic  
m easu rem en ts  in  o rd er to  p ro v e  th e  above  d irec tion  of th e  process. GLC an d  
in fra -re d  spectro scopy  h av e  show n th a t  th e  fo rm atio n  of 2 -p h en y ltr im e th y len e  
o x ide  (20% ) is accom pan ied  b y  th e  fo rm a tio n  of a considerab le  n u m b er of 
o th e r  b y -p ro d u c ts . F ra g m e n ta tio n  lead in g  to  th e  fo rm atio n  o f s ty ren e  m a y  be 
co nsidered  th e  m ain  d irec tion  o f conversion , b u t  1 ,2 -elim ination  an d  iso m eri­
z a tio n  also ta k e  p lace. Since in  o u r ea rlie r w ork  we were concerned  m erely  w ith  
con v ersio n  m echan ism  o f 1 ,3 -ch lo rohydrins re su lting  in  th e  fo rm a tio n  o f o x e­
ta n e s , th e  various reac tio n  d irec tions o b serv ed  in  th e  case o f 3 -ch lo ro -l-p h en y l- 
p ro p a n o l are illu s tra te d  b y  th e  follow ing reac tio n  schem e w ith o u t an y  a t te m p t  
a t  a d e ta iled  descrip tion

CH—CH=CH2 
I

OH
,  — CH=CH—CH2<OH

O n th e  basis of th e  m echanism  suggested  in  our ea rlie r w ork  [1] th e  fo r­
m a tio n  o f 2 -m o n o su b stitu ted  ox e tan es can  be exp la ined  as follows:

CH2 Cl
/  \  /

K— CH2 + OH 

OH

CH,  Cl
s /  \  /— K—CH CH2 +  H20

O'"’

CH2 Cl

к —сн \ M ,
\  /  ■

-> R +  СГ
о
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Table I

K inetic  data fo r  the alkaline hydrolysis o f  1,3-chlorohydrins o f  the type:

C H ,- C H „ - C H  R 
I I

Cl OH

S ym bol 
o f  com ­
p o u n d

t
°C

C hlorohydrin
cone.

m ole/1

[ O H ]
g-eq/1

к
1 • m o le -1 

■ m in -1

AHt  
kca l •

• m o le -1

A
1 • m o le -1 

• m in ^ 1
SÍ

e. u .

80 0.0101 0.0147 0.051

85 0.0101 0.0147 0.082

I 90 0.0101 0.0147 0.137

95 0.0101 0.0147 0.209 20.3 2.3 X 10u — 15.0

100 0.0101 0.0186 0 .328

125 0.0101 0.0181 1.630

80 0.0101 0.0143 0 .063

85 0.0101 0.0143 0 .102

и 90 0.0101 0.0143 0 .149

95 0.0101 0.0143 0.221 20.3 2 .4 X 1 0 " — 15.0

100 0.0101 0.0186 0 .369

125 0.0101 0.0186 1.811

80 0.0101 0.0181 0 .067

85 0.0101 0.0148 0.121

m 90 0.0101 0.0162 0 .172

95 0 .0139 0.0177 0.225 20.3 2 .5 X 1 0 " — 15.0

100 0.0101 0.0186 0 .367

125 0.0101 0.0186 1.614

80 0.0101 0.0147 0.085

IV 85 0.0101 0.0147 0 .127

90 0.0101 0.0147 0 .194

95 0.0101 0.0147 0 .289 21.2 1.1 X lO 12 — 12.2

80 0 .0100 0.0206 0 .091

80 0 .0100 0.0154 0 .107

85 0 .0100 0.0160 0.151

85 0 .0100 0.0154 0.152

V 90 0 .0100 0.0180 0 .242

90 0 .0100 0.0154 0 .243

95 0 .0100 0.0154 0 .362 23.4 2.9 X lO 12 —  5.5

100 0 .0100 0.0183 0 .568
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T he resu lts o b ta in e d  from  th e  k in e tic  ex p erim en ts  fo r th e  five  com pounds 
u n d e r  inv estig a tio n  are  sum m arized  in  T ab le  I .  O n th e  basis o f o u r earlie r w ork  
[1], th e  ra te  c o n s ta n ts  w ere ca lcu la ted  fro m  second o rd e r r a te  eq u a tio n s . 
B eside  th e  ex p erim en ta l resu lts  th e  T ab le  inc ludes th e  ra te  c o n s ta n ts , a p p a re n t 
a c tiv a tio n  energies, th e  p reex p o n en tia l fa c to rs , and  th e  a c tiv a tio n  en tro p ies .

T he ex p e rim en ta l d a ta  in  th e  T ab le  can  be sa tis fac to rily  e v a lu a te d  b y  
m ean s of a second o rd e r ra te  eq u a tio n . T h e  lo g arith m s o f th e  ra te  c o n s ta n ts  
o b ta in e d  a t fou r d iffe ren t te m p e ra tu re s , w h en  p lo tte d  a g a in s t 1/T, gave  a 
s t r a ig h t  line (F ig. 1). U sing  th e  A rrhen ius e q u a tio n , it  was possib le  to  ca lcu la te  
th e  ac tiv a tio n  energy  o f th e  process.

F ig . 1. V aria tio n  of th e  a lk a lin e  hydro lysis r a te  o f th e  1-R  su b s titu te d  hom ologues o f 3-chloro- 
p ro p an o l w ith  th e  te m p e ra tu re . A : tr im e th y len e  ch lo ro h y d rin  

I :  R  =  m eth y l, I I :  R  =  e th y l, I I I :  R  =  b u ty l ,  IV : R  =  cyclohexyl, V: R  =  p h en y l

The k ine tic  p a ra m e te rs  in T ab le  I  s u p p o r t th e  v a lid ity  of th e  reac tio n  
m echan ism  suggested  fo r th e  a lkaline h y d ro ly s is  o f 1 ,3 -ch lo rohydrins in  th e  
case  of th is c h lo ro h y d rin  ty p e , too .

A detailed  an a ly sis  o f th e  k in e tic  d a ta  w ill be given la te r  w hen  fu r th e r  
ex p e rim en ta l re su lts  becom e availab le .

As it appears from  Fig. 1, th e  in tro d u c tio n  of an  alky l o r a ry l g roup  in to  
tr im e th y le n e  ch lo ro h y d rin  considerab ly  ra ises th e  ra te  of a lk a lin e  hyd ro ly sis . 
W e are  of th e  o p in ion  th a t ,  beside th e  - \ - I  effect of th e  su b s titu e n ts  w hich  
u n d e rs ta n d a b ly  p ro m o tes  th e  S Ni p rocess due  to  th e  increased  e lec tron  d e n ­
s i ty  of th e  a lkox ide  ion , th e  steric  e ffec t is a decisive fa c to r  increasing  th e  
a lk a lin e  hydro lysis r a te  of deriv a tiv es  c o n ta in in g  e lectron  d o n o r su b s ti tu e n ts  
on  th e  carbon  a to m  linked  to a h y d ro x y l group re la tiv e  to  tr im e th y le n e  
ch lo rohydrin . T h e  a lk y l groups te n d  n a m e ly  to  raise the  ra te  o f th e  second s tep
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b y  p rom oting  th e  fo rm atio n  o f a fav o u rab le  co n fo rm atio n  for th e  S Ni p rocess 
o f th e  in te rm e d ia te , i.e. of th e  y -ch lo roa lkox ide  ion . H ence  th e  s u b s titu e n t 
effect is due to  its  decisive steric  in fluence  in  th e  cy c liza tio n  process.

T he conversion  of l-p h en y l-3 -ch lo ro p ro p an o l (V) proceeds a t th e  h ig h es t 
ra te  w hich can b e  exp la ined  b y  re a c tio n  d irec tion  d iffe ring  from  those  o f th e  
o th e r  four com p o u n d s. These d iffe re n t d irec tions a re  th e  consequences of th o se  
s tru c tu ra l c h a rac te ris tic s  of th e  m olecu le  w hich  re su lt from  th e  co n ju g a tio n  
o f th e  a rom atic  r in g  w ith  the  C— О b o n d . T he — I  e ffect o f th e  phenyl g roup  
an d  th e  m esom eric effect lead to  a  tra n s it io n  s ta te  w hose conform ation  fav o u rs  
th e  e lim ination  a n d  fra g m e n ta tio n  processes.

E xp erim en ta l

T he 1 ,3 -ch lo ro h y d rin s serving as s ta r tin g  m ate ria ls  w ere p re p a re d  as in  Ref. [3]. T h e ir  
p a r i ty  w as checked b y  GLC.

T he m ethods of k in e tic  m easu rem en ts a n d  calcu la tions h av e  b een  described  in an  e a r lie r  
com m unica tion  [1]. In  th e  k inetic  m easu rem en ts  th e  h ig h est co n v ersio n  of ch lo ro h y d rin  w as 
30— 4 0% .

Experimental data

In  th e  d esc rip tio n  of the  ex p e rim e n ta l d a ta  th e  follow ing sym bols have been u se d : 

t :  tim e  (m in)
a: in itia l co n ce n tra tio n  of hydroxide ions (B a(O H )2 g-eq/1)
b: in itia l co n ce n tra tio n  of ch lo rohydrin  (mole/1)
x: q u a n ti ty  o f c h lo ro h y d rin  co nverted  in  tim e  t  (mole/1)
к : second o rder r a te  co n stan t (1 • m o le - 1  • m in - 1 ).

I.

80 °C
a =  0.01469 
b =  0.01014

C H ,- C H 2- C 1 I - C H ,
I I

Cl OH
85 °C

a =  0.01469 
b =  0.01014

No t X к No t X к

l 56 0.00043 0.052 l 35 0.00044 0.087
2 117 0.00083 0.051 2 111 0.00129 0.087

3 180 0.00123 0.051 3 155 0.00158 0.079
4 245 0.00158 0.050 4 200 0.00200 0.080

5 305 0.00193 0.050 5 245 0.00243 0.084
6 365 0.00229 0.052 6 290 0.00273 0.082

7 425 0.00260 0.052 7 335 0.00303 0.081

=  0.051 fc,_8 =  0.082
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90 °C
a =  0.01435 
b =  0.010034

95 °C
a — 0 .01435  
6 =  0 .010034

N o t X к N o  j t X к

í 30 0.00055 0.127 í 20 0 .00053 0.186

2 60 0.00111 0.536 2 40 0 .00113 0.208

3 90 0.00162 0.139 3 60 0 .00159 0.206

4 120 0.00205 0.139 4 80 0 .00210 0.214

5 150 0.00248 0.140 5 101 0 .00248 0.208

6 180 0.00284 0.139 6 120 0.00287 0.212

7 210 0.00318 0.139 7 142 0 .00323 0.210

8 161 0 .00349 0.207

V ,  =  0-137 

100 °C
a =  0.0186 
6 =  0.0101

fc2_ 8 =  0 .209  

125 °C
a =  0.0181 
b =  0.0101

N o t X к N o t X к

í 11 0.00058 0.289 í 3 0.00062 1.161

2 20 0 .00114 0.328 2 6 0.00151 1.551

3 30 0 .00168 0.335 3 9 0 .00223 1.632

4 40 0.00209 0.326 4 12 0.00281 1.627

5 50 0.00252 0.328 5 15 0 .00329 1.605

6 60 0.00282 0.315 6 18 0 .00384 1.658

7 70.5 0.00328 0.336 7 21 0 .00434 1.707

8 80 0 .00369 0.336

fc2_ ,  0 .328 fe, _ 7  =  1 - 6 3

II.
CH j - C H j — C H - C 2H 5 
I I

80 °C Cl O H
a =  0.01435 
b =  0.010085

85 °C
a =  0.01435 
b =  0.010085

No t X к

í 35 0.00031 0.064

2 80 0 .00070 0.064

3 121 0.00113 0.072

4 173 0.00137 0.062

5 , 230 0.00178 0.063

6 280 0.00202 0 .060

7 . 335 0.00248 0.065

8 390 0.00272 0.063

^1-2; ,_ 8 =  0 .063

No t X к

í 39 0.00063 0.116

2 60 0 .00078 0.107

3 115 0 .00154 0.106

4 158 0.00200 0.105

5 235 0.00231 0.102

6 235 0.00257 0.097

7 275 0.00301 0.101

8 335 0.00337 0.097

,fc2_8 - 0.102
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90 °C 
= 0.01435 
= 0.010034

95 °C
a =  0.01435 
b =  0.010034

N o  i t X к N o t j X к

í 31 0.00070 0.167 1 20 0.00063 0.229
2 60 0.00087 0.109 2 40 0.00123 0.239

3 90 0.00166 0.152 3 60 0.00171 0.233

4 120 0.00217 0.154 4 80 0.00202 0.213

5 165 0.00279 0.147 5 136 0.00308 0.213

6 190 0.00306 0.151 6 158 0.00342 0.213

7 215 0.00325 0.145 7 180 0.00374 0.211

8 240 0.00347 0.143

=  0-149 
100 °C

a =  0.0186 
b =  0.0101

V -  =  0.222
125 °C 

a =  0.0186 
b =  0.0101

N o t г к No t X к

í 10 0.00065 0.362 1 2.5 0.00053 1.117

2 20 0.00136 0.402 2 5.0 0.00121 1.410

3 30 0.00175 0.357 3 7.5 0.00211 1.779

4 45 0.00245 0.357 4 10.0 0.00245 1.608

5 65 0.00335 0.369 5 12.5 0.00325 1.842

6 15.0 0.00354 1.727

7 17.5 0.00413 1.831

8 20.0 0.00456 1.876

V ő =  0-369

80 °C
a =  0.0181 
6 =  0.0101

CH„
I

Cl

III.

C H „ - C H - C 4H ,
I

OH

=  1.811

85 °C
a =  0.0148 
b =  0.0101

N o 1 t я; к N o t X к

l 46 0.00070 0.083 1 40 0.00086 0.153

2 97 0.00122 0.074 2 80 0.00150 0.143

3 138 0.00154 0.068 3 120 0.00191 0.125

4 204 0.00209 0.065 4 160 0.00231 0.119

5 225 0.00233 0.068 5 200 0.00274 0.118

6 270 0.00276 0.070 6 240 0.00310 0.115

7 315 0.00302 0.068 . 7 280 0.00338 0.112

8 360 0.00326 0.066 8 320 0.00367 0.110

0.067
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90 °C
a =  0.0162 
b =  0.0101

95 °C
n =  0.0177 
b =  0.0139

N o t . к N o t X к

í 34 0.00126 0.253 í 45 0.00235 0.245
2 71 0.00199 0.204 2 78 0.00340 0.223

3 104 0.00242 0.178 3 122 0.00445 0.205

4 137 0.00291 0.170 4 160 0.00519 0.196
5 169 0.00329 0.173 5 210 0.00601 0.188

6 199 0.00348 0.150 6 270 0.00681 0.181

7 229 0.00397 0.157 7 315 0.00735 0.179

8 360 0.00773 0.173

íc,_, =  0.172 3 =  0.225
100 °C 125 °C

a =  0.0186 a =  0.0186
b =  0.0101 b  =  0.0101

N o ‘ * к N o l i X
\

к

í 15 0.00085 0.395 í 3 0.00068 1.631

2 30 0.00177 0.402 2 6 0.00141 1.582

3 45 0.00235 0.364 3 9 0.00202 1.531

4 60 0.00294 0.356 4 12 0.00262 1.547

5 75 0.00337 0.338 5 15 0.00318 1.573
6 90 0.00396 0.350 6 18 0.00386 1.692

7 21 0.00427 1.677

8 24 0.00469 1.683

fcj-e =  0.367

80 °C
a =  0.01469 
b  =  0.01007

IV.

CH2- C H „ - C H
I I

Cl O H
-< * >

1.614

85 °C 
: 0.01469 
= 0.01007

N o t X к N o t X к

í 72 0.00089 0.089 í 68 0.00119 0.130

2 145 0.00158 0.085 2 155 0.00243 0.133

3 185 0.00197 0.086 3 179 0.00257 0.123
4 205 0.00211 0.085 4 195 0.00280 0.127

5 237 0.00236 0.083 5 210 0.00300 0.129
6 275 0.00262 0.082 6 231 0.00319 0.128

7 315 0.00296 0.084 7 251 0.00339 0.127
8 365 0.00328 0.084 8 278 0.00353 0.121

fc j-, =  0.085 =  0.127
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90 °C
a =  0.01469 
b =  0.01004

95 °C
« =  0.01469 
b 0.01004

No t X

í 30 0.00084

2 60 0.00157

3 90 0.00219

4 120 0.00263

5 150 0.00316

6 180 0.00359

7 210 0.00388

8 240 0.00439

fc,_8 =  0.194

80 °C
a =  0.01806 
b =  0.01010

к N o t

0.199 1 20

0.201 2 40

0.200 3 60

0.189 4 80

0.183 5 101

0.193 6 120

0.190 7

0.195

V.

C H . , - C H , - C H -  
I I
Cl OH

X к

0.00080 0.280

0.00149 0.285

0.00214 0.292

0.00263 0.284

0.00325 0.298

0.00360 0.291

fe,_6 =  0.289

80 °C
a =  0.02063 
b =  0.01035

No t X к N o t X к

í 30 0.00077 0.149 1 25 0.00061 0.118
2 60 0.00122 0.123 2 55 0.00103 0.094
3 90 0.00156 0.103 3 85 0.00138 0.084
4 125.5 0.00199 0.103 4 120 0.00184 0.083
5 175 0.00260 0.102 5 180 0.00248 0.079
6 221 0.00301 0.098 6 240 0.00292 0.072

255 0.00326 0.094 7 300 0.00324 0.066
8 300

fc2_8
8

a — 
b =

0.00372 

=  0.103

5 °C 
0.01598 
0.01002

0.096 8 360

к,

a
b

0.00349 

=  0.092 

90 °C
=  0.01806 
=  0.01001

0.061

N o t X к No t X к

í 40 0.00103 0.181 1 20 0.00097 0.289
2 80 0.00173 0.156 2 45 0.00181 0.260
3 120 0.00244 0.158 3 71 0.00253 0.244
4 160 0.00297 0.153 4 95 0.00316 0.244
5 200 0.00340 0.147 5 121 0.00367 0.235
6 220 0.00360 0.146 6 150.5 0.00416 0.231
7 250 0.00396 

=  0.151

0.146 7

8

175

200

*i

0.00464 

0.00480 

_8 =  0.243

0.231

0.213
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100 °C
a  =  
b =

0.01834
0.01001

No t X к

í 9 0.00101 0.659

2 20 0.00189 0.560

3 30 0.00261 0.593

4 40 0.00315 0.567

5 49 0.00373 0.584

6 60 0.00420 0.567

7 69 0.00458 0.564

_ 7 =  0.569

95 °C
a =  0.0154 
b =  0.0100

No 1 X к

1 10 0.00063 0.413

2 20 0.00103 0.359

3 33 0.00164 0.366

4 40 0.00194 0.368

5 50 0.00232 0.366

6 60 0.00262 0.357

7 70 0.00294 0.358

8 80 0.00328 0.361

k . . _8 =  0.362
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THE CHEMISTRY OF 1,3-BIFUNCTIONAL SYSTEMS, XVI*

R E A C T IO N  K IN E T IC A L  STUDY O F  T H E  A L K A L IN E  H Y D R O L Y S IS  O F 1 ,1 -D IS U B S T I- 
T U T E D  D E R IV A T IV E S  O F  3 -C H L O R O -l-P R O P A N O L

M. B a r t ó k  and G. B o z ó k i  B a r t ó k  

( In stitu te  o f Organic C hem istry , A . Jó zse f U niversity , Szeged)

R ece iv ed  J u ly  16, 1970

T h e  k in e tics  of th e  a lk a lin e  h y dro lysis o f som e 1,1-dialkyl hom ologues (I: 1,1- 
d im eth y l; II: 1 -m eth y l-l-p ro p y l; III: 1 -m eth y l-l-iso p ro p y l) of 3 -ch loropropanol hav e  
been  s tu d ied . T he ra te  c o n s tan ts  o f  th e  a lkaline  hydro lysis o f th e  th ree  co m pounds, 
th e  a c tiv a tio n  energies, a c tiv a tio n  en tro p ies  and  th e  action  co n stan ts  hav e  b een  d e te r ­
m ined.

In  our earlie r papers [1— 4] on  th e  a lkaline hyd ro lysis  o f 1 ,3-ch lorohy- 
d rin s  we h av e  rep o rted  th e  s tu d y  b y  reac tio n  k in e tica l m ethods o f co m p o u n d s 
co n ta in in g  p r im a ry  chlorine a to m s a n d  p rim ary  or secondary  h y d ro x y l groups.

In  th e  p re se n t p ap er we sh a ll describe th e  ex p erim en ta l re su lts  a n d  re a c ­
tio n  k in e tica l p a ram e te rs  of th e  a lk a lin e  hydro lysis o f som e 1 ,3 -ch lo rohydrins 
co n ta in in g  p r im a ry  chlorine a to m  a n d  te r t ia ry  h y d ro x y l groups. T he fo llow ing
1 ,3 -ch lo rohydrins w ere chosen as m odel com pounds:

CH„ C H 2—
I

Cl
I

/ C H 3 / C H 3
C <  C H , - C H , - C (
I х с н 3 I “ I Ч н 2- с н 2- с н 3

O H  Cl O H
II

/ C H 3
CH„ С Н ,— C < X H ,
I ■ '  Л е н /

Cl O H  X C H 3

III

S everal unsuccessful ex p e rim en ts  were m ade to  p rep are  1 ,1 -d iisopropy l-
3 -c h lo ro -l-p ro p an o l from  ethyl-/S -ch loropropionate  b y  m eans o f G rig n a rd  re a c ­
tio n  w ith  isopropy lm agnesium  b ro m id e .

In  th e  course of our ea rlie r p re p a ra tiv e  w ork [5] we found  th a t  in  co n ­
c e n tra te d  a lka line  m edium  th e  ab o v e  com pounds w ere co n v erted  in  v e ry  h igh 
y ields in to  th e  correspond ing  o x acy c lo b u tan e  hom ologues:

C H 34 Л Н 2Ч ,C1
' \ /  'х с н /

R  X OH

O H -
C H 3

+  C l-

w here R  s ta n d s  fo r m ethy l, p ro p y l o r isopropyl.

* P a r t  X V : A cta  Chim. A cad . Sei. H u n g . 72, 423 (1972).

Acta Chim. [Budapest) 72, 1972



4 3 4 B A R T Ó K , B O Z Ó K I-B A R T Ó K : 1 ,3 -B I F U N C T I O N A L  S Y S T E M S , X V I

According to th e  reaction m echanism suggested  in an earlier com m uni­
cation  [1], the form ation  o f 2,2-disubstituted  oxetanes can be explained as
f o l l o w s :

R \  ^ C 1
R \

C C H 2 +  O H - ^  c
С Н 3/  \ ш C H 3/

К o i l .  Cl ■ R
\  /  \ y .

/  \
H 3C 4()

—>■

H,c

/C H 2

Ю -

,CI
CH, +  H2o

-I- Cl

As it appears from  Experim ental, th e  k inetical m easurem ents were made 
in d ilu te, and not in  concentrated, alkali so lution  ([O H ~] ^  0.02 g-eq ./l) 
in order to be able to  fo llow  accurately the rate o f conversion. E ven under these  
conditions relatively h igh  rate constants w ere obtained. It  m ay be expected  
from  th e reaction m echanism  which has been suggested to explain the forma­
tion  o f four-m em bered cyclic  ethers th at the presence of water, and hence the 
h ydroxyl ion concentration , will have a m arked influence on the equilibrium, 
i .e.  on the first step o f  th e  process. Sim ilarly, it  is to  be expected th at the pres­
ence o f  a tertiary h y d ro x y l group will m u ltip ly  this effect, independently of 
th e  experim ental fact w hich  has been proved earlier that the yield of cyclic 
ethers is the highest in  th e  case of com pounds o f th is type. Therefore a kinetical 
investigation  of the course of the conversion o f chlorohydrins containing ter­
tiary hydroxyl groups could  not be om itted , though in had been proved for the 
other chlorohydrin ty p e s  th at the form ation o f cyclic ether is the main direc­
tion o f alkaline h yd ro lysis.

The investigation  o f  the conversions o f 1,1-disubstituted  derivatives of 
3-chloro-l-propanol (i.e . 1,3-chlorohydrins containing tertiary hydroxy] 
groups) in alkaline m edium  and at low h ydroxyl ion concentrations has shown  
th at the transform ations o f  these com pounds are non-selective. The results of 
gas-liquid chrom atographic analysis o f the reaction products indicate the com ­
plex nature of the processes. Both sim ultaneous and consecutive conversions 
could be observed. S ince in  our earlier experim ental work we dealt only with  
the m echanisms o f th e  conversions leading to  the form ation of oxetanes, we 
illustrate here the various reaction directions in the case of com pounds contain­
ing tertiary hydroxyl groups —  w ithout an a ttem p t at com pleteness —  by the  
reaction scheme on page 435.

Thus the conversion which takes place according to an S Ni  mechanism  
giving rise to the o x eta n es, is accompanied b y  1,2-elim ination reactions result­
ing in the form ation o f  unsaturated alcohols, further by 1,4-elim ination pro­
ducing olefines, and b y  substitution  processes which give rise to the corre­
sponding diols. A ccording to our preliminary experim ents, the extent to which
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H:,c
J C — CH2— CH. 

K ^ l  . I
OH Cl

к

th e  reac tions proceed in  one or th e  o th e r  d irection  as sk e tch ed  above can  be  
s ig n ifican tly  in fluenced  b y  th e  h y d ro x y l ion  co n cen tra tio n  an d  b y  th e  n a tu re  
o f  th e  base used.

W hen  th e  h y d ro x y l ion c o n c e n tra tio n  is 2 g -e q ./l , th e re  is a 70— 9 0%  
conversion  of th e  ch lo rohydrin s in to  th e  co rresponding  o x e tan e  d e riv a tiv es . 
T h e  m ain  process is accom pan ied  b y  a 1 ,4-elim ination  side-reac tion . A t low er 
h y d ro x y l ion co n cen tra tio n s  m ain ly  u n s a tu ra te d  alcohols a n d  diols are  fo rm ed , 
a n d  th e  S Ni process p la y s  a su b o rd in a te  p a r t  (m ax im um  10% ).

T he reaction  d irec tio n s observed  in  th e  case of 1 ,3 -ch lo rohydrins c o n ta in ­
ing te r t ia ry  h y d ro x y l g roups have ca lled  a tte n tio n  n o t o n ly  to  th e  in v es tig a tio n  
o f  th e  fine  m echanism  o f th e  alkaline h y d ro ly sis  of th is  ty p e  o f com pounds, b u t  
th e  exp erim en ta l d a ta  h a v e  also fu rn ish e d  new  ev idence fo r th e  tw o -step  
m echan ism  of o x e tan e  fo rm ation .

T he k inetic  d a ta  o b ta in ed  from  th e  experim en ts fo r th e  th ree  com pounds 
a re  sum m arized  in T ab le  I . In  Fig. 1 th e  tem p e ra tu re  d ependence  of th e  r e a c ­
tio n  co n stan ts  has b een  p lo tted . O n th e  basis o f our ea rlie r w ork  [1], th e  r a te  
c o n s ta n ts  w ere ca lcu la ted  w ith  th e  r a te  eq u a tio n  o f second  o rd er reac tio n s . 
T h e  T ab le  also co n ta in s th e  a c tiv a tio n  en erg y  values, ac tio n  co n stan ts  an d  th e  
v a lu es  of ac tiv a tio n  e n tro p y  ca lcu la ted  from  th e  ex p e rim en ta l d a ta .

C om parison of th e  reaction  k in e tic a l d a ta  of th e  a lk a lin e  hydro lysis o f 
l ,l-d ia lk y l-3 -c h lo ro -l-p ro p a n o ls  w ith  th o se  o f o ther 1 ,3 -ch lo rohydrins in v e s ti­
g a te d  earlier shows q u ite  u n am b ig u o u sly  th a t  th e  reac tio n  co n stan ts  are th e  
h ig h es t in  th e  case o f th e  com pounds s tu d ie d  in the  p re se n t w ork, while th e
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Table I

Reaction kinetical data o f  the alkaline hydrolysis o f  1,3-chlorohydrins o f  the type:

CH2- C H 2-  C <
,-R

Cl
XC H 3

O H

C om ­
p o u n d

°C
C h lo ro h y d rin  

c o n c e n tra t io n , 
m ole/1

[о н -] .
g e q ./ l

k,
1 • m o le -1 • 

• m in -1

АЩ 
k ca l • 
m ole ~1

A,
1 • m o le -1  

• m in -1

A St,
cal • m o le -1

• °C-1

80 0.01006 0.01687 0.201

85 0.01008 0.01630 0.275

I 85 0.01000 0.01432 0.293 19.0 1.2 x i o 11 — 16.4

90 0.01008 0.01630 0.407

95 0.01005 0.01432 0.602

80 0.01001 0.01687 0.248

85 0.01013 0.01598 0.366

85 0.01005 0.01630 О.З69 19.7

и 90 0.01005 0.01630 0.525

95 0.01010 0.01610 0.810

101.5 0.01092 0.02244 1.207

101.5 0.00960 0.02244 1.209 4.2 X 10u — 13.9

75 0.01011 0.01687 0.310

h i 80 0.01011 0.01687 0.454 18.4

85 0.01005 0.01630 О.659

90 0.01005 0.01630 0.903 l . i x i o 11 — 16.6

o r, 9 5  90
C°

85 80 75

2.716 2.8732.754 2.792 2.831
1 0 0 0 /Т

F ig . 1. D ependence o f th e  r a te  of th e  a lka line  hyd ro ly sis  o f som e 1 ,1-d ia lky l hom ologues o f 
3 -ch Io ro -l-p ropano l as a fu n c tio n  of th e  te m p e ra tu re . A 3 -ch lo ro -l-p ro p an o l, I  1 ,1-dim ethyI- 
3 -ch lo ro -l-p ro p an o l, I I  l-m e th y l-l-p ro p y l-3 -c h lo ro -l-p ro p a n o l, I I I  l-m e th y l-l- iso p ro p y l-3 -

ch lo ro -1-p ro p an o l
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a c tiv a tio n  energy values are  here  th e  low est. The re la tiv e ly  h igh  ra te  increase 
co m p ared  w ith  th a t  fo u n d  fo r th e  basic  s tru c tu re  an d  fo r th e  o th e r  com pound 
ty p e s  can  be exp la ined  b y  th e  e lim in a tio n  reactions o ccu rrin g  sim u ltaneously .

T he ra te  increase  w ith in  th e  series c an n o t be sa tis fa c to r ily  exp la ined  by  
th e  v e ry  sm all d ifferences in  th e  re a c tio n  k in e tica l p a ra m e te rs  ca lcu la ted  from  
th e  ex p erim en ta l d a ta . T h e  d ev ia tio n s  found  ex p e rim en ta lly  in d ica te  som e d if­
ference  in  th e  fine m echan ism  of th e  a lk a lin e  hydro lysis o f 1 ,3 -ch lo rohydrins; 
th e  s tu d y  of th is  p rob lem  will be  th e  su b je c t of fu tu re  w ork .

Experimental

T he 1 ,3-chlorohydrins s tu d ied  w ere p re p are d  b y  th e  m eth o d  d esc rib ed  earlie r [5]. P rio r  
to  th e  reac tio n  k in e tica l m easu rem en ts , th e  p u r i ty  o f th e  s ta r tin g  su b s ta n c es  was checked b y
GLC.

T he reac tio n  k in e tica l m easu rem en ts  an d  calcu la tio n  m eth o d s  h a v e  been  described in 
d e ta il  p rev iously  [1, 2].

In  th e  descrip tion  of th e  ex p erim en ta l re su lts  th e  follow ing sym bols a re  used:

: tim e  in  m inu tes
a: in itia l co n cen tra tio n  of h y d ro x y l ions (B a(O H )2g-eq ./l.)
b: in itia l ch lorohydrin  c o n cen tra tio n
x : q u a n ti ty  of ch lo rohydrin  co n v erted  in tim e  t (mole/1.)
к : r a te  co n stan t o f second o rd er (1 • m ole-1  • m in -1 ).

I.

CH2- H C 2-
c / c h 3

1 X CH3
80 °C Cl O H 85 °C

=  0.01687 a =  0.01630
=  0.01006 6 =  0.01008

No t X к No , X к

l 15 0.00048 0.200 l 10 0.00048 0.306

2 30 0.00095 0.206 2 20 0.00081 0.269

3 45 0.00131 0.231 3 30 0.00121 0.271

4 60 0.00172 0.198 4 40 0.00157 0.273

5 75 0.00210 0.199 5 50 0.00188 0.271

6 90 0.00244 0.199 6 60 0.00217 0.265

7 105 0.00261 0.185 7 70 0.00246 0.272

8 120 0.00292 0.187 8 80 0.00277 0.272

=  0.201 fei-s =  0.275
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85 °C
a =  0.01432 
b =  0.010005

90 °C
a =  0.01630 
b =  0.01008

No t X к No t * к

í 10 0.00039 0.297 1 7 0.00044 0.394

2 19 0.00073 0.290 2 14 0.00094 0.441

3 30 0.00112 0.293 3 21 0.00126 0.415

4 40 0.00144 0.291 4 28 0.00169 0.427

5 50 0.00178 0.296 5 35 0.00198 0.412

6 60 0.00207 0.294 6 42 0.00220 0.388

7 70 0.00233 0.292 7 49 0.00263 0.415

8 80 0.00257 0.288 8 56 0.00283 0.399

=  0.293 fcl;3_ 8 =  0.407

95 °C
a =  0.01432 
6 =  0.010005

No t X к

í 5 0.00037 0.549

2 10 0.00086 0.658

3 15 0.00120 0.628

4 20 0.00149 0.597

5 30 0.00212 0.607

6 35 0.00236 0.590

7 40 0.00249 0.585

fc3_ 7 =  0.602

II.

80 °C
a =  0.01687 
b =  0.01001

/C H 3
C H o - C H „ -  c<
I I \ С Н „ - С Н ., - С Н .1
Cl O H  85 °C

a =  0.01598 
b =  0.01013

No t X к No t X к

í 15 0.00059 0.244 í 10 0.00051 0.320

2 30 0.00104 0.223 2 20 0.00102 0.337

3 45 0.00160 0.241 3 30 0.00152 0.356

4 60 0.00208 0.252 4 40 0.00203 0.374

5 75 0.02547 0.252 5 50 0.00254 0.393

6 90 0.00292 0.251 6 61 0.00289 0.381

7 105 0.00321 0.243 7 70 0.00325 0.389

8 120 0.00368 0.258 8 80 0.00350 0.381

fci; 3_g =  0.248 fci-s =  0.366
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85 °C 90 °C 95 °C
a =  0.01630 a =  0.01630 a =  0.01610
b =  0.010045 b =  0.010045 b =  0.01010

No í X к No t X к N o t X к

í 10 0.00065 0.414 í 7 0.00051 0.458 1 6 0.00064 0.688
2 20 0.00108 0.363 2 14 0.00097 0.455 2 12 0.00150 0.877
3 30 0.00159 0.370 3 21 0.00159 0.495 3 17 0.00184 0.776
4 40 0.00198 0.360 4 28 0.00198 0.514 4 22 0.00239 0.827
5 50 0.00246 0.376 5 35 0.00246 0.535 4 27 0.00279 0.824
6 60 0.00285 0.377 6 42 0.00283 0.531 6 32 0.00319 0.827
7 70 0.00316 0.371 7 49 0.00324 0.546 7 37 0.00359 0.841
8 80 0.00345 0.366 8 56 0.00350 0.531 8 42 0.00385 0.817

fc2_ 8 =  0.369 fc3_ 8 .== 0.525 -H00ОII001

101.5 °C 101.5 °C
a =  0.022447 a =  0.022447
b =  0.01092 b =  0.00960

No t X к N o t ■ X к

í 20 0.00457 1.363 í 20 0.00437 1.517
2 40 0.00655 1.237 2 40 0.00608 1.334
3 60 0.00777 1.180 3 60 0.00709 1.245
4 80 0.00851 1.172 4 80 0.00770 1.168

5 100 0.00906 1.086 5 100 0.00821 1.153

6 120 0-00840 1.046

7 140 0.00863 1.004

*4-5 =  1-207 к j _ 7 =  1.209

III .

75 °C
a =  0.01687 
6 =  0.01011

/ C H 3
C H „ - C H , - C <  /С Н ,
I ■ Л е н /

Cl O H  \C H 3
80 °C

a =  0.01687 
6 ■ =  0.01011

No t X к

1 15 0.00081 0.336
2 30 0.00144 0.315
3 45 0.00206 0.320
4 60 0.00256 0.314
5 78 0.00311 0.310
6 90 0.00340 0.303
7 105 0.00368 0.291
8 120 0.00401 0.289

^ 1 - 8 =  0.310

No t X к

í 10 0.00089 0.554

2 20 0.00148 0.490

3 30 0.00208 0.485

4 40 0.00256 0.471

5 52 0.00304 0.451

6 60 0.00337 0.449

7 70 0.00368 0.436

8 СО О 0.00400 0.424

fc3_ 8 =  0.454
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85 °C
a - 0.01630 
b =  0.010045

90 °C
a =  0.01630 
b =  0.010045

No 1 X к N o t X к

i 7 0.00072 0.664 í 5 0.00060 0.766

2 14 0.00132 0.649 2 10 0.00130 0.884

3 21 0.00196 0.675 3 15 0.00188 0.900

4 28 0.00254 0.694 4 20 0.00244 0.927

5 36 0.00307 0.711 5 25 0.00292 0.931

6 42 0.00329 0.649 6 30 0.00326 0.902

7 49 0.00372 0.664 7 35 0.00358 0.876

8 56 0.00403 0.652 8 40 0.00399 0.899

k l- 3. e- e =  0.659 fc2_ 8 =  0.903

R E F E R E N C E S

1. B a r tó k , M., B ozóki-B a r tó k , G., K ovács, K .: A c ta  Chim. A cad. Sei. H ung . 66, 115
(1970)

2. B a r t ó k , M., L á n c-L a k o s , K ., B ozóki-B a rtó k , G .: A c ta  Chim. A cad . Sei. H ung  70, 133
(1971)

3. B artók , M., B ozóki-B artók , G., K ovács, K .: A c ta  Chim. Acad. Sei. H ung. 72, 297 (1972)
4. B a r tó k , M., B ozóki-B a r tó k , G .: A cta  Chim. A cad . Sei. H ung. 72, 423 (1972)
5. B a r tó k , M.: A cta Chim . A cad . Sei. H ung. 55, 365 (1968)

M ihály  Bartók 
G izella  B ozóki-B artók

Szeged, D óm  té r  8, H ungary .

Acla Chim. ( Budapest) 72 , 197?



A cta  Chim ica Academ iae Scientiarum  H ungaricae , Tom us 72 (4 ) ,  p p . 441—450 (1 9 7 2 )

C R Y S T A L  A N D  M O L E C U L A R  S T R U C T U R E  O F  A C E T O N E  

4 - N I T R O P H E N Y L H Y D R A Z O N E

Gy . Menczel , G. S a m a y  and K. S imon

(D epartm ent fo r  E xperim ental P hysics, L . Eötvös U niversity, B udapest)

R eceived O c to b er 2, 1970

T he c ry s ta l  an d  m olecular s tru c tu re  d e te rm in a tio n  of acetone 4 -n itro p h en y lh y ­
drazone has b een  perfo rm ed  b y  X -ray  d iffrac tio n  m ethods. T h e  c ry sta ls are m onoclin ic , 
th e  space g ro u p  is P 2 1/c. T he s tru c tu re  h a s  b een  de te rm in ed  b y  P a tte rso n ’s an d  m olecu­
la r  tran s fo rm  m eth o d s. T he re fin em en t h a s  b een  carried  o u t  b y  d ifferen tia l syn th eses 
a n d  b y  lea s t sq u ares . T he re liab ility  in d ex  is R  =  10.9% . T h e  bon d  re la tions in  th e  b e n ­
zene rin g  a re  a sy m m etrica l. The bond  le n g th s  an d  angles a re  com pared  w ith  d a ta  o f 
acetone 3 -n itro p h en y lh y d razo n e  d e te rm in e d  p rev iously  [1]. T h e  eq u atio n  of th e  b e s t 
p lane  th ro u g h  th e  benzene ring , and th o se  o f th e  p lanes o f th e  acetone and  of tw o p a r ts  
o f th e  h y d ra z in e , h av e  been d e term ined  a n d  th e  angles m ade  b y  these  p lanes h av e  been  
com puted .

The c ry s ta l a n d  m olecular s tru c tu re  o f  acetone 3 -n itro p h en y lh y d razo n e  
(ab b rev ia ted : A c-3 -N P H ) has been p u b lish ed  recen tly  [1]. As a fu r th e r  s tu d y  
o f th e  bo n d  re la tio n s  o f n itro p h en y lh y d razo n e  d e riv a tiv e s , th e  X -ray  d iffrac ­
tio n  in v es tig a tio n  o f  ace tone  4 -n itro p h en y lh y d razo n e  (ab b rev ia ted : A c-4-N P H )

=  C(CH 3)2

has been p erfo rm ed  in  th e  p resen t w ork .

E xperim en ta l

T he c ry sta ls  w ere p re p are d  by  heating  a m ix tu re  o f ace tone  a n d  p -n itro p h en y lh y d raz in e  
in aqueous a lcohol [2]. T h e  c ry s ta ls  a re  yellow  m onoclin ic  p la te s  e lo n g a ted  in th e  d irec tion  o f 
th e  a axis. T heir le n g th  is 0 .6— 1.0 m m . The d im ensions in  th e  b a n d  c d irections are ap p ro x ­
im a te ly  0.02 a n d  0.2 m m , respec tive ly . T he faces o f  th e  p la te s  a re  th e  (010) p lanes. T he c ry s ­
ta ls  have lit t le  m ech an ica l s tre n g th  an d  c an n o t b e  c u t w ith o u t losing th e ir  single c ry s ta l 
ch arac te r. T he u n it  cell p a ra m e te rs  were m easu red  on oscilla tion  an d  W eissenberg  p h o to g rap h s .

C rystallographic d a ta

(w ith  s ta n d a rd  d e v ia tio n s  in  paren theses)
A cetone 4 -n itro p h en y lh y d razo n e , C9N 30 2H n  (M. W . 193.23) 
M onoclinic
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a =  4.053 (15) Á 
b =  20.74 (5) Á 
c =  11.80 (3) Á 
ß  =  95.5° (4)
Z  =  4
V  =  987 (3) Á 3 
F (0 0 0 ) =  408
D x —  1.30 g • cm - 3 , D m =  1.32 (4) g • cm -3  
S y s te m a tic  absences h01 : í =  2n +  1

OfcO : к  =  2ra +  1 
Space g ro u p  P 2 llc (N o. 14, Cf/,) 
ftl (fo r Си К  a , A =  1.542 Á) =  9.2 cm “ 1.

T h e  d en sity  w as de te rm in ed  b y  f lo ta tio n  in  aqueous N a N 0 3 so lu tion , in  th e  p resence  o f  
a few  d ro p s o f iso b u ty l a lcohol in o rder to  rem o v e  a ir  bubbles.

W eissenberg  p h o to g rap h s  were m ad e  b y  th e  equ iinc lination  tec h n iq u e  w ith  u n filte re d  
Cu ra d ia tio n  using  th e  m u ltip le  film  m eth o d . In te n s ity  m easu rem en ts w ere perfo rm ed  o n ly  
fro m  th e  lay ers 0k l— 2fci, ow ing to  th e  fa c t t h a t  a b so rp tio n  h a d  considerable effect on  th e  p h o to ­
g ra p h s  a ro u n d  th e  b a n d  c axes. F o r th is  reaso n  th e  com m on scale was o b ta in e d  in  th e  fo llow ing 
w ay . A  p a r t  o f th e  h =  0 lay e r was reco rded  on one h a lf  o f a film , w hile th e  h =  1 lay e r —  w ith  
th e  sam e o sc illa tion  in te rv a l —  was reg is te red  on  th e  o th e r half. S im ilarly , a  com m on p h o to ­
g ra p h  of th e  layers h =  0 an d  h =  2 w as p re p a re d . T he re la tiv e  in ten sitie s w ere e s tim a te d  v isu ­
a lly  u s in g  s ta n d a rd  scale a n d  w ere co rrec ted  fo r L p -fac to rs  and  sp o t shapes. T he in te n sitie s  o f 
th e  u n o b se rv ed  reflex ions w ere tak e n  as th e  h a lf  o f th e  m in im um  m easu red  value . T h u s 1087 
in d e p e n d e n t reflex ions w ere collected of w h ich  566 h a d  m easurab le  in ten sitie s. T he ab so lu te  
scale a n d  th e  m ean  te m p e ra tu re  fac to r w ere d e te rm in e d  b y  Wilson’s m eth o d  [3]. T h e  sca le  
fa c to rs  w ere re fined  la te r  in  th e  course o f th e  s tru c tu re  refinem en t.

S tru c tu re  d e te rm in a tio n  and  refinem ent

T he p ro jec tio n  on to  th e  (100) p lan e  w as de te rm ined  f irs t. T he sy m m e try  
o f th is  p ro jec tio n  is pgg . T he o r ie n ta tio n  o f th e  m olecule in  th e  p ro jec tio n  w as 
fo u n d  b y  a P (v , iv) P a tte rso n  sy n th e s is : th e  tw o-d im ensional P a tte rso n  m ap  
w as co m p ared  w ith  th e  p ro jec tio n  o f  th e  th e o re tic a l v ec to r se t of th e  m olecule . 
T h e  a axis being sh o rt, th e  p ro jec tio n  o f  th e  se t o f th e  in tram o lecu la r  v ec to rs  
w as d raw n  b y  assum ing  th a t  th e  m olecule  was p lane, an d  th e  im age o f  th e  
m olecule  was n o t d is to rte d  s ig n ifican tly  in  th e  p ro jec tion . A fte r hav in g  fo u n d  
th e  o rien ta tio n , th e  positio n  of th e  m olecu le  was fixed  in  re la tio n  to  th e  6 a n d  
c ax es , app ly ing  th e  m olecular tra n s fo rm  m ethod  of T a y lo r  an d  M o r l e y

[4]. A  p ro g ram  in E F T  au tocode w as w r it te n  b y  Sim on  fo r a U R A L -2 c o m p u te r  
to  th e  co m p u ta tio n s  [5].

T he re fin em en t fo r th e  p ro jec tio n , b eg u n  w ith  a re lia b ility  index  o f R  =  
4 6 % , w as carried  o u t w ith  successive d iffe ren tia l syn theses a n d  “ d iagonal m a ­
t r i x ”  le a s t squares cycles. The R  fa c to r  fo r th e  p ro jec tion  w as th e n  2 7 % . T h e  
P a tte rs o n  syn theses w ere co m p u ted  b y  a p rogram  w ritte n  b y  Csordás [6].

T h e  ra te  o f th e  sho rten in g  o f th e  ap p ro x im a te ly  kn o w n  bo n d  len g th s  in  
th e  p ro jec tio n  an d  th e  a ssu m p tio n  th a t  th e  m olecule was n ea rly  p lane , allow ed 
us to  de te rm ine  roug h ly  th e  o r ie n ta tio n  o f th e  m olecule in  th ree  d im ensions. 
T h e  positio n  of th e  o rien ted  m olecule w as s till u n ce rta in  in  th e  th ird  (a) d irec ­
tio n . T he o rig inally  tw o-d im ensional m e th o d  o f T aylor  an d  Mo rley  [4] w as
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th e n  a d o p ted  fo r th e  one-d im ensional p rob lem  an d  th e  p rev iously  app lied  com ­
p u te r  p ro g ram  [5] w as used  for th e  c o m p u ta tio n s  o f th e  x  coord inates.

T he th ree -d im en sio n a l m odel (R  =  52% ) w as refined  b y  a ‘b lock-d iagonal 
m a tr ix  le a s t sq u a re s ’ p ro g ram . T hree  cycles w ere co m p u ted  w ith  iso trop ic  a n d  
fu r th e r  nine cycles w ith  an iso trop ic  th e rm a l p a ra m e te rs . In  th e  th ree  la s t cycles 
th e  p a ra m e te r  sh ifts  show ed  only ra n d o m  f lu c tu a tio n s  an d  w ere less th a n  10%

T able  l a

Positional param eters (with their standard deviations in  parentheses)

x  ■ 104 у ■ M4 * • 104

C (l) 9682 (26) 106 (2) 2768 (5)

C(2) 9801 (30) — 546 (3) 3416 (5)

C(3) 885 (25) 125 (3) 1574 (4)

C(4) 7157 (17) 1674 (1) 3294 (3)

C(5) 7491 (20) 2295 (2) 2780 (4)

C(6) 6281 (21) 2835 (2) 3332 (4)

C(7) 4840 (16) 2777 (1) 4342 (4)

C(8) 4376 (20) 2163 (2) 4850 (5)

C(9) 5643 (21) 1624 (2) 4312 (6)

N (l) 8325 (17) 565 (1) 3319 (3)

N(2) 8338 (16) 1167 (2) 2740 (4)

N(3) 3471 (19) 3330 (2) 4890 (4)

0 (1 ) 4032 (19) 3862 (2) 4450 (4)

0 (2 ) 2098 (14) 3270 (2) 5763 (4)

of th e  co rrespond ing  e s tim a te d  s ta n d a rd  d ev ia tio n  (e.s.d.) va lues. No h y drogen  
a to m s w ere d raw n  in to  th e  co m p u ta tio n s. T he f in a l v a lu e  o f th e  re liab ility  in d ex  
for all reflexions was R  =  10.9% .

T he a to m ic  sc a tte r in g  factors fo r n e u tra l  a to m s w ere ta k e n  from  th e  
In ternational Tables [7]. T ab le  la  co n ta in s  th e  fin a l p o sitio n a l p a ram ete rs  w ith  
th e ir  e .s .d .’s, c o m p u ted  b y  th e  m e th o d  of Cruickshanic  [8]. T able lb  gives 
th e  fin a l an iso trop ic  te m p e ra tu re  p a ra m e te rs .

T he p rog ram s fo r th e  in ten s ity  co rrec tions an d  fo r th e  d ifferen tia l sy n ­
thesis  w ere w ritte n  in  m ach in e  code fo r th e  U ral-2 , w hile th o se  for th e  le a s t 
squares re fin em en t a n d  fo r th e  p a ra m e te r  e rro r ca lcu la tio n s w ere w ritte n  in  
A lgol-60 for R A Z D A N -3 b y  one of us (G y. M.).

T he values of th e  observed  and  ca lcu la ted  s tru c tu re  fac to rs  are  av a ilab le  
from  th e  au th o rs .
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Table Ib

Therm al param eters m ultip lied  by 10 ''.
The temperature factors are o f  the fo rm :

T  =  exp [— ( b n ^ + b ^ + b ^ + b ^ h k + b i J i l + b ^ k l ) ]

b„ bn bn bn 1-., hs b„

C (l) 2581 246 1024 731 — 15 — 232

C(2) 9449 297 1135 815 2531 — 294

C(3) 2284 273 1431 962 1293 — 172

C(4) 3280 254 806 — 31 —682 23

C(5) 11300 314 739 — 734 — 32 — 31

C(6) 5884 368 890 — 577 483 — 85

0(7) 6508 247 724 — 61 924 — 103

0(8) 3448 281 985 539 — 675 61

0(9) 7313 297 754 — 719 453 — 95

N (l) 3262 263 855 147 — 75 58

N(2) 10005 299 990 — 1359 315 — 84

N(3) 7641 323 897 — 136 1085 — 71

0(1) 11731 299 1586 620 5239 — 313

0(2) 6199 328 936 437 1419 64

D escrip tion  o f th e  s tru c tu re

T ab le  I I  gives th e  in te ra to m ic  d istan ces  w ith  th e ir  e .s .d .’s. T he b o n dО
ang les arc  listed  in  T ab le  I I I  along w ith  th e ir  e .s.d .'s  c a lcu la ted  b y  th e  m e th o d  
o f D a b l o w  [ 9 ] .  The in tram o lecu la r  d is tan ces  an d  th e  b o n d  angles are show n in 
F ig . l a .  F o r com parison  pu rposes, F ig . l b  rep resen ts th e  b o n d  re la tio n s  in  
A c-3 -N P H .

T h e  schem atic  d raw in g  of th e  p ro jec tio n  of th e  u n it cell on to  th e  (100) 
p la n e  is show n in F ig . 2.

T h e  m ain s tru c tu ra l  fea tu res  o f th e  tw o m odifications do n o t show  sign if­
ic a n t  dev iations. T he b o n d  re la tions o f  th e  benzene rings are  a sy m m etrica l in  
b o th  com pounds. T h e  b o n d  angle a t  th e  carb o n  a to m  w here th e  n itro  g roup  
is a tta c h e d , is g rea te r  th a n  120° in  b o th  cases. T he 0 (1 )N (3 )0 (2 ) angles are  
also  g re a te r  th a n  120°.

C onsidering th e  ca rb o n —n itro g en  bon d s in  th e  A c-4-N P H  an d  A c-3 -N P H  
m olecu les, th e  follow ing com m ents can  be  m ade:

(a) The leng th  o f th e  bo n d  b e tw een  th e  a rom atic  ca rb o n  an d  th e  n itro g en  
o f  th e  n itro  group is sh o rte r  in  th e  p a ra  m odifica tion  (1.453 Á), th a n  in  th e  meta 
n itro  com pound (1.489 A). C om paring  th e m  b y  th e  m eth o d  o f C r u i c k s h a n k  

a n d  R o b e r t s o n  [10] i t  w as show n th a t  th e  difference (0.036 Á )  is “ s ig n ifican t” .
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1.453 A

116.4 121.7

1.407A

0 ( 2)'

1.304 A

F ig . la .  B ond  len g th s and  angles in  A c-4 -N P H

(6) The b o n d  len g th s  b e tw een  th e  a ro m a tic  ca rb o n  an d  th e  n itrogen  o f 
th e  hy d raz in e  show  no  d ev ia tio n  (1.350 Ä an d  1.351 Á respectively) for th e  
tw o compovmds.

(c) The doub le  b o n d  betw een  th e  N (l)  n itro g en  o f th e  hyd raz in e  and  th e  
C (l) ca rbon  a to m  o f th e  acetone  is u n u su a lly  sh o rt in  th e  meta isom er: 1.273 Á. 
In  th e  para  m o d ifica tio n  th is  bo n d  is a l i ttle  longer an d  th e  dev ia tio n  seem s to  
he ‘possib ly  s ig n if ic a n t’ [10] too.
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0 ( 2)

1,206A

C(7)

C(8) 124,4°

1,453 A 1.369A

Ci9)“ 7)2” - ^ ’8 C(5)

121,6° C (4) 118,2°

1,351 A

119’9 N(2)103'3°

N ( l)  117,6°

1,273A

116,4° 125,5'
п ч п о Ч /117,9° ■JOo ■

Í 4S i

0(1)-

C(2) C(3)

F ig . lb. Bond len g th s  an d  angles in A c-3-N PH

In  A c-4-N P H , th e  d istance b e tw een  0(l)(#,y,z) an d  N (2)(a: —  1, 1/2—y ,  
1/2 -f- z) had  th e  v a lu e  of 3.13 Á. T h is is considerably  sh o rte r  th a n  th e  u p p e r 
lim it o f th e  in te rm o lecu la r d istances b e tw een  n itrogen  an d  oxygen  a to m s con­
n e c te d  b y  h y drogen  b o nd ing , w h ich  is rep o rted  b y  d iffe ren t sources to  be 
b e tw een  3.17 an d  3.22 Ä [7, 11, 12]. T h e  existence of such  a h y d ro g en  bond 
w as show n b y  IR  sp e c tra , too  [13]. T h e  hydrogen  bo n d  connects here  m ole­
cules w hich form  in f in ite  chains w ith  axes para lle l to  th e  [201] d irec tio n  (Fig. 
2). T h e  hydrogen  b o n d  in  th e  meta isom er produces d im ers b y  con n ec tin g  m o le­
cules re la ted  b y  a cen tre  of sy m m etry .
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Table I I

Interatomic distances (w ith  their standard deviations in  parentheses)

In te ra to m ic  
d istances, Á

C ( l ) - C ( 2 ) 1.551 (11)

C ( l ) - C ( 3 ) 1.536 (10)

C ( l ) - N ( l ) 1.304 (13)

N (l)— N (2) 1.424 (6)

C(4)—N (2) 1.350 (6)

C (4 )-C (5 ) 1.436 (7)

C(5)— C(6) 1.407 (8)

C(6)— C(7) 1.382 (7)

C(7)— C(8) 1.427 (8)

C(8) C(9) 1.407 (9)

C(4)— C(9) 1.403 (8)

C(7)— N (3) 1.453 (7)

N ( 3 ) - 0 ( l ) 1.249 (8)

N(3)— 0 (2 ) 1.224 (7)

Table I I I

B ond  angles

C(2)— C (l)— C(3) 118.5° (9)

C(2)—C (l)— N ( l) 112.7 (6)

C(3)—C (l)— N (l) 128.6 (6)

C (l)—N (l)— N (2) 112.3 (5)

N (l)—N (2)— C(4) 115.6 (4)

N(2)— C(4)— C(5) 116.2 (6)

N(2)— C(4)— C(9) 124.6 (4)

C(5)—C(4)— C(9) 119.6 (5)

C(4)— C(5)— C(6) 117.8 (5)

C(5)— C(6)— C(7) 121.6 (5)

C(6)— C(7) C(8) 121.6 (5)

C(7)—C(8)— C(9) 116.7 (5)

C(8)— C(9)— C(4) 122.5 (5)

C(6)— C (7)— N (3) 121.7 (5)

C(8)— C(7)— N (3) 116.4 (5)

0 (1)— N (3)— 0 (2 ) 123.6 (5)

C(7)—N (3)— 0 (1 ) 114.8 (5)

C(7)—N (3)— 0 (2 ) 121.2 (5)
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Fig. 2. P ro je c tio n  on to  (010) o f th e  u n it  cell of A c-4 -N P H

The eq u a tio n  o f  th e  ‘b e s t f i t te d  p la n e ’, P ( l ) ,  th ro u g h  th e  atom s of th e  
b en zen e  ring  was d e te rm in e d  b y  th e  le a s t squares p ro ced u re  o f Shomaker  
et al. [14]. This p lan e  is a lm o st p e rp en d icu la r  to  th e  (010) p lan e  (83.6°) and  
i t  is inclined to  th e  (100) p lan e  b y  32.1°. T h e  d istances o f th e  a to m s from  P ( l )  
a re  lis ted  in  T able IV .

T he p lane o f th e  NO., group , P (2 ), is sligh tly  t i l te d  to  th e  plane P ( l)  
m a k in g  an angle o f 5.1° w ith  it.

The equations o f  th e  follow ing p lan es w ere also d e te rm in e d : P(3) denotes 
th e  p lan e  th ro u g h  th e  a to m s C(2)C(1)C(3). P (4 ) an d  P(5) a re  th e  p lanes th ro u g h  
th e  a to m s C(1)N(1)N(2) a n d  C(4)N (2)N (1), re spec tive ly . T h e  eq u a tio n s  of these  
p lan es  refer to  o r th o g o n a l axes X ',  Y , Z ',  w here th e  tra n s fo rm a tio n  m atrix  is

1 0 cos/?
0 1 0
0 0 sin  ß  _

The equations o f  th e  p lanes and  th e  angles be tw een  th e  d ifferen t planes 
a re  g iven  in T able V. T h e  e.s.d . of th ese  angles is a b o u t + 2 ° .
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Table IV

Deviations o f  the atoms from  plane P ( 1)

D eviation  
in  10-3  A

C (l) 22ff

C(2) 455

C(3) — 286

C(4) 7

C(5) —4

C(6) — 2

C(7) 21

C(8) — 14

C(9) 11

N (l) 160

N(2) 2
N(3) —30

0 (1 ) 54

0 (2 ) — 55

Table V

(a )  E quations o f the planes

p i 0.841 X ’ - f  0.112

P2 0.840 X ’ +  0.043

P3 0.892 X ’ +  0.209

P4 0.849 X ’ +  0.217

P5 0.882 X ’ +  0.186

Y  +  0.526 Z’ — 1.136 =  0

Y +  0.541 Z’ —  0.719 =  0

Y +  0.402 Z’ —  0.958 =  0

Y +  0.484 Z’ — 1.244 =  0

Y +  0.432 Z’ —  0.973 =  0

(b ) Angles between the different planes

P2 P 3 P4 P5 (100) (010)

P I 5.1° 10.2° 7.3° 9.2° 32.1° 83.6°

P3 — — 5.7° 2.5° — —

P4 — — 4.4° — —

*

T he a u th o rs  are  v e ry  g ra te fu l to  P rof. A. Gerecs and  h is co-w orkers (D e p a rtm e n t fo r 
C hem ical T echnology , L . E ö tv ö s U n iv e rs ity , B ud ap est) fo r p rep arin g  th e  c ry sta ls , to  D r. L. 
Csordás fo r his u sefu l adv ice, to  P rof. K . Lempert (D e p artm en t fo r O rganic  C hem istry , T ech ­
n ica l U n iv e rs ity , B u d a p es t)  for reco rd ing  an d  ev a lu a tin g  th e  IR  sp ec tra , to  Miss E . Zsoldos for 
he lp  in  m ak in g  th e  ca lcu la tions and  draw ings, an d  to  th e  te a m  o f th e  U n iv e rsity  C om puter 
C en tre  fo r th e ir  help  in  th e  co m p u ta tio n s.
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THERMOLYTIC DISPROPORTIONATION 
OF CYANOACETATE SALTS
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Sodium  c y an o a ce ta te  (I) decom poses o v er 180 °C to  g ive  carbon  dioxide, a c e to ­
n itr ile  an d  so d iu m -im idom ethy lenem alon ic  acid  d isod ium  sa lt  (II). The m echan ism  of 
th e  re ac tio n  w as ex am ined . In  th e  f irs t  s tep  tw o m olecules o f I re a c t to  give cy an o ace tic  
acid  d isod ium  sa l t  (III) and  cyanoacetic  acid ; th e  la t te r  sp o n tan eo u sly  decom poses a t  
th e  te m p e ra tu re  o f th e  therm olysis to  ca rb o n  d ioxide a n d  ace to n itrile . The in te rm e d ia ry  
p ro d u c t III of ca rb an io n  s tru c tu re  can in te ra c t  w ith  th e  e lectro p h ilic  carb o x y la te  c a r­
bon  a to m  of a n o th e r  I m olecule and  th e  re su ltin g  tra n s it io n  com plex tran s fo rm s to  
ace to n itrile  a n d  II. In  th e  presence of so d iu m  m eth y l c a rb o n a te -14C th e  th erm o ly sis o f 
I led to  th e  in co rp o ra tio n  of th e  rad io ac tiv e  c a rb o x y la te  ca rb o n  a to m  in to  II, w hose acid  
hydro ly sis  gave ra d io a c tiv e  cyanoacetic  acid , w hich  was th e n  iso la ted  as th e  e th y l e s te r . 
E x p erim en ts  w ith  th e  L i, К  an d  B a sa lts  o f  cyanoacetic  acid  revea led  a dependence  o f 
th e  decom position  te m p e ra tu re  upon  th e  ca tio n , b u t  th e  decom position  p ro d u c ts  w ere 
id en tica l w ith  th o se  of th e  sodium  salt.

W hile th e  py ro ly sis  of a lip h a tic  c a rb o x y la te  sa lts  y ields, in  general, k e to ­
nes and  ca rb o n a te s  [1], th e  therm olysis o f cy an o ace ta tes  proceeds along a p a r ­
tic u la r  d isp ro p o rtio n a tio n  p a th w ay .

A n ex am in a tio n  o f th e  p roperties o f sodium  cy a n o a c e ta te  (I) has rev ea led  
th a t  th e  com p o u n d  m elts  a t  182 °C an d  su b seq u en tly  undergoes a g rad u a l d e ­
co m position  to  ca rb o n  d ioxide, a ce to n itrile  an d  so d iu m -im idom ethy lenem alo ­
nic acid d isod ium  sa lt (II). W hile carbon  dioxide an d  ace to n itrile  are v o la tile  
a t  th e  te m p e ra tu re  o f th e  decom position  process, com p o u n d  II is solid u n d e r  
th ese  cond itions. H en ce  th e  th e rm o ly tic  decom position  can  ex ac tly  be follow ed 
b y  th e  th e rm o g ra v im e tr ic  techn ique  (cf. F ig . 1) and  th is  te ch n iq u e  also m akes 
possible th e  d e te rm in a tio n  of th e  s to ich io m etry  of th e  reac tio n ;

,C O O N a
3 N s  C—C H „— CO O N a — C 0 2+ 2  N =  C - C H 3 +  N a - N  =  C = C <  (1 )

\C O O N a
I II

T he p ro p e rtie s  o f com pound  II can  be  sum m arized  as follows:
1. C om pound II  is a pale yellow , hygroscopic su b stan ce , insoluble in  

organic so lven ts an d  read ily  soluble in  w a te r. In  aqueous so lu tio n  com pound II  
undergoes h y d ro lysis  to  give sodium  cy a n o a c e ta te  an d  sod ium  carb o n a te ; th e  
process can  be fo llow ed b y  in fra red  sp ec tro p h o to m e try  (F ig . 4).
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2. In  acidic m ilieu  com pound  II undergoes a rap id  decom position  to  
fo rm  cyanoacetic  acid  a n d  carbon  d iox ide.

3. T he in fra red  sp ec tru m  o f co m p o u n d  II (Fig. 2) reco rd ed  w ith  a U R -10 
sp e c tro p h o to m e te r  in  K B r pelle t is d iffe ren t from  th a t  of th e  s ta r tin g  com ­
p o u n d  I (F ig . 3). T he C— H  frequencies a re  m issing from  th e  fo rm er, an d  th e  
s tre tc h in g  v ib ra tio n  b an d  o f th e  n itrile  a p p e a rin g  a t  2263 c m -1 is rep laced  b y  an

°C

F ig . 1. TG , DTG and  D T A  d iag ram s of th e  th e rm o ly tic  d isp ro p o rtio n a tio n  o f sodium  c y an o .
a c e ta te

in te n se  ab so rp tio n  a t  2170 c m “ 1. A ccord ing  to  th e  li te ra tu re  [3, 4 ], th is  l a t te r  
a b so rp tio n  is assoc ia ted  w ith  th e  a n tisy m m e tr ic  s tre tc h in g  v ib ra tio n  of th e  
k e te n im in e  cu m u la ted  doub lebond  sy s te m . T he ab so rp tio n  a t  1158 c m “ 1 is 
p re su m a b ly  due to  th e  sy m m etric  s tre tc h in g  v ib ra tio n  o f th e  C = C = N  s tru c ­
tu r a l  u n it. The a b so rp tio n  h an d s a p p e a rin g  in  th e  reg ion  1600— 1300 c m “ 1 
re fe r  to  a d ica rb o x y la te  s tru c tu re  [2].

In  th e  e lu c id a tio n  of th e  re a c tio n  m echanism , we s ta r te d  from  th e  
a ssu m p tio n  th a t  th e  m o b ility  of th e  m e th y len e  hydrogen  a to m s, i.e. c a rb an io n  
fo rm a tio n  m ay  p la y  a n  im p o r ta n t p a r t  in  th e  process. ( I t  is well know n th a t  
cy an o ace tic  acid an d  re la te d  acids fo rm  d ibasic  salts w ith  o rg an o m eta llic  co m ­
p o u n d s : in  add itio n  to  th e  carboxylic  h y d ro g en  a tom , th e  m e th y len e  h y d ro g en  
is rep laceab le  b y  m e ta l [5].)
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T herefo re  th e  therm o ly sis  o f com pound  I was accom plished  in  th e  p re s ­
ence of sodium  m ethox ide . In  th is  case no carbon  d ioxide w as form ed, an d  th e  
p ro d u c ts  w ere ace to n itrile , co m p o u n d  II an d  m eth an o l. In  th e  p resence of 
so d ium  m eth o x id e  th e  th e rm o ly tic  process followed th e  s to ich io m etry :

2 1 +  M eO N a — M eO H  +  II  +  N =  C - C H 3. (2)

L iF NaCI KBr

3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 500

F ig . 2. In fra re d  sp ec tru m  of so d im n -im idom ethy lene-m alon ic  acid  disodium  sa lt (II)
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3800 3600 3400 3200 3000 2800 2600 2400 2200 2000 1800 1600 1400 1200 1000 800 600 500
cm "1

Fig. 3. In fra re d  sp ec tru m  of sodium  cy an o a ce ta te  (I)

F rom  th is  fa c t th e  conclusion  m a y  be  d raw n th a t  th e  reac tio n  proceeds 
th ro u g h  th e  in te rm ed ia ry  p ro d u c t III , a carb an io n -co n ta in in g  cyanoacetic  acid 
d isod ium  sa lt, w hich m ay  be fo rm ed  e ith e r  from  tw o m olecules o f I or from  one 
m olecule each of I and  sodium  m eth o x id e . In  th e  fo rm er case th e  fo rm atio n  
o f  III  is accom pan ied  b y  th a t  of cy an o ace tic  acid, w hich a t  th e  te m p e ra tu re  of 
th e  therm olysis  decom poses to  a c e to n itr ile  and  carbon  d iox ide. In  th e  fo rm er 
case th e  fo rm a tio n  of III is accom pan ied  b y  th a t  of cy an o ace tic  acid , w hich  a t  
th e  te m p e ra tu re  of th e  th e rm o ly sis  decom poses to  a c e to n itr ile  an d  carb o n  
d iox ide . In  th e  la t te r  case, th e  o th e r  p ro d u c t is m eth an o l.

2 I — N =  C C H 2- C O O H  +  [N  =  C - C H - C O O N a ]
1 “ I

C 0 2 +  N s = c  C H 3 N a
III

I +  M eONa M eOH +  III

(3 )
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T he m echanism  o f th e  fo rm atio n  o f com pound  II can  b e  elucidated  on 
th e  basis of th e  s to ic h io m e try  show n in E q . (2); th e  tra n s it io n  com plex form ed 
b y  th e  reac tio n  of c a rb a n io n  III and  th e  electroph ilic  ca rb o x y la te  carbon  a to m  
decom poses to  a c e to n itr ile  an d  com pound II:

О

III +  Y - C O N a  — N =  С —CH —COO Na — II +  H Y

IV

a: Y  =  — C H ,C N  
b: Y  =  — O C H 3

I
Y - C - O N a

I
O N a

(4)

E q . (4) rep resen ts  a genera l descrip tion  o f th e  reac tio n  b e tw een  carb an io n  
III a n d  th e  electroph ilic  ca rb o x y la te  ca rb o n  a to m . P re su m a b ly , th e  p ra c tic a ­
b ili ty  o f th e  reac tion  is d ep en d en t upon  th e  e lec tro p h ilic ity  an d  d e tach ab ility  
of th e  su b s titu e n t co n n ec ted  to  th e  carboxy lic  group.

A fu r th e r  piece o f  ev idence for th e  v a lid ity  of th is  g enera liza tion  was p ro ­
v id ed  b y  th e  fac t t h a t  in  th e  decom position  o f sodium  cy an o ace ta te  in th e  
p resence  of sodium  m e th y l ca rb o n a te -14C (IVb, Y  =  O C H 3) th e  rad io ac tiv ity  
w as inco rp o ra ted  in to  com p o u n d  II fo rm ed . ( In  o rder to  e lim in a te  the in te r ­
ference from  co n ta m in a tio n s  in  th e  s ta r tin g  sodium  m e th y l ca rb o n a te -14C, com ­
p o u n d  II was tra n sfo rm e d  to  cyanoacetic  acid  accord ing  to  E q . (5), esterified  
w ith  e th an o l and  th e  ra d io a c tiv ity  of th is  la t te r  was m easu red .) The incorpo­
ra tio n  proceeded in  a lk a lin e  m edium , w here  no carbon  d iox ide  could be form ed 
an d  inco rpo ra ted .

II +  H + — C 0 2 +  N =  С —C H 2—C O O H  -► N =  C - C H 2- C O O E t . (5)

In te re s tin g ly  in  E q . (4) th e  carbon  a to m  of th e  c a rb o x y la te  anion is th e  
electroph ilic  co m p o n en t o f th e  S g l  ty p e  su b s titu tio n  reac tio n . Sim ilar reac ­
tio n s  are  know n to  p ro ceed  betw een  carb an io n s an d  a lky lm agnesium  ca rb o ­
n a te s  [6], how ever, in  th e se  processes th e  cyclic n a tu re  o f th e  tra n s itio n  com ­
p le x  is considered to  b e  th e  decisive fa c to r , in s tead  of th e  e lec troph ilic ity  of 
th e  carboxylic  ca rb o n  a to m .

F inally , it  is w o r th  m en tion ing  th a t  th e  therm olysis  o f th e  Li, К  an d  B a 
sa lts  o f cyanoacetic  ac id  w as also s tu d ied  an d  th e  te m p e ra tu re  of decom posi­
t io n  of these  salts w as fo u n d  to  v a ry  w ith  th e  ca tion . T h e  decom position  p ro ­
d u c ts  w ere id en tica l w ith  those  form ed in  th e  therm olysis  o f  th e  sodium  sa lt.

E xperim ental
Thermogravimetric examination of the thermolysis of cyanoacetate salts

T he therm olysis p rocesses o f  th e  lith iu m , sod ium , po tassiu m  a n d  b a riu m  salts o f cy an o ­
ace tic  acid  were exam in ed  b y  m eans of an  F . P a u lik— J . P aulik— L. E r d ey  ty p e  d e riv a to - 
g ra p h  [7, 8] (H u n g a rian  O p tica l W orks) w ith  200 m g sam ples, a t  5 °C /m in. ra te  o f h ea tin g , in 
a ir  a n d  in  some in e rt gas.
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Fig . 1 show s th e  d e riv a to g ram  o f sod ium  c y an o ace ta te  o b ta in ed  in  argon  gas. T h e  en d o ­
th e rm ic  DTA p eak  a t  180 °C in d ica tes  th e  m eltin g  o f th e  sam ple an d , to g e th e r w ith  th e  D TG  
a n d  T G  curves, i t  show s th e  p roceed ing  o f th e  decom position  process. U p  to  240 °C th e  I - 
C 0 2 +  CH3CN +  II reac tio n  p roceeded  q u a n tita tiv e ly , as in d ica ted  b y  th e  good ag reem en t 
b e tw een  th e  ca lcu la te d  (39 .3% ) an d  m easu red  (39 .0% ) w eigh t loss v a lues. T he d ecom position  
o f  th e  rem ain ing  solid  p ro d u c t, co m pound  II, on ly  s ta r te d  above 300 °C a n d  th e  ra te  o f w eigh t 
loss reach ed  its  m ax im u m  a t  ab o u t 450 °C (D T G  curve). T he residue of th e  decom position  w hich  
s ta r te d  a t  300 °C w as sodium  c a rb o n a te  fo rm ed  in  sto ich iom etric  a m o u n t; th is  w as p ro v ed  
besides th e  50%  w e ig h t loss by  th e  a p p ea ran ce  of an  endo therm ic  D TA  p eak  a t  850 °C in d ic a t­
ing  th e  m elting  of sod ium  carb o n a te . T he gaseous decom position  p ro d u c ts  o f com pound  II w ere 
n o t  exam ined .

Sim ilar re su lts  w ere o b ta in ed  in  th e  th erm o ly sis  o f th e  o th e r m eta l sa lts . T he m ax im u m  
f  a te s  o f decom position  were observed  a t  th e  follow ing tem p era tu res  (D T G  curves):

Li sa lt 245 °C
N a sa lt 190 °C
К  sa lt 200 °C
Ba sa lt 245 °C.

T he residues rem ain in g  a f te r  h e a tin g  to  above 600 °C consisted  o f th e  co rrespond ing  
m e ta l c a rb o n a tes  in  each  case.

T h e  d e riv a to g rap h ic  m easu rem en ts  u n eq u iv o cally  p roved  th e  reac tio n : I C 0 2 -j- 
-j- C H 3CN -f- II a n d  th e  su b sequen t d ecom position  of com pound II to  m e ta l c arb o n a te  and  
gaseous products .

Thermolysis of sodium cyanoacetate (I) and identification of the decomposition products

T he th erm o ly sis  was accom plished  in  a he rm etica lly  closed d is tilla tio n  a p p a ra tu s  con­
n e c te d  to  a  v acu u m  m anom eter. 3.2 g (0.03 m ole) o f I was p laced in th e  d is tilla tio n  flask , th e  
rece iv e r was cooled w ith  liqu id  a ir  an d  th e  sam ple  h e a ted  to  200—220 °C. T he su b stan ce  m elted  
a b o v e  180 °C and  th e n  a  vigorous ev o lu tio n  o f gas w as observed. T he resid u e  g rad u a lly  so lid i­
fied  in  15— 20 m in ., w hich  in d ica ted  th e  end  of th e  reac tion .

T h e  reac tio n  p ro d u c ts  w ere ca rb o n  d iox ide, ace ton itrile  and  sod iu m -im id o m eth y len e- 
m alo n ic  acid  d iso d iu m  sa lt  (II).

C arbon d iox ide  and  ace to n itrile  condensed  in  th e  receiver. T he c a rb o n  d iox ide w as id en ­
tif ie d  as b a riu m  ca rb o n a te . T he ace to n itrile  w eighed 0.72 g (88%  y ield , b a sed  on E q . (1)), b .p . 
81 °C (on ly  a neglig ib le  residue rem ain ed  on d is tilla tio n ), and its in fra red  sp e c tru m  w as id e n ti­
cal w ith  th a t  o f an  a u th e n tic  ace to n itrile  sam ple.

C om pound II rem ain ed  in th e  d is tilla tio n  fla sk ; i t  weighed 1.85 g (95%  y ield , based  on 
E q . (1)).

C4N 0 4N a3. C alcd. C 24.63; N  7.18; N a  35.37. F o u n d  C 24.80 an d  25.23; N  7.23 a n d  7 .35% .

Thermolysis of sodium cyanoacetate (I) in the presence of sodium methoxide

0.2298 g of sod ium  (0.01 g -a tom ) w as d issolved in 4 m l m eth an o l a n d  2.1438 g (0.02 
m ole) o f  I was ad d ed  to  th e  solution. T h e 'm eth an o l w as rem oved  by d is tilla tio n  a t  room  te m p e r ­
a tu re  in  v acuum  (2 T o rr)  and  condensed  in  a rece iv e r cooled w ith  liq u id  a ir to  reco v er 3 m l 
o f m e th a n o l (no ev o lu tio n  of carbon  d iox ide w as o bserved  du ring  th e  p ro ced u re ). A fter chan g in g  
th e  rece iver, th e  p re ssu re  was a d ju s te d  ag a in  to  2 T orr an d  th e  th erm o ly sis  accom plished  a t  
220 °C.

A fte r  th e  re ac tio n  was over, th e  p ressu re  in  th e  a p p a ra tu s  was 94 T o rr  a t  22 °C, w hich  
p ra c tic a lly  corresponded  to  th e  tension  of th e  m eth a n o l and  ace ton itrile  p ro d u ced . A ccord ing ly , 
th e  therm o ly sis  process follow ed E q . (2) ( th e  p ressu re  o f th e  carbon  d iox ide  evolved acco rd ing  
to  E q . (1) w ould h a v e  been  858 T orr a t  22 °C).

C om pound II o b ta in ed  w eighed 1.78 g, co rresponding  to 91.5%  y ield  accord ing  to  E q . 
(2) a n d  its  in frared  sp ec tru m  was id en tica l w ith  t h a t  o f th e  p ro d u c t o b ta in e d  in  th e  p reced ing  
ex p erim en t.

T h e  ace to n itrile  +  m ethano l m ix tu re  w eighed 1.10 g. According to  g a s-ch ro m ato g rap h ic  
a n a ly s is  th e  m ix tu re  d id  no t con ta in  a n y  o th e r  c o n stitu en ts .
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Thermolysis o{ sodium cyanoacetate (I) in the presence of sodium methoxide and sodium methyl
carbonate-14C (TV-b)

T h e  re a c ta n ts  w ere ap p lie d  in  sto ich iom etric  a m o u n ts , acco rd ing  to  E q . (3).
0.5891 g of sod ium  (0 .0256 g-a tom ) was d isso lved  in  10 m l m e th a n o l an d  th e  o b ta in e d  

sod ium  m eth o x id e  so lu tio n  w as tre a te d  w ith  ra d io a c tiv e  carb o n  d io x id e  evo lved  from  0.9956 g 
(0.00504 m ole) o f B a14C 0 3 in  th e  u su a l v acuum  a p p a ra tu s . In  th is  w ay  sod ium  m eth y l c a rb o n a te -  
14C (IV-b) was sy n th esized  in  q u a n ti ta t iv e  y ield [9]. 3.7542 g (0.03508 m ole) o f I was ad d ed  to  
th e  ab o v e  suspension a n d  su b seq u e n tly  th e  m eth a n o l w as rem oved  b y  d is tilla tio n  in v acu u m  
u sin g  a w a te r  pum p. F in a lly , th e  p ressure  was a d ju s te d  to  2 to r r ,  th e  receiver cooled w ith  
liq u id  a ir , an d  th e  re ac tio n  m ix tu re  h e a ted  for 20 m in . a t  220 °C. B y  th e  end  of th e  reac tio n  th e  
in te rn a l  p ressu re  rose to  82 T o rr  a t  23 °C correspond ing  to  th e  p ressu re  o f  th e  m ethano l fo rm ed  
(p ra c t ic a lly  no ev o lu tion  o f  c a rb o n  d ioxide w as o b served).

T h e  solid residue  re m a in in g  in  th e  d is tilla tio n  fla sk  (a p p a re n tly  com pound II an d  p e r ­
h a p s  u n re a c te d  s ta r tin g  m a te ria ls  includ ing  IV-b) w as p o w d ered , ta k e n  u p  in  40 m l o f abs. 
e th e r  a n d  tre a te d  w ith  8.0 g (0 .083) o f m eth an esu lfo n ic  acid  in  th e  v a cu u m  a p p ara tu s . T he c a r­
bon  d iox ide  form ed d u rin g  th is  decom position  step  w as in tro d u c ed  in to  a n  ap p ro p ria te  a m o u n t 
o f phen y lm ag n esiu m  b ro m id e  so lu tion . T he re su ltin g  benzoic  acid  w as c ry sta llized  from  w a te r , 
d ried  (m .p . 124 °C) an d  i ts  a c t iv ity  m easured .

T he e therea l cy an o a ce tic  acid  so lu tion  o b ta in e d  on t re a tm e n t  o f  II w ith  m eth an esu lfo n ­
ic acid  w as d ilu ted  w ith  70 m l o f abs. e thano l, th e  e th e r  rem oved  b y  d is tilla tio n  an d  th e  e th a ­
no l so lu tio n  re flu x ed  fo r 6 h rs . to  esterify  th e  cy an o ace tic  acid. T he so lv en t was rem oved  b y  
d is tilla tio n , th e  residue d isso lv ed  in  e th e r, th e  so lu tio n  w ashed  successively  w ith  sodium  h y d ro ­
gen c a rb o n a te  so lu tion  a n d  w a te r , d ried  over an h y d ro u s  m agnesium  su lfa te  and  d istilled  in  v a c u ­
u m  to  give 0.92 g o f e th y l  cy an o a ce ta te , 103— 104 °C/13 T orr. T he ra d io a c tiv ity  o f th e  e th y l 
c y an o a ce ta te -14C w as 6.459 • 106 dpm /m ole, w hile  t h a t  o f th e  benzo ic  acid  was 31.17 • 10e 
dpm /m ole. T he e th y l c y a n o a c e ta te -14C co n ta in ed  17.2%  of th e  s ta r tin g  ac tiv ity , w hich m eans 
th a t  34 .4%  of th e  s ta r tin g  a c t iv ity  h a d  been in co rp o ra te d  in to  co m p o u n d  II.

Hydrolysis of sodium-imidomethylenemalonic acid disodium salt (II)

20 m g (1.024 • 10 4 m ole) o f II was d isso lved  in  0.1 m l d is tilled  w a te r and  th e  h y d ro ­
lysis w as follow ed by  in f ra re d  spectroscopy. T he sp e c tru m  of th e  so lu tion  was reco rded  in  
ev ery  2 m inu tes in th e  reg ion  2100— 2300 cm -1  w ith  K R S -5  w indow s in 0.02 m m  th ick n ess a t  
35 °C. In spection  of th e  c o m p en sa ted  spec tra  (F ig . 4), o f w hich  th e  f ir s t  was recorded 2 m in . 
a f te r  d isso lu tion , re v ea ls  th e  g rad u a l van ish ing  o f th e  ab so rp tio n  b a n d  a t  2160 cm - 1 , c h a ra c ­
te r is tic  o f th e  k e ten im in e  g roup  a n d  th e  paralle l increase  in  in te n s ity  o f th e  b an d  a t  2270 cm -  1 
a sso c ia ted  w ith  th e  s tre tc h in g  v ib ra tio n  of th e  n itr i le  group of th e  cy an o ace ta te  ion. T he 
e ig h th  spec trum , reco rd ed  in  th e  16 th  m in. o f th e  hydro ly sis  revea ls t h a t  th e  reac tion  was p ra c ­
tic a lly  over by  th is  t im e , since th e  ban d  in te n sitie s  w ere u n ch an g ed  in  th e  e igh th  and  n in th  
sp ec tra .

^ 90 о

&
£ 70 
о
.? 50
e
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§  30
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F ig . 4. Changes in  th e  in te n s itie s  of th e  v C =  C =  N  b a n d  (2160 c m -1) of sod ium -im ido­
m ethy lenem alon ic  acid  d isod ium  sa lt (II) and  th e  vCN b an d  (2270 c m -4) o f sodium  cyan o ace­

ta te  (I) durin g  th e  h y d ro ly sis  o f co m pound  II

Li F
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METHANOLYSIS OF INULIN AND HYDROLYSIS OF 
METHYL-iS-D-FRUCTOFURANOSIDE*1 s

J .  Sz e j t l i , **R . D. H e n r iq u e s  and **M. Ca st in e ir a

(C hino in  P harm aceutical and  Chemical W orks L td ., B udapest and **Escuela de B ioquim ica- 
F arm aceutica, Universidad de L a  H abana, L a  H abana , Cuba)

R eceived F e b ru a ry  5, 1971

T he p re p a ra tio n  of m e th y  l-/?-D-f'rue to fu ra  noside b y  m ethano lysis o f in u lin  is 
described . T he re a c tio n  ra te  c o n stan ts  fo r th e  m eth an o ly s is  o f inu lin  an d  sacch aro se  
as w ell as for th e  h y d ro ly sis  of th e  Me-/?- a n d  -a-D -fructofuranosides have been  d e te r ­
m ined  in  th e  p resen ce  o f HC1. T he a c tiv a tio n  energy  o f m eth an o ly s is  is co n sid erab ly  
h ig h er th a n  t h a t  o f  hydro lysis, th e re fo re , m eth an o ly s is  is —  a t  id en tica l te m p e ra tu re  
a n d  acid  c o n ce n tra tio n  — fa s te r  th a n  hydro ly sis . T he a c tiv a tio n  en tro p y  of m e th a n o ly ­
sis is + 3 2  e .u ., w h ile  t h a t  o f h y d ro lysis is on ly  + 8  e .u ., so i t  is concluded th a t  th e  m ech ­
an ism  of alcoholysis d iffers from  th a t  o f th e  hydro lysis. In  glycosides, in  w hich  th e  
aglycone m o ie ty  is b o n d ed  by  a p r im a ry  c a rb o n  a to m  to  th e  b ridg ing  oxygen a to m , th e  
second  a to m  of th e  aglycone exerts o n ly  a  v e ry  sm all in flu en ce  on  th e  s ta b ili ty  o f  th e  
g lycosidic bond . T h ere fo re  inulin  m ay  be considered  a su b s ti tu te d  m ethyl-/?-D -fructo- 
fu ranoside .

In trodu ction

T h e s ta b ility  o f  th e  g lycosid ic b on d s o f  /З-D -fructofuranosides in  a c id ic  
so lu tion s has b een  in v e st ig a te d  in our p rev iou s papers on  th e  acid h y d r o ly s is  
o f  sacch arose, ra ffin ose  [1] and in u lin [2 ]. T h ese ex p er im en ts furnished  c o m ­
p arable d a ta  for cases in  w h ich  a m on osacch arid e (in  sacch arose), a d isa cc h a ­
ride (in raffinose) or a p o lysacch arid e (in  in ulin) w as jo in ed  to  th e  fru ctofu ra-  
n osy l m o ie ty . For co m p letin g  th e  in v e s t ig a t io n  o f  th is  p rob lem , it w as d eem ed  
n ecessary  to  s tu d y  th e  h yd ro lysis  o f  m ethyl-/3-D -fructofuranoside, th e  g ly c o ­
sid e co n ta in in g  th e  sm a lle st  p ossib le a g ly co n e  m o ie ty . T h ere are d ata  in  th e  
literatu re [3] for th e  h y d ro ly sis  o f  m eth y l-a -D -fru cto fu ran osid e, b u t n on e are 
ava ilab le  for the /З-an om er. T herefore, on e o f  th e  a im s o f  th e  present w ork w a s  
to  d eterm in e th e  h y d ro ly sis  ch aracteristics o f  m ethyl-/? -D -fru ctofuranoside  
in  a sim ilar m an n er as it  has b een  done in our p rev iou s papers [1 , 2 ].

M ethyl-/?-D -fructofuranoside w as prepared  b y  th e  m eth an o lysis  o f  in u lin . 
A n oth er m eth o d  o f  p rep aration , b y  th e  m eth a n o ly sis  o f  saccharose, has b een  
described  b y  H o rv á th  and Me t z e n b e r g  [10]. C onsidering th a t re la t iv e ly  
lit t le  is k n ow n  ab ou t th e  m eth an o lysis  o f  g ly co sid es, and  th e  num ber o f  fra c­
tion s form ed  upon th e  m eth an o lysis  o f  in u lin  w as greater th a n  exp ected , th is

* T he p re sen t p a p e r  is a  p a r t  o f a series; th e  p rev ious p a r t  h a s  been  published  in  A c ta  
Chim . A cad. Sei. H ung . 70, 381 (1971).
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re a c tio n  was su b jec ted  to  m ore d eta iled  stu d ie s  for d eterm in in g  th e  op tim al 
c o n d itio n s  o f  th e  p rocess; s im u lta n eo u sly  a lso  som é rate co n sta n ts  w ere d eter­
m in e d  for th e  m eth a n o ly s is  o f  sacch arose .

E xp erim en ta l

D eterm in a tio n  of th e  ra te  o f m ethanolysis

0.100 g of in u lin  (o r saccharose), g ro u n d  in  a  ba llm ill and  dried  o ver P 20 5, and  1.0 m l o f 
0 .14 N  HC1 in abs. m e th a n o l w ere p u t  in to  10 m l g lass am poules. A fte r sealing , th e  am poules 
w ere  p laced  in to  an  u l tra th e rm o s ta te  of th e  a p p ro p ria te  tem p era tu re , an d  sam ples w ere tak e n  
o u t  a t  defin ite  tim e  in te rv a ls . A fter open ing  th e  am pou les th e  re fra c tiv ity  o f th e  su p e rn a ta n t 
w as de te rm in ed  by an  A b b é -ty p e  re frac to m e te r. In u lin  and  saccharose are  inso lub le  in m e th a ­
n o l, w hile  th e  end p ro d u c ts  o f  m ethano lysis a re  so lub le. I t  has been rev ea led  b y  p a p e r ch ro m a­
to g ra p h y  th a t  th e  d isso lved  m ate ria l co n ta in s o n ly  m onosaccharides as w ell as th e ir  m ethy l- 
g lycosides. T he re fra c tiv ity  is d irec tly  p ro p o rtio n a l to  th e  co n cen tra tio n  of th e  dissolved m a­
te r ia l .  T h e  re fra c tiv ity  a t  zero reac tion  tim e ( r  =  0) is rc0 an d  th e  u p p e r lim it is n max a t r  =  oo.

T able  I

First order rate constants o f  methanolysis o f  inu lin  and saccharose

<(°C) inulin kmet x 103 saccharose 
^met X 103

H C l =  0.0014 N 0.014 N 0.14 N 0.14 JV

30.0 — — 1.21 3.91

40.0 — — 6.55 18.7

50.0 0.106 2.40 37.5 104.6

D e te rm in in g  th e  p a irs  o f  r  an d  n  values, th e  f i r s t  o rd e r ra te  co n s tan t o f th e  m eth an o ly s is  
/cmet can  be calcu la ted . F ig . 1 shows tw o m eth a n o ly s is  curves, one fo r in u lin  a n d  one for sac­
c h a ro se ; F ig. 2 show s th e  lo g arith m ic  p lo ts fo r d e te rm in in g  th e  ra te  c o n stan ts  o f m ethano lysis . 
I t  is  seen in  Fig. 2 th a t ,  c o n tra ry  to  hydro lysis [2], these  curves do n o t consist o f tw o sections. 
T h e  ex p erim en ta l k mct v a lu e s  are show n in T ab le  I. T he agreem ent be tw een  th e  o b ta in ed  ra te  
c o n s ta n ts  and  those  c a lcu la te d  from  th e  d a ta  o f H e id t  and  P urves  [3] fo r sim ilar re ac tio n  
c o n d itio n s  is accep tab le .

I t  is to  be m en tio n ed  th a t  th e  re ac tio n  m a y  n o t  be regarded  as a  p u re  m ethano lysis 
b ecau se  considerable a m o u n t o f reducing  m a te ria l  is also form ed. T he red u cin g  pow er o f th e  
re a c tio n  p ro d u c ts  in  each  m ethano lysis series o f in u lin  has been d e term ined  in  th e  la s t sam ples 
b y  th e  Som ogyi—N elson m eth o d  [4]. D isso lu tion  w as p ractica lly  com plete  in  th e  la s t  sam ­
p les , an d  th e  reducing  pow er reached  15.5%  o f th e  v a lu e  o b ta ined  a f te r  com plete  acid h y d ro ly ­
sis o f  a paralle l sam ple . P ro b a b ly , th is  can  be  a t  lea s t p a r tly  exp la ined  b y  th e  fa c t t h a t  th e  
ex p erim e n ts  have  been  pe rfo rm ed  u n d e r tro p ic a l conditions, in th e  ra in y  p e rio d  a t  an  ex ­
tre m e ly  h igh a ir h u m id ity .

P repara tive  m ethano lysis

A m ix tu re  o f 12.87 g of d ry , pow dered  in u lin  a n d  164 ml abs. m e th an o lic  HC1 (0.11 IS) 
w as m ain ta in ed  a t  40 °C fo r 4 h rs and th e n  fo r 1 h r  a t  50 °C. The clear, slig h tly  yellow  so lu tion  
fo rm ed  was n eu tra lized  b y  shak ing  w ith  d ry  N a H C 0 3; a fte r  cooling, th e  in o rgan ic  residue w as 
se p a ra te d  from  th e  so lu tio n  w hich con ta ined  10.58 w %  of organic m ate ria l. T h is so lu tion  was 
u se d  fo r p re p a ra tiv e  sep a ra tio n s .
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Fig. 1. V aria tio n  of th e  re fra c tiv ity  o f  inu lin  (IN ) and of saccharose  (SA) du ring  th e ir  m etha-
nolysis

Fig. 2. L o g arith m ic  inu lin  m ethano lysis cu rves

Paper electrophoresis

T he conditions o f p a p e r e lectrophoresis used in  s tu d y in g  th e  p ro d u c ts  o f m ethano lysis 
w ere as follows. B uffer: 7.63 g so d iu in b o ra te  -f- 0.62 g boric acid  p e r  lite r , ad ju s te d  to  p H  =  
9.2 w ith  2.0 N  N aO H  [5]. P a p e r: 4 X 3 0  cm  strip s  (F iltrak  F - l ,  “ schnell lau fen d ” , 90 g /m 2). 
V o ltage : 300— 350 V, 2 m A /strip s; a p p ro p ria te  sep ara tio n  in  3— 4 h rs. Sam ple w e igh t in th e  
case o f glucose (as reference su b s tan ce) 250 /^g, and  in the  case o f m eth an o ly s is p ro d u c ts  700 
/ig , dissolved in 0.01 m l. A fter d ry in g , th e  strip s  were sp ray ed  w ith  d ip heny lam ine—a n ilin e - 
phosphoric  acid  [6] an d  h e a ted  to  80 °C. In  th e  case of m ix tu res  co n ta in in g  also m ethy lg lyco- 
sides th e  sep a ra tio n  of glucose an d  fru c to se  d id  n o t occur. A ccord ing  to  lite ra tu re  d a ta  [7], th e  
M q  v a lu e  (m ig ra tio n  d is tan ce  p e r  m ig ra tio n  d istance  of glucose) is 0.04 fo r m ethyl-/3-D -fructo- 
fu ran o sid e , a n d  0.60 for its  a -an o m er. T h e  m ethanolysis of in u lin  y ie lded  4 com ponen ts, th e ir  
M G v a lu es (co rrec ted  for e lectroosm osis) a re  show n in  T able  I I .  A ccord ing  to  these  d a ta  th e  
f i r s t  frac tio n  is m ethyl-/?-D -fructofuranoside, th e  th ird  m eth y l-a-D -fruc to fu ranoside , th e  fo u rth  
is a m ix tu re  o f fructose  and  glucose; th e  second frac tio n  has n o t  b een  iden tified , i t  is p resu m ab ly  
a m ethy l-p y ran o sid e .
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Table II

Characteristics o f  the fractions

F raction 1 I I I I I IV  +  V

R p 0.764 0.694 0.976 0.642

M a 0.040 0.40 0.63 1.00

A m o u n t (%  by electrophoresis) 21.6 33.3 30.2 15.5

A m o u n t (%  by  paperch rom ato - 
g rap h y ) 24.2 27.2 33.2 14.8

R educing  power (expressed as fruc- 
tose , % ) — — — 17.5

S ta b ili ty  in 0.01 N  HC1 a t 
60 °C

decom ­
poses in 
1.5 h r

stab le decom ­
poses in 
1.5 h r

increasing
am o u n t

Paper chromatography

D escending ch ro m a to g ra p h y  w as app lied  w ith  re p ea te d  develo p m en t. T h e  d ry  m ate ria l 
c o n te n t  o f th e  sam ples a p p lied  to  th e  4 X 5 6  cm  s tr ip s  w as be tw een  200 a n d  1000/ig. Solvents: 
p y rid in e : b u tan o l: acetic  ac id  =  6 : 4 : 3 ;  d e tec tio n  o f th e  sp o ts as in  p a p e r  electrophoresis. 
T h e  g lucose sp o t ap p ea red  w ith  a  b lue  t in t ,  th e  fru c to se  a n d  its  d e r iv a tiv e s  w ith  a brow n 
co lo u r. T he R p  values fo r th e  fo u r sp o ts a f te r  a single dev elo p m en t a re  show n  in  T able  I I .  One 
h a lf  o f th e  m ost slowly m o v in g  sp o t h a d  a b lu ish , th e  o th e r  h a lf  a  b ro w n  co loura tion  u p o n  
h e a tin g  to  80 °C; th is  sp o t a p p e a re d  also upo n  tre a tm e n t w ith  a lka line  A g N 0 3. C onsequently  
th is  sp o t co n ta ined  red u cin g  su g a rs ; th e  R p  va lues also rev ea led  th a t  th is  f ra c tio n  was a m ix ­
tu re  o f  glucose and  fru c to se . T h e  o th e r  th ree  spo ts co n ta in ed  non red u cin g  glycosides.

Reducing power

T he reducing p o w er o f  th e  m eth a n o ly sa te  m ad e  for p re p a ra tiv e  p u rp o ses, de term ined  
b y  th e  Som ogyi-N elson m e th o d  [4], w as eq u iv a len t to  t h a t  o f 12.8 m g/m l o f fructose; th e  
sam e v a lu e  a fte r a com ple te  ac id  hydro lysis was 72.8 m g/m l, i.e. 17.5%  o f th e  to ta l  sugars were 
p re se n t  as free sugars.

Quantitative determination of the various components

T he fractions se p a ra te d  b y  p a p e r e lectrophoresis w ere e x tra c te d  fro m  th e  strip s and  
in v e s tig a te d  by  p ap er c h ro m a to g ra p h y  and  v ice v e rsa . T he frac tio n s id en tif ie d  in  th is w ay were 
d e te rm in e d  q u a n tita tiv e ly  b y  red u cin g  pow er m easu rem en ts  follow ing ac id  hydrolysis. T he 
re su lts  a re  shown in  T ab le  I I .  G lucose and  fructose  can  be  se p a ra ted  b y  p a p e r  e lectrophoresis 
in  th e  above buffer so lu tion  o n ly  in  th e  absence of m ethy lg lycosides. T here fo re , th e  m eth an o ly ­
sa te  o f  in u lin  resu lted  in  4 frac tio n s  b u t  a f te r  p re lim in a ry  p a p e rc h ro m a to g rap h ic  sep ara tio n , 
5 f ra c tio n s  could be o b ta in e d . A s seen in  T ab le  I I ,  th e  s ta b ili ty  to  acid  h y d ro ly sis  (60 °C, 0.01 
N  HC1) suggests th a t  th e  1st a n d  th e  I l l r d  frac tio n s a re  fu ranosides, w hile  th e  U n d  frac tio n  is 
p ro b a b ly  a m eth y lp y ran o sid e .

Preparative separation of the fractions

T h e  p rep ara tiv e  se p a ra tio n  w as perfo rm ed  in  b o ra te  b u ffer on  a  25 X 2 cm  A m berlite  
CG-400 resin  colum n (c h ro m a to g ra p h ic  g rade, 100— 200 m esh) [9]. In u lin  m eth an o ly sa te  equ i­
v a le n t  to  ap p ro x im ate ly  2.5 g fru c to se , d issolved in  5 m l 0.005 M  p o ta s s iu m te tra b o ra te  was 
ch arg ed  on th e  colum n an d , b y  increasing  th e  b o ra te  c o n cen tra tio n  15 m l frac tio n s were col­
lec ted  (see Fig. 3). F ro m  th e  co llecto r tu b es  0.2 m l sam ples w ere ta k e n  a n d  m ix ed  w ith  1.8 ml
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w a te r a n d  4 m l an th ro n e  re ag e n t (0.2 g o f a n th ro n e  dissolved in  100 m l o f 95%  su lfuric  acid ). 
A fte r 30 m in  th e  o p tica l d e n s ity  was m easu red  a t  630 m/i. As show n b y  F ig . 3, th e  se p a ra tio n  
o f th e  f i r s t  tw o  frac tio n s  w as com plete ; th is  w as also p ro v ed  b y  p a p e r  c h ro m a to g rap h y . T he 
se p a ra tio n  of th e  la s t tw o  com ponents was n o t  com ple te , how ever, th is  is ir re le v a n t fo r, in ­
te re s tin g ly  th e  sequence o f  sep a ra tio n  d iffers fro m  t h a t  observed  in  p a p e r  e lectrophoresis. As 
f i r s t ,  frac tio n  I  (m ethyl-/i-D -fr ос tofu ranoside) a n d  as second, frac tio n  I I I  (m ethy l-a-D -fruc to-

F ig. 3. S ep a ra tio n  of th e  frac tio n s by  io n -ex ch an g e  ch ro m a to g ra p h y . Colum n: 2 x 2 5  cm  
R esin : A m berlite  CG-400, 15 m l frac tio n s w ere collected , flo w -ra te  1.5 m l/m in , abscissa:

tu b e  №

Fig. 4. D e te rm in a tio n  of f i r s t  o rder ra te  c o n s ta n ts  fo r th e  h y d ro ly sis  o f m ethyl-/?-D -frueto-
furanoside  in  0.0977 N  HC1

fu ranoside) w as e lu ted  fro m  th e  colum n. T he c o n te n ts  o f th e  co rresp o n d in g  tu b es w ere co m b in ­
ed  a n d  e v ap o ra te d  to  d ry n ess in  vacuum . T h e  resid u e  was e x tra c te d  f i r s t  w ith  cold m e th a n o l 
(inso lub le  residue  d iscard ed ) an d , a fte r  re p e a te d  ev ap o ra tio n , w ith  p y rid in e . P o ta ss iu m te tra -  
b o ra te  is insoluble in  b o th  so lven ts . The sy ru p  o b ta in e d  a fte r th e  ev ap o ra tio n  of p y rid in e  p ro v ­
ed to  be  hom ogeneous b o th  by  p ap er c h ro m a to g ra p h y  an d  p a p e r e lectrophoresis. T he q u a n ti ty  
o f  th e  frac tio n s  agreed  w ith  th e  p e rcen t d is tr ib u tio n  show n in  T ab le  I I .

Acid hydrolysis of methylfructofuranosides

80 mg sy ru p y  m eth y lfru c to fu ran o s id e  w as d issolved in  40 m l 0.0977 N  HC1 of th e  a p p ro ­
p ria te  te m p e ra tu re  a n d  k e p t  in  an  u ltra th e rm o s ta te . A t d e fin ite  tim e  in te rv a ls  2 m l sam ples 
w ere ta k e n  o u t an d  m ix ed  im m edia te ly  w ith  2 m l N aO H  o f th e  sam e n o rm ality . R educing  
pow er w as d e te rm in ed  b y  th e  Som ogyi-N elson m eth o d  [4]. T he log 1/(1 -p )  values a re  show n 
in Fig. 4; th e  к va lues a re  show n in T able  I I I .  T h e  E a values fo r th e  m ethano lysis o f in u lin  
an d  saccharose  as well as fo r th e  hydro lysis o f m ethyl-jS -D -fructofuranoside w ere d e te rm in ed  
g ra p h ica lly  (Fig. 5).
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F ig . 5. Log к  o r log k lnet va lues fo r th e  h y d ro ly s is  o f m ethy l-/?-D -fructofuranoside  (in  0.0977 N  
HC1) an d  for th e  m eth an o ly s is  of saccharose  (SA ) a n d  in u lin  (IN ) as a  fu n c tio n  of 1/T; d e te r ­

m in a tio n  of th e  E a values

T able  I I I

First order hydrolysis rate constants o f  m ethyl-v-fructofuranosides in 0.0977 N  HCl

<(°C) к x 103 kr, 100 °c*

M e-jS - D - f r u c to f u r a n o s id e

2 5 .0 4 .2 6 2 5 3

3 0 .0 8 .4 5 2 4 8

3 5 .0 1 5 .9 2 4 0

4 0 .0 3 2 .2 2 5 1

M e- o c -D -f ru c to fu ra n o s id e

3 0 .0 1 4 .1 7 5 0  +

— calculated on the basis o f Ea reported by H eidt  and P u rv es  [3) 

* =  loS *7,100 °C =  log kr 4 _575 ( p f  ~  373.2 )

D iscu ssion

Methanolysis

D ata concerning the m echanism  o f alcoholysis of glycosidic bonds are 
v ery  scarce. It is know n that an increase o f the ethanol concentration up to  
about 70 vol%  reduces, but above th a t lim it increases th e  solvolysis rate of 
saccharose [11]. Presum ably tw o opposing trends come into operation: w ith  
increasing ethanol concentration the hydrogen ion activ ity  decreases up to about
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80 vol%  ethanol (the value o f the H 0 function [12] increases), then the hydro­
lysis is replaced to  an increasing exten t by a more rapid reaction, alcoholysis. 
A bove 80 vol%  ethanol the value of the H 0 function begins to  decrease, i.e.the  
a ctiv ity  of the acid to  catalyze hydrolysis increases.

In all the investigated  cases (e.g. saccharose [ I I ] ,  m altite [14], starch 
[14], cellulose [13]) the solvolysis o f the glycosides in acidic absolute alcohols 
proved to be faster than  the hydrolysis in an aqueous system  at identical acid 
concentration and tem perature. A t higher tem peratures the difference betw een  
the rates of alcoholysis and hydrolysis will be greater because the apparent 
activation  energy o f alcoholysis is considerably higher than  th at o f hydrolysis.

Table IV

Characteristic data fo r  hydrolysis and methanolysis o f  in u lin  and saccharose

In u lin  Saccharose

hydrolysis methanolysis hydrolysis methanolysis

E a kcal/mole 25.5 33.8 25.5 32.7
A S + e.u. +  8.13 +  32.30 +  8 .07 +  32.63

g 1.062 1.038

g* 1.21 —
d 16.725 19.24 16.754 18.79
fcr, 100 °c 71.4 56.3

fer, met. 100 ° c 437 1050

A S  + 4.576 -  log 1.025052 T  ■

log k r =  log к  +  g  • 

g =  A log к/A  p H  

A log к  1

' гГ

p H

ló i  k r

(к in  m in -1 and In) 

g* A  log k /A  ( log [HC1])

Thus for exam ple, the E a o f cellulose hydrolysis in 1% aqueous sulfuric 
acid at 100— 160 °C is 30.1 kcal/m ole, while in 96% ethanol in the presence o f  
1% sulfuric acid, it is 33.3 kcal/m ole [13]. As shown b y  Table IV , the activation  
energies of both inulin and saccharose are by 7— 8 kcal/m ole higher in m ethanol 
th an  in water. Consequently, the entropy of activation  is also higher by about 
24 e.u. than the one obtained for hydrolysis.

It  is to be m entioned th at for calculating com parable parameters a pre­
condition is that the rate constants should refer to identical cata lyst activities. 
In  aqueous solutions this requirem ent is fulfilled b y  the so called reduced rate 
constant (fcr) which refers to  pH  =  0 or H 0 =  0 [15]; it  is, however, not clear

Acta Chirn. ( Budapest) 72, 1972



4 6 6 S Z E J T L I  e t  »1.: M E T H A N O L Y S IS  O F  I N U L I N

w hich  acid ity function can guarantee in m ethanolic solutions th e  com parabil­
ity  o f  th e  calculated param eters w ith  those corresponding to  hydrolysis. The 
on ly  feasible w ay w as to  refer fcmet to  unit acid concentration, i.e.:

logfcr,met =  log fcmet +  g*(—log[HCl])

w here g* =  A log k mJ A ( — log [HC1]) =  1.21.
The errors associated w ith  th is sim plification m ay m ake questionable 

th e  v a lid ity  of the possible conclusions. In  an aqueous solution the H 0 value for 
0.1 N  HC1 is 0.97, while in 100% ethanol it is only 0.57 [12]. Presum ably m etha­
nol does not differ strongly from ethanol in this sense, therefore, th e  log k* met 
va lu es calculated on th e  basis o f — log [HC1] m ay deviate n ot more than by  
0.4 un its from the actual ones. The possible m axim um  deviation  o f the calcu­
la ted  values from the actual ones in the entropy o f activation  is 1.8 e.u. at 
m ost, and in the value o f d  at m ost 0.4 units, i.e. the m axim um  errors are about 
6%  and 2% , respectively . The m axim um  deviation o f kr met cannot exceed  
2 .5 -tim es its actual value. H ow ever, the possible deviations do not influence 
th e  conclusions drawn, because the differences betw een the corresponding 
param eters of m ethanolysis and hydrolysis are much greater (see Table IV).

The above great differences in the A S + and E a values suggest that the  
m echanism  o f m ethanolysis is n ot th e  same as that o f hydrolysis. Probably  
also in  th is case the form ation o f a tertiary furanosyl cation  is th e  rate-deter­
m ining step; its higher stab ility  and the high positive A S + va lu e allow to con­
clude to  this m echanism . H ow ever, the possibility o f an open-chain mechanism  
does not seem to be excluded.

S w i d e r s k i  and T e m e r i u s z  [16] h a v e  in v estig a ted  th e  m eth a n o ly sis  o f  
so m e m eth y lg ly co sid e s  in  a b so lu te  m eth an o l, in  th e  p resen ce o f  1%  HC1. 
T h e y  h a v e  con clud ed  th a t  in  case o f  M e-/3-D-gluco-, -/1-D -galacto-, -a-D -galacto-, 
an d  -Д-D -m ann opyranosides th e  reaction  proceeds th rou gh  an  a cyclic  in ter­
m e d ia te , w hile th e  acid  h y d ro ly s is  o f  th e  sam e g ly co sid es occurs p robably  
th r o u g h  a cyclic p y ra n o sy l ca tio n  [8 ].

For an unam biguous clarification of this problem further studies are 
necessary.

H y d ro ly s is

Table V shows the hydrolysis characteristics o f /З-D-fructofuranosides as 
a function  of the size o f  th e  aglycone m oiety. These data suggest th at already 
th e  second carbon atom  o f an aliphatic aglycone linked through a primary 
carbon atom  to the glycosidic bridge-oxygen, exerts only a sm all influence on 
th e  stab ility  o f the glycosidic bond. This hypothesis is substantiated  by the  
observation  that the difference betw een the stab ility  o f the furanosyl-OCH3
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and furanosyl-O C H 2-(in u lin ) is less th a n  th a t  in th e  case of fu ran o sy l-O C H 3 
and fu ran osy l-O -(g lu cosy l). In  th e  la tter , th e  a g ly co n e  m o ie ty  (th e  g lu co sy l 
group) is bound  th rough  a secon d ary  C -atom . T h us it  is possib le to  p red ic t  
th a t  th e  sta b ility  o f  th e  6 -0-(/? -D -fru ctofu ran osyl)-D -g lu cop yran ose, n o t  y e t  
stu d ie d , w ill fa ll b etw een  th e  s ta b ilit ie s  o f  M e-/3-D -fructofuranoside an d  o f  
in u lin , w hile th e  6 -0-((?-D -glucopyranosyl)-D -fru ctofu ran ose is ab ou t as sta b le  
as th e  iso m a lto se  in acid ic  m edia .

T he re-alkyl- an d  benzy l-g lycosides, th e  1 ,6-linked  d isaccharides an d  
even  th e  1,6-linked d e x tra n  m a y  be considered  as s u b s ti tu te d  m ethy lg lycosides. 
I t  follow s from  th e  d a ta  o f T ab le  Y t h a t  th e  sam e is t ru e  fo r inu lin . T h e  h y d ro ­
lysis ch a rac teris tic s  o f such  ty p e  o f  glycosides are  closely re la ted  to  th o se  of 
th e  correspond ing  m ethy lg lycosides; th e  fa r th e r  p a r ts  o f  th e  aglycone m o ie ty ,

Table V

Correlation between the size o f  the aglycone moiety and the stability o f  the glycosidic bond

G lycoside A glycone Ea
kcal/m ole

A S+ 
e. u.

kr, 100 °c
(m in -1 )

R affinose Melibiose 25.6 + 8 .3 4 48.3

Saccharose Glucose 25.5 + 8 .0 7 55.3
In u lin — CH2— (Polysaccharide) 25.5 +  8.13 71.4

M ethyl-^-D -fructofura-
noside

— C H 3 25.1 + 9 .5 5 253

jo in ed  to  th e  — CH2—  g roup , e x e rt m u ch  less in fluence  on  th e  s ta b ility  o f  th e  
glycosid ic bond  th a n  th e  ag lycone linked  to  th e  b ridge-oxygen  th ro u g h  a 
seco n d ary  carbon  a to m . C orrespond ing ly  th e  s ta b ility  sequence is:

ag lycone m oie ty  is a d isacch arid e  (e.g. in  raffinose) >  
m onosaccharide  (e.g. in  saccharose) >  
s u b s ti tu te d  m eth y l g roup  (e.g. in  inu lin ) >  
m e th y l group (in m ethyl-/?-D -fructofuranoside).

T he corre la tion  b e tw een  th e  size of th e  aglycone a n d  its  hyd ro lysis  ra te  
is s im ila r to  th e  one observed  in  th e  case o f py ranosides (e.g. m altose, hom olo- 
gues o f m altose  an d  am ylose [17]). O th e r hydro lysis p a ra m e te rs  (E a an d  /1S+ ) 
a re  p rac tica lly  id en tica l, w h ich  p roves th a t  th e  reac tio n  m echan ism  is th e  sam e 
fo r a ll /З-ketofuranosides. T h u s  th e  p re se n t w ork  seem s to  su p p o rt th e  h y p o ­
th esis  ad v an ced  in  our p rev ious p ap ers  [1, 2] fo r th e  m echan ism  of hy d ro ly sis  
o f fu ranosid ic  bonds.

Acta Chim. ( Budapest) 72, 1972



4 6 8 S Z E J T L I  e t  a l . : M E T H A N O L Y S IS  O F  I N U L I N

A ccording th is  h y p o th e s is , in th e  case o f  saccharose th e  ra te -d e te rm in in g  
s te p  is n o t th e  fo rm a tio n  o f  a glucosyl, b u t  t h a t  o f a te r t ia ry  fu ran o sy l ca tion . 
A ch an g e  o f ring  c o n fo rm a tio n  can h a rd ly  h a v e  an y  significance in  th is  case.

T he en tro p y  o f a c tiv a tio n  of th e  a lky la ld o fu ran o sid es  is neg a tiv e  [18], 
w h ich  allows to  conclude to  an  A -2 m echan ism  (th e  ra te -d e te rm in in g  s tep  is a 
b im o lecu la r a tta c k  o f a so lv en t m olecule on  th e  p ro to n a te d  glycoside). In  th e  
case o f  /J-fructo fu ranosides as well as o th e r  k e to fu ran o sid es  in v es tig a ted  u n til 
now , an d  in  th e  case o f  k e to p y ran o sid es , th e  A S + is p ositive  [8], su p p o rtin g  
th e  assu m p tio n  of an  A -1 m echanism  (th e  ra te -d e te rm in in g  s tep  is th e  m ono- 
m o lecu la r fo rm ation  o f a g lycosyl ca tio n , i.e. in  th is  case o f a cyclic te r t ia ry  
ca tio n ).
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Гидразо-9-акридин — новый кислотнс-основной индикатор, 
действующий в ледяной уксусной кислоте, I

Л .  Л А Д А Н И , Ф А М  Х А И  Т У Н Г , Г . Ф О В Е Л О  и Д Ь .  С О К А Н

Описывается новый кислотно-основной индикатор (гидразо-9-акридин), действу­
ющий в ледяной уксусной кислоте, который может быть использован для индикации 
эквивалентной точки титрования оснований с рКнгО >  5. Точность титрования при исполь­
зовании гидразо-9-акридина превышает точность при использовании индикатора кристалл- 
фиолетового.

Гидразс-9-акридин — новый кислотно-основной индикатор, 
действующий в ледяной уксусной кислоте, II

О п р е д е л е н и е  к о н с т а н т ы  и н д и к а т о р а

Ф А М  Х А И  Т У Н Г  и  Л .  Л А Д А Н И

Было исследовано кислотно-основное равновесие гидразо-9-акридина и была опре­
делена константа диссоциации индикатора (рК, =  рНСЮ4) в среде ледяной уксусной 
кислоты.

Исследование термоконденсации пятикратного гидрата аммониевого 
паравольфрамата с помощью термоаналитического, ИК 

спектрофотометрического и дополнительных методов
А . Б .  К И Ш Ш , П . Г А Д О  и  А . Й . Х Е Г Е Д Ю Ш

Термоконденсация пятикратного гидрата аммониевого паравольфрамата была ис­
следована при сочетании термоаналитического метода с ИК спектрофотометрическим ме­
тодом измерения газов. Определяя число молей удаляющихся NH3 и Н ,0 с помощью 
графического разделения инфракрасных пиков газовых продуктов, были рассчитаны 
составы промежуточных фаз, образующихся на ступенях процесса, перекрывающих друг 
друга. Следили также и за кристаллографическими превращениями. Следует отметить 
новое наблюдение, а именно, что на третьей стадии процесса в интервале температур 
195 -г 230°С структура паракристалла модифицируется. Эта фаза разделялась соответ­
ствующим образом, и ее общий состав, рассчитанный спектрофотометрическим путем, 
оказался правильным и соответствует 3,75 (NH4)20  • 12W03 • 3,25 Н20. Приводятся 
рентгеноаналитические и ИК спектрофотометрические характеристики фазы. На основе 
измерения газообразных продуктов было установлено, что NH3 удаляется из решетки либо 
с Н20  либо без нее. Было обнаружено, что при выделении сухого аммиака на октаэдре по­
лианиона WOG остаются ОН группы, связанные ковалентными силами. На основе иссле­
дований было однозначно доказано, что в пятикратных гидратах один моль воды присо­
единен слабо, а два моля являются кристаллической водой. Таким образом, принятая в 
настоящее время для паравольфраматного аниона структурная формула [W12O36(OH)10] ~ 10 
не применима для пятикратных гидратов.



Адсорбция водяного пара на химически обработанной поверхности 
монокристалла германия

Я. ГИБЕР, М. ВЕГНЕР и О. ДОБИШ

Было исследовано взаимодействие водяного пара с поверхностью монокристалла 
германия, вытравленной щелочным раствором перекиси водорода. Волюметрическим 
путем, а также радиоактивной индикацией измерялось количество воды, адсорбированной 
на поверхности, в зависимости от температуры (в интервале 16—80°С), времени взаимо­
действия и относительного содержания влаги (р/р„ <  0,8). Приблизительно за 10 часов уста- 
новливается адсорбционное равновесие. Изотермы, снятые в области температур 50—80°С, 
описываются уравнением Фрейндлиха; для мономолекулярного покрытия необходимо 
155 • 10~9 г/см2 адсорбированной воды. Вода связана с поверхностью «слабыми» хемосорб- 
ционными силами, а теплота изостерической адсорбции колеблется в пределах 13—23 
ккал/моль в зависимости от степени покрытия. Согласно кинетическим исследованиям, 
ступенью, лимитирующей скорость процесса, является диффузия. Коэффициент диффузии, 
рассчитанный на основе диффузионной модели, при 80°С равен 5,8 • 10-18 см2/сек. Энергия 
активации диффузии равна прибл. 4 ккал/моль, что приблизительно совпадает с получен­
ной величиной кажущейся энергии активации адсорбции.

Изучение свойств ураниловых солей в двойных и тройных
системах

Э. КАЛЬМАН

Изучалось изменение свойств водных растворов ураниловых солей в зависимости от 
концентрации. Результаты указывают на сильное структуро-формирующее влияние ура- 
нилового иона. В согласии с литературными данными, аномальные свойства растворов 
ураниловых солей объяснялись связями, возникающими (в экваториальной плоскости- 
между ураном и другими лигандами, присутствующими в растворе. Были проанализие 
рованы проблемы, возникающие при интерпретировании термодинамических свойств более 
концентрированных растворов электролитов.

Химия 1,3-бифункциональных систем, XV
И з у ч е н и е  р е а к ц и и  щ е л о ч н о г о  г и д р о л и з а  1 -м о н о з а м е щ е н н ы х  г о м о л о г о в

3 - х л о р п р о п а н о л а

М. БАРТОК И  Г. БОЗОКИ-БАРТОК

Исследовалась кинетика щелочного гидролиза 1-монозамещенных гомологов 3-хлор- 
пропанола: 1-метил- (I), 1-этил- (II), 1-бутил- (III), 1-циклогексил-(1У) и 1-фенил-З-хлор- 
пропанолов (V). Определялись направления реакции и рассчитывались константы скорос­
тей, энергии активации, энтропии активации и предэкспоненциальные множители.Резуль­
таты измерений подтверждают механизм, предложенный авторами ранее, и для данного 
типа соединений.

Химия 1,3-бифункциональных систем, XVI
К и н е т и ч е с к о е  и з у ч е н и е  щ е л о ч н о г о  г и д р о л и з а  1 ,1 - д и з а м е щ е н н ы х  

п р о и з в о д н ы х  3 - х л о р п р о п а н о л а

M. БАРТОК И  Г. БОЗОКИ-БАРТОК

Рассматривался метод реакционной кинетики щелочного гидролиза некоторых 
1,1-диалкильных гомологов 3-хлорпропанола [1,1-диметил- (1), 1-метил-1-пропил- (II), 
1-метил-1-изопропил-3-хлорпропанол (III)].

На основе экспериментальных данных были определены константы скорости, энер­
гии активации, энтропии активации, а также предэкспоненциальные множители щелоч­
ного гидролиза трех соединений.



Кристаллическое и молекулярное строение ацетон-4- 
нитрофенилгидразона

ДЬ. МЕНДЕЛЬ, Г. ШАМАИ и  К. ШИМОН

Кристаллическое и молекулярное строение ацетон-4-нитрофенилгидразона было 
определено рентгено-диффракционным методом. Кристалл — моноклинный, с простран­
ственной группой Р2,/С. Строение определялось с помощью метода Паттерсона и моле­
кулярно-трансформационного метода. Уточнения проводились с помощью дифференциаль­
ного синтеза и метода наименьших квадратов. Индекс достоверности R =  10,9%. Картина 
связей ароматического кольца асимметрическая. Длины и углы связей сравниваются со 
значениями для мета-соединений, определенными уже ранее [1]. Были определены уравне­
ния плоскостей бензольного кольца и ацетоновой и гидразиновой частей, а также рассчи­
таны углы между этими плоскостями.

О диспропорционировании солей циануксусной кислоты под 
влиянием нагрева

Я. ЭДЬЕД, П. ВИНКЛЕР и Ш. ГАЛ

Было установлено, что натриевая соль циануксусной кислоты (I) при нагреве ее 
выше 180°С разлагается на двуокись углерода, ацетонитрил и двухнатриевую соль натрий- 
имидометиленмалоновой кислоты (II).

Изучался механизм этого процесса и было установлено, что первой ступенью его 
является образование 1 молекулы двухнатриевой соли циануксусной кислоты (III) и 1 
молекулы циануксусной кислоты из 2 молекул I (последний продукт разлагается при дан­
ной температуре на двуокись углерода и ацетонитрил). Промежуточный продукт 111 
карбанионного характера может образовывать связь с карбоксилатным углеродом I элек­
трофильного характера. Образующийся таким образом промежуточный комплекс разлага­
ется на ацетонитрил и II.

При проведении термического разложения I в присутствии метил-натрий-карбона- 
та-С14, радиоактивный карбоксилатный углерод встраивается в соединение 11, при кислом 
разложении которого были выделены радиоактивная циануксусная кислота и этиловый 
эфир циануксусной кислоты.

Исследования с литиевыми, натриевыми, калиевыми и бариевыми солями цианук­
сусной кислоты показали, что температура разложения их зависит от катиона, в то 
время как продукты разложения оказались идентичными.

Метанолиз инулина и гидролиз метил-Д-Б-фруктофуранозида
Й. СЕЙТЛИ, Р. Д. ХЕНРИКЕС и М. КАСТИНЕИРА

Получение метил-/?-D-фруктофуранозида производилось с помощью метанолиза 
инулина. Были определены константы скорости метанолиза инулина и сахарозы, а также 
гидролиза метил-а- и -/S-D-фруктофуранозидов в присутствии НС1. Энергия активации 
метанолиза значительно выше энергии активации гидролиза, поэтому метанолиз — при оди­
наковой температуре и концентрации кислоты — является более быстрой реакцией, чем 
гидролиз. Энтропия активации метанолиза равна +32 ед. энтр., в то время как для гидро­
лиза была получена величина + 8  ед. энтр. Таким образом, можно заключить, что механизм 
алкоголиза отличается от механизма гидролиза. В таких гликозидах, где агликоновое звено 
присоединяется к кислороду моста своим первичным атомом углерода, второй атом агли- 
кона оказывает лишь очень слабое влияние на стабильность гликозидной связи. Поэтому 
инулин можно рассматривать как замещенный метил-/?-П-фруктофуранозид.
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