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Acta Chimica Hungarica 121 (1 — 2), pp. 5—6 (1986)

SYMPOSIUM ON THE STRUCTURE OF LIQUIDS 
AND SOLUTIONS

E rik a  K á l m á n

(Central Research Institu te  fo r  C hem istry o f  the H u ngarian  A cadem y o f  Sciences, 
H-1025 B udapest, P usztaszeri и. 59/67)

U n d er th e  auspieces o f T he C h em istry  S ection  of th e  H u n g a rian  A cad em y  
o f Sciences (H A S), T he H u n g a ria n  C hem ical S ociety , T he F a c u lty  o f  N a tu ra l 
Sciences o f  th e  L. E ö tv ö s U n iv e rs ity , T h e  U n iv e rs ity  of V eszprém  a n d  th e  
V eszprém  C om m ission o f th e  H A S , a sy m p o siu m  on th e  S tru c tu re  o f  L iqu ids 
an d  So lu tions w as held  in  co m m em o ra tio n  o f  P ro fessor T ibor E rd ey -G rú z  
th ro u g h  26— 30 A u g ust, 1984.

T he n u m b e r o f p a r tic ip a n ts  a tte n d in g  th e  S ym posium  from  16 v a rio u s 
co u n trie s  a m o u n ted  to  112.

T h e  site  o f  th e  Sym posium  w as a t  th e  H e a d q u a rte rs  o f V eszprém  Com ­
m ission  o f th e  H A S. P ap ers  p re sen ted  a t  th e  sym posium  num bered  a lto g e th e r  
90 lec tu re s , 37 o f w hich covered  th e o re tic a l aspec ts  o f liquids a n d  so lu tions 
an d  53 d e a lt w ith  ex p e rim en ta l to p ics , in c lu d in g  11 p len ary  le c tu re s  an d  
40 p o ste rs .

T he sc ien tific  sections w ere opened  b y  p le n a ry  lec tu res u n d e r th e  fo llow ­
ing  title s :

F. Márta:
Opening Lecture 
M. Abraham:
C ontinuum  Approach to Ionic Solvation 
E. Berecz:
Relations between the Structure and Transport Properties o f Solutions
J. S. Ileye:
Statistical Theory o f Tense Molecular Systems
K . I le in z in g cr:
Molecular Dynamics Simulation o f  Ionic H ydration
G. Krestov:
Thermodynamics o f  Electrolyte Solutions 
W . A. P, Luck:
Role o f Hydrogen Bonding in  the Structure o f  L iquids 
S. M um p:
Mössbauer Spectroscopy as applied to Solution Chemistry

Acta Chim. Hung,. 121, 1986
Akadémiai Kiadó, Budapest



6 KÁLMÁN: PROGRAM OF THE SYMPOSIUM

A. H . N arten:
D iffractions Studies o f Liquids 
G. P álin k ás:
Order and  Disorder in  Liquids 
L R uff:
N onlinear Dielectric Effects in Liquids
I. R . Y ukhnovskii:
Statistical Technical Description o f Ion-Solvent Interaction

T itle s  o f  Scientific  Sections:
—  A pplica tions o f Spectroscopic Methods
—  L iq u id  Diffraction Methods
—  Theoretical Aspects o f Liquids and Solutions, Computer Simulations
—  Thermodynam ical Investigations

T h e  O pening L ec tu re  o f  th e  S ym posium  w as p resen ted  b y  P ro fesso r 
F . M á r ta , H e a d  o f th e  O rgan iz ing  C om m ittee , in  ap p rec ia tio n  of th e  v a lu a b le  
a c tiv it ie s  o f  P rofessor T . E rd ey -G ru z  in  th e  f ie ld  o f  e lec trochem istry .

Acta Chim. Hung. 121, 1986



Acta Chimica Hungarica 121 (1— 2), pp. 7 —10 (1986)

OPENING LECTURE*

F e r e n c  Má r t a

(Central Research Institu te  fo r  C hem istry o f  the H u n g a r ia n  A cadem y o f  Sciences, 
H-1025 B udapest, P usztaszeri и. 59 /67.)

I t  is m y  g re a t p leasure  to  w elcom e y o u  on  b eh a lf  o f th e  O rg an iz in g  
C om m ittee  a n d  sponso ring  In s ti tu tio n s  a t  th is  m ee tin g  ded ica ted  in  h o n o u r  
o f E rdey -G rúz w hose nam e is closely lin k ed  w ith  th e  school of liq u id  p h a se  
research , in  H u n g a ry .

In  th e  f ie ld  o f  s tru c tu re  in v es tig a tio n s  o f  liq u id s  an d  so lu tions a  g re a t 
am o u n t o f em p irica l know ledge has been a c c u m u la te d  on th e  p ro p e rtie s  of 
m olecular liq u id s  how ever, no un ifo rm  th e o ry  fo r  sy stem atic  a rra n g e m e n t o f 
th e se  m olecular p a ra m e te rs  has been  e la b o ra te d  so fa r.

In  th e  v a rio u s  fie lds of physics an d  c h e m is try  dealing  w ith  m acro sco p ic  
m a te ria l s tru c tu re , th e  m ost challeng ing  q u e s tio n s  confron ting  re se a rc h e rs  
to d a y  are th e  p ro b lem s o f liqu id  ph ase  s tru c tu re . O ne ex p lan a tio n  o f  th is  m a y  
be th a t  in  th e  case o f  liqu ids th e re  is no sy s te m  o f  reference [qualifying id ea l 
s ta te , rep re sen ted  in  th e  case o f gases b y  id e a l gas a n d  in  th e  case o f  so lid s b y  
th e  perfec t c ry s ta l. A n o th e r reason  m ay  be th e  d iv e rs ity  o f liquids, co n sid e rin g  
e .g ., pu re  liq u id s , m ix tu re s , an d  specific in te ra c tio n s  betw een  so lu tio n s a n d  
partic les.

The c o m p le x ity  o f liqu id  s tru c tu re , th e  w ide  range o f c o n tro v e rs ia l 
problem s and  o u r  v ag u e  know ledge on th e  s u b je c t  seem  to  ju s tify  a d e ta ile d  
th eo re tica l s tu d y  a n d  ex tensive  ex p e rim en ta l in v es tig a tio n s  in  th e  f ie ld .

T ibor E rd e y -G rú z  was b o rn  in  B u d a p e s t in  1902, he becam e in te re s te d  
in  chem istry  as e a r ly  as in  his secondary  schoo l y ea rs  an d  soon d ec id ed  to  
ta k e  u p  th e  su b je c t as his career. A fte r co m p le tin g  h is u n iv e rs ity  s tu d ie s , he 
o b ta in ed  his P h . D . degree from  th e  U n iv e rs ity  in  B u d ap est in  1924. I n  th e  
sam e y ea r he s ta r te d  in v es tig a tio n s  in  e le c tro c h em is try  as an  asso c ia te  to  
P rofessor B u ch b ö ck , p u rsu ing  s tu d ies  on th e  to p ic  o f  his thesis. T h e  p e rio d  
o f  one y ea r b e tw een  1928 an d  1931 he w orked  w ith  P ro fessor F a jan s  in  M iin ich  
an d  th e  tw o y e a rs  in  th e  in s ti tu te  o f P ro fesso r V o lm er in  B erlin  h ad  a dec isive  
effect on his sc ien tific  career. H e w as a p p o in te d  h o n o ra ry  lec tu re r in  1934, 
t i tu la r  associa te  pro fessor in  1941 an d  fu ll p ro fesso r a t  th e  U n iv e rs ity  o f

+ T his p a p e r  w as presen ted  a t  th e  Sym posium  o n  S tru c tu re  o f L iquids a n d  S o lu tio n s  
a t  V eszprém , A u g u s t 27 — 30, 1984.
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S cien ces, B u d a p e s t in  1946. In  1949 he w as assigned  head  of th e  I n s t i tu te  of 
P h y s ic a l C hem istry  an d  R ad io logy .

I n  1943 he w as n o m in a te d  co rresp o n d in g  m em ber an d  in  1948 e lec ted  
fu ll m e m b e r  o f th e  H u n g a ria n  A cadem y  o f  Sciences. W ith  th is  he  jo in e d  to  
w o rk , a n d  w ith  th e  h ig h ly  responsib le  p o s ts  assigned  to  h im  he soon  gained  
a le a d in g  ro le  in  scien tific  life an d  a c tiv itie s  in  H un g ary . H e w as a p p o in te d  
M in is te r  o f H igher E d u c a tio n , th e n  M in is te r o f  E d u ca tio n  in  1952— 56 and  
filled  th e  p o s t o f G eneral S ec re ta ry  o f th e  H u n g a ria n  A cadem y o f Sciences 
d u r in g  th e  periods of 1950— 53, 1956— 57 a n d  1964— 70. F rom  1959 to  1964 
he  a c te d  as S ecre ta ry  o f th e  D e p a r tm e n t o f  C h em istry  an d  from  1970 to  th e  
d a y  o f  h is  d e a th  on 1 6 th  A u g u s t, 1976, he  o ffic ia ted  as P res id en t o f  th e  H u n ­
g a r ia n  A c ad em y  of Sciences. In  ad d itio n  to  fu lfilling  his ta sk s  in  sc ience- and  
e d u c a tio n -p o lic y  w ith  fu ll re sp o n sib ility , he  w as also engaged in  te a c h in g  an d  
re se a rc h , ca rry in g  o u t a c tiv itie s  w ith  fu ll e n e rg y  an d  zealous a m b itio n .

T h e  m ain  ach ievem en ts a n d  resu lts  o f  h is  scientific  w ork  m a y  be  su m ­
m a riz e d  as follows. E rd ey -G rú z  an d  V o llm er m ad e  sign ifican t c o n tr ib u tio n  
to  e lu c id a tio n  of th e  m ech an ism  o f e lec tro d e  processes. T hey  se t u p  th e ir  
th e o ry  o f  h y d ro g en  o v e rp o te n tia l b ased  on  th e  recognition  th a t  th e  charge  
t r a n s f e r  sh o u ld  be t r e a te d  acco rd ing  to  th e  law s o f reaction  k in e tic s  a n d  th a t  
th e  a c t iv a t io n  energy  o f ch arg e  tra n s fe r  is d ep e n d e n t on th e  o v e rp o te n tia l. 
I t  h a s  so o n  becom e ev id en t t h a t  th e  c o rre la tio n s  derived for th e  h y d ro g en  
o v e rp o te n tia l  an d  th e  th e o re tic a l conclusions d raw n  therefrom  a re  v a lid  also 
fo r  e le c tro d e  reac tions w here  charge  tra n s fe r  is th e  ra te -d e te rm in in g  p rocess. 
T h e  th e o r y  developed  b y  E rd ey -G rú z  an d  V o llm er th u s  offered th e  f i r s t  g en er­
a liz a tio n  o f  th e  reac tio n s on  e lec trode  p rocess.

T h e  sc ien tific  ac tiv itie s  o f E rd ey -G rú z  also h ad  a s ig n ifican t p a r t  in  
la y in g  th e  fo u n d a tio n s  o f o u r c u rre n t kno w led g e  o f electro ly tic  m e ta l d ep o si­
t io n . T o g e th e r  w ith  V ollm er he  e lab o ra ted  th e  fu n d am en ta l law s o f  th e  th e o ry  
o f  e le c tro -c ry s ta lliz a tio n . In  a d d itio n  he tr ie d  to  f in d  an  answ er to  th e  d iffe r­
ence in  p o te n tia ls  a t  m e ta l-e lec tro ly te  in te rp h a s e  and  s tud ied  th e  p o te n t ia l ­
d e te rm in in g  processes.

F ro m  th e  early  1950-s he an d  his cow orkers s ta r te d  ex tensive  e x p e rim e n ­
ta l  in v e s tig a tio n s  w ith  AC m eth o d s . D u rin g  th e  p a s t decade his a c tiv it ie s  in  
th e  in v e s tig a tio n  of e lec trode  processes co v ered  m ain ly  th e  s tu d y  o f  oxygen  
o v e rp o te n tia l .  S ign ifican t re su lts  w ere a t ta in e d  in  th e  s tu d y  o f v a rio u s  p a ra m ­
e te rs  ( te m p e ra tu re , e lec tro ly te  c o n c e n tra tio n )  de term in ing  th e  o v e rp o te n ­
t ia l  a n d  th e re  is p ra c tic a lly  no  m o n o g ra p h y  to d a y , w hich does n o t  m ake 
re fe re n ce  to  th e  w ork o f  E rd ey -G rú z  in  th e  f ie ld .

H is  s tu d y  o f th e  co rre la tio n  b e tw een  so lu tio n  s tru c tu re  a n d  oxy g en  
o v e rp o te n tia l  an d  tre a tm e n t o f  th e  p ro b lem  fro m  th is  aspect can  be co n sid ered  
b y  no  m e a n s  a coincidence, i f  w e ta k e  in to  a c c o u n t an o th e r fie ld  o f h is a c tiv itie s , 
th e  s tu d y  o f  tra n sp o r t  p rocesses in  e le c tro ly te  so lu tions. I t  is n o t possib le  to
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give in  th is  b r ie f  review  all th e  d e ta ils  o f  h is m an y -sid ed  ac tiv itie s , th e  re su lts  
o f w hich c o n tr ib u te d  to  a b e t te r  u n d e rs ta n d in g  o f  p h enom ena  re la te d  to  
tra n sp o r t  p rocesses in  e lec tro ly tes  an d  to  th e  e lu c id a tio n  of im p o r ta n t  aspec ts  
o f  so lu tion  s tru c tu re . H e an d  h is cow orkers th o ro u g h ly  s tu d ied  th e  effect of 
organic co m p o u n d s w ith  and  w ith o u t h y d ro x y l rad ica ls  upon  th e  c o n d u c tiv ity  
o f aqueous so lu tio n s o f e lec tro ly tes  an d  th e  tra n s fe r  n u m b er o f ions. W ith in  
th is , a p re d o m in a n t problem  in  m an y  o f his p ap e rs  w as th e  anom alous con­
d u c tiv ity  o f h y d ro g en  and  h y d ro x id e  ions. B ased  on ex p erim en ta l re su lts  on 
c o n d u c tiv ity  a n d  th e  n u m b er o f  ion  tra n s fe rs  he offered an  in te rp re ta tio n  
to  num erous phen o m en a .

B y  s tu d y in g  th e  self-d iffusion o f o rgan ic  com ponen ts an d  d isso lved  
e lec tro ly tes in  w a te r-d io x an e  a n d  w a te r-m e th an o l he has g rea tly  ex te n d e d  our 
know ledge also in  th is  field . H is w ide range  o f  a c tiv itie s  and  ex ten siv e  k n o w l­
edge is re fle c ted  b y  th e  n u m b e r of p u b lica tio n s , a p p ro x im a te ly  100 p ap ers  
an d  tw o com prehensive  m onograph ies, “ T he K in e tic s  o f  E lec trode  P rocesses”  
pub lished  in  H u n g a ria n  in  1969, an d  la te r  also in  E ng lish  an d  G erm an , an d  
“ T ra n sp o rt P rocesses in  A queous S o lu tions”  p u b lish ed  in  1971 an d  subse­
q u en tly  in  E n g lish  tra n s la tio n .

The a c tiv itie s  and  ideas o f  P ro fessor E rd ey -G ru z  gained a large n u m b e r 
o f disciples a n d  th ro u g h  th e m , d irec tly  or in d ire c tly , liqu id  s tru c tu re  in v e s ti­
ga tions in  H u n g a ry  are assoc ia ted  w ith  h is n am e  up  to  th is  d ay . T hese re ­
searches a re  c o n d u c ted  m ain ly  in  U n iv e rs ity  lab o ra to rie s  an d  R esearch  I n s t i ­
tu te s  of th e  H u n g a ria n  A cadem y .

A t th e  E ö tv ö s  L oránd  U n iv e rs ity  in  B u d a p e s t th e  s tru c tu re  o f quenched  
solutions is s tu d ie d  b y  M össbauer spec tro sco p y  an d  th e  ESCA m eth o d . P o sitro n  
an n ih ila tio n  tech n ic s  is used fo r s tu d y  of th e  co o rd in a tio n  spheres com plexes 
in  solu tions. T h e  s tru c tu re  o f m o lten  sa lts  a n d  c o n cen tra ted  e lec tro ly te  so lu ­
tio n s is in v e s tig a te d  b y  th e  M onte Carlo m e th o d . T h eore tica l s tud ies are  m ade 
on th e  n o n lin ea r d ielectric  b e h av io u r o f liq u id s  in  s tro n g  electric  fie ld .

In v e s tig a tio n s  a t  th e  U n iv e rs ity  o f C h em istry  in  V eszprém  concern  
ion-so lvation  a n d  non linear d ie lec tric  b e h av io u r of th e  so lvent an d  th e  p ro p ­
erties o f c o n c e n tra ted  e lec tro ly tes.

A t th e  C en tra l R esearch  In s t i tu te  fo r C hem istry  of th e  H u n g a ria n  
A cadem y o f Sciences th e  s tru c tu re  o f  H -b o n d ed  so lven ts an d  aqueous an d  
non-aqueous so lu tions as well as com plex  fo rm a tio n  is s tu d ied  b y  m eans of 
X -ra y  and  e lec tro n  d iffrac tion  m eth o d s.

R esearches a t  th e  C en tra l R esearch  In s t i tu te  o f P hysics o f th e  H u n g a r­
ia n  A cadem y o f Sciences concern  th e  co rre la tio n  betw een  th e  iso tope  effect 
an d  s tru c tu re  a n d  th e  th e rm o d y n am ic  p ro p e rtie s  o f  so lu tions. M össbauer 
spectroscopy  is u sed  for th e  s tu d y  o f com plex  fo rm a tio n  in  aqueous so lu tions.

R esearches a t  th e  Jó zse f  A tti la  U n iv e rs ity  in  Szeged are  engaged  w ith  
th e  re la tio n sh ip  b e tw een  equ ilib riu m  c o n s ta n ts  an d  th e  s tru c tu re  o f so lu tions.
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A t th e  T echnical U n iv e rs ity  of H e a v y  I n d u s try  in  M iskolc th e  s tru c tu re  
o f  so lu tio n s  is s tu d ied  b a se d  on  tr a n s p o r t  p ro p e rtie s , m icrow ave d ie lec tric  
p ro p e r tie s  an d  iso th e rm  e v a p o ra tio n  m easu rem en ts .

T h e  above in v e s tig a tio n s  w ill be p re se n te d  a t  th is  S ym posium  in  v a rio u s 
le c tu re s  an d  posters to  g ive a genera l rev iew  o f re c e n t ac tiv ities  in  th is  fie ld .

T h e  aim  of th e  S y m p o siu m  is to  convene in te re s te d  ex p erts  a n d  discuss 
p ro b le m s an d  p resen t new  id eas  an d  re su lts  in  th e  s tru c tu re  in v es tig a tio n s  
o f  liq u id s  an d  solutions.
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A CONTINUUM APPROACH TO IONIC SOLVATION+

M ichael H . A b r a h a m

(D epartm ent o f  Chemistry, U n iversity  o f  Surrey, Guildford, S u rrey  GU2 5 X H , U .K .)  

R e ce iv ed  J a n u a ry  18, 1985

A n acco u n t is g iven  o f  th e  calcu la tion  o f th e rm o d y n a m ic  p a ram e te rs  fo r th e  
so lvation  o f gaseous ions u s in g  th e  recen t co n tin u u m  a p p ro a c h  o f A b ra h am  an d  Liszi. 
W ith  a sim ple  “ one-layer”  o r  “ o n e -step ”  m odel, in  w h ich  a n  io n  in  so lu tion  is su rro u n d ed  
b y  a so lv en t la y e r  o f low  d ie le c tr ic  co n stan t, follow ed b y  th e  b u lk  so lv en t, v a lu es of 
. 1G£, /1Н£, /IS °  an d  p ro b a b ly  a lso  ACpf for so lv a tio n  o f th e  a lk a li halide  series o f un i­
v a le n t ions in  ap ro tic  so lv en ts  c an  be calcu la ted  in  v e ry  good ag reem en t w ith  experi­
m en t, a t  298 K . F o r so lv a tio n  in  hydrogen-bonded  so lv e n ts  a t  298 К  on ly  va lues o f 
AG° are in  ag reem en t w ith  e x p e rim e n t, due, i t  is su g g ested , to  th e  p resence o f a second, 
d isordered , so lv en t layer.

C alcu la tions o f so lv a tio n  in  w a te r  over th e  ra n g e  273 — 573 К  show  th a t  above 
ab o u t 420 К  all fo u r th e rm o d y n a m ic  functions a re  in  ag reem en t w ith  exp erim en t. 
I t  is suggested  th a t  above th is  te m p e ra tu re  w a te r  b e h av e s  as a  sim ple, co m p ara tiv e ly  
u n s tru c tu re d , liq u id ; th is  is i l lu s tra te d  also by  a c o m p ariso n  o f s tru c tu re -m a k in g  and  
-b reak ing  effects o f ions in  w a te r  a t  various te m p e ra tu re s  w ith  effects in  ap ro tic  so lven ts 
a t  298 K .

Introduction

T he co n tin u u m  ap p ro a c h  to  ionic so lv a tio n  w as f irs t  in tro d u ced  by  
B o rn  [1] who ca lcu la ted  th e  w o rk  of charg ing  a sp h ere  in  v acu u m  and  in  a 
d ielec tric  co n tin u u m  of h u lk  d ie lec tric  c o n s tan t г 0, a n d  derived  eq. (1) as th e  
e lec tro s ta tic  c o n tr ib u tio n  to  th e  G ibbs energy  o f  so lv a tio n  o f a gaseous ion 
o f  rad iu s  a a n d  charge  z. C o rrespond ing  equ a tio n s for

th e  e lec tro s ta tic  c o n tr ib u tio n  to  th e  en tro p y  a n d  h e a t  c a p ac ity  o f so lvation  
can  easily  be  d erived , eq. (2) a n d  eq. (3). In  o rd e r to  com pare  G ibbs energies

+ T his p a p e r  w as p re sen ted  a t  th e  Sym posium  on S tru c tu re  o f  L iqu ids an d  Solu tions 
a t  V eszprém , A u g u s t 27—30, 1984.
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12 ABRAHAM: CONTINUUM APPROACH

c a lc u la te d  v ia  eq. (1) w ith  o b se rv ed  so lva tion  energies o f  gaseous ions, AGs, 
s e v e ra l fac to rs  m ust be  co n sid e red  , n o t all o f w hich  h av e  a lw ays been  tak en  
in to  a c c o u n t. F irs tly , eq . (1) y ie ld s  on ly  th e  e lec tro sta tic  co m p o n e n t of AGs', 
n o n e le c tro s ta tic  effects su ch  as  th e  w ork  o f c rea tin g  a c a v ity  in  th e  so lvent 
a n d  lo ss  o f  tran s la tio n a l e n tro p y  on  tran sfe rr in g  a partic le  fro m  th e  gas phase 
to  s o lu tio n  are n o t in c lu d ed . S econd ly , i t  is n o t clear w h a t s ta n d a rd  s ta te s  
sh o u ld  b e  adop ted  fo r th e  o b se rv ed  AGs va lues. T he s tra ta g e m  o f using  th e  
s ta n d a r d  s ta te  of 1 m ol d m -3  fo r b o th  th e  gas ph ase  and  so lu tio n , in  o rder to  
c irc u m v e n t the  d ifficu lty  o v e r loss o f  tra n s la tio n a l e n tro p y , is n o t  effective 
b e c a u se  a partic le  in  so lu tio n  is n o t  free to  occupy  th e  n o m in a l vo lum e [2]. 
T h ird ly ,  a lthough  eq. (1) y ie ld s  v a lu es  for single ions, th e re  is as y e t  no  th e rm o ­
d y n a m ic a lly  rigorous m e th o d  o f o b ta in in g  ex p erim en ta l sing le-ion  solvation  
e n e rg ie s ; e ither ca lcu la tions m u s t be  carried  o u t for a n e u tra l  co m bina tion  
o f  c a t io n  and  anion, o r som e a rb itr a ry  p rocedure  m u st be  u sed  to  deduce 
th e  ex p e rim en ta l single-ion q u a n tit ie s .

H o w ev er, th e  B o rn  e q u a tio n  is s till used  as a gu ide to  th e  o rder of 
m a g n itu d e  of so lvation  energ ies [3], a lth o u g h  i t  is now  well k n o w n  t h a t  eq. (1) 
c o n s id e ra b ly  overestim ates th e  G ibbs energy  of so lva tion . V arious m odifica­
tio n  o f  eq . (1), or of th e  c o rre sp o n d in g  equa tions in  e n th a lp y  or e n tro p y , have 
b e e n  su g g ested . T hus th e  ion ic  ra d iu s  a m ay  be rep laced  b y  th e  te rm  (a -f- A), 
in  w h ic h  A  is an a d ju s ta b le  p a ra m e te r  [4, 5], or an  “ effec tive”  d ie lec tric  con­
s ta n t  c a n  be in tro d u ced  [6]. T hese  m od ifica tions co n sid e rab ly  red u ce  th e  
p re d ic t iv e  pow er of eq . (1— 3) b u t  do p o in t to  th e  reason  fo r  th e  fa ilu re  of 
th e  B o rn  m odel, n am ely  t h a t  th e  v a r ia tio n  o f local d ie lec tric  c o n s ta n t w ith  
d is ta n c e  from  a charge is n o t  ta k e n  in to  acco u n t [7-—12]. I n  F ig . 1 is show n

F ig . 1. P lo t o f e ag a in s t d  fo r  a  u n iv a le n t ion  in  ace to n itrile . B o rn  m o d el: . . .
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th e  d ielectric  c o n s ta n t/d is ta n c e  profile a ro u n d  a u n iv a le n t ion  o f  ra d iu s  a 
in  ace to n itrile , as c a lc u la ted  b y  A b rah am  an d  L iszi [13]. T he B o rn  pro file , 
in  w hich th e  d ielectric  c o n s ta n t  tak es  th e  v a lu e  e0 a t  all d istances fro m  the  
surface o f  th e  ion , o v e re s tim a te s  e, and  hence  th e  ca lcu la ted  v a lu e  o f  AGE 
is a lw ays fa r  too  n eg a tiv e . M any  a tte m p ts  [8— 12] h av e  been  m ad e  to  in co r­
p o ra te  th e  v a ria tio n  o f e w ith  d istance in to  so lv a tio n  energy  ca lcu la tio n s , and 
in  th is  p a p e r  an  acco u n t is g iven  o f th e  m e th o d  d u e  to  A b rah am  a n d  L iszi [14, 
15], to g e th e r  w ith  som e re c e n t app lica tions o f th e  m ethod .

C alcu la tion  o f so lvation  energ ies a t  298 К

B everidge and  S chnuelle  [16] had  derived  an  eq u a tio n  for th e  e le c tro s ta t­
ic G ibbs energy  of an  io n  o f  rad iu s  a an d  d ie lec tric  c o n s ta n t eion su rro u n d ed  
b y  a so lven t layer o f th ic k n e ss  6 —  a and  d ie lec tric  c o n s ta n t e(, a n d  im m ersed  
in  a b u lk  so lven t o f d ie lec tric  co n stan t e0. A b ra h a m  an d  Liszi [14, 15] used 
th e  B everidge-Schnuelle e q u a tio n  w ith  £jon =  1, b u t  la te r  A b ra h a m , Liszi 
an d  M észáros [17] so lved th e  equa tions fo r th e  e le c tro s ta tic  G ibbs en e rg y  of 
an  ion  su rro u n d ed  b y  a n y  n u m b e r of co n cen tric  sp herica l lay e rs , each  w ith  
a d iffe ren t dielectric  c o n s ta n t, im m ersed  in  th e  b u lk  so lven t. T he fo rm  o f the  
one-layer eq u a tio n  w as m u c h  sim pler th a n  th a t  o f  th e  B everidge—-Schnuelle 
eq u a tio n , a lthough  th e  tw o  eq u a tio n s  w ere p ro v ed  to  be a lgeb ra ically  id en tica l, 
an d  so on ly  th e  A b ra h a m — Liszi— M észáros e q u a tio n  will be considered . The 
one-layer eq u a tio n  fo r AGE, an d  th e  co rresp o n d in g  equa tions fo r  A S F and 
ACpE a re  g iven  in  eq. (4— 6); w hen  a =  6 a n d  et =  e0 these  e q u a tio n s  reduce  
to  th e  B o rn  eq. (1— 3). I n  a ll th re e  eq. (4— 6), th e  te rm s  in  (1/a —  1/6)

z2 1 1 1) , z2 1--------1 -------- H-------- -------- 1' T . ei a b) 2 eo

A S e — det
dT - - T  +

1 

6

de0
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a c P e =
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U r )

+  f (— 2
e3fc0

de0
dT 1 4 1

d2e,
дт2)

dT2

(4)

(5)

(6)

give th e  co n tr ib u tio n  o f th e  local layer, an d  th e  te rm s  in  (1/6) give th e  c o n tr i­
b u tio n  o f  th e  b u lk  so lu tio n  o u tside  th e  local la y e r . A b rah am  a n d  L iszi [14] 
f irs t  to o k  a value for e, as  2.0, b u t  la te r  show ed th a t  th e  expression  1.05 n2, 
w here n is th e  so lvent re fra c tiv e  index , y ie lded  co m p arab le  re su lts . F o r m ost 
liqu ids 1.05 ri2 2.0, th is  b e ing  ta k e n  as e^ , th e  d ie lec tric  c o n s ta n t w h en  the
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14 ABRAHAM: CONTINUUM APPROACH

so lv e n t o rien ta tio n  p o la r isa tio n  is zero. In  th e  p a r tic u la r  case o f w a te r , i t  has 
p ro v e d  d ifficu lt to  e s tab lish  th e  value of e below  w hich d ipole re o r ie n ta tio n  
cease s : i t  seem s as th o u g h  в^  c an n o t he h ig h er th a n  5.0 and  could  be  as low 
as 1.8  [see 18, 19]. S ince fo r  n o n p o la r liq u id s  w hich  have  e0 a b o u t 2.0, th e  
v a lu e  o f  d e J d T  is a b o u t — 1 .6 x lO ~ 3 K _1, th e  la t te r  value w as a d o p te d  for 
d eJd T ,  leav ing  only th e  th ic k n e ss  of th e  local la y e r, (b —  a) to  be  f ix e d  in  
o rd e r  to  ap p ly  eq. (4) a n d  eq . (5). T he la t te r  w as ta k e n  as th e  rad iu s  o f  a so lven t 
m o lecu le , ca lcu la ted  fro m  so lv e n t b u lk  m o la r vo lum es a t  298 К  using  th e  
S te a rn -E y r in g  fo rm ula , r  =  (U /eiV )1̂3.

In  o rd er to  deal w ith  th e  c a v ity  te rm  a n d  loss of tra n s la tio n a l e n tro p y , 
A b ra h a m  an d  Liszi re g a rd e d  th e  to ta l  so lv a tio n  te rm  as co n sisting  o f  an 
e le c tro s ta tic  c o n trib u tio n , c a lc u la ted  as above , a n d  a n o n e lec tro s ta tic  c o n tr i­
b u t io n , o b ta in ed  from  p a ra m e te rs  for so lu tion  o f  th e  gaseous ra re  gases; eq.
(6) w h e re  Q =  G, H , S , Cp, e tc . Use of eq. (6) also rem oves all d ifficu lties 
o v e r th e  gaseous and  so lu tio n

A Q l  =  AQe +  AQn  (7)

s ta n d a r d  s ta te s . P ro v id ed  t h a t  th e  sam e se t o f s ta n d a rd  s ta te s  a re  a d o p ted  
fo r  AQ% an d  AQN, th e  v a lu e  o f  AQE will n o t d ep en d  on th e  a c tu a l s ta n d a rd  
s ta te s  u sed . In  th is  w ork  s ta n d a rd  s ta te s  o f 1 a tm  (gas) an d  u n it  m ol fra c tio n  
(so lu tio n ) w ill be em ployed .

I n  T ab le  I  are g iven  p a ra m e te rs  for a n u m b e r  o f so lven ts a t  298 К  [14, 
15] a n d  in  T able I I  a re  l is te d  th e  ionic ra d ii u sed  on th e  ca lcu la tio n s  [14]. 
V a lu e s  o f  AGN and  zlSN a re  o b ta in ed  from  expressions given b y  A b ra h a m

Table I

Solvent properties used in  the calculations at 298 К  [13, 14]

S o lv en t C0 — d e J d T r/Á

w a te r 78.36 0.3595 1.553
m ethano l 32.64 0.197 2.037
eth an o l 24.33 0.147 2.300
1-propanol 20.45 0.142 2.498
form am ide 109.5 0.72 2.023
JV -m ethylform am ide 182.4 1.62 2.307

propylene  carb o n a te 64.92 0.234 2.599
d im ethy lsu lphox ide 46.68 0.106 2.456
d im eth y lfo rm am id e 36.71 0.178 2.524
ace to n itrile 36.02 0.160 2.222
acetone 20.49 0.0967 2.485
am m onia 16.90 0.0780 1.796
1,2-d ich loroethane 10.23 0.0560 2.546
1,1-dichloroetliane 9.90 0.0480 2.600
te tra h y d ro  fu rán 7.40 0.0299 2.569
1 ,2 -d im eth o x y e th an e 7.30 0.0410 2.789
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ABRAHAM: CONTINUUM APPROACH 15

Table II

Values o f  ionic radii used in  the calculations [13, 21]

Io n a/Á I o n a/Á

Li + 0.90 F - 1.33
N a + 1.05 c i - 1.81
K + 1.33 Br- 1.95
Rb + 1.43 I - 2.20
Cs + 
Ag +

1.66
1.13

CIO;- 2.45

an d  L iszi [14, 15], so th a t  if  C] is ta k e n  as 2 .0  an d  deJdT  as — 1 .6 x  1 0 ~3 K -1 
th e re  a re  no a d ju s ta b le  p a ram ete rs  le f t a t  a ll in  eq. (4), eq. (5), a n d  eq . (7). 
E x p e rim e n ta l v a lu es  o f AG% w ere av a ila b le  fo r several ions in  16 so lven ts, 
th e re  being  in v a ria b ly  good ag reem en t b e tw e e n  th e  observed a n d  ca lcu la ted  
AG§ va lu es; ty p ic a l re su lts  are show n in  T a b le  I I I .  A m easure o f a n y  sy s tem a tic  
d ev ia tio n  is r ,  d efin ed  as th e  average  o f  th e  calcu lated  va lu es  m in u s th e  
av erag e  of th e  o b serv ed  values, w hereas a  is  defined as {[zl(),§(calc) —  AQ% 
(obs)]2/(re —  1)}1/e w here  n is th e  n u m b e r o f  ions stud ied . F o r th e  16 so lven ts, 
in c lu d in g  h y d ro x y lic  so lven ts an d  w a te r , n o  general tren d s in  e i th e r  т  o r a 
w ere o b served  in  th e  case of G ibbs energ ies o f  so lvation . Since r  i ts e lf  averages 
a b o u t ^ 0 .8  k c a l m o l-1  and  a a b o u t 1.9 k c a l m o l-1 across th e  16 so lven ts, 
an d  since th e se  v a lu es  will also inc lu d e  a  c o n trib u tio n  from  e x p e rim e n ta l 
e rro r, i t  is c lea r t h a t  a v e ry  sim ple c a lc u la tio n  b ased  on eq. (4) ca n  be  u sed  to  
p re d ic t so lv a tio n  G ibbs energies o f ions to  w ith in  ab o u t 2 kcal m o l-1  fo r each 
ion. T h e  im p ro v em en t over th e  B orn  e q u a tio n  is im pressive; fo r ( K + -f- B r - ) 
in  ace to n itrile  a ca lcu la tio n  v ia  eq. (4) a n d  eq . (7) yields zJG|- =  — 135.7 kcal

T able  III

Calculation o f  Gibbs energy o f  solvation o f  ions, using  £j =  2.0 
and  the constants in  Table I ,  k cal m o l-1 at 298 К  [13]

Io n
1,2 -dichloroet hane acetonitrile methanol
calc. obs. calc. obs. calc. obs.

N a + -9 1 .1 -9 2 .2 -9 6 .3 — 93.7 - 1 0 2 .8 - 9 8 .0
K  + — 74.0 — 74.2 — 78.6 -7 7 .6 -7 9 .9 - 7 9 .9
R b  + -6 9 .6 — 69.4 — 73.9 — 73.0 -75 .1 — 74.8
Cs + — 61.4 — 61.9 — 65.2 — 65.6 -6 6 .3 — 67.3

c i- — 57.2 -5 7 .9 - 6 0 .7 — 60.6 -6 1 .7 — 64.7
B r - — 53.9 — 54.4 -5 7 .1 — 56.6 — 58.0 — 58.4
I - -4 9 .1 — 48.9 — 52.0 — 50.9 -5 2 .6 -5 0 .5
CIO;- — 45.3 — 45.2 — 48.0 — 48.4 — 48.3 — 45.0

a 0.6 1.2 2.6
T 0.3 - 0 .7 — 0.8
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16 ABRAHAM: CONTINUUM APPROACH

F ig . 2 . P lo t  o f e ag a in s t d fo r a  u n iv a le n t ion  in  a ce to n itr ile . O ne-step profile : . . .

m o l-1  a n d  th e  B orn  eq. (1) w ith  eq. (7) gives a v a lu e  of — 194.0 k ca l m o l-1 , 
as c o m p a re d  to  th e  ex p e rim en ta l v a lu e  of — 134.4 k ca l m o l-1 . The re a so n  fo r 
th e  im p ro v e m e n t can  be seen fro m  th e  d ie lec tric  p ro file s  in  Fig. 1 a n d  F ig . 2: 
th e  “ o n e -la y e r”  or “ one-step” p ro file  in  F ig . 2 u n d e re s tim a te s  s a t  low  v a lu es  
of d, b u t  o v e re s tim a te s  e a t  h ig h  values o f d, th e re  being a p p a re n tly  a lm o s t 
co m p le te  can ce lla tio n .

A p p lic a tio n  o f eq. (5) a n d  eq. (7) to  th e  c a lc u la tio n  of en trop ies o f  so lv a ­
tio n  is q u ite  s tra ig h tfo rw a rd , p ro v id ed  th a t  zlSN v a lu es  can be o b ta in ed  fro m  
so lu tio n  o f  th e  ra re  gases in  th e  so lven ts co n cern ed . F o rtu n a te ly , th e  l a t t e r  
are a v a ila b le  [20] an d  ta k in g  e; =  2.0 an d  d e J d T  =  l . ó x l O -3 K -1 , ZlSJ 
v a lu es  m a y  be  ca lcu la ted ; re su lts  fo r th ree  so lv en ts  a re  in  Table IV . T h e  good 
a g re e m e n t fo u n d  fo r th e  a p ro tic  so lven ts is q u ite  gen era l; A braham  a n d  L iszi 
[15] sh o w ed  th a t  fo r 9 a p ro tic  so lven ts, ZlSJ v a lu e s  could be ca lc u la ted  to  
w ith in  a b o u t  2 cal K -1 m o l-1  fo r each  ion. T h is is n o t  so for h y d ro g en -b o n d ed  
so lv en ts , w h ere  th e re  is alw ays a sy s tem a tic  d isc rep an cy , see Tables IV  a n d  V. 
This a rises  because  o f  a d iso rd e red  seco n d -lay e r, in terposed  be tw een  th e  
o rd e red  f ir s t- la y e r  an d  th e  re la tiv e ly  o rdered  h y d ro g en -b o n d ed  b u lk  so lv e n t, 
w hich  c o n tr ib u te s  be tw een  a b o u t 7 cal К -1  m o l-1  to  30 cal K -1 m o l-1  p e r  
ion  d e p e n d in g  on th e  so lven t.

T h e  u se  o f  d iffe ren t n u m erica l va lues fo r st ( ta k e n  also as 1.05 n2) a n d  
for th e  th ic k n e ss  o f th e  lay e r (b —  a) w as la te r  in v e s tig a te d  [21], as w ell as 
th e  u se  o f  a tw o -lay e r (i.e. a tw o -step ) or a c o n tin u o u s  dielectric p ro file  [22]. 
T hese re f in e m e n ts  lead  only  to  m arg ina l im p ro v e m e n ts  in  th e  ca lcu la tio n  o f  
AGs a n d  zlS s, an d  do n o t m a te ria lly  affect th e  d iff ic u lty  over th e  c a lc u la tio n  
of zlS£- in  h y d ro g en -b o n d ed  so lv en ts . F o r b o th  a p ro tic  and  h y d ro g en -b o n d ed
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Table IV

Calculation o f  entropies o f  solvation o f  ions, using  в; =  2.0 and 
DeJdT  =  — 1.6X 10 -3  K _1 and the constants in  Table I ,  cal K -1  m o l-1 at 298 К  [14]

Ion
1,2-dichloroethane acetonitrile methanol
calc. obs. calc. obs. calc. obs.

N a + — 78 - 6 9 — 58 — 55 - 6 4 - 4 7
K + - 6 6 - 6 4 — 48 — 50 — 54 — 42
Rb + — 63 — 60 — 45 — 46 — 51 - 3 8
Cs + — 58 - 5 8 - 4 1 — 44 —47 - 3 6

c i - — 56 - 5 5 — 39 — 41 —45 - 3 3
Br- — 54 - 5 3 — 38 — 39 —44 - 3 1
I - — 51 - 4 9 - 3 6 — 35 —43 - 2 7
ClOr — 50 — 48 —35 — 34 - 4 1 - 2 6

a 4 2 15
T _e» 0.5 - 1 7

Table V

E ntropies o f  solvation o f  (K +  -f- B r - ) in  hydrogen-bonded 
and aprotic solvents, cal K “ 1 m o l-1  at 298 К  [14]

S o lv e n t calc. o bs. r*

w ater —  107 —  48 —  3 0
m ethano l —  98 — 73 — 12
ethano l — 102 — 79 — 11
propanol - 1 1 0 — 87 - 1 1
forraam ide —  84 - 6 3 —  11
iV -m ethylform am ide - 8 4 - 6 9 7

propylene  c a rb o n a te - 8 2 —  77 - 2
d im ethy lsu lphox ide - 8 1 —  79 —  1
d im ethy lfo rm am ide —  8 8 —  93 + 2
aceton itrile - 8 5 —  89 + 2
acetone - 9 6 - 9 9 +  1
am m onia - 9 7 - 9 9 +  1
1,2-dichloroe th an e —  120 —  117 - 1
1,1-dich loroethane —  116 —  119 +  1

‘ V alue pe r ion.

so lven ts, i t  is possib le to  in te rp re t e n tro p y  te rm s  w ith  resp ec t to  io n -so lv en t 
in te rac tio n s . T he o vera ll /IS*- va lues can  be  b ro k e n  dow n in to  A S E a n d  / IS ^  
th ro u g h  eq . (7), a n d  th e  fo rm er th e n  d iv id ed  in to  co n trib u tio n s fro m  th e  
firs t-lay e r, th e  d iso rd ered  second-layer, a n d  th e  b u lk  so lven t, as in  eq . (8) 
a n d  eq. (9). E ith e r  A S E o r AS\ p lus /IS ,, c a n  be  ta k e n  as

A S e =  /IS , +  d S „  +  A S в

2

— /IS , -f- A S l , -f- A S B -(- / IS ^
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18 ABRAHAM: CONTINUUM APPROACH

Table VI

Comparison o f  A S E with B - and  B '-coefficients fo r  ions in  
water and  in  methanol at 298 К  [21]

Ion
water methanol

ASe В В ’ В В ’

H + 0.096 0.09
Li + — 33 0.174 0.17 —40 0.63 0.25
N a  + — 20 0.110 0.09 — 34 0.59 0.14
K  + — 4 0.017 0.02 - 2 7 0.56 0.11
Rb + 1 — 0.006 — 0.01 - 2 3 0.44 0.08
Cs + 5 — 0.021 — 0.02 — 19 0.36 0.07

г - - 1 2 0.072 0.11 — 26
c i - 9 — 0.031 — 0.04 — 15 0.20 0.05
B r - 14 — 0.066 — 0.07 — 12 0.18 0.03
I - 22 — 0.092 — 0.11 — 6 0.11 0.00
ClOr 26 — 0.089 — 0.12 — 4 0.01

a m e a su re  o f  ion-so lven t in te ra c tio n s . I n  T ab le  V I are lis ted  v a lu es  o f  A S E 
fo r io n s  in  w a te r  an d  in  m e th a n o l a t  298 K , to g e th e r  w ith  v isco s ity  U -coeffi- 
c ien ts  a n d  JT-coefficients o f  E ngel an d  H e r tz  [23]. T here are  ex ce llen t lin ea r  
c o rre la tio n s  o f e ith er A S E or A S j_n a g a in s t В  or B ' for all so lv en ts  s tu d ie d , 
see th e  exam p les  in  F ig . 3, w ith  A S E o r A S i:u  neg a tiv e  an d  В  o r B ' p o sitiv e  
fo r io n s  t h a t  are s tru c tu re -m a k e rs  a n d  A S E o r  z lS ^n  positive  a n d  В  a n d  В ’ 
n e g a tiv e  fo r ions th a t  a re  s tru c tu re -b re a k e rs  [21].

I t  seem s th ere fo re  t h a t  th e  “ o n e -lay e r”  or “ one-step”  e q u a tio n s , eq.
(4 )a n d  eq . (5) in  co n ju n c tio n  w ith  eq. (7) c a n  be used  to  p red ic t G ibbs energies 
o f s o lv a tio n  of ions in  so lv en ts  genera lly , a n d  en tro p ies  of so lv a tio n  o f  ion s in  
a p ro tic  so lv en ts . E v en  w hen  p red ic tio n s  c a n n o t be m ade th a t  is fo r so lv a tio n  
e n tro p ie s  in  h y d rogen -bonded  so lv en ts , w h ere  th e  co n tin u u m  a p p ro a c h  fails, 
u se fu l in te rp re ta tio n s  o f  so lv a tio n  en tro p ie s  in  te rm s of io n -so lv en t in te ra c ­
tio n s  c a n  s till be m ade.

F ig . 3. P lo t o f  В  coefficients against A S E at 298 К ; (1) m ethanol, (2) form am ide (3) water
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C alculations o f so lvation  energ ies a t various tem p era tu res

In  princip le , th e  ap p lica tio n  of th e  ab o v e  co n tin u u m  a p p ro a c h  to  the 
ca lcu la tio n  of so lv a tio n  energies a t  an y  g iven  te m p e ra tu re  is no  d iffe ren t to  
a ca lcu la tion  a t  298 K . T here  are , how ever, a n u m b e r of p ra c tic a l d ifficu lties. 
F irs tly , a know ledge o f  th e  te m p e ra tu re  v a r ia tio n  o f e0 is re q u ire d  over the  
te m p e ra tu re  ran g e  to  be  considered ; fo r m a n y  nonaqueous so lv e n ts  va lues of 
e0 are know n o n ly  a t  a ro u n d  room  te m p e ra tu re . Secondly, th e rm o d y n a m ic  
p a ra m e te rs  for so lu tio n  o f th e  ra re  gases in  th e  so lven t co n cern ed  m u s t also 
be availab le  over th e  te m p e ra tu re  range in  o rd e r th a t  th e  n o n e lec tro s tic  co n tri­
b u tio n  can  be d e te rm in e d . T h ird ly , som e e s tim a te  o f deJdT  a n d  d2eJdT 2 is 
necessary .

I f  th e  above th re e  fac to rs  are know n  a ccu ra te ly , i t  is possib le  to  calcu late  
ACp for so lv a tio n  o f  ions v ia  eq. (6) a n d  eq. (7), w here Q — Cp. R esu lts  are 
v e ry  lim ited  fo r n o n aq u eo u s  so lven ts, b u t  fro m  th e  know n v a lu e  o f  Cp for 
K B r in  ace to n itrile  [24], th e  h e a t c a p a c ity  o f  so lvation  a t  298 К  is about 
— 10 cal K -1 m o l-1 . T h e  correspond ing  ACpN v a lu e  fo r th e  tw o  io n s is p ro b ­
ab ly  a ro u n d  20 cal K -1  m o l-1 , so th a t  i f  d sJ d T  is ta k e n  as — 1 .6 x  1 0 -3 K -1 
a n d  d2elld T 2 as zero  (since n o th in g  is k n o w n  a b o u t th is  q u a n t i ty ) ,  th e  only 
rem ain in g  req u ired  p a ra m e te rs  are  th e se  o f th e  b u lk  d ie lec tric  co n stan t, 
dso/д Т  an d  d2s0Id T 2. V alues o f e0 h av e  re c e n tly  been  o b ta in ed  [25] over the  
ran g e  233 to  298 К  a n d  m ay  be f i t te d  to  eq . (10) or to  eq. (11). I n  T ab le  V II 
are  given

e0 =  94.378 —  0.1958 T  r =  0 .99993 (10)

£q =  103.598 —  0.2656 T  +  0.000131 T 2 r =  0 .99999 (11)

ACp va lues using  c o n s ta n ts  derived  from  eq. (10) an d  eq. (11), to g e th e r  w ith 
re su lts  based  on th e  ea rlie r v a lue  o f — 0.160 K -1 fo r f)e0ldT , w ith  d2e J d T 2 
ta k e n  as e ith e r  zero  o r as an  assum ed v a lu e  o f  l x l O -4 K -1 . I t  c a n  be seen

Table VII

Calculation o f  ACp fo r  solvation o f  K + +  B r~  in  acetonitrile at 298 К

*0 de.ldT d'eJ»T‘ ACps

36.01“ — 0.196 0 — 135.7 — 88 — 45
36.09» — 0.187 2 .6 X 1 0 -* — 135.7 - 8 7 — 40
36.02» — 0.160 0 — 135.7 - 8 5 — 30
36.02d — 0.160 l . o x i o - * — 135.7 - 8 5 — 10

observed va lues — 134.2 - 8 9 — 10

“ V alues from  eq. (10). 
b V alues from  eq. (11).
0 T able  I assum ing i f l e J d T 1 —  0. 
d T ab le  I assum ing d 2e J d T 2=  1.0X 10_* K -1 .
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20 ABRAHAM: CONTINUUM APPROACH

t h a t  th e  num erica l v a lu e  o f  д2е0/e)T2 is crucial, b u t  also  th a t  th e re  is th e  p ossi­
b i l i ty  o f  reasonable  c a lc u la tio n s  of AC°p for so lv a tio n  th ro u g h  a c o n tin u u m  
a p p ro a c h .

S om e of th e  above d ifficu ltie s  are no t p re se n t fo r w a te r as th e  so lv en t, 
th u s  th e  v a ria tio n  of e0 w ith  te m p e ra tu re  is w ell k n o w n  and  p a ra m e te rs  for 
so lu tio n  o f  th e  ra re  gases a re  a lso  available. A n a t te m p t  was th ere fo re  m ad e  to  
c a lc u la te  AG°, A S0, a n d  ACp fo r  so lvation  o f g aseo u s ions in  w a te r  o v er a 
w ide ra n g e  of te m p e ra tu re  [26]. I f  e; is ta k e n  as e ith e r  2.0 or as 1.05 n2 a t  
298 К  ( th e  la t te r  is 1.87 fo r  w a te r ) , де^дТ  as — 1 . 6 x l 0 -3 К  an d  d2e;/d T 2 as 
zero , th e n  ap p a ren tly  th e re  a re  le f t no a d ju s ta b le  o r v ariab le  c o n s ta n ts  in  
eq. (4— 6). H ow ever th e  v a lu e  o f  b, or of (6 —  a), is n o t necessarily  a fix e d  
c o n s ta n t .  P rev iously , (b —  a) w as ta k e n  as a c o n s ta n t  for all ions in  a g iven 
so lv e n t b u t  for m ore p rec ise  ca lcu la tio n s d iffe ren t v a lu es  of (b —  a) cou ld  be 
u sed  fo r  th e  d ifferent ions s tu d ie d . F u rth e rm o re , in  th e  d eriv a tio n  o f eq. (5) 
a n d  eq . (6) from  eq. (4) i t  is assu m ed  th a t  v a lu es  o f  a an d  b are in d e p e n d e n t 
o f  te m p e ra tu re . E ven  i f  a is ta k e n  as a co n stan t, th e r e  is no reason  w h y  (b —- a) 
a n d  h e n ce  b should be c o n s ta n t . T here  are, h o w ev er, considerable d ifficu lties 
i f  b is  a llow ed  to  v a ry  w ith  te m p e ra tu re , because  i t  th e n  becom es im possib le  
to  c a lc u la te  A SE a t a n y  g iv en  tem p e ra tu re  u n less a  v a lue  for db/dT  c an  be 
d e d u c e d ; i f  b varies w ith  te m p e ra tu re  an  ad d itio n a l te rm  in  eq. (5) is re q u ire d :

A S e =  A S e ca lc , v ia  eq. (5) -f-
Z2 [ 1 - 4 1 д ь \

2 U e„i  & d T j

I t  seem ed m ore u sefu l to  a tte m p t ca lcu la tio n s using  b va lues t h a t  are 
in v a r ia n t  w ith  te m p e ra tu re , b u t  w hich  are allow ed to  d iffer from  ion to  ion  [26]. 
Tw o e x tre m e  cases can  be co n sid ered , (i) b v a lu es  c a n  be assigned to  ions so 
t h a t  AG% (calc) and  AG$ (obs) a re  iden tical a t  298 K , or (ii) b va lues can  be 
o b ta in e d  so th a t  AGs (calc) a n d  AGs (obs) becom e id e n tic a l a t h igh  te m p e ra tu re
[26 ] . T h erm o d y n am ic  p a ra m e te rs  for so lvation  o f  io n s  over a w ide ran g e  o f 
te m p e ra tu re  can be o b ta in e d  f ro m  equations g iven  b y  T rem aine an d  G o ldm an
[27] , a lth o u g h  i t  should be n o te d  th a t  such p a ra m e te rs  a re  based  on ex p e rim en ­
ta l  q u a n ti t ie s  a t low er te m p e ra tu re s  and  T rem ain e  a n d  G oldm an’s e x tra p o la ­
tio n  p ro ced u res  a t  h ig h er te m p e ra tu re s . U sing AGg (obs) values a t  298 K , 
a n d  AG s  va lues from  T rem a in e  a n d  G oldm an’s p ro c e d u re  a t  h igh  te m p e ra tu re s , 
b v a lu e s  w ere assigned to  v a r io u s  ions as show n in  T ab le  У  I I I .  T h en  using  
eq. (4) a n d  eq. (5) to g e th e r  w ith  eq . (7), values o f  AGs a n d  AS§ could be  ca lcu ­
la te d  a t  v a rio u s te m p e ra tu re s  (in  these  ca lcu la tions et a t  298 К  w as ta k e n  as
1.87). I n  F ig . 4 are show n re s u lts  of calculations u s in g  b o th  b (298) an d  b (573) 
v a lu e s  fo r  (N a + -f- C l- ). T h e re  is n o t m uch d ifference  in  AS§ (calc) u sin g  th e  
tw o  se ts  o f b values. As fo u n d  before, the  c a lc u la ted  en trop ies of so lv a tio n  
a t  298 К  a re  fa r too  n e g a tiv e , d u e  to  th e  d iso rd e red  second-layer th a t  is n o t 
ta k e n  in to  account b y  th e  ca lcu la tio n s . B u t as th e  te m p e ra tu re  increases, b u lk
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Table VIII

A ssignm ent o f  b values to ions in  water, in  Á [26]

Io n 6(298) 6(573)

N a + 2.65 2.24
K  + 2.91 2.56
R b  + 3.03 2.75
Cs + 3.11 2.79

c i - 2.73 2.43
B r - 3.14 2.67
1 - 3.82 3.05

w a te r becom es itse lf  m ore d isordered  a n d  m o re  like an  apro tic  so lv e n t, an d  
th e  d iso rdered  second-layer effect becom es sm alle r. In d eed , a t  a ro u n d  450 К  
th e re  is good ag reem en t betw een  ca lcu la ted  a n d  observed  /IS J v a lu es , so th a t  
a t  th is  te m p e ra tu re  an d  above, w a te r seem s to  beh av e  as a d ie lec tric  c o n ti­
nuum .

I f  s tru c tu ra l  effects in  w a te r decrease m a rk e d ly  w ith  te m p e ra tu re , th e n  
th is  shou ld  be re fle c ted  in  s tru c tu re -m ak in g  a n d  -b reak ing  p ro p ertie s  o f  ions.

------- 3

Fig. 4. AG° a n d  A S 0 fo r N a+  -f- Cl~ gas-«- aq ; (1) o b se rv ed  from  Ref. [27], (2) c a lc u la te d  w ith
b (298), (3) c a lcu la ted  w ith  b (573)
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F ig . 5. P lo t o f В -coefficien ts ag a in s t ЛS E in  w a te r  a t  273, 298, an d  373 К

V alu es o f  A S E or ZlS^n can  be ca lcu la ted  fo r ions in  w a te r a t  d iffe ren t te m p e ra ­
tu re s ,  a n d  th e n  co rre la ted  w ith  v iscosity  Б -coeffic ien ts in  ex ac tly  th e  sam e 
w ay  as fo r  so lven ts a t  298 K . R esu lts  fo r th e  a lk a li halide ions in  w a te r  a t  
273, 2 9 8 , a n d  373 К  are  show n in  F ig . 5. W ith  one or tw o m inor ex cep tio n s  
w h en  A S E o r В  are close to  zero , ions m ay  a g a in  he ch arac terised  as s tru c tu re -  
m a k e rs  o r  s tru c tu re -b re ak e rs . B u t a t  273 K , o n ly  L i+ and  N a + are n e t  s tru c ­
tu re -m a k in g  ions, w ith  K + a n d  F ~  b o rd erlin e  cases. A t 298 K , L i + , N a + an d  
F ~  a re  s tru c tu re -m a k in g  ions a n d  K + an d  R b + borderline  cases, w h ereas  a t  
373 К  a ll th e  ions L i+ to  C s+ a n d  F ~  to  B r~  are  s tru c tu re -m ak ers  w ith  on ly  
I “  as a  b o rd e rlin e  case. A t 423 К  even  I -  is now  qu ite  a s tro n g  s t ru c tu re ­
m a k in g  io n ; so th a t  as th e  te m p e ra tu re  in c reases  all ions becom e s tru c tu re -  
m a k e rs , j u s t  as for n o n aq u eo u s so lven ts a t  298 K . T hus A SE va lu es  fo r th e  
a lk a li h a l id e  ions in  w a te r  a t  373 К  are  q u ite  com parab le  to  A S E v a lu es  in  
fo rm a m id e  a t  298 K , an d  A S E v a lu es  in  w a te r  a t  423 К  are a lm o st id e n tic a l 
w ith  S E v a lu e s  for th e  a lka li h a lid e  ions in  a c e to n itr ile  a t  298 К  [21, 26 ], see 
T ab le  I X .

Table IX

Comparison o f  ASj? values fo r  ions in  water w ith values 
fo r  ions in  other solvents, in  cal K " 1 m o l-1

I o n
w a te r  
373 К

fo rm am id e  
298 К

w a te r
423 К

a c e to n itr ile
298 К

w a te r  
523 К

1,2-d ichloro-
e th a n e
298 К

N a  + — 36 — 29 - 4 5 — 46 - 6 6 — 67
K  + — 24 — 22 — 35 — 40 - 5 6 - 5 4
R b  + - 2 3 — 18 - 3 6 — 35 - 6 0 — 50
Cs + — 19 — 14 - 3 2 — 31 — 57 —44

c i - — 12 — 10 - 2 9 — 27 - 3 4 — 40
B r - — 7 — 7 — 18 — 24 - 3 9 — 37
I - — 1 - 1 — 16 — 18 - 3 1 — 33
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T hese s tru c tu ra l  effects shou ld  also be re fle c ted  in  h ea t cap ac itie s  o f  so l­
v a tio n , an d , in d eed , observed  ACp^ va lu es  cou ld  be analysed  in  te rm s  o f  c o n tr i­
b u tio n s  from  a n  o rdered  f irs t- la y e r, a d iso rd e red  second-layer, an d  a  re la tiv e ly  
o rd e red  b u lk  so lv en t a t  298 К  [26]. E x p e rim e n ta l Cp va lues a re  av a ilab le  
for sod ium  ch lo ride  in  w a te r u p  to  573 K ; from  these , e x p e rim e n ta l ACp% 
values m a y  be o b ta in ed  again  up  to  573 K . As expec ted , th e  c a lc u la ted  ACp$ 
values fo r (N a + -f- C l- ) v ia  eq . (6) a n d  eq. (7) w ere m uch too  p o s itiv e  th a n  
th e  o b served  v a lu es  a t  am b ien t te m p e ra tu re s , due  to  a c o n tr ib u tio n  (n ega tive) 
from  th e  d iso rd e red  lay e r th a t  is n o t in c lu d ed  in  th e  ca lcu la tions. A g a in , ju s t  
as fo r th e  e n tro p y  ca lcu la tions, o bserved  a n d  ca lcu la ted  ACp$ v a lu es  w ere in  
good ag reem en t above ab o u t 423 K . In te re s tin g ly , th e  ca lcu la ted  ACp% va lues 
d id  n o t d ep en d  v e ry  m uch  on th e  a c tu a l v a lu es  o f b for N a + or C l-  used  in 
th e  ca lcu la tio n s. In  F ig . 6 are  show n ACp% (obs) fo r (N a + -f- C l- ) in  w a te r  
from  273 to  573 K , to g e th e r w ith  c a lcu la ted  v alues using  th e  b (298) v a lu es  in  
T ab le  V I I I .  T h e re  is v e ry  good ag reem en t be tw een  th e  tw o sets a t  te m p e ra tu re s  
above a b o u t 423 K . Now in  th e  ca lcu la tio n  o f ACp v ia  eq. (6) a n d  eq. (7), 
th e  va lu es  fo r th e  d ielectric  c o n s ta n t o f w a te r  are  know n, £/ is ta k e n  as 1.87 
a t  298 К  an d  dei/dT  as — 1 . 6 x l 0 -3  K -1 w ith  d2Si/dT2 as zero. T h u s  if  b is 
o b ta in ed  b y  m a tc h in g  AG% (calc) w ith  AG% (obs) a t  298 K , a know ledge  of 
AG% a t  298 К  is all th a t  is req u ired  in  o rd e r to  be ab le to  p red ic t ACp%- a t  h igh 
te m p e ra tu re . V alues o f ACp% a t  a m b ie n t te m p e ra tu re s  are n o t to o  d ifficu lt 
to  o b ta in , v ia  v a lues o f Cp, so th a t  a co m b in a tio n  o f observed  v a lu e s  a t  low 
te m p e ra tu re s  w ith  p red ic ted  values a t  h ig h  te m p e ra tu re s  w ill en ab le  th e  
ACp% v s  T  p ro file  to  be o b ta in ed  over a w ide te m p e ra tu re  ran g e . T h e  ACp% 
valu es  can  be  f i t te d  to  a fu n c tio n  o f te m p e ra tu re , an d  in te g ra tio n  w ill yield 
values o f  AS§, AH§, and  AG% over th e  e n tire  ran g e . In  Fig. 7 is show n  such 
a ACp% v s T  p ro file  for th e  case o f  ( K + -(- B r - ) co n stru c ted  fro m  recen tly  
o b ta in e d  e x p e rim e n ta l va lues a t  a m b ie n t te m p e ra tu re  [28] a n d  p red ic ted  
values a t  h ig h  te m p e ra tu re  using  th e  b (298) p a ram e te rs  in  T a b le  V I I I .  I t  
seem s q u ite  possib le  th a t  a co m b in a tio n  o f ex p e rim en ta l an d  c a lc u la ted  h ea t 
cap ac ities  o f  so lv a tio n  will p rov ide  p red ic tio n s  o f  o th e r  th e rm o d y n a m ic  fu n c ­
tio n s  fo r so lv a tio n  of ions from  273 К  u p  to  a ro u n d  550 K , an d  i t  is h o p ed  to  
re p o r t  on such  p red ic tions in  th e  fu tu re . I t  m igh t he n o ted  t h a t  a lth o u g h  
th e  B o rn  eq . (3) has been show n to  rep ro d u ce  h e a t capacities fo r  sodium  
ch lo ride  over a  w ide te m p e ra tu re  ran g e  [29], th is  eq u a tio n  c a n n o t b e  u sed  as 
th e  basis fo r a n y  p red ic tive  ca lcu la tio n  because  th e  ionic rad iu s , a, is u sed  as 
an  a d ju s ta b le  p a ra m e te r  in  o rd er to  o b ta in  th e  req u ired  f i t  of c a lc u la te d  and  
observed  h e a t capac ities over th e  te m p e ra tu re  range  considered.

A lth o u g h  co n tin u u m  th eo ries  o f  so lv a tio n  can  p rov ide  a su rp ris in g  
a m o u n t o f in fo rm a tio n  on io n -so lven t in te ra c tio n s , as well as b e in g  o f  p red ic ­
tiv e  c a p a b ility , o th e r  theories o f  so lv a tio n  shou ld  n o t be overlooked . Jo rg en sen  
an d  co-w orkers [30] have recen tly  ca lcu la ted  AH$  values a t  298 К  fo r various
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дСр/cat К'1 тоГ1

F ig . 6. ACp fo r N a + +  C l-  gas-*- aq ; (1) o b se rv ed , (2) calcu la ted  jw ith  b (298)

ДСр/cal K^mol'1

F ig .  7. ACp for K +  +  B r -  gas-*- aq ; (1) o b se rv ed , (2) ca lcu la ted  w ith  b (298)

ions in  w a te r  using M onte C arlo sim u la tions. T h e ir  ca lcu la ted  v alues a re  in  
fa ir  a g re e m e n t w ith  ex p e rim e n t, for exam ple  A l ls  (calc) for (N a + -f- C l- ) 
is — 205 k c a l m o l-1  as co m p ared  w ith  th e  o b se rv ed  v a lu e  of — 187 kca l m o l-1  
[31], a n d  p a r tic u la r ly  usefu l in fo rm atio n  on io n -so lv en t and  so lv en t-so lv en t 
in te ra c tio n s  is o b ta in ed . T h u s  b o th  recen t c o n tin u u m  theories an d  d isc re te  
th eo rie s  o f  ionic so lva tion  w ill co n tin u e  to  p ro v id e  v a lu ab le  re su lts .
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T he h y d ra tio n  o f som e m on o v alen t a n d  d iv a le n t ions in  aqueous so lu tions of 
m o d era te  c o n c e n tra tio n  h as  been  s tu d ied  b y  M olecular D y n am ics sim u la tio n s using 
b o th  rigid a n d  flex ib le  m odels for w a ter. T h e  io n -w a te r  a n d  ion-ion  p o ten tia ls  were 
d e term ined  e ith e r  fro m  isoelectron ic  noble gases a n d  P a u lin g  rad ii o r fro m  q u a n tu m  
m echnical a b  in itio  calcu la tio n s.

T he s tru c tu ra l  a rra n g e m e n t o f th e  w a te r  m olecules in  th e  v ic in ity  o f  th e  ions 
is discussed in  te rm s  o f ra d ia l  d is tr ib u tio n  fu n c tio n s, av erage  m olecule o rien ta tio n s  and  
sym m etries o f  th e  h y d ra tio n  com plex. A m ong th e  d y n am ica l p ro p e rtie s  s tu d ied  are 
th e  diffusion  co effic ien ts , th e  h indered  tra n s la tio n s  o f  th e  so lv en t m olecule an d  o f th e  
so lu te  p a rtic le s  a n d  th e  sh ifts  in  in te r- a n d  in tra m o le cu la r  v ib ra tio n a l frequencies o f 
th e  so lven t m olecu les d u e  to  th e  so lu te. Single ion  v a lu es o f these  q u a n tit ie s  a re  easily 
ob ta in ed  an d  d iscussed  in  com parison  w ith  e x p e rim e n ta l values.

In tro d u c tio n

I t  is th e  p u rp o se  o f  th is  c o n tr ib u tio n  to  give a b r ie f  overv iew  o f th e  
M olecular D ynam ics (M D) sim ula tions w hich  h a v e  been  perfo rm ed  on aqueous 
e lec tro ly te  so lu tio n s. T h e  a tte n tio n  will focus on th e  p h enom enon  of ionic 
h y d ra tio n  an d  we sh a ll a t te m p t  to  e lucidate  som e o f its  s tru c tu ra l an d  d y n a m ­
ica l aspects.

In  a M olecular D y nam ics s im u la tio n , th e  N ew to n ian  eq u a tio n s  of 
m o tio n  for a n u m b e r  o f  p a rtic le s  (ty p ica lly  sev era l h u n d red ) u n d e r th e  in f lu ­
ence o f th e ir  m u tu a l  in te ra c tio n s  are  solved n u m erica lly  u n d e r  (m ostly) 
period ic  b o u n d a ry  co n d itio n s. The in te ra c tio n s  are  described  b y  sum s of 
a to m -a to m  (or s ite -s ite ) p a ir  p o ten tia ls , such  se ts  o f p a ir  p o te n tia ls  fo r d iffer­
e n t  chem ical species are  o ften  referred  to  as th e  “ m odel”  for t h a t  species. 
T h e  in te ra c tio n  p o te n tia ls , th e  m asses (or m o m en ts  o f in e r tia  in  case o f m ole­
cules) and  th e  d e n s ity  a re  th e  only  in p u t to  an  M D sim u la tio n , i.e. th e re  are 
no  a d ju s tab le  p a ra m e te rs .

* P resen t ad d ress : I n s t i tu t  Physika lische  Chem ie I ,  T echn ische  H ochschule, D-6100 
D a rm s ta d t, F ed eral R e p u b lic  o f G erm any.

“ A ddress fo r co rresp o n d en ce: C entra l R esearch  I n s t i tu te  fo r Physics o f  th e  H u n g a r­
ian  A cadem y of Sciences, H -1121 B u d ap est. K o nko ly  T hege ú t ,  H u n g ary .

+ T his p a p e r  w as p re sen te d  a t  th e  S ym posium  o n  S tru c tu re  o f  L iqu ids an d  S olu tions 
a t  V eszprém , A u g u st 27 — 30, 1984.

A c ta  C h im . H u n g .  1 2 1 , 1 9 8 6  
A k a d é m ia i  K ia d ó ,  B u d a p e s t
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O f course, th e  resu lts  o f  such  a s im u la tion  depend  c ritica lly  on  th e  pa ir 
p o te n t ia ls  em ployed. F o r in s ta n c e , h igh  accu racy  ab  in itio  ca lcu la tio n s are 
n o t  n e c e ssa rily  a g u aran tee  fo r  p ro p e r  pa ir p o te n tia ls  as in  co m p lica ted  liqu ids, 
su ch  as w a te r , th e  p a ir p o te n tia ls  u sed  need to  be  effective ones, w hich  m eans 
t h a t  m a n y -b o d y  in te rac tio n s  m u s t be  in co rp o ra ted . In  th is  c o n tr ib u tio n  th e  
fa c t  is  s tre ssed  th a t  th e  b e s t t e s t  o f th e  re lia b ility  o f th e  p a ir  p o te n tia ls  is th e  
a g re e m e n t o f calcu lated  q u a n tit ie s  w ith  ex p e rim en ta l re su lts  as fa r  as th e y  
can  b e  d ed u ced  u n am b ig u o u sly  fro m  m easu rem en ts.

I n  th e  following sec tio n  som e m odels em ployed  in  th e  s im u la tio n  of 
a q u e o u s  e lec tro ly te  so lu tions a re  in tro d u c e d  an d  d e ta ils  o f th e  ca lcu la tio n s are 
g iv en . S tru c tu ra l  p ro p erties  o f  th e  so lu tio n  are  d iscussed  in  a la te r  section  
on  th e  b as is  of rad ia l d is tr ib u tio n  fu n c tions, th e  o rie n ta tio n  o f  th e  w a te r 
m o lecu les  in  th e  h y d ra tio n  shell o f th e  ions an d  th e ir  geom etrica l a rra n g e m en t. 
In  th e  la s t  section d y n am ica l p ro p e rtie s  of th e  so lu tion , such  as self-diffusion 
c o e ffic ien ts , an d  th e  sp ec tra l d en sitie s  o f h in d ered  tra n s la tio n s , lib ra tio n s  and  
in te rn a l  v ib ra tio n s  are d iscussed  —  derived  from  sim u la tio n  w ith  th e  help  of 
v a r io u s  a u to co rre la tio n  fu n c tio n s .

M odels

A  n u m b e r of m odels fo r liq u id  w a te r h av e  been  developed  in  th e  p a s t 
15 y e a r s ,  th e  m ost successful a n d  m o st w idely  u sed  ones being  th e  ST2 [1], 
th e  M C Y  [2] and  th e  c e n tra l fo rce (CF) m odels [3, 4]. W hile th e  ST2 an d  
M CY m o d e ls  considered th e  w a te r  m olecule as a rig id  u n it ,  th e  C F  m odel 
co n s is ts  o f  oxygen an d  h y d ro g e n  a to m s —  b earin g  p a r tia l  charges —  w here 
th e  w a te r  m olecule g eo m etry  is so lely p reserved  b y  an  a p p ro p r ia te  se t of 
o x y g e n -h y d ro g e n  and  h y d ro g en -h y d ro g en  p a ir  p o ten tia ls . T h u s, th e  C F m odel 
has th e  a d v a n ta g e  th a t  th e  in flu e n c e  o f ions on th e  in tram o lecu la r  geom etries 
a n d  fre q u e n c ie s  can be s tu d ie d .

I n  th e  w ork p resen ted  h e re , b o th  th e  ST2 a n d  CF m odels w ere  used. 
MC s im u la tio n s  of ionic h y d ra tio n  using  th e  MCY m odel h av e  b een  re p o rte d  
b y  B e v e rid g e  and  Mezei [5] a n d  M D sim ula tions w ith  th is  m odel h a v e  been 
c a rr ie d  o u t  b y  M cD onald e t a l. [6].

T h e  ST2 w ater m odel (F ig . 1) developed  b y  S tillinger an d  R a h m a n  [1] 
is a fo u r  p o in t charge m odel w ith  th e  charges a rran g ed  te tra h e d ra lly  a ro u n d  
th e  o x y g e n  a tom . T he p o sitiv e  charges are  lo ca ted  a t  th e  h y d ro g en  a to m  
p o s itio n s  a t  a d istance o f 1 Ä  fro m  th e  oxygen a to m , a p p ro x im a te ly  th e  rea l 
d is ta n c e  in  th e  w ate r m olecule. T h e  n eg a tiv e  charges are  lo ca ted  a t  th e  o th e r 
tw o v e r t ic e s  of the  te tra h e d ro n  b u t  a t  a d istance  of o n ly  0.8 A  from  th e  oxygen 
a to m . T h e  charges have been  chosen  to  be 0.23 e lem en ta ry  charges, lead ing  
to  a n  e n h a n c e d  (com pared to  th e  gas phase) dipole m o m en t o f th e  w a te r
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F ig . 1. T h e  ST2 p o in t charge  m odel fo r w a te r . T h e  te tra h e d ra l angle Ф-j-d =  109° 28 ' and
q =  0.23 e

m olecule. T he te tra h e d ra lly  a rran g ed  p o in t charges ren d er possib le th e  fo rm a­
tio n  o f hyd ro g en  bon d s in  th e  r ig h t d irec tio n s . A  sw itching fu n c tio n  d epend ing  
on  th e  in te ro x y g en  d istan ces  p rev en ts  th e  u n lim ite d  increase o f  th e  Coulom b 
en erg y  fo r close a p p ro a c h  of tw o w a te r  m olecules. The ST2 m odel is com pleted  
b y  ad d in g  a (12; 6) L en n a rd — Jo n es  (L J )  p o te n tia l, th e  c e n te r  o f  w hich  is 
lo c a te d  a t  th e  oxygen  a to m . In  th e  s im u la tio n s  w here  th e  ST2 m odel is em ployed , 
th e  a lk a li an d  h a lid e  ions are m odelled  as L J  spheres w ith  a p o in t charge 
a t  th e  cen te r . W ith  th e se  m odels fo r th e  tw o  k in d s of partic les —  w a te r  and  
ions —  i t  is easy  to  fo rm u la te  th e  effec tive  p a ir  p o ten tia ls  for th e  s ix  d ifferen t 
k in d s  o f  in te ra c tio n s : ca tio n -ca tio n , an io n -an io n , cation -an ion , c a tio n -w a te r, 
an io n -w ate r, an d  w a te r-w a ter.

A ll six p a ir  p o ten tia ls  consists o f  an  L J  te rm :

K jK r)  =  4>eij [(°iJlr) i2 -  K /r)«], (1)

w here  i  an d  j  re fe r e ith e r  to  ions or w a te r  m olecules, and  a C oulom b te rm , 
d iffe ren t for w a te r-w a te r , ion -w ater, a n d  ion -ion  in te rac tio n s, g iven  b y :

V W ,  dn , dn , . . . )  =  S ^ r )  • f  2  ( - 1 ) ‘ +/,Я *  (2a)
<x,ß =  \

V $w(d+i , d +2, . . . ) = -  2  (— 1)* ? • (2b)
( _ „ ,) ( _ ! )  ( 2) ( + ) a - l  ( -« )

V± ±(r) =  +e*lr. (2e)
(+ -) (-)

d an d  r  den o te  d is tan ces  betw een  p o in t ch a rg es  an d  L J  cen te rs, re sp ec tiv e ly , 
q th e  charge in  th e  ST2 m odel. T he sign  o f  th e  Coulom b te rm  is co rrec t if
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a  a n d  ß  a re  chosen to  he odd  fo r positive  an d  ev en  fo r negative  charges. T h e  
sw itc h in g  fu n c tio n  5 шц1(г) is g iv en  by

^ ™ (r ) —

w ith

(r —  й ь)2 (3R v  — R L —  2r)/(Ru —  R L)3 
1

R L =  2 .016 Á , R u =  3.1287 Á

r < R L
R L ^  r  < _ R U (3) 

r  >  R v

T h e  L J  p a ram ete rs  for th e  ca tio n s are  ta k e n  fro m  th e  isoelectronic n ob le  
gases [7 ]. C om paring e.g. P a u lin g  ra d ii i t  is obv ious th a t  halide ions h a v e  a 
la rg e r  io n ic  rad iu s  th a n  th e  isoelec tron ic  a lka li io n s. In  order to  describe  all 
in te ra c tio n s  consisten tly , new  L J  p a ram e te rs  h a d  to  be de te rm ined  fo r  th e  
h a lid e  io n s  on th e  basis o f th e  P a u lin g  rad ii. As th e re  ex ist no d irec t r e la t io n ­
sh ips b e tw e e n  P au ling  ra d ii a n d  th e  e an d  a o f  th e  L J  p o ten tia l, a f i t t in g  
p ro c e d u re  w as used.

K n o w in g  th e  p a ra m e te rs  fo r  ca tio n -ca tio n  a n d  an ion-an ion  in te ra c tio n s  
th e  p a ra m e te rs  for ca tio n -an io n  an d  io n -w ater in te ra c tio n s  have been  d e te r ­
m in e d  b y  ap p ly ing  K ong’s c o m b in a tio n  ru les [8]. T he values are g iven  in  
T ab le  I .

Table I

Lennard ~  Jones param eters in  the p a ir  potentials fo r  cation-cation, 
anion-anion, cation-water and anion-water interactions 

In  th e  ST2 m odel: =  3.10 Á and  ?\yw =  0.317 k j/m o l

Io n
P au lin g
rad iu s

(A)
«П

(k J  m o l - 1)
<uw
(A)

£IW
(k J  m o l-1)

L i + 0.60 2.37 0.149 2.77 0.224
N a  + 0.95 2.37 0.358 2.92 0.330
F - 1.36 4.00 0.050 3.53 0.123
K  + 1.33 3.36 1.120 3.25 0.568
C l- 1.81 4.86 0.168 4.02 0.185
R b  + 1.48 3.57 1.602 3.39 0.641
B r - 1.95 5.04 0.270 4.16 0.215
Cs + 1.69 3.92 2.132 3.61 0.662
I - 2.16 5.40 0.408 4.41 0.228

I n  th e  CF m odels th e  w a te r  m olecule consists  o f  oxygen an d  h y d ro g en  
ions a n d  i ts  geom etry  is solely p rese rv ed  b y  an  a p p ro p r ia te  choice o f oxygen- 
h y d ro g e n  a n d  h y d ro g en -h y d ro g en  p o ten tia ls . I n  c o n tra s t  to  th e  rig id  ST2 
m odel, th e  C F m odel has in te rn a l  degrees o f f reed o m  and  differences, fo r 
ex am p le  in  geom etry  or v ib ra tio n a l frequencies, b e tw een  h y d ra tio n  w a te r  o f 
ions a n d  b u lk  w a te r can  be c a lc u la ted . T he CF m o d e l w as orig inally  deve loped
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b y  L em berg  an d  S tillinger [3]: [V  in  u n its  o f  kcal/m ol, r in  u n its  o f  Á ]

„  . .  144.538 , 26758.2 n o r T „ л.„
^ o o (r)  =  — ----------h r8 8591------  0.25 exp [—4(r —  3.4)2]

—  0.25 exp [— 1.5(r —  4 .5 )2].

T. , . 72.269 , 6.23403
V O H ( r )  = ------------------------- 1------ — — -

10
1 -f- ex p [4 0 (r—  1.05)]

(4a)

(4b)

1 +  exp  [5 .49305(r —  2.2)] 

100.04т/ , 4 36.1345 ,
*нн(г) = ------------ h

1 -j- ex p  [29 .9(r —  1.968)]
(4c)

W ith  th is  w a te r  m odel, M D s im u la tio n s  have been p e rfo rm e d  fo r a 
13.9 m o la l LiCl [9], a 2.2 m olal N aCl [10] a n d  a 1.1 molal M gCl2 [11] so lu tion . 
In  th e se  cases th e  ion-oxygen  an d  io n -h y d ro g en  po ten tia ls w ere  d e te rm in ed  
from  ab  in itio  ca lcu la tions [12] b y  su ita b le  f i t t in g  procedures [10, 11]. F ig u re  2 
show s th e  p o te n tia ls  fo r N a +-w ate r a n d  Cl “ -w a te r as a fu n c tio n  o f  ion-oxygen  
d is tan ce  fo r th e  w a te r  m olecule o r ie n ta tio n s  show n in th e  in se r tio n ; th e  dots

F ig . 2 . N a +-w a te r  a n d  C l” -w a te r p a ir  p o te n tia ls  as a  function  of io n -oxygen  d is ta n c e  fo r the  
w a te r  m olecu le  o rien ta tio n s  show n in  th e  in se r tio n . Solid  line: p o ten tia l u se d  in  co n ju n c tio n  
w ith  CF w a te r ;  d a sh ed  line : p o te n tia l  u sed  in  c o n ju n c tio n  w ith ST2 w a te r ;  d o ts  a n d  circles: 

b in d in g  energies from  th e  a b  in itio  calculations [12]
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a n d  circles ind ica te  th e  b in d in g  energies for th e  io n -w a te r  com plexes re su ltin g  
d ire c tly  from  th e  ab in itio  ca lcu la tio n s [12], th e  so lid  lin e  th e  above m e n tio n e d  
f i ts  w ith  th e  CF w a te r  m o d e l, and  the  d ash ed  lin e s  th e  po ten tia ls o b ta in e d  
fro m  th e  sim ple L J-S T 2  m o d e l [7]. The ra th e r  p o o r  ag reem en t of th e  f i t  w ith  
th e  C F  m odel for th e  sp ec ific  o rien ta tions show n  h e re  is a consequence o f  th e  
fa c t  t h a t  th e  best f i t  h as  to  b e  achieved for all p o ssib le  w a te r  molecule o r ie n ta ­
tio n s  [11]. I t  is also in te re s t in g  to  note th a t  th e  c o m b in a tio n  of the  ST2 m odel 
w ith  th e  sim ple m odel fo r  N a + an d  Cl~ (L J  sp h e re s  w ith  an  elem entary  ch a rg e  
in  th e  cen te r) leads to  p a ir  p o te n tia ls  no t too  d iffe re n t from  th e  ones o b ta in e d  
fro m  th e  ab  in itio  c a lc u la tio n s .

In  th e  course of th e  a b o v e  m entioned in v e s tig a tio n s  using the CF m odel, 
a n u m b e r  o f sho rtcom ings becam e  ap p a ren t, e sp ec ia lly  w ith  respect to  th e  
v ib ra tio n a l m otions o f th e  w a te r  molecule [10, 13]. T h e  v ib ra tiona l m o tio n s  
in  th e  gas phase c an n o t be  a d e q u a te ly  described  w ith in  th e  harm onic a p p ro x i­
m a tio n  w ith  only tw o in d e p e n d e n t q u ad ra tic  fo rce  c o n s ta n ts , as y ielded  b y  a 
c e n tra l  force fie ld  a p p ro x im a tio n . Secondly, th e  ex p e rim e n ta lly  observed  gas- 
- liq u id  frequency  sh ifts  a re  n o t  well reproduced  d u e  to  in ad eq u a te  an h arm o n i- 
c ities  in  th ese  m odels. A  f u r th e r  shortcom ing is th e  in su ffic ien t he ight o f  th e  
b a r r ie r  t o  m olecular d isso c ia tio n  or to  n o n -p h y sica l defo rm ation  of th e  m o le ­
cu le , w h ich  p roh ib its  th e  s im u la tio n  of w ate r a n d  aq u eo u s  system s a t e le v a te d  
te m p e ra tu re  or p ressu re .

A  conven ien t w ay  to  overcom e these sh o rtc o m in g s  is the  sep a ra tio n  of 
th e  p o te n tia l  in to  an  in tra m o le c u la r  p a r t, w h ich  c a n  no  longer be o f c e n tra l  
fo rce ty p e , i.e. d ep en d in g  o n ly  on the d is tan ces  be tw een  two in te ra c tin g  
c e n te rs , an d  an  in te rm o le c u la r  p a r t, sim ilar to  a w a te r  m odel p roposed  b y  
W a t ts  [14]. B ecause o f  i ts  w ell-estab lished  h ig h  q u a li ty , th e  in te rm o lecu la r 
p a r ts  o f  th e  in te rac tio n  p o te n t ia l  were tak en  fro m  th e  C F  po ten tia l. The in t r a ­
m o lecu la r p o ten tia l w as w r i t te n  as a series e x p a n s io n  [15]

^Intra =  ZLjjQiQj +  E LijkQiQjQk +  E L j jklQiQ jQtiQl* (5)
w ith

Pi =  (rx —  re) /r1? q2 =  (r2 —  re)/r2 a n d  q 3 =  (cc x e) =  Ax,

w here  rk, r 2 and  <x are  th e  in s ta n ta n e o u s  0 — H  b o n d  len g th s  and  H — О — H  
an g le ; th e  q u an titie s  re a n d  x e are the  c o rre sp o n d in g  equilibrium  v a lu e s  
(re =  0.9572 Á, x e =  104 .52°).

T h e  harm onic c o n s ta n ts  L ij  were ta k e n  as th e  a c c e p ted  gas phase v a lu es  
[15] a n d  th e  h igher o rd e r c o n s ta n ts  were a d a p te d  [4]. S im ulations c a rr ie d  
o u t  w ith  th is  m odel y ie ld ed  m o re  realistic re su lts  [4] w h ich  will be d iscussed  
in  a  su b seq u en t ch a p te r . T h is  m odel has also b e e n  u sed  [19, 36] for s im u la ­
tio n s  o f  a 1.1 m olal CaCl2 so lu tio n  and of 2.2 m o la l N aCl solutions a t  h ig h  
p re ssu re  [21].
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D etails o f the sim ulations

In  all s im u la tio n s discussed he re , th e  “ basic box”  c o n ta in s  200 w a te r 
m olecules, 8 an ions an d  8 m o n o v a len t o r 4 d iv a len t ca tions. T h e  edge o f  th e  
cube is d e te rm in ed  from  th e  e x p e rim e n ta l d en sity  and  a m o u n ts  to  a b o u t 18 
to  19 Á. T he classical eq u a tio n s  o f  m o tio n  are in teg ra ted  in  t im e  step s  of 
a b o u t 2 x  10~ le s; th e  sim u la tio n s, c a rr ie d  o u t a t  room  te m p e ra tu re , ex ten d ed  
o v er a b o u t 10 ps. E w ald  su m m atio n  [17] is used  for all C oulom b in te ra c tio n s  
in  th e  sim u la tio n s using  CF w a te r  m odels an d  for th e  ion-ion  in te ra c tio n s  in  
sim u la tio n s w ith  th e  ST2 m odel. O th e r  in te rac tio n s  were m o d ified  accord ing  
to  th e  “ sh ifted  force p o te n tia l”  m e th o d  o f S tre e tt  e t al. [18]. W ith  th is  p roce­
d u re , th e  to ta l  energy  o f th e  sy s tem  rem a in s  stab le  and  no  re sca lin g  o f th e  
velocities has to  be p erfo rm ed  w hich  is v e ry  im p o rta n t for th e  re lia b ili ty  of 
th e  d y n am ica l p ro p ertie s  ca lcu la ted  fro m  velocity  a u to c o rre la tio n  fu n c tio n s. 
T h e  slig h t m od ifica tio n  o f th e  p a ir  p o te n tia ls  seems to  be a c c e p tab le  in  view  
o f all th e  o th e r u n c e rta in tie s  in  th e  choice o f  th e  p o ten tia ls .

Structural properties

Radial distribution functions

T he f irs t  p ro p ertie s  d eriv ed  fro m  a n  M D sim ulation  as fa r  as th e  s tru c tu re  
o f  an  aqueous e lec tro ly te  so lu tio n  is co n cern ed  are th e  v a rio u s r a d ia l  d is tr ib u ­
tio n  fu n c tio n  (R D F ), gxy(r). In  F ig . 3 th e  ion-oxygen an d  io n -h y d ro g e n  R D F s 
are  show n fo r v a rio u s m o n o v a len t a lk a li a n d  halide ions. In  a d d it io n  th e  corre­
spon d in g  ru n n in g  in te g ra tio n  n u m b ers , n xy(r), are draw n. T h e y  a re  d e fin ed  as:

r
nxy{r\ =  4Л0О J  gxy(r') r,2dr', (6)

0

w here  p0 is th e  n u m b e r d en sity  o f  th e  w a te r  molecules.
F ig u re  3 show s th a t  w ith  in c rea s in g  ion  size th e  f i r s t  h y d ra tio n  shell 

becom es less an d  less p ro n o u n ced , as ex p ec ted . The h e ig h t o f  th e  f i r s t  peak  
in  th e  ion-oxygen  R D F  decreases a n d  th e  f ir s t  m inim um  gets filled  u p . A ccord­
in g ly , th e  p la te a u  in  n(r) d isap p ears  a n d  th e  end of th e  f i r s t  h y d ra tio n  shell 
becom es less well defined . T he ex is ten ce  o f  a second h y d ra tio n  she ll a round  
L i+, w ith  a b o u t tw elve  w a te r  m olecules, is well e s tab lish ed  a n d  h as  been 
con firm ed  b y  x -ra y  d iffrac tion  s tu d ies  as discussed below . E v e n  in  th e  case 
o f N a + an d  F ~  th e  fo rm a tio n  o f  a second  shell is ind ica ted  in  F ig . 3. I t  should 
be  m en tio n ed  th a t  th e  positions o f  th e  f i r s t  m axim a in  th e  io n -o x y g en  R D F s 
a lm o st coincide w ith  th e  m in im a o f th e  io n -w ater pa ir p o te n tia ls  fo r  th e  ener­
g e tica lly  m o st fav o u rab le  o rie n ta tio n s . T h e  positions o f th e  f i r s t  m ax im a  in 
th e  ion-oxygen  an d  ion -h y d ro g en  R D F s  agree w ith in  th e  lim its  o f  uncer-
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F ig . 3. Io n -o x y g en  (full) a n d  io n -h y d ro g e n  (dashed) ra d ia l d is tr ib u tio n  functions an d  ru n n in g  
in te g ra t io n  n u m bers from  M D s im u la tio n s  of 2.2 m olal L i l  [22 ], N aC 104 [30], N H 4C1 [31]

a n d  CsF [32] solu tions

t a in ty  w ith  th e  values r e p o r te d  b y  Mezei an d  B ev e rid g e  [5] from  th e ir  MC 
w o rk  a n d  w ith  th e  va lu es  f ro m  M D sim ulations w ith  th e  MCY m odel [6] (see 
T a b le  I I ) .  T he largest d isc rep an c ies  seem to  a rise  fo r  th e  C l-  ion, w here a 
d e p e n d e n c e  on coun te rion  a n d  co n cen tra tio n  c a n n o t be  excluded  [19]. R D F s

Table II

C om parison o f characteristic va lues o f  the radial distribution  fu n c tio n s  shown in  Fig. 3 
w ith  the ones fro m  M onte Carlo calculations by Mezei and Beveridge  [5] and  MD sim ulations by

Im pey  et al. [6]
r^lo^ a n d  Г|£р denote the  position  o f  th e  f irs t m axim a in  th e  io n -o x y g en  a n d  ion-hydrogen R D F , 

re sp ec tiv e ly , rjo^ gives th e  p o s it io n  o f th e  first m in im um  a n d  n  th e  h y d ra tio n  num ber
according to E q. (6)

<M)no r(m)IO Г1‘Ffö’l

MD
this work [6]

MC
[5]

MD
this work

MC
[5]

MD
this work [6]

MC
[5]

MD
this work [6]

MC
15]

Li + 2.13 1.98 2.10 2.90 2.65 6.1 5.3 6.0 2.68 2.57 2.70
N a + 2.36 2.29 2.35 3.12 3.00 6.5 6.0 6.0 2.90 2.95 2.89
Cs + 3.22 — 3.90 — 7.9 — — 3.72 — —

F - 2.64 2.67 2.60 3.36 3.30 6.8 5.8 4.1 1.65 1.73 1.68
c i - 3.22 3.29 3.25 3.87 4.1 8.2 7.2 8.4 2.24 2.35 2.25
I - 3.68 — 4.4 — 8.7 — — 3.40 — —
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Fig. 4. Ca2+-oxygen , Ca2+-h y d ro g en , C l- -oxygen  an d  C l_ -hydrogen  ra d ia l d is tr ib u tio n  functions 
an d  ru n n in g  in te g ra tio n  n u m b ers  from  th e  MD sim u la tio n  of a  1.1 m ola l CaCl2 so lu tion  using 
th e  m odified  CF m odel [19]. T h e  C l—О a n d  Cl— H  R D F s can  be use fu lly  co m p ared  w ith  the  

ones in  F ig . 3 o b ta in e d  from  sim ula tions w ith  th e  ST2 m odel

o b ta in ed  fo r N a +— О an d  C l- — О from  th e  s im u la tions u sin g  th e  CF m odel 
or m odified  CF m odel also look v e ry  sim ilar to  th e  ones p re se n te d  here [10].

T h e  ag reem en t be tw een  th e  MD sim u la tions w ith  th e  ST2 m odel for 
w a te r  an d  th e  ions described  as charged  L J  spheres, s im u la tio n s  w ith  th e  CF 
m odel fo r w a te r  an d  o th e r  p o te n tia ls  f i t te d  from  ab  in itio  d a ta  a n d  th e  MC 
an d  MD ca lcu la tio n s, w here all th e  p a ir p o ten tia ls  are  d eriv ed  from  ab in itio  
ca lcu la tions, is q u ite  sa tisfy ing . T h is can  be considered  as a s tro n g  ind ica tion  
o f th e  re lia b ility  o f b o th  k in d s  o f p a ir  p o ten tia ls  em ployed  as fa r  as th e  R D F s 
discussed here  are  concerned . Som e differences betw een  p ro p e rtie s  calcu lated  
from  d iffe ren t m odels w ill be d iscussed  la te r . F igu re  4 show s th e  Ca2+-oxygen 
an d  Ca2 + -hydrogen  R D F  as an  ex am p le  of th e  h y d ra tio n  o f  a d iv a le n t ion  [19]. 
N ote  th e  v e ry  n a rro w  p eak  in  gcaCb co n ta in in g  9 oxygens, th e  corresponding  
p eak  in  gcaH w ith  18 h y d ro g en s an d  th e  p ronounced  second h y d ra tio n  sphere. 
A  m ore d e ta iled  d iscussion  o f  th e  s tru c tu re  o f th e  h y d ra tio n  la y e r  of th is 
ion  follow s below .

T he effect o f e lev a ted  te m p e ra tu re  a t  c o n s ta n t d e n s ity  on th e  ion-oxygen 
R D F s  has been  in v e s tig a te d  fo r a 0.55 m olal L il  so lu tio n  (on ly  tw o ions 
o f each  k in d  in  th e  box) [20]. I t  can  be seen from  F ig . 5 t h a t  th e  increase in 
te m p e ra tu re  reduces s ig n ifican tly  th e  heigh t o f th e  f irs t  p e a k  in  g Li0(r) and 
b ro ad en s i t  (fu ll line). A t th e  sam e tim e  th e  gap b e tw een  f i r s t  and  second 
h y d ra tio n  shell begins to  ge t filled  u p . In  th is  w ay  th e  n u m b e r  o f  w a te r  m ole­
cules (six) in  th e  f ir s t  h y d ra tio n  shell o f L i+ rem ains c o n s ta n t, as can  be seen 
from  nLio(r) a t  r  =  3 Á. T he second h y d ra tio n  shell o f L i+ a lm o s t d isappears 
a t  h igh te m p e ra tu re  an d  p ressu re . A ccordingly , th e re  is a s ig n if ic a n t difference
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36 HEINZINGER et al.: SIMULATION OF IONIC HYDRATION

F ig . 5. Io n -o x y g en  rad ia l d is tr ib u tio n  fu n c tio n s an d  ru n n in g  in te g ra t io n  n u m b ers  for a  0.55 
m o la l L i l  so lu tio n  a t  508 К  (full) a n d  308 К  (dashed) w ith  th e  sam e  d e n s ity  o f  1.05 g /cm 3.

A t th e  h ig h  te m p e ra tu re  th e  pressure  is a b o u t 3 k b a r  [20]

b e tw e e n  th e  tw o curves fo r n u o ( r) a t  r  =  4.5 Á w h ich  slow ly  d isap p ears  w ith  
in c re a s in g  d istance. In  th e  case  o f  th e  iodide ion  th e  f i r s t  h y d ra tio n  shell is, 
ev en  a t  n o rm a l te m p e ra tu re  a n d  p ressure , n o t w ell p ro n o u n ced  (low er p a r t  
o f  F ig . 5). C onsequently  n o t  m u c h  change can  be  o b se rv ed . O nly  a sligh t 
sm e a rin g  o u t of th e  f irs t  p e a k  re su lts  from  th e  te m p e ra tu re  (and  pressure) 
in c rea se .

P re ssu re  increase can  a lso  be  sim ula ted  b y  in c rea s in g  th e  d e n s ity  of 
th e  s y s te m , th a t  is b y  re d u c in g  th e  size of th e  basic  b o x . T h is  has been  s tu d ied  
w ith  s im u la tio n s  of a 2.2 m o la l N aC l solu tion  a t  d en sitie s  o f  1.0792 g /cm 3 and
1.3067 g /c m 3 [21], co rresp o n d in g  to  norm al p ressu re  a n d  a p ressu re  o f 10 
k b a r  a t  ro o m  te m p e ra tu re , re sp e c tiv e ly . The re le v a n t R D F s  are  p re sen ted  in  
F ig u re  6. T h e  changes b ro u g h t a b o u t b y  th e  d e n s ity  in c rease  w ill be d iscussed 
b r ie f ly . T h e  position  an d  w id th  o f th e  f irs t peak  in  gNaO is un ch an g ed , w hile 
i ts  h e ig h t  decreases w ith  in c re a s in g  pressure. S im ila rly , th e  second p eak  
f la t te n s .  T h e  coord ination  n u m b e r  increases slig h tly  b y  a b o u t 0.5. T his sm all 
in c re a se  in  th e  coo rd ina tion  n u m b e r  (th e  d en sity  is 2 1 %  h igher) as w ell as 
th e  d e c re a se  in  peak  h e ig h t seem  to  in d ica te  a c e r ta in  loss o f  s tru c tu re  o f th e  
N a -h y d ra tio n  sphere w ith  in c re a s in g  pressure. F ro m  a co m p ariso n  betw een  
g N a O  a n d  g N a H ,  one sees t h a t  th e re  is p en e tra tio n  o f  h y d ro g en s  belong ing  to  
th e  se c o n d  hydrogen  lay e r in to  th e  region o f th e  f irs t .

T h e  chloride h y d ra tio n  seem s to  undergo la rg e r  changes w ith  pressure  
in c re a se , suggesting  th a t  th e  h y d ra t io n  layer of th is  io n  is ev en  less developed
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F ig . 6. N a+ -o x y g en , N a + -h y d ro g e n , C l_ -oxygen a n d  C I_ -h y d ro g en  ra d ia l d is tr ib u tio n  func­
tio n s  a n d  ru n n in g  in te g ra t io n  n u m b ers  from  M D s im u la tio n s  o f 2.2 m olal N aC l so lu tions 
u sin g  th e  m odified  C F m odel [21]. Solid lines: d e n s ity  1.0792 g /cm 3, d a sh ed  lines: d en sity

1.3067 g /cm 3

F ig . 7. L i+ — L i+ , Li + — I -  a n d  I  — I -  rad ia l d is tr ib u tio n  fu n c tio n s a n d  ru n n in g  in te g ra tio n  
n u m b ers  from  th e  s im u la tio n  o f a  2.2 m olal L il  so lu tio n  using  th e  ST2 m odel [22]

u n d e r  p ressu re  th a n  i t  is n o rm ally , th o u g h  th e  p reference  for fo rm in g  hydrogen  
b o n d s (v ide in fra ) b e tw een  C l-  and  w a te r  seem s n o t to  be a ffec ted .

Ion -ion  R D F s  a re  o f  course also av a ilab le , th o u g h  because  o f th e  sm all 
n u m b e r o f ions p re se n t in  th e  sam ple th e y  a re  o f  low er s ta tis t ic a l  re liab ility , 
as is a p p a re n t from  th e  noise on th e  cu rves fo r a L il  so lu tio n  p re sen ted  in  
F ig . 7 [22]. F ro m  th e  p e a k  in  th e  g LiI fu n c tio n  a t  r LiI 5.2 Á  a preference 
fo r so-called  “ so lv en t se p a ra te d  ion p a irs”  m a y  be in fe rred . T h is fin d in g  
seem s to  be in  k eep in g  w ith  sim ilar o b se rv a tio n s  o b ta in ed  from  o th e r  m ethods.

Acta Chim. Hung. 121, 1986



38 HEINZINGER et al.: SIMULATION OF IONIC HYDRATION

A s has a lready  been  s tre ssed , th e  on ly  re liab le  w ay  to  check  th e  p a ir 
p o te n t ia ls  em ployed in  th e  s im u la tio n s  is th e  com parison  of th e  re su lts  w ith  
d a ta  re su ltin g  u n am b ig u o u sly  from  ex p erim en ts. As fa r  as th e  s tru c tu re  of 
so lu tio n s  is concerned, th e  co m p ariso n  m ay  be ca rr ied  o u t b o th  on th e  level 
o f  th e  to ta l  s tru c tu re  fu n c tio n  (x -ray  or n eu tro n ) o r on th e  level o f  to ta l  or 
p a r t ia l  R D F s , b o th  m e th o d s  h av in g  th e ir  a d v a n ta g e s  a n d  d isad v an tag es . 
A s a n  ex am p le  for such  a co m p ariso n  an d  fo r th e  k in d  of ag reem en t t h a t  m ay  
b e  re a c h e d , Fig. 8 show s th e  co m p ariso n  be tw een  th e  n e u tro n  w e ig h ted  Cl~- 
w a te r  R D F  from  an  M D -sim u la tio n  and  from  severa l n e u tro n  d iffrac tio n  
s tu d ie s  w ith  isotopic s u b s ti tu tio n . T he ex p erim en ta l curves h av e  been  rescaled  
fo r c o n c e n tra tio n , w hile th e  in flu en ce  of co u n te rio n s an d  co n cen tra tio n s  on 
g Cio(r ) a n d  gciH(r) is n o t k n o w n . P a r t  o f th e  d ev ia tio n s from  th e  o vera ll good 
a g re e m e n t has, th ere fo re , to  b e  a t t r ib u te d  to  th is  effect. S everal d e ta iled  
c o m p a ra tiv e  stud ies b e tw een  d a ta  fro m  MD sim u la tio n s an d  x -ra y  sc a tte rin g  
s tu d ie s  h a v e  also been  c o n d u c te d  [23]. A n o vera ll good ag reem en t b e tw een  
e x p e r im e n t and  MD s im u la tio n  has been  found . B y  th is  com parison  n o t  on ly  
th e  re lia b il i ty  of th e  p a ir  p o te n tia ls  em ployed  in  th e  sim u la tio n  cou ld  he 
c h eck ed , b u t  also th e  m odels u se d  in  th e  analysis o f  th e  x -ra y  sc a tte r in g  d a ta  
co u ld  b e  im p ro v ed  an d  lim ita tio n s  show n [7]. In  ad d itio n , th e  c o m b in a tio n  of 
b o th  m e th o d s  has led  to  th e  e x p e rim e n ta l c o n firm a tio n  o f p ro p ertie s  —  like 
th e  ex is te n c e  of a second h y d ra tio n  shell a ro u n d  L i+ an d  th e  sh o rten in g  of 
th e  h y d ro g e n  bonds be tw een  f i r s t  a n d  second h y d ra tio n  shell —  w hich  h ad  
b een  p re d ic te d  from  th e  s im u la tio n  (ref. [23b]). D e ta iled  com p ariso n  of 
s t r u c tu r a l  d a ta  w ith  s c a tte r in g  re su lts  for p u re  w a te r  u n d e r p ressu re  [16] 
h a d  also  b een  carried  o u t [38].

r  /  A

F ig. 8. C o m p ariso n  of th e  w eig h ted  C l~ -w a te r  ra d ia l d is tr ib u tio n  fu n c tio n  fro m  an  M D sim u la ­
tio n  o f  a  1.1 m ola l MgCl2 so lu tio n  w ith  re su lts  fro m  n e u tro n  d iffrac tio n  s tu d ies  of a  5.32 m olal 

N aC l (1), a 3.0 m ola l N iC l2 (2) a n d  a  9.95 m olal LiCl (3) so lu tio n  [24]
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Orientation o f  the water molecules

T he o r ie n ta tio n  o f  th e  w a te r m olecules in  th e  h y d ra tio n  shells o f  th e  
ions could he ca lcu la ted  from  th e  d istan ces  o f  th e  f ir s t  m ax im a  in  th e  ion- 
oxygen  an d  io n -h y d ro g en  R D F s. O nly in  th is  w ay  can  in fo rm a tio n  on  th e  
o rien ta tio n  o f th e  w a te r  m olecules he d ed u ced  from  d iffrac tio n  s tu d ies . T he 
d ifficu lties co n n ec ted  w ith  th is  ap p ro ach  h a v e  been  discussed in  d e ta il in  
ref. [24]. F o r th e  M D sim u la tions these  d ifficu ltie s  do n o t arise since th e  o rien ­
ta tio n s  can  he ca lcu la ted  d irec tly  from  th e  d a ta  p roduced . I n  F ig . 9 th e  p ro b a ­
b ility  d is tr ib u tio n  o f cos (0 ) —  w here 0  is th e  angle b e tw een  w a te r  dipole 
m o m en t an d  th e  v e c to r  connecting  th e  o x y g en  an d  th e  ion , as i l lu s tra te d  in  
th e  in se rtio n  —  is show n for various m o n o v a le n t ca tions an d  an ions from  
sim u la tions w ith  th e  ST2 w a te r  m odel. O n ly  w a te r  m olecules in  th e  f irs t  
h y d ra tio n  shells o f th e  ions are  ta k e n  in to  acco u n t. I t  is seen th a t  in  all cases

Fig. 9. D is tr ib u tio n  o f cos (® ) for th e  w a ter m olecu les in  th e  f irs t  h y d ra tio n  shells o f  va rio u s 
a lkali an d  h a lide  ions, ca lcu la ted  from  MD sim u la tio n s  o f 2.2 m olal L il  [22], N aC 104 [30], 

CsF [32] a n d  N H 4C1 [31] so lu tions. T he d a sh e d  lines in d ica te  u n ifo rm  d is tr ib u tio n s
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F ig . 10 . A v e rag e  value of cos (© ) a s  a  fu n c tio n  o f d is tan ce  fro m  th e  iodide an d  th e  lith iu m  
io n  f ro m  a n  M D sim ulation  o f a  2 .2  m o la l L il  so lu tio n  [22]. & is defined in  th e  in se r tio n  of 
F ig . 9. r Ml, r M2 and rmi in d ica te  th e  p o sitio n  o f th e  f ir s t  a n d  second m ax im u m  a n d  th e  f ir s t  

m in im u m  in  th e  ion-oxygen  R D F , respec tive ly

th e  m a x im u m  p ro b ab ility  co rresp o n d s to  th e  fo rm a tio n  o f a h y d ro g en  b o n d  
b e tw e e n  an ions and w a te r  a n d  t h a t  “ lone p a ir  o rb ita ls”  te n d  to  be o rien ted  
to w a rd s  ca tio n s. B u t th ese  d is tr ib u tio n s  h av e  a sizable w id th , w hich  increases 
w ith  in c rea s in g  ion size. F ig u re  10 show s th e  av erag e  value o f cos (0 )  as a 
fu n c tio n  o f  th e  ion-oxygen d is ta n c e . N ote  th e  a lm o st c o n s ta n t va lue  fo r L i + 
across th e  range of th e  f ir s t  h y d ra tio n  la y e r  (rm is in d ica ted , cf. T ab le  I I )  
a n d  th e  p ronounced  second h y d ra tio n  lay e r also v isib le here. In  c o n tra s t ,  a 
m u c h  f a s te r  decrease of p re fe rred  o rie n ta tio n  o f th e  w a te r  m olecules is o b serv ed  
fo r I “ .

T h e  o rien ta tio n  of th e  w a te r  m olecules in  th e  f irs t  h y d ra tio n  shells of 
th e  io n s  is one of th e  ra re  cases w here th e  re su lts  o f th e  sim ula tions d ep en d  
u p o n  th e  w a te r  m odel em p lo y ed  [10]. This is d e m o n s tra te d  in  F ig . 11 w here  
th e  d is tr ib u tio n  of cos 0  is sh o w n  fo r th e  w a te r  m olecules in  th e  f irs t  h y d ra tio n  
shells o f  N a + and  C l- . T h e  re s u lt  of th e  s im u la tio n  w ith  th e  ST2 m odel of 
w a te r  a n d  ion-w ater in te ra c tio n  as described  above are  p resen ted  as fu ll lines, 
w hile  th e  d ash ed  lines re su lt f ro m  sim u la tions w ith  th e  CF m odel an d  io n -w a te r  
p a ir  p o te n t ia l  derived from  a b  in itio  ca lcu la tions. In  b o th  cases 2.2 m olal 
so lu tio n s  h a v e  been sim u la ted  a t  room  te m p e ra tu re . In  th e  case of th e  ch lo ride  
ion  b o th  s im ula tions agree in  show ing  a preference  fo r a lin ear h y d ro g en  b o n d  
fo rm a tio n . F o r  N a + th e  s im u la tio n  w ith  th e  C F m odel re su lts  in  a p re fe re n ­
t ia lly  t r ig o n a l  o rien ta tion  o f  th e  w a te r  m olecules w hile in  th e  ST2 case a 
p re fe re n ce  ex ists for a lone p a ir  o rb ita l d irec ted  to w ard s  th e  ca tion . T he reaso n  
for th is  d isc rep an cy  m ig h t be  t h a t  in  th e  ST2 m odel th e  d irec tio n a lity  o f th e  
lone p a i r  o rb ita l is ex ag g era ted  b y  th e  n eg a tiv e  p o in t charges.
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F ig . 11. D istrib u tio n  o f  cos (©) fo r th e  w a te r  m olecules in  th e  f irs t h y d ra tio n  shells o f N a + 
a n d  C l- , b y  analogy  to  F ig . 9. Solid line : s im u la tio n  w ith  th e  ST2 m odel, d a sh e d  line : sim ula­

tio n  w ith  th e  C F  m odel [10]

Hydration shell symmetries

T he re g is tra tio n  o f th e  w a te r  po sitio n s in  an ion c e n te re d  coord inate  
sy s tem  a t  several h u n d re d  d iffe ren t tim e s  spread  over th e  w hole  sim ula tion  
ru n  provides th e  av erag e  sp a tia l d is tr ib u tio n  of th e  w a te r  m olecules in  the 
h y d ra tio n  shells. F o r  th e  m o n o v a len t ions, th e  sym m etries (or la ck  thereof) 
h a v e  a lready  been  d iscussed  in  a n o th e r  co n trib u tio n  to  th is  sy m p o siu m  [25]; 
th is  w ill therefo re  n o t  be re p o rte d  here . W e will only b rie fly  d iscuss som e in te r­
e stin g  fea tu res fo u n d  in  th e  h y d ra tio n  la y e r  of d ivalen t ions [19, 23a].

F igure 12 show s th e  p ro jec tio n  o f  th e  positions of th e  6 w a te r  m olecules 
fo u n d  in  th e  f irs t  h y d ra tio n  la y e r  o f  Mg2+ and  of th e  9 w a te r  m olecules of 
th e  Ca2+ ion on to  th e  3 p lanes o f an  io n -fix ed  coord inate  sy s tem , a f te r  su itab le  
av e rag in g  over th e  possible choices o f  su ch  system s. I t  c an  be  seen th a t  in 
th e  case of Mg2+, th e  six co rners o f  an  o c tahed ron  are s tro n g ly  p re fe rred . In  
th e  case of Ca2+, th e re  is also p re fe ren ce  for ce rta in  s ites, y e t  th e y  do no t 
co rrespond  to  a n y  sy m m etric  reg u la r  b o d y . The a tte m p t to  ex p la in  th e  h y d ra ­
tio n  lay e r o f th is  ion  b y  m eans o f tw o  subshells or b y  s tro n g ly  d is to r te d  sym ­
m e tric  a rran g em en ts  an d  a d d itio n a l d iso rd ered  molecules also fa ils ; th e  crosses 
in  th e  p lo t show  as an  exam ple  th e  ex p ec ted  positions fo r a h e x a h e d ro n . One 
m a y  th u s  conclude t h a t  th e  Ca2+ io n  is cap ab le  of co o rd ina ting  a  la rg e  num ber 
o f w a te r  m olecules, w hich show  (in  c o n tra s t , eg., to  m o n o v a le n t ions w ith  
th e  sam e h y d ra tio n  n u m b er) a h igh  degree o f la te ra l sp a tia l c o rre la tio n  am ong 
each  o ther, p ro b a b ly  due to  th e ir  m u tu a l  steric  h ind rance , b u t  no  sy m m etry .
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F ig . 12. D e n s ity  m aps of th e  p ro je c tio n s  of th e  oxygen  a to m  p o sitio n s  o f th e  6 (9) n e a re s t  
n e ig h b o u r  w a te r  m olecules a ro u n d  a  M g2 + (left) and  Ca2 + ( r ig h t)  o n to  th e  th ree  p lanes o f  a n  
io n -c e n te re d  coord inate  sy s tem , c a lc u la te d  from  th e  M D sim u la tio n . T he crosses in d ic a te  
th e  p o s it io n s  o f th e  spots e x p ec te d  in  th e  case of a h e x a h e d ra l a rra n g e m e n t a round  th e  Ca2 +
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D ynam ical p roperties

Self-diffusion coefficients

T he self-d iffusion coefficien ts can  be d e te rm in ed  from  th e  s im u la tio n  
e ith e r  b y  th e  m ean  sq u a re  d isp lacem ent

D =  lim  <  [R(t) -  R(0)]2 > 1 6 1 (7)

or —  as d one  here  —  th ro u g h  th e  velocity  a u to c o rre la tio n  fu nc tions w ith  th e  
help  o f th e  G reen— K u b o  re la tio n :

t

D =  l i m i  Г <Ü(0) • í ( t ’)> d t ’. (8)
<->- 3 J 

0

T he averages h av e  b een  ca lcu la ted  accord ing  to

1 N T N

<i(0) • v(t) > =  — —  2 '  2  а д  • 4 * i +  0  (9)

w here N  deno tes th e  n u m b e r o f partic les, N r  th e  n u m b e r of tim e  av erag es  and  
V j ( t )  th e  velo c ity  o f p a rtic le  j  a t  tim e  t .

As an exam ple , th e  norm alized  v e lo c ity  au to co rre la tio n  fu n c tio n s  for 
th e  ions an d  th e  ( to ta l)  w a te r  o f th e  L il so lu tio n  are  show n in F ig . 13 [26]. 
F o r a b e tte r  com p ariso n  o f th e ir  d ifferen t tim e  dependences th e y  a re  d raw n  
only  u p  to  0.5 ps. T h e  s tro n g ly  d ifferen t cu rv es  fo r I ~  an d  L i+ re f le c t th e  
tra n s la tio n a l m o tio n s o f th e  h eav y  iodide io n , slow ly changing  its  v e lo c ity , 
an d  th e  p rac tica lly  v ib ra tio n a l m otion  o f th e  l ith iu m  ion in  th e  cage o f  th e  
six  f irm ly  a tta c h e d  w a te r  m olecules of i ts  f i r s t  h y d ra tio n  shell. O bv iously , 
th e  decay  tim es are  d iffe ren t for th e  w a te r m olecules and  th e  tw o ions. T h e re ­
fore, th e  u p p er lim it o f  in te g ra l (8) has b een  chosen  d iffe ren tly  to  be  1.5 ps 
fo r w a te r , 0.6 ps fo r L i+ an d  2.2 ps for I - , t im e s  above w hich th e  c o rre la tio n  
fu n c tio n s v an ish , a p a r t  from  s ta tis tic a l no ise  [26]. T he s ta tis tic a l q u a lity  of 
th e  resu lts  depends on  th e  len g th  o f th e  co rre la tio n  tim e . The sh o rte r  th e  c o rre la ­
tio n  tim e  th e  m ore tim e  averages can  be em p lo y ed  fo r a given s im u la tio n  len g th .

T he resu lts  a re  co m p ared  in  T able I I I  w ith  th e  ex p e rim en ta lly  d e te r ­
m ined  self-diffusion coeffic ien ts [27]. The e rro rs  a re  e s tim a ted  from  th e  v a r ia ­
tions o f  th e  in teg ra ls  a t  th e  u p p e r in te g ra tio n  lim it, w hile th e  u n c e rta in tie s  
o f  th e  ex p e rim en ta l va lues should  be a b o u t 10% . T here is good ag reem en t 
w ith in  th e  lim its  o f  e rro r.

H av in g  show n t h a t  th e  p a ir  p o ten tia ls  em ployed  in  th e  s im u la tio n  lead  
to  good ag reem en t w ith  th e  exp erim en ta l re su lts , i t  can  be ex p ec ted  t h a t  th e  
p roperties w hich are n o t  d irec tly  accessible b y  th e  ex p erim en t can  be ca lcu la ted
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F ig . 13. N orm alized  v e lo c ity  a u to c o rre la tio n  fu n c tio n s  <(t>(0) • v(t)')/(v(0)2') fo r w a te r  m ole­
c u le s , l i th iu m  ions, an d  iod ide  io n s  ( to p ) an d  se p a ra te ly  fo r  b u lk  w a ter, h y d ra tio n  w a te r  of 

Li+ an d  I -  (b o tto m ) in  a  2.2 m o la l L il  so lu tion  [26]

f ro m  th e  s im ula tion  w ith  a h ig h  degree o f re lia b ility . In  o rder to  in v e s tig a te  
h o w  th e  single ions c o n tr ib u te  to  th e  d ifference in  th e  self-diffusion coeffic ien ts 
b e tw e e n  p u re  w ater an d  so lv e n t w a te r , th e  v e lo c ity  au to co rre la tio n  fu n c tio n s  
h a v e  b e e n  calcu lated  s e p a ra te ly  fo r th e  th re e  w a te r  subsystem s —  w a te r  in  
th e  f i r s t  h y d ra tio n  lay e r o f L i + , I - , and  n o t in  a n y  f irs t  h y d ra tio n  la y e r  (called  
“ h u lk ”  w a te r) — and  a re  show n  also in  F ig . 13. T he resu lting  self-d iffusion  
c o e ff ic ien ts  are given in  T a b le  IY . The fo llow ing  conclusions can  be  d raw n :

1. I n  all th ree  w a te r  su b sy stem s th e  d iffu sio n a l m otion  is red u ced  re la tiv e  
to  p u re  w a te r .

Table I I I

Self-diffusion coefficients o f  the ions and solvent water fD w) in  2.2 molal L il 
so lu tio n  fro m  the MD sim ula tion  a n d  fro m  experiments at 305 К  in  units o f  I 0 -5 cm 2/s [26]

Dyr DU + D i-

MD 2.48 ±  0.06 0.7 ±  0.3 1.40 ±  0.15
exp. 2.35 1.0 1.47
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2. T h e  difference in  th e  self-d iffusion coefficients be tw een  b u lk  w a te r 
an d  p u re  w a te r  c o n tr ib u te s  m ore th a n  h a lf  to  th e  change w h ich  occurs on 
going from  pure  w a te r to  th e  2.2 m olal L i l  so lu tion .

3. T he self-diffusion coeffic ien t o f  L i+ an d  its  h y d ra tio n  w a te r  is sm aller 
b y  m ore th a n  a fac to r  o f  tw o  th a n  th a t  o f  b u lk  w ate r.

4. T h e  self-diffusion coeffic ien t o f I -  is m uch sm aller th a n  th a t  o f its 
h y d ra tio n  w a te r and  o f  h u lk  w a te r, w h ich  are  a p p ro x im a te ly  eq u a l.

T he difference in  th e  self-d iffusion coefficien ts be tw een  b u lk  w a te r  in  
th e  2.2 m olal L il  so lu tion  a n d  p u re  w a te r  can  easily  be ex p la in ed  o n  th e  basis 
o f  th e  s tru c tu re  of th e  so lu tio n  as d iscussed  above. A ll w a te r m olecu les ou tside 
th e  f ir s t  h y d ra tio n  shells ( n + =  6; n~ — 8) are  coun ted  as b u lk  w a te r  b u t 
i t  can  be  seen from  F ig . 3 t h a t  tw elve  a d d itio n a l w a te r m olecules fo rm  a second 
h y d ra tio n  shell a ro u n d  L i + . T herefo re , th e  d ynam ica l p ro p ertie s  o f  a ll w a te r 
m olecules in  th e  so lu tion  are  in fluenced  b y  th e  ions and  are  e x p e c te d  to  differ 
fro m  p u re  w a te r  s ig n ifican tly  even  a t  th is  co n cen tra tio n . O ccasionally , m odels 
a re  developed  to  ex p la in  ex p e rim en ta l d a ta  w hich use th e  a s su m p tio n  th a t  
b u lk  w a te r  has th e  sam e p ro p ertie s  as p u re  w a te r  [28]. T h is e x a m p le  shows 
th a t  even  a t  m o d era te  co n cen tra tio n s , th is  m odels m ay  lead  to  erroneous 
conclusions.

One w ould ex p ec t in  th e  h y d ra tio n  shell o f I “ a la rg e r self-d iffusion  
coeffic ien t th a n  in  p u re  w a te r . H ow ever, ju s t  th e  opposite  h a s  b een  found 
(T able IV ). As som e o f th e se  w a te r  m olecules belong to  th e  second  a n d  some 
even  to  th e  f ir s t  h y d ra tio n  shell o f L i+, i t  is easy  to  u n d e rs ta n d  t h a t  th e  sim u la­
tio n  leads to  v e ry  sim ilar re su lts  fo r th e  w a te r  m olecules in  th e  h y d ra tio n  shell 
o f  I “ a n d  b u lk  w a te r. A c tu a lly , b u lk  w a te r  should  be w ritte n  w ith  q u o ta tio n  
m ark s , as m ost o f th e  w a te r  m olecules be long  to  th e  second h y d ra tio n  sphere 
o f  L i + . I t  is im p o r ta n t to  n o te  th a t  th e  ST2 m odel em ployed in  th e  sim u la tio n  
is n o t responsib le  fo r th e  above  rev ersed  effect. F rom  an MD s im u la tio n  w here 
a single io n  is su rro u n d ed  b y  215 ST2 w a te r  m olecules, i t  h as  b e e n  show n b y  
G eiger [29] th a t  fo r th e  h y d ra tio n  sphere  o f a n eg a tiv e ly  c h a rg ed  ion  th e  
self-d iffusion  coeffic ien t is increased .

T h e  self-diffusion coeffic ien t fo r th e  w a te r  m olecules in  th e  f i r s t  h y d ra ­
tio n  shell o f L i+ is so m ew h at la rg e r th a n  fo r th e  ion  itse lf  b u t  sm a lle r  th a n  for

Table IV

Self-d iffusion  coefficients in  units o f  10 ~6 cm’/s fo r  bulk water (D b), 
hydration water o f  L i+ (D + ) and o f  I -  (D ~ ) fro m  an  MD sim ula tion  

o f  a 2.2 molal L il  solution at 305 K , ° denotes pure water [26]

i D< D'/D»

b 2.85 ±  0.08 0.84
+ 1.33 ±  0.10 0.39
— 2.67 ±  0.10 0.78
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p u re  w a te r  b y  a fac to r o f  2 .5  (Table IY). T his re su lts  from  th e  long residence 
t im e  o f  th e  w ater m olecules in  th e  h y d ra tio n  shell. T h e  s im u la tion  show s th a t  
m ore  th a n  50%  of th e  w a te r  m olecules rem ain  in  th e  f irs t  h y d ra tio n  sphere  
o f L i + over th e  whole s im u la tio n  tim e of 10 ps.

T h e  residence tim e  o f w a te r  molecules in  th e  h y d ra tio n  spheres o f ions 
m a y  a lso  be determ ined  b y  a  co rre la tio n  fu n c tio n  te c h n iq u e  [10, 6]. As expec ted , 
th e  re sid en ce  tim e is fo u n d  to  increase w ith  dec reasin g  rad ii o f ca tions an d  
an io n s . F o r Cl- , va lues o f  3 .8  ps a t  290 К  [10] a n d  4.5 ps a t  287 К  [6] h av e  
b e e n  de te rm in ed , in  good ag reem en t w ith  each  o th e r . T h is residence tim e  of 
a w a te r  m olecule in  th e  f i r s t  h y d ra tio n  lay e r o f  C l-  is qu ite  sim ilar to  th e  
re s id en ce  tim e  of a w a te r  m olecule in  th e  n e ig h b o u rh o o d  of a n o th e r w a te r  
m o lecu le  [6].

Molecular reorientation, librations and hindered translations

C h aracteristic  tim e s  fo r  various m olecular reo rie n ta tio n s , ty p ic a l fre ­
qu en c ies  for lib ra tiona l o r tra n s la tio n a l osc illa tions o f th e  partic les or m ole­
cu les c a n  o f course also be  d e te rm in ed  from  MD s im u la tio n s . The com parison  
o f  su c h  d a ta  w ith  sp ec tro sco p ic  experim en ta l re su lts  (N M R , IR  or R am an ) 
lead s to  fu r th e r  insigh t in to  th e  dynam ics of th e  ion ic  h y d ra tio n .

T y p ica lly , such q u a n t i t ie s  are stud ied  b y  c a lc u la tin g  co rre la tion  fu n c ­
tio n s  (b y  analogy to  th e  v e lo c ity  au to co rre la tio n  fu n c tio n  in  E q . (9)) an d  th e ir  
F o u r ie r  tran sfo rm . Som e a p p ro x im a tio n s  m ay  h a v e  to  be in tro d u ced  in  c e r ta in  
cases w h ere  th e  co rre la tio n  fu n c tio n  does n o t re a c h  its  long tim e  lim itin g  
v a lu e  d u rin g  th e  s im u la tio n  t im e . Only a few  ex am p le s  can  he p resen ted  here .

W e will thus n o t d iscu ss  th e  various m o lecu la r reo rien ta tio n  tim es an d  
th e ir  com parison  w ith  (m o stly )  N M R  d a ta , w hich  is q u ite  com plicated  [26, 33]. 
W e w ill in s tead  b riefly  re v ie w  som e resu lts o b ta in e d  fo r th e  h indered  t r a n s la ­
tio n a l  a n d  lib ra tional m o tio n  o f  w ate r m olecules in  th e  h y d ra tio n  lay ers  of 
th e  L i + a n d  I -  ion.

T h e  spectral densities f(co) o f th e  h in d ered  tr a n s la tio n a l m otions in  th e  
2.2 m o la l L il  solution h a v e  b e e n  calcu lated  b y  F o u r ie r  tran sfo rm a tio n

f(co) =  f  /Г((У) ' V(t)/  cos (cot) df (10)J <®(0)*>
о

fro m  th e  norm alized v e lo c ity  au to co rre la tio n  fu n c tio n s  fo r th e  tw o ions an d  
th e  t o ta l  w a te r of th e  so lu tio n  as well as se p a ra te ly  fo r th e  th ree  w a te r  su b ­
sy s te m s  as shown in F ig . 13. T h e  resu lts are p re se n te d  in  F igs. 14— 16.

In  F ig . 14, f(co) is sh o w n  for th e  lith iu m  ion . T h ere  is a m ain  p eak  a t  
560 c m -1  an d  a second one a t  760 c m -1. T he h ig h  frequenc ies of th e  h in d ered  
tra n s la t io n s  are expected  f ro m  th e  velocity  a u to c o rre la tio n  fu n c tio n  (F ig . 13)
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F ig . 14. S pec tra l d e n sity  o f th e  h in d ered  tra n s la tio n s  o f th e  lith iu m  ion fro m  a n  M D sim ulation
of a 2.2 m ola l L il  so lu tio n  [33]

0 100 cm'1 0 200 cm-1

F ig . 15. S pectra l d en sitie s  o f  th e  h in d ered  tra n s la tio n s  o f th e  iodide ion  ( le ft)  in  a  2.2 molal 
L il  so lu tio n  a n d  th e  chloride ion in  a  2.2 m olal N H 4C1 so lu tio n  [33, 34]

a n d  fall in  th e  ran g e  o f  th e  lib ra tio n a l b a n d  o f  th e  w a te r m olecules in  th e  firs t 
h y d ra tio n  shell o f L i + . I t  should  be n o te d  th a t  th e  sp ec tra l d en sitie s  of the  
lib ra tio n s  a ro u n d  th e  d ipole m o m en t d irec tio n  ( 2  in  Fig. 17) a re  s im ila r  to  those 
o f  th e  h indered  tra n s la tio n s . F ro m  th is  s im ila rity  i t  can  be in fe rre d  th a t  the  
tra n s la tio n a l m o tio n  o f  th e  L i+ is coup led  w ith  th e  lib ra tio n a l m o tio n s  o f the  
s tro n g ly  a tta c h e d  six  w a te r  m olecules in  its  f ir s t  h y d ra tio n  shell.

T he sp ec tra l d en sities o f th e  h in d e red  tran s la tio n s  o f  I -  (F ig . 15) are 
v e ry  d ifferen t from  th o se  o f L i + . T here  is a m ain  peak  a t  23 c m -1  follow ed by  
a s tro n g  decrease, w i t h /(со) being  p ra c tic a lly  zero beyond  100 c m -1 . This is 
in  accordance w ith  th e  p ic tu re  o f th e  h ea v y  iodide ion  m o v in g  w ith o u t its 
h y d ra tio n  shell a n d  being  h indered  occasionally  b y  collisions w ith  neighbouring  
w a te r  m olecules. I t  is in te re s tin g  to  co m p are  /(со) for I ~  w ith  t h a t  for Cl-
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F ig . 16. S p e c tra l densities o f  th e  h in d e re d  tran s la tio n s  o f th e  w a te r  m olecules from  MD sim u la ­
tio n s  o f  p u re  w a te r an d  of a  2.2 m o la l L il  solu tion . T o p : p u re  w a te r  (1) an d  to ta l  w a te r  o f 

th e  so lu tio n  (2). B o tto m : b u lk  w a te r  (3) h y d ra tio n  w a te r  o f  L i+  (4) an d  of I -  (5) [33]

as c a lc u la te d  from  an M D s im u la tio n  of a 2.2 m olal N H 4CI so lu tion  [34]. T he 
m a in  p e a k  (F ig. 15) is p o s itio n e d  a t  50 c m -1 w ith  a shou lder in  th e  ran g e  
100—-200 c m -1 and  fu r th e rm o re /(со) for C l" is s im ila r to  th a t  for pu re  w a te r  
as sh o w n  in  Fig. 16. T h e  r a t io  o f  th e  m ain  h in d e red  tra n s la tio n a l frequencies 
o f  C l-  a n d  I~  is ab o u t tw o  a n d  re flec ts  m ain ly  th e  d ifference in  th e  m asses 
o f  th e  io n s . T he ad d itio n a l sh o u ld e r  a t  h igher freq u en c ies  in  th e  case o f Cl~ 
in d ic a te s  th e  in te rac tio n s w ith  i t s  h y d ra tio n  shell w a te r  m olecules. T he s tru c ­
tu r a l  p ro p e rtie s  of th e  so lu tio n s  su p p o rt th is  conclusion .

T h e  h indered  t r a n s la t io n a l  m otions of th e  w a te r  m olecules are  show n 
in  F ig . 16 fo r  pure  w a te r a n d  th e  to ta l  w ater in  th e  2.2 m o la l L i l  so lu tion . T he 
c u rv e  fo r  p u re  w ate r ro u g h ly  resem bles th a t  o b ta in e d  from  spectroscopic 
in v e s tig a tio n s , w here th e  f i r s t  p e a k  a t  50 c m -1 h as  b e e n  assigned to  hyd ro g en  
b o n d  b e n d in g  ( 0 — 0 — 0  flex in g ) m otions and  th e  b ro a d  p e a k  a ro u n d  175 c m -1 
to  О — О strech ing  m o tio n s. T h e  curve for th e  to ta l  w a te r  o f th e  so lu tion  
show s a  s lig h t decrease a ro u n d  50 an d  200 c m -1  a n d  a s lig h t increase a ro u n d  
100 c m -1 , a ten d en cy  s im ila r to  th e  changes o bserved  b y  S tillinger and  R a h m a n  
fo r a n  in crease  in  te m p e ra tu re  o f  p u re  w ater [1].
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In  o rder to  u n d e rs ta n d  th e  d ifference b e tw een  pure w a te r  a n d  to ta l  
w a te r  o f th e  so lu tion  in  m ore d e ta il, th e  sp e c tra l  densities o f th e  h in d e red  
tra n s la tio n s  h av e  been  ca lcu la ted  se p a ra te ly  fo r h y d ra tio n  w a te r o f  L i+ an d  
I ~  an d  for b u lk  w a te r  an d  are  show n in  F ig . 16. T he resu lt fo r b u lk  w a te r  
is v e ry  sim ilar to  th a t  for pu re  w a te r  an d  needs no fu rth e r d iscussion . T he 
e ffec t o f  th e  L i+ on its  h y d ra tio n  shell w a te r  m olecules is tw ofo ld . T h e  w a te r  
m olecules in  th e  f ir s t  h y d ra tio n  shell a re  s tro n g ly  a tta c h e d  to  th e  io n  a n d  th e
О — О d istances b e tw een  th e  w a te r  m olecules in  th e  f irs t  and  second h y d ra tio n  
shell (2.72 Á, ref. [23b]) are  s tro n g ly  red u ced  re la tiv e  to  pure w a te r  (2.85 Á.) 
B o th  effects lead  to  h ig h er frequencies fo r th e  h y d ro g en  bond  b e n d in g  m o tio n  
(s tro n g  red u c tio n  o f th e  p eak  a ro u n d  50 c m -1) an d  th e  0 — О s tre tc h in g  
freq u en c ies  (ex tension  b eyond  250 c m -1) a n d  re su lt in  an  overall sh if t  i n /(со) 
to  h ig h er frequencies re la tiv e  to  pu re  w a te r , as can  be seen fro m  F ig . 16. 
T h e  fig u re  show s also th a t  th e  h y d ra tio n  w a te r  o f I “  is responsib le  fo r th e  
en h an cem en t o f /(со) in  th e  ran g e  75— 150 c m -1 . T he in te rac tio n  o f  I -  w ith  
i ts  ne ighbouring  w a te r  m olecules leads to  a loosening  of th e ir  h y d ro g e n  bonds 
a n d  resu lts , th e re fo re , in  a d isp lacem en t o f  th e  0 — 0  s tre tc h in g  m o tions 
to w a rd  th e  low  freq u en cy  range.

A  sim ilarly  d e ta iled  discussion can  be  conducted  w ith  re sp e c t to  th e  
l ib ra tio n a l m otions o f th e  w a te r  m olecules. F ig u re  17 will suffice h ere  to  d em o n ­
s tr a te  th e  k in d  o f in fo rm a tio n  th a t  can  be o b ta in e d . O nly th e  sp e c tra l densities 
o f  th e  lib ra tio n s  of th e  h y d ra tio n  w a te r o f L i + a re  sign ifican tly  d iffe re n t from  
th o se  for th e  o th e r k in d s of w a te r. T he m a in  fe a tu re  is a sh ift o r  a t  le a s t a 
b ro ad en in g  b y  a b o u t 200 c m -1 to  h ig h er freq u en c ies  for all th re e  co m p o n en ts . 
T h e  lib ra tio n s  a ro u n d  th e  у -axis (th e  axis in  th e  p lane of th e  w a te r  m olecule 
an d  p e rp en d icu la r to  th e  dipole m om en t d irec tio n ) are  m ost s tro n g ly  a ffec ted  
b y  th e  L i+, as a s tro n g  preference ex ists  fo r a lone  p a ir o rien ta tio n  o f  th e  w a te r 
m olecules in  th e  f ir s t  h y d ra tio n  shell to w a rd s  th e  L i+ (Fig. 9). T h e  lib ra tio n a l 
m o tio n s o f th e  f irs t  h y d ra tio n  shell w a te r  m olecules are in fluenced  n o t  only  
b y  s tro n g  in te rac tio n s  w ith  th e  ca tio n  b u t  also  b y  in te rac tio n s w ith  o th e r  octa- 
h e d ra lly  a rran g ed  w a te r  m olecules belong ing  to  th e  sam e h y d ra tio n  shell and  
w ith  m olecules in  th e  second h y d ra tio n  shell. B ecause of th ese  co m p lica ted  
in te ra c tio n s  a m ore d e ta iled  analysis does n o t  seem  w arran ted .

W e will f in ish  th is  discussion of th e  dynam ics b y  look ing  a t  resu lts  
o b ta in e d  fo r th e  freq u en cy  sh ifts o f in tra m o le c u la r  v ib ra tio n s. T hese  d a ta  
w ere o b ta in ed  w ith  th e  im proved  CF m odel [4] in  a sim ulation  o f  a 1.1 m olal 
CaCl2 so lu tion  [36].

F rom  th e  norm alized  velocity  a u to c o rre la tio n  functions o f th e  h y d rogen  
a to m s th e  sp ec tra l densities of th e  in tra m o le c u la r  v ib ra tions h a v e  been  ca l­
c u la te d  sep a ra te ly  fo r b u lk  w a te r, h y d ra tio n  w a te r  of Ca2+ an d  C l-  b y  F o u rie r 
tra n s fo rm a tio n . In  F ig . 18 th e  sp ec tra l d en sitie s  in  th e  range o f  th e  О— H  
stre tc h in g  frequencies are show n for th e  d iffe ren t w ater su b sy stem s to g e th e r
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F ig . 17. S p e c tra l densities o f th e  lib ra tio n  a ro u n d  th e  th re e  m ain  axes of th e  w a te r  m olecu le  
c a lc u la te d  se p a ra te ly  fo r th e  h y d ra tio n  w a te r  o f th e  l ith iu m  io n  (1), th e  iodide ion  (2) a n d  b u lk  

w a te r  (3) fro m  a n  M D sim u la tio n  of a  2.2 m o la l L il  solution [33]

w ith  th e  one resu ltin g  from  a sim u la tio n  o f p u re  w a te r  [36]. The sh if t in  th e  
p o s it io n  o f  th e  m ax im a be tw een  p u re  w a te r  an d  th e  to ta l  w ate r of th e  so lu tio n  
(F ig . 18a) is w ith in  th e  lim its  o f e rro r, w h ich  is e s tim a ted  to  be c m -1 .

F ig . 18. N o rm a lized  sp ec tra l den sitie s  in  th e  ran g e  o f th e  О — H  stre tch in g  frequencies o f  w a te r  
in  a r b i t r a r y  u n its  from  a n  M D sim u la tio n  o f p u re  w a te r  a n d  of a  1.1 m olal CaCl2 so lu tio n . 
P u re  w a te r  (1), to ta l  w a te r  o f th e  so lu tio n  (2), b u lk  w a te r  (3), h y d ra tio n  w a te r  o f  C l-  (4)

a n d  o f Ca2+ (5) [36]
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T his re su lt is in  ag reem en t w ith  R am an -sp ec tro sco p ic  in v estig a tio n s [37]. 
T he sp ec tra l d en sities fo r th e  th ree  w a te r  su b sy stem s in  th e  CaCL, so lu tio n  
are given in  F ig u re  18b an d  show th e  single ion  effects. T h ey  are n o rm alized  
an d  th ere fo re  do n o t re fle c t th e  n u m b er o f w a te r  m olecules in  th e  su b sy stem s. 
(In  th e  1.1 m olal so lu tion  th e ir  ra tio  is ro u g h ly  1 : 2 : 3  for h y d ra tio n  w a te r

Fig. 19. F o u rie r  t ra n s fo rm  o f th e  velocity  a u to c o rre la tio n  fu n c tio n  of th e  hydrogens in  a  c lu s te r  
consisting  of one Ca2+ io n  an d  18 w a ter m olecules ( le n g th  o f  th e  corre lation : 0.225 X 10 ~ 12 s). 
Solid line: T he 9 w a te r  m olecules closest to  th e  io n ; d a sh e d  line: th e  o th e r 9 w a te r  m olecules

of Ca2 + , o f C l-  a n d  b u lk  w ater). T heir m a x im a  a re  sh ifted  by  — 17 c m -1 for 
b u lk  w a te r , — 15 c m -1  fo r h y d ra tio n  w a te r  o f  C l-  an d  — 302 c m -1 fo r h y d ra ­
tio n  w a te r  o f  Ca2+ re la tiv e  to  pure w a te r. S m all effects are  also o b se rv ed  in 
th e  H — О— H  b en d in g  region; we will n o t d iscuss th em  here. A d e ta ile d  com ­
parison  o f  th e se  f in d in g s  w ith  ex p erim en t h a s  b een  given in  [36].

To fu r th e r  i l lu s tra te  and  sum m arize  w h a t has been said  ab o v e , F ig . 19 
shows th e  sp e c tra l d e n s ity  of th e  h y d ro g en  m otio n s over th e  en tire  freq u en cy  
range  from  0 to  4000 c m -1 . This p lo t has b een  o b ta in ed , c o n tra ry  to  a ll p re ­
ceding ones, fro m  th e  s im u la tion  of a sm all c lu s te r  consisting  of one Ca2+ ion 
and  18 w a te r  m olecules in  vacuum . T he c o rre la tio n  and  F ourie r tra n s fo rm  has 
again  b een  ta k e n  se p a ra te ly  for th e  9 w a te r  m olecules closest to  th e  io n , and  
for th e  o th e r  9 ones. T h ree  ch a rac te ris tic  reg ions ap p ear in  th e  p lo t: t ra n s la ­
tions a n d  lib ra tio n s  in  th e  region b e tw een  0 a n d  1000 c m -1 , th e  H — О— H  
bend a t  a b o u t 1675 c m -1 and  th e  О— H  s tre tc h in g  m otions above 2900 c m -1 . 
A b rie f  d iscussion  o f  th is  figure also re c a p itu la te s  som e o f w h a t has b een  said 
above. W e n o te  th e  h ig h er lib ra tio n a l freq u en c ies  of w a te r m olecules close to  
th e  ca tio n  (cf. F ig . 17), som e change in  th e  b en d in g  region and  f in a lly  th ree  
b ands in  th e  О— H  stre tch in g  region: one co rrespond ing  to  0 — H  oscilla to rs 
s tro n g ly  d is tu rb e d  b y  th e  ion a t low fre q u e n c y  (cf. Fig. 18), one a t  h ig h  fre­
quency  obv iously  belonging  to  u n d is tu rb e d  О— H  oscillators n o t engaged  in
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b o n d s  o n  th e  ou tside o f th e  c lu s te r , and  an  in te rm e d ia te  one ap p e a rin g  in  th e  
s p e c tra  o f  b o th  w ate r subspecies an d  in d ic a tin g  th e  onset of a b u lk  b a n d  in  
sp ite  o f  th e  sm all n u m b er o f  m olecules p re se n t.

*

F in a n c ia l  su p p o rt o f  D eu tsch e  F o rsch u n g sg em ein sch aft is g ra te fu lly  acknow ledged . 
O ne o f  u s  (G .J .)  th an k s  th e  M ax-P lan ck -G ese llsch aft fo r a  fellow ship. T he a u th o rs  also th a n k  
D ip l. C h em . E . Spohr for useful d iscussions.
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( In s titu tl fo r  teoretisk fy s ik k  U niversitetet i Trondheim,
N -7034 T ro n d h e im -N T H , N o rw a y)

R eceived J a n u a ry  18, 1985

A  review  of th e  s ta tis tic a l m ech an ica l th e o ry  of polar and  p o la rizab le  f lu id s  in  
zero e lectric  fie ld  acco rd ing  to  co n sid era tio n s b y  H oye and Stell is p re se n te d . E x a c t  
lim iting  resu lts  an d  general re la tio n s a re  fo u n d , an d  basic a p p ro x im a tio n s  (M SA) 
are  discussed.

In tro d u c tio n

T he ta sk  of s ta tis tic a l m echanics is to  e v a lu a te  the  p ro p e rtie s  o f  m an y  
p a r tic le  system s a t  th e rm a l equ ilib rium , i.e . fro m  th e  know ledge o f  in te ra c ­
tio n s  betw een  partic les  on th e  m icroscopic lev e l one w ants to  co m p u te  m acro­
scopic p ro p erties  like th e rm o d y n am ic  q u a n tit ie s , or one w an ts to  d e te rm in e  
s tru c tu ra l  p ro p ertie s  t h a t  m ay  be ex p ressed  v ia  co rrelation  fu n c tio n s . In  
p rin c ip le  th e  basic  fo rm ulas o f s ta tis tic a l m ech an ics  should give e x a c t answ ers 
to  such  questions. H ow ever, as is well k n o w n , i t  does n o t seem  possib le  to  
o b ta in  exp lic it ex ac t so lu tions fo r m ore  re a lis tic  system s w ith  in te ra c tin g  
p a rtic le s . So fa r only  ce rta in  one-d im ensional sy stem s and  a lim ite d  n u m b e r  of 
tw o-d im ensiona l sy stem s (like th e  Is in g  m odel for a m agnet in  zero  field) 
can  be solved ex ac tly . T h u s  in  o th e r s itu a tio n s  one has to  re ly  on  a p p ro x im a ­
tio n s  w hich one hopes w ill w ork rea so n ab ly  fo r th e  problem  co n sid ered . E ven  
th is  is u su a lly  a fo rm id ab le  ta sk . To m ak e  th e  problem  less fo rm id a b le , one 
can  m ake sim plified  m odels o f th e  rea l sy s te m  whose details m a y  n o t  be so 
w ell know n e ith er. T h e  d iscrepancy  b e tw een  rea l system s an d  m odels t h a t  are 
tr e a te d  th eo re tica lly  m ay  m ake co m p ariso n  betw een  ex perim en ts a n d  th e o ry  
u n c e rta in . H ow ever, w ith  com pu ters th is  d iff ic u lty  m ay to  a c e r ta in  e x te n t 
be overcom e as system s w ith  som eth ing  lik e  a few  hundred  p a r tic le s  in  a box 
m ay  be m odelled  an d  sim u la ted  (M onte-C arlo  m ethods or M olecular D ynam ics). 
T h u s  th e  co m p u te r m ay  a c t as some k in d  o f  an  ap p a ra tu s  th a t  y ie ld s  ex p e ri­
m e n ta l re su lts  for th e  th eo re tica l m odel itse lf .

+ T his p a p e r w as p re sen ted  a t  th e  S y m p o siu m  on  S tru c tu re  o f L iq u id s a n d  S olu tions 
a t  V eszprém , A u g u st 27 —30, 1984.
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I n  th is  rev iew  we will consider m olecular f lu id s  in  3 dim ensions, a n d  we 
w ill m a in ly  lim it ourselves to  th e  effect of d ip o la r  in te ra c tio n  betw een p a rtic le s . 
T his in te ra c tio n  is due to  e lectric  dipole m o m en ts  th a t  often are p e rm a n e n tly  
p re se n t in  m olecules due  to  a sy m m etry  w ith  re sp e c t to  location  o f p o s itiv e  
an d  n e g a tiv e  charges. In  ad d itio n , some d ipo le  m o m en t is induced  w h en  an  
e lec tric  f ie ld  ac ts  on com posite  m olecules a n d  sing le a tom s (po larizab le  p a r ­
tic les). T h e  d ip o la r in te ra c tio n s  in fluence th e  th e rm o d y n am ic  an d  s tru c tu ra l  
p ro p e rtie s  o f a flu id . H ow ever, th e  p ro p e rty  m o s t closely a ttr ib u te d  to  th is  
in te ra c tio n  is th e  d ielectric  b eh av io u r th a t  re su lts , an d  we will m o s tly  focus 
here  u p o n  th e  connection  b e tw een  th e  d ie lec tric  c o n s ta n t and th e  s tru c tu re  
of a f lu id .

F i r s t  w e w ill consider th e  s tra ig h tfo rw ard  s itu a tio n  a t  low d e n s ity  w hen  
th e  d ipo le -d ipo le  in te ra c tio n  can be neg lec ted . I n  o th e r cases w hen  th is  is 
n o t so, i t  m u s t be ta k e n  in to  account. As is w ell know n th is  ra ises v a rio u s  
p ro b lem s. A  special p rob lem  w ith  d ipolar fo rces is th e ir  long-range n a tu re .  
U pon  a p p ly in g  an  e x te rn a l e lec tric  fie ld  to  a d ie lec tric  flu id , th e  d ip o la r forces 
w ill in d u c e  an  electric  fie ld  such  th a t  th e  re su ltin g  fie ld  will depend u p o n  th e  
sh ap e  o f  th e  system . C o m p u ta tio n s m ay th e n  d e p e n d  upon  shape to o , a n d  to  
m ak e  th e  s itu a tio n  as sim ple as possible sp h e rica l sam ples have u su a lly  been  
chosen. B y  th a t  a hom ogeneous applied  e lec tric  f ie ld  gives rise to  a h o m o g e­
neous re su ltin g  fie ld  in  th e  sam ple, and  i t  c an  be  com pu ted  in a s tra ig h tfo r ­
w ard  w a y  w ith  a know n  d ielectric  co n stan t. H o w ev er, we shall here  see th a t  
i t  is p ossib le  to  m ake s ta tis t ic a l  th eo ry  on th e  m icroscopic level su ch  th a t  
d ie lec tric  p ro p e rtie s  can  be ev a lu a ted  in a sh ap e  in d ep en d en t w ay. T h is  we 
w ill do n e x t ,  an d  i t  w ill be show n how  th e  d ie lec tric  co n stan t is re la te d  to  th e  
p a ir  c o rre la tio n  fu n c tio n  fo r a po la r flu id  w ith  r ig id  dipole m om ent (i.e. no n - 
p o la rizab le ). T h e re a fte r  we w ill consider th e  M SA (M ean Spherical A p p ro x i­
m atio n ) fo r a sim ple p o la r f lu id . I ts  so lu tion  will b e  exp lained  briefly , a n d  th e  
re su lt fo r  th e  d ielectric  c o n s ta n t will be g iven . W e w ill also explain  how  th e  
fo rm alism  a n d  th e  M SA so lu tion  developed fo r p o la r  flu ids m ay be e x te n d e d  
to  p o la riz a b le  flu id s an d  to  po lar/po larizab le  f lu id s . To do so, we in tro d u c e  
p a rtic le s  w ith  f lu c tu a tin g  p o la rizab ility , w h ere  th e  induced  dipole m o m e n t 
due to  a n  e lec tric  fie ld  is n o t fixed  as is th e  case o f  a n o n -flu c tu a tin g  m odel, 
b u t  i t  p e rfo rm s th e rm a l f lu c tu a tio n s  a round  its  av e rag e  value.

T h is  m odel of in te ra c tin g  partic les has also b een  solved q u an tu m  m e c h a n ­
ica lly  fo r  a case w here th e  f lu c tu a tin g  d ipo le  m o m en ts  and th e ir  m u tu a l  
d ipo le -d ipo le  in te ra c tio n s  are  q uan tized . A  g en era liza tio n  of th e  M SA for 
classical sy stem s w as th e n  ap p lied  to  th e  p a th  in te g ra l fo rm ula tion  o f  th e  
q u a n tu m  p a r ti t io n  fu n c tio n  (R efs. [20] an d  [21]).

A  m o re  com prehensive  p re se n ta tio n  of d ie lec tric  co n stan ts  o f flu id  m odels 
w ith  re sp e c t to  s ta tis tic a l m echan ical th eo ry  a n d  i ts  q u a n tita tiv e  im p le m e n ta ­
tio n  m a y  be  found  in  th e  rev iew  artic le  b y  S te ll, P a te y  and  H oye [1].
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L ow  density  lim it and  earlie r theories

Consider a p o la r  nonpo larizab le  p a rtic le  w ith  dipole m o m e n t m. Its  
energy  in  an electric  f ie ld  E  is ■—mE.  T he  p ro b a b ility  d is tr ib u tio n  fo r the 
d irec tio n  of m is p ro p o rtio n a l to  th e  B o ltzm an n  fac to r ex p  (— ß m E )  w ith  
ß  =  (kBT ) ~ \  w here k B is B o ltz m a n n ’s c o n s ta n t, an d  T  is te m p e ra tu re . In te ­
g ra tin g  over th e  d ire c tio n s  o f m one fin d s  th e  p a r ti t io n  fu n c tio n  fo r  th is  single 
dipole

Z —  ^ g  — ß m E
d i i

4 л
sinh  x

x ( 1 )

w ith
x =  ß m E

T he average d ipole m o m e n t will be (É  =  E/E)

_  _  fm e- ^m £di2p  =  <m> =  J =  (In Z ) É
Je “  0m £di2 ß dE

ico tg h  x  —  -]  É  =  í— m x  4- . . . I  É  =  b m * É  +
l x) 13 ) 3

(2)

W ith  a num ber d e n s ity  q o f partic les p e r vo lum e u n it  th e  p o la riza tio n  P  be­
com es (for sm all E)

P ep =  \eß m ~  É
О

(3)

T he d ielectric  c o n s ta n t  e is defined  b y  (G aussian  un its)

4nP  =  (e -  1) É  (4)

So th e  low  d e n s ity  re s u lt ,  w hich m ay  be u sed  w h en ev er e is close to  one, is

E — 1 =  3y (5)
w here

у  =  у - е М 2 (6)

F o r a n o n p o la r b u t  po larizab le  p a rtic le  th e  in d u ced  d ipo le  m om ent 
is g iven by

p  =  ccE (7)

w here  x  is th e  p o la riz a b ility . L ike E qs. (2)— (6) th e  d ie lec tric  c o n s ta n t now 
becom es

e — 1 =  4лра (8)
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F o r a  po lar/po larizab le  f lu id  t h e  low  density  re su lt likew ise becom es

e —  1 =  Зу 4лда  (9)

F o r  h igher densities th e  d ip o la r  in te rac tio n  b e tw een  th e  pa rtic le s  be­
com es m o re  im p o rtan t, a n d  i t  c a n  no  longer be n eg lec ted  as i t  w ill ind u ce  an  
e le c tr ic  f ie ld  th a t  adds to  th e  ap p lied  field. A tte m p ts  have  been  m ad e  to  
in c lu d e  th is  induced fie ld  to  c o m p u te  e for a rb itr a ry  d en sity . T he b es t know n 
re s u lt  in  th is  connection is th e  C lausius— M osotti re la tio n

s —  1 4л
---------= ------рос
в +  2 3

( 10)

T h is  is  in  fa c t exact for r e g u la r  cub ic  crystals w ith  lin e a r  p o la rizab ility  as in  
E q . (7 ), a n d  it  can be d e r iv e d  b y  purely  m acroscop ic  considera tions. One 
m a y  c o n s id e r a spherical sa m p le  in  given e x te rn a l fie ld . T he local electric  
f ie ld  E \oc a t  a particle can  be  c o m p u te d  and th e n  u sed  in  E q . (7). T he resu ltin g  
(a v e ra g e )  fie ld  E  in th e  m e d iu m  to  be used in  (4) can  also  be found  b y  w hich 
e x p re s s io n  (10) is ob ta in ed .

O n  com paring (2) a n d  (7) i t  is seen th a t  a single p o la r m olecule in  a  no t 
to o  s t ro n g  electric field m a y  b e  reg a rd ed  as a p o la rizab le  p artic le  w ith  p o la ri­
z a b i l i ty  a  =  1/3 ßrn2. T he co rre sp o n d in g  C lausius— M oso tti re la tio n  w ould  be

E ----  1

e +  2 : У ( И )

I t  tu rn s  ou t th a t  th e  C lau siu s— M osotti re la tio n  w orks fa irly  w ell for 
p o la r iz a b le  fluids w ith  no p e rm a n e n t  dipole m o m en t, b u t  dev ia tio n s can  he 
m e a s u re d  experim en ta lly . H o w e v e r , for po lar f lu id s  i t  fails d ra s tic a lly . On 
th e  o th e r  h an d , polar flu id s  u s u a lly  have a large e, w hile  no n p o lar ones have  
a sm a ll e, w hich m ay p a r t ly  e x p la in  w hy E q . (10) w orks fa irly  w ell fo r th is  
l a t t e r  case .

O n sa g e r  [2] reconsidered  th e  derivation  o f e fo r a po la r flu id . B y  his 
c o n s id e ra tio n s , instead  o f (11), he  ob tained

(e — 1) (2e +  1) 

9e
=  У ( 12)

w h en  n o  po larizab ility  is p re s e n t .
T h e  theories above m a y  b e  com pared  w ith  ex p e rim en ts . F o r exam ple , 

fo r w a te r  a t  room  te m p e ra tu re  one has e ^  80. T h e  m easu red  p e rm a n e n t 
d ipo le  m o m e n t of w a te r is 1 .85  D ebye  (in e.s.u.) w h ich  m eans у  4. F ro m
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th is  i t  is c lear th a t  th e  C lausius— M osotti re la tio n  (11) fails com ple te ly  in  th is  
case as i t  te lls  t h a t  e —<■ oo w hen у  —>- 1. O nsager’s re su lt (12) is so m ew hat 
low  as i t  on ly  y ie ld s e ^  19 in  th e  p re se n t case. H ow ever, fo r o th e r  po la r 
flu id s  i t  seem s to  w ork  b e tte r , an d  ad d in g  th e  effect o f p o la rizab ility  will 
increase  e. So O nsager’s th e o ry  obv iously  w orks b e tte r  for p o la r f lu id s  th a n  
th e  C lausius— M osotti th eo ry .

In  a s tu d y  o f  th e  th e o ry  of po la r flu id s  K irkw ood  [3] derived  an  ex p res­
sion fo r e fo r a spherica l sam ple. H e fo u n d

e — 1 )  ( 2 e  +

9e

w hich  is th e  sam e as expression  (12) ex cep t fo r th e  K irkw ood  g -fac to r. This 
fa c to r  re flec ts  th e  co o rd ina tion  o f th e  d ipole m om en ts o f pa rtic le s  su rro u n d ­
ing a m olecule.

Pair correlation function o f a polar fluid and its 
relation to the dielectric constant

K irk w o o d ’s expression  (13) suggests th a t  know ledge of th e  p a ir  co rre la ­
tio n  w ill y ie ld  g  an d  by  th a t  e. W e shall now  consider th is  in  th e  form alism  
used b y  H oye an d  S tell fo r system s in  zero electric  field . T here  deriv a tio n s 
are  done in  a w ay  th a t  does n o t depend  u p o n  th e  shape o f th e  sam ple .

C onsider th e  d ipole-dipole in te ra c tio n

v W 1 2 )  =  - ^ - H ( 1 2 )  (14)
r J

be tw een  tw o  dipoles 1 an d  2. T h ey  are  se p a ra te d  by  a d is tan ce  r, an d  m is 
th e  m a g n itu d e  o f  th e ir  dipole m om en ts. F u r th e r

H(12) =  3( V ) ( V )  -  I A  (15)

w here ^  an d  s2 a re  u n it  vec to rs along th e  d ipole  m om en ts o f th e  tw o  p a rtic le s , 
w hile f  is th e  u n it  v ec to r along th e  re la tiv e  d istance . B esides th is  dipole 
in te ra c tio n , m olecules w ill h av e  o th e r ty p e s  o f in te ra c tio n  t h a t  a ffec t th e  
p ro p ertie s  o f  th e  system . U nless th e  m olecules have  a n e t charge, th e se  in te r ­
ac tio n s will be o f  a m ore sh o rt-ran g ed  n a tu re . (M olecules w ith  n e t  ch a rg e , i.e. 
ionic sy stem s w ill n o t be considered  h ere). R ea l m olecules h av e  a s tro n g ly  
rep u ls iv e  core, an d  th e y  will have  a t tra c t iv e  d ispersion  forces to o . H ow ever, 
com posite  m olecules are  n o t shperical, b u t  as an  ap p ro x im a te  m odel one m ay 
say  th e y  are. I f  th is  o th e r  ty p e  o f in te ra c tio n  is th e  L en n a rd — Jo n e s  in te ra c tio n

1)
yg (13)
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Ф(г) — 4е[(сг/г)12 —  (cr/r)0], th e n  th e  re su ltin g  in te ra c tio n  w ill be th e  S tock- 
m a y e r  p o te n tia l. A n even  m o re  sim ple m odel w ill be to  le t  Ф(г) be a sim ple 
h a rd  co re  p o ten tia l of ran g e  R.

N o w  le t Ф(г) be th e  p o te n tia l  o f a reference  sy stem  w hose p ro p e rtie s  are  
c o n s id e re d  know n. T his sy s te m  we p e r tu rb  b y  th e  d ip o la r in te ra c tio n  ipDD{ 12) 
w h o se  e ffec t we w an t to  e v a lu a te . B y  p e r tu rb a tio n  we w ill consider th e  
y -o rd e iin g  schem e in v e n te d  fo r w eak  long -ran g e  in te rac tio n s  o f sp h erica l 
sh a p e  [4]. ( In  th e  long -range lim it  у —► 0 a V an  d er W aals like e q u a tio n  o f 
s ta te  w a s  ob ta ined .) T he y -p a ra m e tr iz a tio n  m ean s th a t  th e  p o te n tia l can  be 
w 'r i t te n  as

Vdd (12) =  Y3F( V )  (16)

O b v io u s ly  th e  p o ten tia l (14) does n o t define  a n  inverse  ran g e  p a ra m e te r  у  
as i t  w ill d ro p  ou t. T ry in g  to  rem ed y  th is  b y  m odify ing  y)DD( 12) fo r la rg e  r 
c a n n o t  b e  done since th e n  th e  d ie lec tric  b e h av io u r w ill be lo st. B u t th e  ipDD( 12) 
ca n  b e  m o d ified  for sm all r. I n  fa c t fo r rea l sy stem s th e  y(12) can  be chosen  
r a th e r  f ree ly  inside th e  h a rd  core, e.g. we m a y  c u t  y>DD(12) in side a c e r ta in  
ra d iu s  1 / у  to  o b ta in  [5].

w(12) =  H ( y r - l ) r p DD(12) (17)

w h e re  H (x)  is a s tep  fu n c tio n

H(x)
0 if  x <  0
1 if  x >  0

F o u r ie r  tran sfo rm in g  (17) w ith  respect to  r  one o b ta in s  [5]

y ( 1 2 ) = — m2/(fc/y)£>(12)
3

w h ere
-0(12) =  3 (s jc^sje )  —  s J t

(18)

(19)

T h e  к  is  th e  u n it v ec to r a long  th e  F ourie r v a r ia b le  k. G enerally

/ (k /y )  -*-1 as к —<■ 0 ( 20 )

W ith  th e  sh a rp  cu t-o ff in  (17) th e  exp lic it fo rm  o f /(z ) w ill be

№  =  3
/sin z cos z

1 “ Z2
( 21)

I t  is in te re s t in g  to  no te  h ere  t h a t  _f(k/y) w ill be th e  F o u rie r tra n s fo rm  o f a 
p o te n t ia l  o f  spherical sy m m e try  o f range l /у  in  accordance  w ith  th e  id ea  
o f  у -o rd e r in g . In  fac t, (21) is th e  tran sfo rm  o f a sq u are  well p o te n tia l. T h is  is 
c o n s is te n t  w ith  th e  idea t h a t  th e  cu t d ipo le-d ipo le  in te ra c tio n  (17) can  be
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considered  as a p e r tu rb a tio n , and  by  t h a t  w e are  in a s itu a tio n  t h a t  ex ac t 
re su lts  m a y  be o b ta in e d  for a m odel w here  th e  lim it у  —>- 0 is ta k e n .

C o m p u ta tio n s  m a y  be done in  te rm s  o f  g raphs. These o rig in a te  from  
th e  w ell kn o w n  M ayer g rap h  fugac ity  e x p a n s io n , w here th e  fu g ac ity  is e lim i­
n a te d  in  fa v o u r o f  d e n s ity  w ith  th e  re su lt t h a t  on ly  irreducible g ra p h s  rem ain . 
F u rth e rm o re , th e  M ayer f-bonds m ay  be  e x p a n d e d  in  po ten tia l b o n d s

f (12) =  — ßy>{l2) (22)

an d  th e  re su ltin g  g rap h s  m ay  be o rdered  in  o rd e rs  o f y. The low est o rd e r  c o n tr i­
b u tio n  to  th e  p a ir  co rre la tion  fu n c tio n  b e y o n d  th e  reference sy s te m  piece 
th e n  tu rn s  o u t to  be g iven by  th e  sum  o f sim p le  chain  graphs in  te rm s  o f 
i>-bonds. T he v e rtices  o f these  graphs w ill be  hypervertices t h a t  c o n s is t of 
g rap h s fro m  th e  references system  p a ir  c o rre la tio n  function  [4]. H o w ev er, 
in  th e  p re se n t s i tu a tio n  these  h y p e rv e rtic es  w ill reduce to  sim ple g -vertices 
since av e rag in g  o v er o rien ta tio n s of th e  d ip o le  m om ents requires th e  u-bonds 
to  b e  d ire c tly  co n n ec ted  to  give a nonzero  c o n tr ib u tio n . So th e  lo w est o rd er 
c o n tr ib u tio n  becom es

gA(12) =  gt>(12) +  j> ( 1 3 )  gt>(32) dra^ ±  +  . . .
4л

(23)

Thelse in teg ra ls  w ill be in teg rals of c o n v o lu tio n , so F ourier tra n s fo rm a tio n  
yields

eh(12) =  eÜ(12) +  |'e»(13) e*K32) — ^  +  . . . (24)
4л

P erfo rm in g  th e  a n g u la r  in teg ra tio n  once, one  finds th a t  th e  D (  12) piece is 
k e p t an d  a /1(12) te rm  is crea ted  w here

/ 1(12) = (25)

B y  re p e a te d  in te g ra tio n s  no m ore te rm s  a re  c rea ted , and  expression  (24) can 
be e v a lu a te d  in  v a rio u s  w ays. The s im p lest is perh ap s to  no te  t h a t  in tro d u c ­
tio n  o f  J 1 =  A -f- D  an d  J 2 =  2A —  D (A  =  /1(12) and  D =  D(  12)) w ill c rea te  
2 in d e p e n d e n t geom etric  series th a t  c a n  be  easily  sum m ed. F ro m  (18), (20) 
and  (22)

*(12) =  - 3 y f t k l y )  0 (1 2 )  

So we f in d  w hen  A; —► 0

-  — 3yß(12)
/с—о

(26)

gh( 12) =  aD{ 12) +  6/1(12)

__3y
a = --------------—-------- : b =  — 2ya

(1 + 2 y )  (1 — y)
(27)

w here у  =  4л /9  gßm2 as given b y  (6).
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T h e  d ie lec tric  c o n s tan t e can  now  be fo u n d  b y  p u ttin g  tw o te s t  ch a rg es  
qv a n d  q2 in to  th e  flu id  an d  f in d  how  th e y  a re  co rre la ted  for large d is ta n c e s . 
T h is  g ives th e ir  effective in te ra c tio n  w hich  fro m  electrostatics is g iv en  b y

Ф Ь с ( г ) = ™  (28)
er

w hose F o u rie r  tran sfo rm  is

ФЬс(к) =  (29)

T h is  w ill be  shape in d e p e n d e n t as th e  sy s tem  can  be large com pared  to  th e  
s e p a ra t io n  o f charges b y  w h ich  th e  effect o f  th e  su rface  upon th e  e lec tric  f ie ld  
ca n  b e  neg lec ted .

F ro m  th e  m icroscopic v iew p o in t th e  c o rre la tio n  betw een the  te s t  ch a rg es  
a rises  f ro m  th e ir  d irec t in te ra c tio n  gxg2/r  p lu s  a n  in te rac tio n  via one d ipo le  
p lu s a n  in te ra c tio n  v ia  2 d ipo les th a t  are c o rre la ted  (which includes th e  e ffec t 
o f in te r a c t io n  v ia  m ore p a rtic le s). F o r th is  c o m p u ta tio n  we need th e  ch arg e- 
d ipo le  in te ra c tio n

Ф св(12) =  ±  q M l §2) (30)
T1

w hose F o u rie r  tran sfo rm  is [5]

ФС„ ,1 2 ) =  ±  ^  P O
к

T h e ^ s i g n  w ill depend  u p o n  w h e th e r f is p o in tin g  tow ards or aw ay fro m  th e  
c h a rg e . N o te  th a t  b o th  signs w ill be needed  since we s ta r t  a t th e  ch a rg e  qx 
a n d  f in is h  a t  th e  charge q2. C om puting  th e se  th re e  co n tribu tions an d  p e rfo rm ­
in g  in te g ra tio n s  like th e  ones in  (24) th e  re s u lt  becom es (k -*■ 0) [5]

Фесc(*) =  — ~  [1 -  3 j  -  2ya -  yb] 1 — У
1 +  2y k2

(32)

w ith  a a n d  b given b y  (27). C om paring  th is  w ith  (29) one can conclude  t h a t  
th e  d ie le c tr ic  c o n s tan t is g iven  b y

1 + 2 y  

1 —  У
(33)

(34)

T his is p rec ise ly  th e  C lausius— M osotti re su lt (11) w hich  here has been o b ta in e d  
as a n  e x a c t  lim iting  re su lt w h en  у  —► 0.
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A lth o u g h  we are  no t able to  c o m p u te  th e  p a ir co rrelation  fu n c tio n  exac tly  
in  o th e r  s itu a tio n s , we can still e v a lu a te  i ts  general s tru c tu re  a n d  f in d  its  re la ­
tio n  to  th e  d ielec tric  co n stan t. T h is is d one  b y  considera tion  o f  th e  g raph  
s tru c tu re . R esu lt (27) was found  b y  su m m a tio n  of chains o f  u -bo n d s w ith  
sim ple g-vertices. N ow  a chain  m a y  b e  c u t  a t  p-vertices, a n d  a ll k inds of 
allow ed g rap h s m ay  fill th e  gap  a t  th e  c u t. These graphs c a n n o t  be  singly 
co n n ec ted  b y  r-b o n d s  since th is  is a lre a d y  inc luded  in  th e  c h a in  s tru c tu re . 
T h u s  th ese  in se rted  graphs will be o f  sh o r t  range com pared  to  th e  d ipolar 
v -bond itse lf  an d  can  be reg a rd ed  as a ő -function  w hen large  r  (o r sm all k) 
b e h av io u r is considered . W hen  к —*• 0, th is  in serted  piece can  in  p rin c ip le  be 
e x p an d ed  in  L egendre  po lynom ials w ith  re sp e c t to  s1s2. B y in te g ra t io n  of th is 
ex p an sio n  over o rien ta tio n s  to g e th e r w ith  th e  ivbond, only th e  Z1(12) te rm  will 
c o n tr ib u te  [5]. A dd ing  th is  c o n tr ib u tio n  to  th e  g-vertex  an  e ffec tiv e  d ensity  

t h a t  can  be w ritte n  as

Qe =  Q—  (35)
У

is o b ta in ed . F ro m  th a t ,  th e  general fo rm  o f  A(12) is found b y  som e m odifica­
tio n  o f (27) [5].

efc(12) -- 3 /1(12) -f- — (ab(12) +  6J(12))
У

w here now

-f- (te rm s th a t  w ill n o t  c o n tr ib u te  to  e) (36)

— 3 z

(1 +  2z) (1 —  z) ’
b =  —2za (37)

T he f ir s t  te rm  in  (36) rep resen ts th e  a b o v e  m entioned in se rte d  p iece alone 
w h ich  also is p a r t  o f  th e  full ft(12).

W ith  (36) th e  effective ch arg e  in te ra c tio n , in stead  o f  (32), becom es

fccc(k)

A ccord ingly

or

1 —  z 4 tiqtfz
~  1 +  2 z  к 2

1 +  2z
£ =  ------------

1 ---  Z

E ---  1
--------  =  Z
E +  2

(38)

(39)

(40)
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T h is  g iv es  a fo rm ally  e x a c t re la tio n  betw een  th e  p a ir  co rrelation  fu n c tio n  
an d  th e  d ie lec tric  co n s tan t. T h e  problem  is to  d e te rm in e  z in  E q . (35). I n  th e  
m e a n  f ie ld  lim it у  —> 0, z —*■ y .

I n  (36) th e  z m ay  be e lim in a ted  in  fa v o u r o f  e from  E q . (40) (к  —*■ 0). 
So th e  g e n e ra l s tru c tu re  in  te rm s  o f e is [6].

{>£(12) =  QhD(0) 5(12) +  QhA{0) zl(12)

1 ( e __112
e M 0 )  =  - 3 y - - r —  ;

e l 3y
{?M 0) =  3

(e - l ) ( 2e +  1) x

9 ey
(41)

F ro m  th e  0 (1 2 )  te rm  i t  is seen  th a t  th e  effec tive  in te ra c tio n  betw een  a  p a ir  
o f th e  d ip o la r  partic les is n o t  m ere ly  a m o d ifica tio n  o f th e  d irect in te ra c tio n  
b y  a f a c to r  1/e as m u st he  th e  case for n e t ch a rg es . F u rth e rm o re , th e  tw o  
te rm s  in  (41) are  n o t in d e p e n d e n t o f each o th e r. T h is  h as  th e  consequence t h a t  
e c a n  b e  re la te d  to  A(12) in  v a r io u s  w ays of w hich  E q . (40) rep resen ts one [5 ,7 ] .

E q u a t io n  (41) y ields th e  re la tio n  ;

w ith

(e _  1) (2e +  1)

9e
=  У8

g =  1 +  \  eM °)>  £j (0) = № A(r) d r
О

(42)

T h is is  j u s t  K irkw ood’s re su lt (13) w ith  g specified .
F in a lly  in  th is  p a r t  we n o te  th a t  for rea l sy s te m s  th e  p ertu rb in g  p o te n ­

t ia l  c a n  b e  chosen ra th e r  f re e ly  inside h a rd  cores w ith o u t changing th e  r e s u l t ­
in g  p h y s ic s . T his, how ever, w ill change p e r tu rb in g  co m p u ta tio n s. So to  (17) 
a zl(12) te rm  of range l /у  m a y  be added. T h is m o d ifie s  (18) and  (26) c o rre ­
s p o n d in g ly  such th a t  one ca n  w rite  (к —*■ 0)

®(12) =  — 3y[ß(12) +  GA(12)] (43)

w here  th e  m ag n itu d e  o f  th is  te rm  has en te red  as a p a ra m e te r  0 .  W ith  (43) 
e x p re ss io n  (24) m ay  again  b e  ev a lu a ted . In s te a d  o f  (34) th is  will y ie ld  th e  
fo llo w in g  fo r e [6]

e —  1
( 1  _  Q) e +  2 +  0 =  У (44)

T h u s , v a ry in g  0 ,  one can  h a v e  a  con tinuous fa m ily  o f m ean  field re su lts , n o t  
ju s t  (34) (y  — 0).
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The MSA so lu tion

F o r a po la r f lu id  th e  OZ (O rnste in— Z ernike) eq u a tio n  is [8]

/»(12) =  c(12) +  eJc(13) /»(32) d ? 3^
4л

I ts  F o u rie r tra n sfo rm  will be

/»(12) =  £(12) +  £?J c(13) / » ( 3 2 ) ^ .
4л

(45)

(46)

H ere  c(12) is th e  d irec t co rre la tio n  fu n c tion .
L e t th e  sy stem  consist o f partic les  th a t  h av e  spherica l h a rd  cores of 

d iam e te r  R  an d  in  ad d itio n  in te ra c t w ith  th e  d ipole-dipole in te ra c tio n  (14). 
T h e  M SA of th is  p ro b lem  is defined  b y  th e  cond itio n  [9]

/»(12) =  — 1 fo r r  <  Я  (47)

«*12) =  — ßVoai 12) fo r r  >  R

w hich  to g e th e r w ith  (45) w ill d e te rm in e  /»(12) an d  c(12) fo r a ll r. The f irs t 
co n d itio n  in  (47) is th e  e x a c t core cond ition  fo r h a rd  spheres, w hile  th e  second 
one is an  ap p ro x im a tio n .

One m ay  now  n o te  th a t  E q s. (24) a n d  (46) are  in  fa c t  th e  sam e except 
t h a t  £(12) is rep laced  b y  c(12). W ith  co n d itio n  (47) th e  t>(12) a n d  c(12) will 
also be  th e  sam e fo r r  >  R.  T he  d e te rm in a tio n  o f c(12) fo r r  <  R  m a y  fu r th e r  
be considered  as a p re fe rred  choice for u(12) fo r r  <  R  b y  w h ich  th e y  will be 
eq u a l for all r. T h u s th e  M SA m ay  be considered  as a m ean  f ie ld  ap p ro x im atio n  
th a t  w ill specify a 0 -p a ra m e te r  in  (43) d ic ta te d  b y  th e  core co n d itio n  (47). 
In  th is  w ay  i t  rep re sen ts  a low est p e r tu rb a tio n  in  у-o rdering , a n d  th e  im plicit 
specifica tion  o f 0  m ay  be reg a rd ed  as som e k in d  o f op tim ized  choice.

W ith o u t th e  d ip o la r in te ra c tio n  th e  M SA prob lem  red u ces  to  th e  well 
k n o w n  P Y  (P ercu s—Y evick) so lu tion  fo r h a rd  spheres. A d d in g  th e  d ipolar 
in te ra c tio n  th is  so lu tio n  can  be sep a ra ted  o u t an d  like (41) a n d  (43) one finds 
t h a t  th e  to ta l  /»(12) w ill h av e  th e  form

*(12) =  h 0(r) +  hD(r) D( 12) +  h j j )  /1(12) (48)

w ith  sim ilar fo rm  fo r c(12). T he /»„(r) is th e  h a rd  sphere so lu tio n . T he b o u n d ­
a ry  cond itions on th e  d iffe ren t te rm s w ill follow  from  (47). A s w as th e  case 
fo r c o m p u ta tio n  o f (24) to  o b ta in  (27) th e  D- an d  Zl-terms w ill coup le . H ow ever, 
as n o ted  u n d e r (24), i t  all decouples in to  tw o p a r ts  b y  in tro d u c tio n  o f J x =  
=  A  -j- D an d  J 2 =  2A  —  D . T he sam e h ap p en s in  th e  M SA prob lem  [10].
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I n  (46) th e  o rien ta tion  d e p e n d e n t factors J x an d  J 2 can  th e n  he erased , and  
th e  re su ltin g  tw o e q u a tio n s  c a n  he regarded  as F o u rie r  tran sfo rm ed  OZ- 
-e q u a tio n s  of spherically  sy m m e tr ic a l functions. W ith  (21) we n o te d  th a t  
w h e n  d isregard ing  a n g u la r  d ep en d en ce , th e  c u t d ipo le  in te ra c tio n  (17) h ad  
th e  sa m e  Fourier t ra n s fo rm  as a square well. L ikew ise th e  cond itions (47) 
m a k e  th e  tw o new d irec t c o rre la tio n  functions e q u a l to  zero for r  >• R  w hile 
th e  tw o  correlation  fu n c tio n s  w ill he  co n stan ts  — 2 К  a n d  К  re sp ec tiv e ly  for 
r  <  R  w ith  К  to  be d e te rm in e d  la te r . B y  th is  all is red u ced  to  tw o  ad d itio n a l 
h a r d  sp h e re  problem s, a n d  th e  k n o w n  resu lt can  s im p ly  he  ta k e n  over [10]. 
T h e  M SA  solution th e n  le a d s  to  th e  following re su lt fo r th e  d ielectric  c o n s ta n t

e==m
— I

w h ere
ч [(1 +X) =  --------

( 1 -

T h e  p a ra m e te r  £ =  я /6  K qR 3 is  de te rm ined  b y

3 y  =  2(21) — q{— I) (50)

w ith  у  g iv en  by  (6). T he M SA  so lu tio n  was f irs t p e rfo rm ed  b y  W erth e im  [10].
A s a  num erical e x a m p le  у  4 yields e ^  48 w h ich  com pares m ore 

fa v o u ra b ly  w ith  e ты 80 fo r  w a te r  th a n  O nsager’s re su lt  considered  u n d e r
E q - (12) '

T o  go beyond th e  M SA v a r io u s  ideas have been  p ro p o sed  [1]. W hen  doing 
so th e  p a i r  correlation  fu n c tio n  o f  th e  reference sy s te m  w ill also e n te r  an d  
a ffe c t d ie lec tric  p roperties.

)

2*)2

*)4

(49)

P o la rizab le  fluids

F o r  a polarizable f lu id , th e  induced  p o la riza tio n  v a rie s  w ith  th e  local 
e lec tric  f ie ld  and  like E q . (7), th is  re la tio n  is u su a lly  considered  to  be lin ea r. 
T h is m o d e l was em ployed, fo r ex a m p le , in  th e  p ioneering  s tu d ies  o f th e  d ielec­
tr ic  p ro p e r tie s  of p o larizab le  sy s te m s  by  K irkw ood  [11] a n d  b y  Y v o n  [12] 
a n d  in  a  m ore  recent w o rk  b y  W erth e im  [13] w ho considers pa rtic le s  th a t  
c a r ry  a  p e rm a n e n t dipole m o m e n t as well.

H e re  we w an t to  co n sid e r a  so m ew hat d iffe ren t m odel, earlier considered  
b y  Y a n  V leck  [14], in  w hich  th e  p o la riza tio n  carried  b y  a p a rtic le  is reg a rd ed  
as th e  a m p litu d e  of a c lass ica lly  o scilla ting  q u a n tity . D ue to  th e rm a l m o tio n  
th e  d ip o le  m om ent will f lu c tu a te  so th a t  a re la tio n  like  (7) w ill only  ho ld  for 
th e  a v e ra g e  dipole m om en t r a th e r  th e n  for th e  in s ta n ta n e o u s  one. T he ad v an -
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tag e  o f  th e  la t te r  m odel is t h a t  th e  m e th o d s  developed for p o la r f lu id s  can  be 
re a d ily  ap p lied  to  i t  b y  som e g en era liza tio n . To do so, we use  a  t r ic k  w hich 
w as u sed  b y  O nsager in  a d iffe re n t c o n te x t [15]. The tr ic k  is to  re g a rd  m olecules 
t h a t  h a v e  d ifferen t in s ta n ta n e o u s  d ipole  m om ents as being  d if fe re n t species 
o f a p o la r  flu id  m ix tu re  [16, 17]. T he ex ten s io n  to  m ix tu res h as  b e e n  considered 
in  R ef. [18]. F o r in stan ce , th e  re le v a n t m ix tu re  problem  re la te d  to  th e  po lariz­
able f lu id  is easily solved in  th e  M SA as th e  d ifferen t species a ll h a v e  th e  sam e 
h a rd  core d iam eter. In  fa c t th e  so lu tio n  is s im ply  th e  one fo r  th e  one  com po­
n e n t case w ith  e g iven b y  (49) a n d  (50) excep t th a t  th e  у  g iv en  b y  (6) now 
h as to  be  rep laced  b y  an  effec tive  y e g iven  b y

y* =  - y  - ß 2  e,m (51)

w here  g( an d  mi are  n u m b e r d en sities a n d  dipole m om ents r e s p e c tiv e ly , of 
th e  species. H ow ever, th is  alone does n o t  solve th e  MSA p o la riz a b le  flu id  
p ro b lem  as th e  g, so fa r a re  u n k n o w n . T o  de te rm ine  th e  d e n s ity  d is tr ib u tio n , 
w hich  w ill becom e co n tin u o u s , one m u s t  specify some p o te n tia l t h a t  governs 
th e  f lu c tu a tio n s . As th e  sim p lest choice one can choose a h a rm o n ic  p o ten tia l
[16, 17]

Ф ( * ) = ^ 2 (52)
2x

w here  s is th e  am p litu d e  o f  th e  f lu c tu a tin g  dipole m om en t w h ile  x  will be 
th e  p o la rizab ility . W hen  a single p a rtic le  is placed in  an  e le c tr ic  fie ld , the 
av e rag e  po lariza tio n  will follow  th e  lin e a r  re la tion  (7). F o r a sing le  partic le  
th e  d e n s ity  d is tr ib u tio n  w ill be

gos =  C e - W ,)

w here  C is such th a t  g =  J g 0Sds.
W ith  th is  d is tr ib u tio n  one w ill easily  find

4 я  4л
Уе =  — ße<*2> =  —  e*

V О

(53)

(54)

H o w ev er, th is  is n o t co rrec t w hen  th e  p a rtic le s  in te ra c t since th e  in te rac tio n s  
w ill a ffec t th e  d en sity  d is tr ib u tio n  gs. So th e  add itiona l p ro b lem  is to  d e te r­
m ine th is  d is trib u tio n . In  p rin c ip le , th is  can  be done b y  r e la t in g  i t  to  the 
d is tr ib u tio n  of chem ical p o te n tia ls  v ia  th e  corresponding e q u a tio n  o f  s ta te . 
T h e  chem ical p o ten tia ls  w ill be som e c o n s ta n t to  w hich th e  p o te n tia l  Ф(«) 
is ad d e d . W ith  MSA th is  l a t te r  p ro b lem  can  he solved ex p lic itly  to  y ie ld  [16,17]

g =  i(s*/<s*>Xd(0) ^55^

в =  /  es d «
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w h e re
CÁ 0  )/<*2> =  - 1 6 1 /3

w h ic h  y ields

(56)

T h e  q u a n titie s  a 7 and  m ’ m a y  be  regarded as re n o rm a liz ed  po larizab ility  a n d  
d ip o le  m om ent re sp ec tiv e ly  d u e  to  the flu id  su rro u n d in g  a partic le . T hese 
M SA  re su lts  were also p re v io u s ly  obtained b y  W e rth e im  [13] using th e  m odel 
w ith  n o n flu c tu a tin g  p o la r iz a tio n .

I t  m ay  be in te re s tin g  to  n o te  th a t if  th e  M SA  m e th o d  ou tlined  here  is 
a p p l ie d  to  polarizable p a r tic le s  loca ted  on a re g u la r  c lose-packed  cubic la ttic e , 
i t  w ill y ie ld  th e  ex ac t a n sw e r w hich is know n to  b e  th e  Clausius— M osotti 
r e la t io n  (10) [16].

T h e  fluc tu a tin g  m o d e l fo r  polarizable p a r tic le s  w ill c reate  a ttra c tiv e  
d isp e rs io n  forces betw een  th e  p a rtic le s  due to  th e  f lu c tu a t io n  o f dipole m om ents. 
I n  th i s  respec t, it  m ay  b e  co n sid e red  a more re a lis tic  m odel th a n  th e  nonfluc- 
tu a t in g  m odel. As m e n tio n e d  in  th e  in tro d u c tio n  a  q u a n tu m  m echan ical 
c o m p u ta tio n  of th is m a n y -b o d y  system  of o sc illa tin g  d ipoles has also been  
p e r fo rm e d  generalizing th e  M SA  m ethod [19, 20 ]. N o t surp rising ly , as th e  
o sc il la to rs  and dipolar in te ra c tio n s  are harm on ic , th e  re su lt for e becom es 
th e  sa m e  as th e  one fo u n d  h e re .
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I n  th e  th e o ry  o f e lec tro ly te  so lu tio n s a  sem iphenom enolog ical io n  ap p ro ach  
has b een  su b s ti tu te d  b y  th e  io n -m o lecu lar one, w hich is g ro u n d ed  o n  th e  exp lic it 
allow ance fo r io n s a n d  so lv en t m olecules. T h e  la t te r  is based  o n  th e  c a lcu la tio n s  of 
th e  b in a ry  d is tr ib u tio n  fu n c tio n  w hich  d efine  s tru c tu ra l p ro p e rtie s  as w ell a s  th e rm o ­
d y n am ica l a n d  d ie lectron ic  ones.

In  th e  descrip tio n  of th e  in te ra c tio n s  in  th e  s ta tis tic a l p h y s ic s  th ree  
levels can  be d is tingu ished .

T he f ir s t  is th e  q u a n tu m  one, w h ich  is ch arac terised  b y  th e  H am ilto n ia n  
o f th e  sy stem .

T he second one is th e  classical level —  w hen th e  energy  o f  th e  sy s tem  is 
considered  as a sum  o f classical k in e tic  a n d  p o ten tia l energies, a n d  f in a lly  the  
th ird  —  m acroscopic , w hen  we speek  a b o u t th e  ex p erim en ta lly  o b se rv e d  in te r ­
ac tio n  energy  b e tw een  a p a ir  o f  p a rtic le s . T h is is th e  so-called  ‘m e a n  force 
p o te n tia l”  (M FP).

L e t our sy s tem  consists o f a to m s. E a c h  a to m  consists o f  n u c leu s  and 
electrons. In  th e  a to m  (for ex am p le  in  th e  a to m  of a m etal) th e  e lec tro n s  m ay 
be g rouped  in to  e x te rn a l a n d  in te rn a l ones. In te rn a l e lec trons as a  ru le  do 
n o t leave th e  nucleus w hile e x te rn a l ones m a y  belong to  d iffe re n t nu c le i. L et 
us consider th e  q u es tio n  how  th e  classical in te rac tio n  p o te n tia ls  a p p e a r  and  
w h a t is th e ir  b eh av io u r.

W e shall use h ere  re su lts  o b ta in ed  b y  Y av ru k h  and  K o k h m a lsk y  in  [1, 2]. 
T he in itia l H am ilto n ian  o f th e  sy stem  is eq u a l to

h  =  —  —  y — 4 — —
2 i M  2m 2 4  +  г 2 -  +  г 2 2  т г "Ttj 2 1'j Rij  у  (r,-— Rj)

w here Z e —  is th e  nucleus ch arg e , N n —  nucleus n u m b er, N  —  n u m b e r  of 
e lec trons, Z N n =  N .  L e t th e re  be Q v a le n t (free) e lectrons a n d  Z  —  Q — 
b o u n d ed  ones. L e t us consider th e  in te ra c tio n  energy o f th e  v a le n t  (free) 
e lec trons w ith  th e  nucleus.

+ T h is p a p e r w as p re sen te d  a t  th e  Sym posium  on  S tru c tu re  o f L iq u id s  a n d  Solutions 
a t  V eszprém , A u g u st 27— 30, 1984.
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q-°o
F i g .  1 .  P air non-local p o ten tia l o f  electron-ion interaction  a 2( k  -f- q,  k )  for lithium  for angle

F ig .  2 .  Pair p o ten tia ls  of electron-ion in teraction s o2(fe, r)
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In  order to  f in d  i t  i t  is necessary  to  ta k e  th e  sum  over all b o u n d ed  s ta te s  
in  th e  s ta tis tic a l o p e ra to r  exp (— ßH eff) =  S p k (exp  — ßH).  The m o st d ifficu lt 
p ro b lem  is to  c re a te  a su itab le  com plete  se t o f  o rth o n o rm al e igen functions. 
U su a lly  th e  a to m ic  eigenfunctions are  ta k e n  as th e  in itia l ones. T h ey  m a y  be 
o rth o n o rm alized  b y  th e  B ogoliubov p ro ced u re . Such procedure w as ap p lied  
in  th e  above m e n tio n e d  w orks. As a re su lt th e  energy  H eff can  be o b ta in e d

t f ef, =  I I  n +  T  +  V ee +  Vei
w here
H n —  is th e  H a m ilto n ia n  of th e  nuclei,
T  —  is th e  k in e tic  energy  o p era to r o f v a le n t  (free) electrons,
Vee —  th e  en erg y  o f  th e  Coulomb in te ra c tio n s  betw een  these  e lec tro n s,
Vei —  is a new  H a m ilto n ia n  w hich a p p e a rs  as a re su lt of th e  su m m in g  
o v er th e  b o u n d ed  s ta te s .

1 V -n  у
2nl <h........ <?n k,. *■• • »&»

s.

■ c t — n  t ,9 ■ ' • C£-9n. S» C*n> S„ ■ ■ ■ Q bSi

( 1 )

w here  CklS, CklS a re  th e  c rea tio n  and a n n ih ila tio n  elec tron  o p era to rs , к — m o ­
m e n tu m , S  — sp in  o f th e  electron.

W e shall re g a rd  th e  te rm  a 2(fe1 -f- Ч-, &i) fo r n  =  1. T he o th e r co m p o n en ts  
o f  a 2n are  sm all a n d  a re  n o t ta k e n  in to  co n sid e ra tio n . a2(kx -)- q1 fe1) — is th e  
F o u rie r  tra n sfo rm  o f  th e  effective in te ra c tio n  p o te n tia l  be tw een  th e  v a le n t 
e lec tro n  and  th e  ion . I t  is non-local an d  d ep e n d s  upon  th e  e lec tron  m o m en ­
tu m  k v

F igure  1 gives th e  curves of th is  p o te n tia l  w hen  th e  angle b e tw een  к  an d  q 
v ec to rs  equals n , i.e . in  th e  re su lt o f th e  in te ra c tio n  w ith  ion th e  free  e lec tro n  
m oves h ack  aw ard s . T h e  curves are p lo tte d  fo r  L i, Be.

F igure  2 re p re se n ts  electron-ion  in te ra c tio n  p o ten tia l av erag ed  o v e r all 
d irec tio n s of th e  e lec tro n  m ovem ent to w a rd s  th e  ion:

a , (r, k) — 2 a . ( k + q ik) elqz d — ők

I t s  c h a ra c te ris tic  fe a tu re  is th e  d ep en d en ce  u p o n  th e  elec tron  v e lo c ity . W e 
h a v e  a t tra c tio n  reg io n , correspond ing  to  H a r tre e  m odel, an d  repu lsion  reg ion . 
T h e  slow er th e  e lec tro n  m oves th e  s tro n g e r  is th e  repulsion .

P o te n tia l a 2(r) av e rag ed  over th e  e lec tro n  m o m en tu m  inside th e  F e rm i 
sp h ere  is re p re se n te d  in  F ig . 3.

W e h av e  tw o  a t tra c t io n  regions an d  a rep u ls io n  one. The o u te r  a t tr a c t io n  
reg ion  co rresponds to  Coulom b a ttra c t io n  b e tw een  th e  positive  ch a rg e  e
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F i g .  3 .  1-pair potential o f  electron-ion interaction averaged over the Fermi sphere; 2-m odel 
fpotential o f K rasko and Gurski; 3-m odel potential o f Ashcroft

(v a lu e  fo r  Li) and  th e  e lec tro n . In  th e  in n e r a t tr a c t io n  region th e  v a lu e  o f  th e  
p o s it iv e  charge  is equal to  3e fo r L i an d  4e fo r  B e. T he curves fo r th e  k n o w n  
p se u d o p o te n tia ls  are  also p lo tte d  in  th e  sam e  figu re .

F ig . 4 illu stra te s  th e  in te ra c tio n  b e tw een  tw o  p ro tons, o b ta in e d  a f te r  
a v e ra g in g  over all e lec tron  s ta te s . T he sh a rp  decrease o f th e  curve in  th e  re p u l­
s ion  re g io n  can  be a t t r ib u te d  to  in te ra c tio n s  v ia  electrons.

So we see th a t  in  th e  e lec tron-ion  in te ra c tio n  th e re  appears a reg io n  o f 
re p u ls io n . C onsequently , in  th e  in te ra c tio n  b e tw een  tw o atom s, m olecules or 
ion s th e re  appears a rep u ls io n  on sh o rt d is tan ces . T h a t is w hy , a ll c lassica l 
in te r a c t io n  p o ten tia ls  m u s t h a v e  a ttra c t io n  a t  long  d istances an d  re p u ls io n  
a t  s h o r t  ones.

F i g .  4 .  T he proton-proton e ffective  potential in  the electron-proton system . T he different 
app roxim ations the dielectric function: 1 — R PA ; 2 — second virial coefficient; 3 — G eldart—

Taylor approxim ation
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In  general, th e  p o ten tia ls  are  d iv id ed  in to  sh o rt-ran g e  a n d  long-range 
ones. T he e le c tro s ta tic  p o te n tia ls  belong to  long-range ones. T h ey  m ay  be 
w ritte n  in  th e  follow ing form :

ф а ь\ l^ i  —  Äal) =  <?a( v  i) Qb( V 2) 1

w here
IR ,  -  R 2

<?a(V j)  =  ea*a + P a ^ l  +  ~Pa2)’ +
О

T he f irs t  fo rm  s ta n d s  for th e  charge, th e  second —  for d ipo le , th e  th ird  —  for 
quad rupo le  m o m en tu m  etc . o f th e  p a rtic le  o f  a ’th  so r t. T h e  e lec tro sta tic  
in te ra c tio n  possesses an  in fin ite  effective rad iu s .

The sh o rt-ran g e  in te ra c tio n  m ay  h av e  d iffe ren t fo rm s. T h e  m ost p o pu la r 
form s of i t  are  th e  L e n n a rd — Jo n es  (L — J )  p o te n tia l, th e  M orse p o te n tia l and  
o thers.

VLj{\rl —  r2\) =

—2 (•
Wm(Vi — r2l) =  Ф  V

И 12-
\ r ) U J J

R —R,
) ■ 2e {* ? )■

B o th  p o te n tia ls  d isp lay  sim ilar b eh av io u r in  th e  well reg ion . T hey  differ 
d is tin c tiv e ly  a t  v e ry  sh o rt or long d istances. T h e  L — J  p o te n tia l  co n ta in s th e  
w ell know n V an  d e r W aals te rm : p ro p o rtio n a l to  1/Re. T h e  ~ 1 / B 6 p o ten tia l 
charac terises th e  en erg y  o f d ispersive in te ra c tio n s  a t  long  d is tan ces . Besides 
th ese  forces, th e re  ex is t in d u c tiv e  ones p ro p o rtio n a l to  1 /R l fo r th e  partic les 
w ith  non-zero  e le c tro s ta tic  charge Qa.

F o r p a rtic le s  w ith  non-zero  charge  th e re  is no d is tin c t d ifference betw een  
th e  so called  sh o rt-  an d  long-range in te ra c tio n s . N ev erth e less , we a ttr ib u te  
to  th e  sh o rt-ran g e  in te rac tio n s  th e  p o te n tia l, w hich m odels th e  in te rac tio n  
betw een  tw o h a rd  cores.

oo R  о
0 R  >  a<Ph c ( R )  =

T his p o ten tia l is a p a r tic u la r  one, i t  is p o sitive , and  has no  F o u rie r  tran sfo rm . 
A t p resen t, th e  sum  o f hard -co re  p o te n tia l, som e a t tr a c t iv e  p o te n tia l and 
e lec tro s ta tic  p o te n tia l  is reg a rd ed  as an  in it ia l  p o te n tia l o f  th e  in te rac tio n  
b e tw een  tw o p a rtic le s .

ФаЬ =  <P%C\ R )  +  <p(abtr\ R )  +  <t>(aV(R)

In  general, th e  p o te n tia l  ФаЬ has a v e ry  w eek te m p e ra tu re  dependence  [3].
W e o b ta in  as w hen  averag ing  th e  p a r ti t io n  fu n c tio n s o v er all electron  

s ta te s  we o b ta in :
exp  (— ß0ab) =  £  < Ч а/ехр  —ßHjnê
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L e t  us regard  th e  sum

4 ’ab =  (P(̂ C \ R )  +  <PabU \ R )

as th e  sh o rt-ran g e  p a r t  a n d  th e  te rm  iR ) as th e  long -range p a r t  o f th e  
in i t ia l  p o te n tia l  ФаЬ. L e t us see w h a t com es o u t o f  i t  in  s ta tis tic a l physics. 
I t  a p p e a rs  th a t  th e  d e sc rip tio n  o f th e se  tw o ty p es  o f in te ra c tio n s  c a n n o t be 
p e rfo rm e d  in  th e  sam e p h ase  space.

T h e  average p o te n tia l e n e rg y  o f  th e  in te ra c tio n  o f th e  reg a rd ed  p a rtic le  
w ith  a ll th e  o thers is p ro p o r tio n a l to  th e  d en sity  in  case w ith  sh o rt-ran g e  
fo rces a n d  to  th e  inverse d e n s ity  fo r Coulom b forces. In d e e d , for th e  sho rt- 
ra n g e  p o te n tia l  we hav e :

<Е > * = 2 ^ 7 ^ [  Vab F ab(R) d R  =  
ь V  k l  J

=  2  ^ 7  ° 3 f  Vab(x) F ab(x) dx  =  a3 < » ;  *  =  —  
ь V J  V  a

w h ere  th e  angular b ra c k e ts  d e n o te  th e  average v a lu es . F o r  th e  C oulom b 
sy s te m s , invo lv ing  th e  e le c tro n e u tra li ty  cond itions, we h av e

< £> l =  а д  ( p ab - 1) d д  ~
a * к  1 J

N hN h 1

-  gab{R) dR  = ф е1,{х) gab{x) d{x)

N, V
2  - i  e№  ф,е1)М  *(*)d* = *3<̂ >(fcT)2 J

w h e re  g ab(R) is a screened p o te n tia l ,  w hich fo r th e  ch arg ed  pa rtic le s  is o f 
th e  fo rm

e —xR
g a b ( R ) =  ea ebg(R) =  eaeb-

R

%  =  el 2 N

N
So fo r  th e  short-range in te ra c tio n s  (E')  ~  — a 3 an d  fo r th e  C oulom b forces

sh *

r D> r D = X - l  =  (kTVI4n 2  e2a N aY'2

T h e re fo re  th e re  is no u n iq u e  w a y  to  describe th ese  tw o  ty p e s  o f forces. T he 
p ro b le m  w as successfully so lv ed  w ith  th e  help  o f  th e  collective v ariab les  
m e th o d  [4].

T h e  idea of th e  m e th o d  is th e  follow ing. As th e  C oulom b forces a re  long- 
ra n g e  ones, th e  n e u tra l sy s te m  o f charged  p artic les is analogous to  th e  s tressed
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m ed iu m : th e  d isp lacem en t o f  a rb itra ry  p a rtic le  from  its  o rig in  le a d s  to  the  
p ro p ag a tin g  o f th e  charge  d e n s ity  w aves. So th e  Coulomb effects, o r  in  general 
e lec tro s ta tic  in te ra c tio n s , can  be described  b y  m eans of a set o f c h a rg e -d en s ity  
w aves, in stead  o f th e  u su a l C artesian  co o rd in a tes .

L e t us in tro d u ce  th e  charge  d e n s ity  fu n c tio n

e(R) =  ^ d ( R - R l)Qa( v l)
a,i

T h e charge in  th e  vo lum e Q is eq u a l to

Í  Q(R)dR
Ó

T h e F o u rie r tra n sfo rm  o f q(R) is g(R) =  ^  TV/Крд. exp (ikR );
к

Qk =  e x P (*кД);
V ^  a,i

rep re sen ts  th e  ch a rg e -d en s ity  w ave m ode.
T he e lec tro s ta tic  in te ra c tio n  m a y  be  w ritte n  in  th e  fo rm :

— =  Je (Ä ) е (Д ') — d R  d R ’ =
ab \ R l —  R j I IR  —  R  I

TV ^ ~ _ д-г
2 m — \Qam 2; Ф(к) =  —

> к км У

Q(V) is a F o u rie r tra n sfo rm  o f Q(R). N ow  we can w rite  fo r th e  p a r ti t io n  
fu n c tio n  th e  follow ing:

Z  =  J  exp  =  ß[ZVab(RU) +  * eal(R,>)] m N =

=  S exP —  ß ^ fa b (R l j )  +  Qk вк —

-  2&W  4  l&Wl П  ̂  (de) W  (2)км * J  к

W e have here  an  ex ten d ed  p h ase  space , th e  D irac fu n c tio n s <5(g/<—  Q/() 
p re v e n t its  overfilling . I t  invo lves th e  space  o f ind iv idual c o o rd in a te s  for 
describ ing  o f sh o rt-ran g e  in te ra c tio n s  a n d  th e  space of g en era lised  charge 
d e n s ity  w aves fo r long-range forces.

L e t us in te g ra te  over th e  in d iv id u a l coord inates of th e  p a r tic le s . The 
in te g ra tio n  m ay  be perfo rm ed  in  tw o  w ays. In  th e  f irs t case we c o n s id e r non- 
dense system s. In  expression  (2) we w rite  a p ro d u c t of M ayer fu n c tio n s  for 
th e  sh o rt-ran g e  in te ra c tio n  e x p o n en t:

exp
a, b
i j

ß 2 y ,“»(Rtj)\ =  n  (1 + M Ru))
ab
i j
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w h ere
f ab(R ) =  exp [ - ^ ( Ä ) ]  -  1

T h e n  we expand  th e  p a r t i t io n  function  in to  fu n c tio n a l T ay lo r series [4]

NZ=$exp-f> J?0(k) Qk e-k— —  ^ Q \ a \2
У n

1 +  2  f°b(R V) +  2fobfac  +  . • ]  
ab abe Jije

n ^ Q k — Qk) m N m
к

T o h a v e  th e  explicit e x p re ss io n  for the whole se ries  i t  is suffic ien t to  ca lcu la te  
th e  f i r s t  te rm . The in te g ra t io n  (dR) w ith in  i t  co rresp o n d s to  th e  p ro d u c t 
П  6(gk —  Qk) only, a n d  le a d s  to  the  Jaco b ian :

J ( e ) = f  I I  b{Qk- Q k) (d * )N
к

o f th e  tra n s itio n  from  th e  C a rte s ia n  coord inates to  th e  se t o f collective v a riab le s  
(СУ). I n  th e  second case  th e  reference sy s te m  (R S ) is in troduced . I n  th is  
s y s te m  partic les are in te r a c t in g  by  means o f th e  sh o rt-ra n g e  p o ten tia l

ZVab(R lj)

I t  is supposed  th a t  th e  p a r t i t io n  function  a n d  th e  d is tr ib u tio n  fu n c tio n s  o f 
th e  re fe rence  system  a re  k n o w n .

T h en  the  p a r t i t io n  fu n c tio n  m ay be re p re s e n te d  as follows [4]

w h ere

Z =  ZRS f e x p  ß 2 $ ( k )
J  к

Qk 6 - k — ~  | 0 | 2 | J * s ( e )  ( d Q)

Z R S  = 1  e x P [—ßZy>ab(Rlj)] (d R )
N

is th e  p a r titio n  fu n c tio n  o f  th e  RS, J rs{q) —  th e  Ja c o b ia n  of tra n s it io n  to  
th e  CY, m odula ted  b y  sh o r t- ra n g e  in te rac tio n .

J RS(e) =  Z R l  j- -  ß  2  Vab(R ij)  I I  -  é k )  m N
ab к

T h e  f irs t ap p ro ach  is k n o w n  b e tte r an d  is co n sid e red  in  m any  p ap ers  [4]. 
H ere  we shall re p re s e n t  som e results fo r th e  b in a ry  d is trib u tio n  fu n c tio n . 
B y  tak in g  th e  lo g a r i th m  of the p a r t i t io n  fu n c tio n  we o b ta in  th e  free 

e n e rg y . T he fu n c tiona l d e r iv a tiv e  of the free e n e rg y  w ith  respect to  p a ir  in te r ­
a c tio n  p o ten tia l leads to  b in a ry  d istribu tion  fu n c tio n : F ab(R) =  6FI(6xpba(R) 

T h e logarithm  o f b in a r y  function  is ca lled  m e a n  force p o ten tia l (M F P ).

W ab(R) =  - V  In F ab(R )
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T h e  one-partic le  d is tr ib u tio n  fu n c tio n  fo r th e  sp a tia lly  hom ogeneous system s 
is equal to  u n ity .

T he M F P  c h a ra c te rise s  an  effective in te ra c tio n  w hich ta k e s  p lace betw een  
tw o  a rb itra ry  p a r tic le s  in  th e rm o d y n am ic  sy stem .

The general fo rm  o f M F P  is:

К ь ™  = r j b (R) - Qgab <*>-e [ -

+ П-П-П-П +

F1-P1-R-N +

+
]_
2 +

w here y>ab(R) is th e  in i t ia l  sh o rt-ran g e  p o te n tia l , is th e  screened  p o te n ­
tia l .  T he th in  line  d e n o te d  screened p o te n tia l:  -------=  gab th e  th ic k  line re ­
p resen ts  th e  f u n c t io n ------- =  exp (— ßrpab -f- g ab) -1  th e  fu ll circle deno tes th e  sum

th e  open  circle О  —  fix e d  coord inate  o f th e  chosen  partic le .
In  th is  w ay  th e  f i r s t  te rm  describes a  d ire c t sho rt-range  in te ra c tio n , th e  

second one —  a sc reen ed  e lec tro sta tic  in te ra c tio n , th e  f ir s t  tw o  g rap h s  —  th e  
in d ire c t in te ra c tio n  v ia  th e  th ird  one, th e  re s t  o f  th e  g raphs —  th e  in d ire c t in te r ­
ac tions v ia  tw o a r b i t r a r y  p artic les e tc . T h e  exp ression  fo r th e  p o te n tia l  W ab(e) 
is considered in  d e ta i l  in  our hook [4]. H e re  we give som e im p o r ta n t  fac ts :

1. A ll e le c tro s ta tic  in te rac tio n s a re  b e in g  screened. T he ions screen  all 
e lec tro s ta tic  in te ra c tio n s : in s tead  o f th e  in it ia l  p o ten tia l Qa( v ) Q b(S7y iR  th e re  
ap p e a rs  (?a( V  )Qb( V  )е-Ко/л/Д  
w here

* о =  ( f o ) - 1

X 2 _0 —
4я_ Na 
k T < f  V

e2a

rD D ebye’s rad iu s
T he dipole sc reen in g  consists in  t h a t  th e  form  of in itia l p o te n tia l does 

n o t change, w hile th e  s tre n g th  of th e  in te ra c tio n  changes: in s te a d  o f 
Qa( ^  1 )Qb( V  íV/R  we h a v e  Qá( V  )Q'b( V )/ w h ere  e 0 —  is a p a r t  o f  th e  d ielec tric
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80 YUKHNOVS’K II: ION MOLECULAR INTERACTIONS

c o n s ta n t  o f  th e  system  in i t ia te d  b y  th e  screening:

4л
e0 =  1 +  ту  P j  <  (cos2 d) >  ß =  1 +  Зу; у

4л
P s ß

fo r  e x a m p le , for w a te r e0 ~  15 (M ore ex ac t ca lcu la tio n s fo r th e  o r ie n ta tio n
l  +  2y|

m o tio n  o f  molecules leads to  e ■
1 —  У

S im u ltan eo u sly , th e  D ebye ra d iu s

c h a n g e s  a n d  becom es eq u a l to  rD — r°D

T h e  guadrupo le  (L) a n d  h ig h e r m u ltip o le  screen ing  fo rm s p ack e t:

Q a Q b ^ ^ Q a
к  к

a n d  a t  R  =  0 the  curve o f  th e  e lec tro s ta tic  p o te n tia l has a fin ite  o rd in a te . 
W h e n  in  expression for W ab w e ta k e  th e  f ir s t  tw o  te rm s  on ly  we h a v e  M F P  
as a  su m  o f tw o curves. T h e  f i r s t  one — ipab(R) —  ru n s  close to  th e  ax is , an d  
th e  seco n d  —  th e  curve o f gab is co n sid e rab ly  g rea te r.

T h e  resu lting  curve  describes a w ide ran g e  o f possible m u tu a l a rra n g e ­
m e n t o f  th e  tw o chosen p a rtic le s .

2. C onsideration  o f th e  c lu s te r  in teg ra ls  changes essen tia lly  th e  fo rm  
o f th is  cu rv e . C onsideration  o f  in teg ra ls  w ith  one fie ld  v e r te x  involves in d ire c t 
in te r a c t io n  betw een th e  tw o  p a r tic le s  v ia  th e  a rb itr a ry  th ird  one, in  p a r tic u la r , 
v ia  th e  so lv en t partic le . A n d  g ra p h s  w ith  tw o  fie ld  vertices  involve in d ire c t 
in te r a c t io n  v ia  tw o a rb itra ry  p a rtic le s . H ere , in te ra se c tio n  betw een  tw o  a r b i t ­
r a r y  p a rtic le s  of the  so lv en t is a lre a d y  ta k e n  in to  acco u n t. This co rresp o n d s 
to  th e  fo u r th  v iria l coeffic ien t in  free energy  o f  th e  system .

M F P  in  th e  fo u rth  v ir ia l  coeffic ien t ap p ro x im a tio n  has th ree  m in im a , 
a n d  a  m in im u m  p o in t co rresp o n d in g  to  th e  sum  ipab —  @gab is co n sid e rab ly  
e d u c e d . W e can conclude t h a t  th e  in v o lv em en t o f g rap h s  w ith  g rea te r n u m b e r  
o f  f ie ld  vertices  will lead  to  th e  ap p earan ce  o f th e  correspond ing  n u m b e r  o f 
m in im u m  on the  M F P  cu rv e .

I n  such  a w ay th e  in v o lv e m e n t o f g rap h s o f th e  v iria l series b rin g s  us 
to  a  re a l m acroscopic p o te n tia l  o f in te ra c tio n  b e tw een  tw o p artic les in  a  th e r ­
m o d y n a m ic  system .

T h e  p ro b ab ility  o f m u tu a l  ion  a rra n g e m en t depends essen tia lly  o n  th e  
d e p th  o f  th e  p o ten tia l w ell w h ich , in  its  tu rn ,  co rresponds to  th e  fo rm  o f th e  
s h o r t- ra n g e  po ten tia l.

F ig . 5 d isplays th e  in flu e n c e  of th e  so lv en t m olecule dipole m o m e n tu m  
o n  th e  energy  of th e  in te ra c tio n  be tw een  tw o  op p o site ly  charged  a n d  tw o  
id e n tic a lly  charged ions c a lc u la te d  u p  to  th e  g rap h s w ith  one fie ld  v e r te x . 
I t  is  e v id e n t th a t  w ith  th e  in c rease  of th e  d ipole m o m en t o f th e  m olecu le  o f
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F i g .  5. T he m ean force potential betw een a pair o f ions in an ion-dipole system  w ith  account 
for the third virial coefficient, a) — -|— ions; b) — - - ions. p s — denotes the dipole

m om ent va lu e

th e  so lv en t, th e  m in im um  w hich co rresp o n d s to  the  fu nc tion  у + _ (Д /а ) —  
—  @g+—(R) van ishes. I t  is rep laced  b y  th e  new  m inim um  a t  a  d is ta n c e  of 
~ 5  Á . T h is co rresponds to  th e  fo rm a tio n  o f  so lv a ted  pa ir of ions ( th e  cu rv es  
are  p lo tte d  fo r th e  d ipole m olecules d e n s ity  eq u a l to  0.5). A sy m p to tic  v a lu e  
o f  th e  com plete  М Г Р  co rresponds to  th e  to ta l  v a lu e  of th e  d ie lec tric  c o n s ta n t 
o f th e  system .

U p  till  now  we considered  sp a tia lly  hom ogeneous system s. N ow  w e sha ll 
re g a rd  th e  in fluence  o f surfaces.

L e t us ta k e  th e  tw o-phase  system  w ith  a f la t  separa tion  su rface . T h e  f irs t  
p h ase  is s i tu a te d  in  th e  u p p e r  sem ispace. L e t us denote its  v o lu m e  b y  v +. 
T h e second phase is s itu a te d  in  th e  low er sem ispace, its  vo lum e is F _ .  L e t, 
as p rev io u sly , @a( v )  be th e  generalised  e lec tro s ta tic  charge o f  th e  a so rt. 
I n  ca lcu la tio n s i t  is supposed  th a t  p a rtic le s  o f  th e  a sort m ay  h a v e  a ch a rg e  
ea, d ipo le  m om en t an d  q u ad ru p o le  m o m e n t p ^ \  The p o te n tia l o f  e x te rn a l 
fie ld  is in tro d u ced . I t  fo rb id s  partic les  be lo n g in g  to  phase 1 to  be  p re s e n t  in  
p h ase  tw o  an d  vice versa . P rob lem s o f m a th e m a tic a l descrip tion  re m a in  th e  
sam e as in  th e  reg a rd ed  case w ith  sp a tia lly  hom ogeneous sy s tem . B u t  th e
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in flu en ce  o f surface a n d  v io la tio n  of tra n s la tio n -in v a ria n c e  should be a c c o u n te d  
fo r. H e re  are  th e  re su lts  o f in v estig a tio n s p e rfo rm e d  in  our la b o ra to ry  b y  
S ov iak  [5], see also [6].

T h e  lo g a rith m  o f  one-partic le  d is tr ib u tio n  fu n c tio n s is th e  M F P  w ith  
re sp ec t to  th e  s e p a ra tio n  surface. I t  is also e x p re ssed  in  te rm s of one p a r tic le  
screened  p o te n tia l a n d  o f  c lu ste r in teg ra ls  W a(Z) =  y)a(Z) —  % a(Z) +  §  (c lu s te r 
in teg ra ls ) . T he one p a r tic le  M F P  b eh av io u r is m a in ly  defined by  th e  fo rm  o f 
th e  one p a rtic le  screen ing  p o ten tia l — ftga(Z).  I t s  fo rm  depends on th e  fo rm  
o f th e  sy s tem  con sid ered , an d  in  general m a y  be  rep resen ted  in th e  fo llow ing  
w ay :

* „ ( « ) =  \ W - g +(Z) R £ V +
w here

Qa =  ea +  P ^ V  +  p (a ] : V  V  +  . . .

F o r  th e  ion -d ipo le  system  V + ® V_,  in  th e  phase th e re  a re  ions
an d  d ipo les, an d  in  th e  “ — ”  phase —  d ipo les o n ly .

g+(z)
1 f  P dp

£+# J Y p 2 +  х Ц е +
0

e(p)
2

e - 2 /p 2+» + /e+ Z

g -  (z) =  — j e(p ) e2pz d p  
0

E(p ) =  c+ Í P 2 +  *+/«+ — E P 
e + f p 2 +  х Ц  e+ +  e _ p

th e  fa c to r  e(p) show s th e  in fluence o f one m e d iu m  on th e  d is trib u tio n  o f th e  
p a rtic le s  in  th e  o th e r  one.

4  =  1 +  3y+ л  — k+ —
4 л  2  el N+

a

v + #

£_ =  1 +  3 j_ P = k T ,  y + = ^ ( p ? > ) 2 ^

f a{Z) —  sh o rt-ran g e  p o te n tia l  o f ex te rn a l fie ld

O O

Va{z) =

0

. 1
* s r -

s > \ ° ‘
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F i g .  6 .  The non-uniform  ion-dipole system . T he one-particle screened poten tia l.

„ ( z )  =  O i ( o \  . f  «+(*) for г >  0, ( a  e  V + ) ,  
ё Л  '  V ( iJ )  {  g - ( z )  for г <  0, (a e V ~ ) .

M
„ /гч_______ L__ f P  ’ dP  *+ ' « (p )  — e_ • p
ё Л )  e+ ' T  J «(j

/ \ 1 Г J e + ■ a-(*) =  ------7p • M p  • —------e _  • i  J  г +  • ai

(p ) e+ • a (p )  +  e_ • p

e+ • o (p ) — e_ • p  
(p )  +  e_ ■ p

exp ( - 2  • a (p )  • 2),

' exp ( - p  • 2),

«(P) =  (P2 +  ^ - 2)'/2-

The dependence o f g + (z)  — function on the d istan ce to  the surface:

A d =  V f + ' T  ■ rd, rd~x =  x +  +  /e+

W e d en o te  C =  e _ /e+ , and  for g +(Z) w e h av e  curves p lo tte d  in  F ig . 5. 
T he b e h a v io u r  o f g + on sh o r t  d is tan ces  Z  is d ifferen t depending o n  w h e th e r C 
is g re a te r  o r less th a n  u n ity . B u t on  long  d is tan ces  Z  th e  a sy m p to tic  b eh av io u r 
rem a in s  th e  sam e, an d  does n o t d ep en d  on  th e  v alue  of C (F ig . 6).

F u n c tio n  g_  behaves sim ilarly . W h e n  quadrupo le  m o m e n ts  o f  the  
p a rtic le s  are ta k e n  in to  co nsidera tion  th e  p o te n tia ls  g + and  g_  d isp la y  sim ilar 
b e h a v io u r, th o u g h  depend  on th e  g re a te r  n u m b er of p a ra m e te rs . L e t us 
con sid er now  th e  in te ra c tio n  b e tw een  p a r tic le s  in  a non-hom ogeneous system . 
I t  is d e fin ed  b y  th e  lo g arith m  o f th e  b in a ry  d is trib u tio n  fu n c tio n :

W ab =  - 0 1 n  [ В Д )  F b(R 2) F ab(R 12)] ~

~  v ( z l )  +  V b (z 2)  +  Wab(R l  2 ) —

-  4 g a(R i) +  gb(R2)) +  g ab(RiR*) +  • • •)

ga(Rx), gb(R2) h av e  been  a lread y  in tro d u c e d  above. We shall sp e a k  a b o u t the  
p o te n tia l  I t  consists o f tw o  p a r ts :  th e  firs t one is  q u ite  the
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sam e as in  th e  sp a tia lly  hom ogeneous case, a n d  th e  second is connected  w ith  
th e  p resen ce  of th e  su rface  a n d  leads to  the  fo rm  close to  th e  im age p o te n tia l. 
So we h a v e :

w here

g a b ( R l  R 2) =  Q Á V y )  Qb( V 2)
g+ + 
g + -  
g —

g + + =  f l ( Zl —  ZV S) +  f A Z1 +  Z‘2.i S)

g + - = f { z v z2,s) here we h av e  n e ith e r  z1 —  z2 n o r  zx +  z2 g —  =  f i { zi ~ -  z2, s) +

+  f í ( Z 1 +  *2’ s)-
T h e  exp lic it exp ressions for functions is in Fig. 7. T h e

case w h en  q u ad ru p o les  are  p re se n t was in v e s tig a te d  for the  f irs t tim e  b y  
E . S o v iak . H ere  we h a v e  th e  essen tia l difference f ro m  th e  ion-dipole sy s te m
fo r g ++ a n d  fo r g __; besides th e  term s —  z2), / 2(гг z2) th e re  a p p e a r
fu n c tio n s  <p(zl5 z2).

In  genera l th e  p o te n tia ls  g ++ decrease p ro p o rtio n a lly  to  e xi/s on s h o r t  
d is tan ces  w here s is th e  d is tan ce  betw een tw o  p a r tic le s  situ a ted  in  a p lan e

F ig . 7. T he n o n -u n ifo rm  ion -d ipo le  system . T h e  tw o -p a rt ic le  screened p o ten tia l

Qx(^i) ' Q
'g+ +(B 14 R 2) fo r  z „  z2 >  0, 
g+-(B l>  B 2) fo r  Zj >  0, z2 <  0, 

R ,)  f o r  ssj, z2 <  0.

g+ + (R i,  R 2) =  — E 1 r f  • J P ■ dp  ■ J a(p  ■ s12) • ( l /a ( p )  ■ ex p  ( - a ( p )  • \zt 
о

_i_
1

a (p )
e+-a(p) — e_ p
e+ ‘«(p) +  •P

■ exp (— a (p ) ■ (zt  - f  z2))),

*sl) +

*+-(*!. *=) =

oo
^  . f  P  • dp  • J 0(p  • s12)
T  J e+ • o(p) +  e_ • p  

0
H ere  J 0(x ) is th e  zero th  B essel fu n c tio n

• ex p  ( — a(p) ■ z t +  p  ■ z2),
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u p o n  xy  p lane  to  th e  heigh t г (see F ig . 7). B u t asym pto tica lly  g+± ~  1 / 5 3д г х, z2) 
w h ich  seem s to  be qu ite  u n ex p ec ted . A sy m p to tic s  is ach ieved  a t  d is tan ces  of 
f if ty -s ix ty  p a rtic le  size.

F ro m  th e  above consid era tio n s w e see how  im p o rta n t i t  is th e  su itab le  
choice o f th e  sh o rt-ran g e  p o te n tia l fo rm . W e have seen also t h a t  a ll e lec tro ­
s ta tic  in te ra c tio n s  are being screened . T h e  influence of charges le ad s  to  th a t  
th e  in itia l p o te n tia l is m u ltip lied  b y  fa c to r  exp  (— xR).

N ow  we are concerned w ith  th e  q u es tio n : w hich s ta te s  h a v e  b een  spoken 
a b o u t —  gas or liqu id  s ta te s . W e d e a lt w ith  gases. In  p rob lem s co nsidered  we 
h a d  tw o  effective rad ii: sh o rt-ra n g e  in te ra c tio n  rad ius an d  an  e lec tro s ta tic  
one w hich  coincides w ith  th e  D ebye  ra d iu s  rD. B oth  of th e m  do n o t  te n d  to  
in f in ity  a t  an y  fin ite  te m p e ra tu re . W h en  in teg ra tin g  th e  p a r t i t io n  func tion  
we h av e  d iscovered  no v a riab le  th e  m ean  v alue  of w hich is a m acroscopic 
q u a n t i ty  connected  w ith  an  o rd e r p a ra m e te r . C onsequently , n o  p h enom enon  
co n n ec ted  w ith  th e  phase tr a n s it io n  h as  been  found.

T ho u g h  th e  eq u a tio n  o f s ta te  h a s  an  in s tab ility  reg ion .
T he gas-liqu id  phase tra n s it io n  is a collective phen o m en o n .
T h e  sh o rt-ran g e  in te ra c tio n , in  th e  fo rm  of Morse p o te n tia l  fo r exam ple 

m a y  be  ex p an d ed  in to  F o u rie r  series. L e n n a rd — Jo n es-ty p e  p o te n tia ls  m ay  
be  an  a p p ro x im a tio n  consisting  o f  tw o  cu rv es: th e  f irs t one is th e  genera li­
zed fu n c tio n  sim u la tin g  th e  e lastic  w all, th e  second is a n e g a tiv e  regu lar 
fu n c tio n  describ ing  th e  a ttra c tio n :

на
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F o r ex am p le ,

<pT(R) =  - A e ~ rlb

w here  b is th e  rad iu s  o f  th e  e ffec tive  in te rac tio n .
T h e  p o te n tia l cpaltr possesses a F ourier t ra n s fo rm  an d  from  th is  p o in t 

o f  v iew  is as su itab le  as a n y  long-range e lec tro s ta tic  p o te n tia l. M oreover, th e  
fu n c tio n  e~ rlb appears to  be m o re  reg u la r th a n  a n y  o th e r  e lec tro sta tic  p o ten tia l.

I t  seem s to  be t ru e  t h a t  th e  q>at> p lays th e  m a in  ro le in  th e  process of 
ag g reg a tio n  of th e  sy s tem . L e t us consider th e  sim p le  exam ple of th e  one- 
so r t sy s tem , w ith  th e  p o te n tia l  energy:

V =  Vhc +  F attr v hc =  \  2  v attr =  \  2  f attt№ /)
1 и z и

T h e e le c tro s ta tic  p o te n tia ls  a re  excluded  from  th e  co n sid e ra tio n  (they  do n o t 
ch an g e  th e  resu lts  q u a lita tiv e ly ) .

T h e  p a r titio n  fu n c tio n s  is

Z =  j ex p  —  ß( Vhc -f- F attr) (dR)n

W e in tro d u c e  th e  d e n s ity  o p e ra to rs  fo r th e  n u m b e r o f  p a rtic le s

p{R ) =  2 W * - * , ■ ) ,
I

PÁR) = ^ t 2 px e‘kR'
* к

Pk =  r ^ ^ exP (* /A ).

a n d  a n  ad d itio n a l p h ase  sp ace  o f d en sity  o sc illa tion  m odes, i.e. th e  co llective 
v a r ia b le  (CV) space. T h en

Z  =  I  exp  (— ß Vhc) exP —  ß I J ?  <раШ(к) Pk P -k \  ■
*  к  )

■ П Ч Р к - р к )  (dp)  (dR )N.
к

L e t us in te g ra te  over a ll p a r tic le  coord inates. F o r  th e  p a r ti t io n  fu n c tio n  we 
o b ta in :

Z  =  Z R S  .f e x P (— ßVattciP) <  J(P) >  (АР) (4)
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w here
Z RS = f  exp  (— ß Vhc) (dR f  

is th e  p a rtitio n  fu n c tio n  o f th e  sy s tem  o f h a rd  cores,

F attr ( p )  —  2 ^  V a t t r  ( h )  P k P - k

a n d

< J ( p ) >  =  Z ^ J  e  ß v '  j j  6 ( p k - p k)  ( d R ) » .

E x p ressio n  (4) h as  been  in te g ra te d  in  [7]. A s a resu lt th e  p a r t i t io n  fu n c tio n  
is rep resen ted  in  th e  form

Z  =  ex p  —  ß{ F Hc +  F mean +  F RPA +  F Vir +  F corr }

w here
E hc —  th e  free en e rg y  o f th e  sy s tem  o f h a rd  core partic les 

N ( N  —  1)F  =± mean
2 V

- j  9>.ttr(Ä) F » c(R) dR

%
F RPa [1 +  д а ]  -  ь  [1 +  «(ft) (1 +  д а ) ]

^ к

(ft) =  ß y attr(k) <  0; д а  =  y J ( F 2HC(Ä) -  1) eikR dR  

N ( N —  1) ( N  —  2)F = __ßx c n r r  —  u
3! V2 - I g ( R M R M R ^ '

[F™ {Rn R 13) -  3F»C(Rri) +  2] dR n  dR 13

an d

F v ir — B 2 +  B 3 +  -B4 +  • • •

B 2 =  - t  N{N2 ~ 1] \  F ? C(R )

R Z =  N { N ~ ^ y ? ~ 2} J F ^ ( R UR l3) И *»> -  1 -  g(R n)) ■

. ( e « _  1 - g ( R 13) • (о**..) -  1 - g ( H 2,)) +  3g(R n ) •

. (e*№.) _  1 - g ( F 13) • (в*к-> -  1 - g ( R i3)] dR n  d R 13

F Corr is co n v erg en t a t  all te m p e ra tu re s . F$ c is th e  S th d is tr ib u tio n  fu n c tio n  
fo r th e  system  o f h a rd  core partic les  g(R)  is th e  screened p o te n tia l fo r  <pattr(F)

e#*> —  1 — g(R) g2(R ) d R
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e q u a l to

ё(Щ =  ^ у ё ( к) exP (ik R )
к  *

1 +  (1 +  a t t rWV kl

W e see t h a t  F vir is q u ite  s im ila r to  th e  free e n e rg y  o f th e  system  w ith  an  
e le c tro s ta tic  in te ra c tio n . T h e  difference is t h a t  th e  c lu s te r  in teg ra ls c o n ta in  
th e  h a rd  core d is tr ib u tio n  fu n c tio n s, w hich re su lts  in  th e  vanish ing  o f  d iv e r­
gences a t  sh o rt d is tan ces . B esides, a new  sc reen ed  p o te n tia l  arises. In  o rd e r  
to  h a v e  th e  a sy m p to tic  v a lu e  o f g(R) i t  is q u ite  en o u g h  to  consider g(k) for 
sm all va lu es  of k. A s fa r  as g $ \k) and  фаПr(&) re m a in  fin ite  a t к =  0 fo r 
g(k) w e have

con st

fc2 +  * 2a ttr
w here

* a ttr  =  b̂ 1 V\T\
a n d

Tcr =  - ^ T  attr(O) (1 + / 4 m

1 +  mS(0) =  у Ы '

^ 7  ̂ is —  th e  h a rd  core co m pressib ility . In v e rse  F o u r ie r  tran sfo rm a tio n  g ives 
th e  fo llow ing

g(R)  ~  cost exp (— y.MrR ) jR

T h ere  exists a te m p e ra tu re  Tc г and  a d e n s ity  iVcr/ F  a t w hich xattr =  0 
a n d  g(R)  ~  1 jR  i.e . th e  c o rre la tio n  rad ius te n d s  to  in f in ity . This is th e  c ritic a l 
p o in t .  In  v iria l ex p an sio n s , th e  cluster in teg ra ls  b eco m e d ivergent. T he d isp e r­
sion  o f  th e  G auss d is tr ib u tio n  function  fo r th e  d e n s ity  f lu c tu a tio n  becom es 
in f in ite . I t  is necessary  to  f in d  th e  p o in t T c, N J V .  Below  i t  non-zero v a lu es  
e x is t fo r  th e  o rder p a ra m e te r :  one is for th e  l iq u id  p h ase  and  an o th e r fo r  th e  
co rresp o n d in g  gas p h ase . T h e y  m u st be fo und . T h e n  w e shall be able to  sp eak  
w h e th e r  we have a liq u id  o r  a gas.

T h e  p rin c ip a l d iffe ren ce  betw een  th e  sc reen ed  p o te n tia l of ch arg ed  p a r ­
tic le  sy s tem  and  th e  sc reen ed  po ten tia l fo r V an  d e r W aalls like forces in  th e

ßjPatt(*)
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v ic in ity  o f T  =  T cr shou ld  be stressed . F o r th e  charges we h av e : th e  long- 
ran g e  in itia l p o te n tia l ~ l / r  th e  screened one  g  ~  exp  (— xr)/r, w here x2 =  
=  4я  'y'eJ,N„IV0 is a lw ays positive  g —  is o f  th e  sho rt-range.

a
F o r sh o rt-ran g e  forces th e  in itia l p o te n tia l  is

9>attr ^  — A e~ rlb

b u t  th e  screened one n e a r  T  =  T cr, N / V  =  N crI V  is

~ е - х« " * \Л ъ  attr

H ere  is a good ex am p le  how  sh arp ly  th e  effective in te ra c tio n  changes 
d epend ing  on th e  d e n s ity  an d  te m p e ra tu re  o f  th e  system .

A t p re sen t th e  so lu tio n  for th e  c ritica l p o in t is n o t av a ilab le  y e t. N ev er­
th e less , we have  o b ta in e d  a good solution  fo th e  th ree -d im en sio n a l Ising  m odel.

B esides, we h a v e  th e  exp lic it expression  fo r  free energy . W e ex p ec t th a t  
in  fu tu re  we shall be  ab le  to  suggest a m odel fo r liqu ids.
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G eneral id eas o f th e  s tru c tu re  o f so lv en ts  a n d  so lu tions hav e  b een  considered .
A conclusion  has been  d ra w n  to  th e  effect t h a t  th e re  is a  need for re jec tin g  concre te
m odels o f th e  liq u id  s tru c tu re  an d  a need for its  s ta tis t ic a l  in te rp re ta tio n .

T he th e rm o d y n am ic  m ethod  o f in v e s tig a tin g  so lu tions is be ing  ad o p ted  
on an  ever w id er scale [1— 2]. I t  is th e  m o st u n iv e rsa l an d  fru itfu l fo r b o th  th e  
d e te rm in a tio n  o f th e  role o f  th e  so lven t in  chem ica l reac tio n s an d  th e  in v e s ti­
g a tio n  o f changes in  so lv en t s tru c tu re  w ith  chan g es in  e x te rn a l fac to rs  (changes 
o f te m p e ra tu re  a n d  p ressu re), an d  changes in  th e  n a tu re  o f a d m ix tu re s , sol­
v e n t com position  a n d  so on. T he p e c u lia rity  o f  th e  m eth o d  is in  th e  fa c t th a t  
i t  ch a rac te rizes  th e  s tru c tu ra l changes o f  so lu tio n s, considering  b o th  energy  
an d  e n tro p y  fac to rs . T h is m akes i t  su p erio r o v ery  m a n y  o th e r m e th o d s of 
in v es tig a tio n  [ I — 2].

W h en  considering  processes in  so lu tions, th e  double  n a tu re  of th e  sol­
v e n t —  i.e. th a t  i t  is a m ed iu m  an d  a chem ical re a g e n t should  be considered . 
I t s  la t te r  p ro p e r ty  is th e  m ore im p o r ta n t one [2— 3].

A v a r ie ty  o f  d iffe ren t th e rm o d y n am ic  ap p ro ach es are described  in  th e  
li te ra tu re , e.g. [2 ]:

1. A c o m p ara tiv e  th e rm o d y n am ic  c h a ra c te r is tic  o f reac tions in  so lu tions 
an d  in  th e  gaseous p h ase  (in  tw o d iffe ren t so lv en ts , one o f w hich is considered  
as s ta n d a rd s ) ;

2. S ingling  o u t th e  co n trib u tio n s  to  th e  th e rm o d y n a m ic  c h a rac te ris tic s  
in  so lu tions u n d e r th e  in fluence  o f th e  so lv en t;

3. D e te rm in a tio n  o f  th e  fu n c tio n a l d ependences o f  th e  th e rm o d y n a m ic  
c h a rac te ris tic s  o f  th e  processes in  so lu tions on  th e  p ro p ertie s  o f th e  so lu tions 
an d  th e ir  co m p o n en ts ;

4. C om parison  o f th e  p a ram e te rs  w hich  are  derived  from  th e  th e rm o ­
d y n am ic  ch a rac te ris tic s  o f so lven ts an d  so lu tio n s (d o n o r-accep to r n u m b ers , 
so lven t p o la r ity , e tc .).

+ T h is p a p e r  w as p re sen ted  a t  th e  S ym posium  on  S tru c tu re  o f L iqu ids a n d  S olu tions 
a t  V eszprém , A u g u st 2 7 -  30, 1984.
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A k a d é m ia i  K ia d ó , B u d a p e s t



92 KRESTOV: THERMODYNAMICS OF ELECTROLYTE SOLUTIONS

T h e  wide use o f th e  th e rm o d y n a m ic  m eth o d  is p rov ided  fo r  b y  th e  presence 
o f  re lia b le  th e rm o d y n am ic  d a ta  on  v a rio u s so lu tio n  p ro p ertie s  for a possible 
g re a te r  n u m b e r of system s a n d  a g re a te r  ran g e  o f ex te rn a l cond itions, in c lud ing  
s ta n d a r d  conditions.

T h e  s tu d y  of n o n -aq u eo u s  so lu tions has called  fo r th  new  th e o re tic a l 
a n d  e x p e rim e n ta l ap p ro ach es fo r th e  in v es tig a tio n  o f th e ir  p ro p e rtie s , e s tim a ­
tio n  o f  re a g e n t p u rity  an d  so on . T h is s itu a tio n  is com plica ted  b y  th e  lim ited  
n u m b e r  o f  com plex in v e s tig a tio n s , b y  considerab le  m ethod ica l d ifficu lties  in  
o b ta in in g  h igh p u rity  re a g e n ts  an d  w ork ing  w ith  degassed an d  d e h y d ra te d  
(a b so lu tiz e d ) so lvents, th e  g re a t  need  for new  ex p erim en ta l te ch n iq u es  allow ­
in g  fo r  such  solvent p ro p e rtie s  as v o la tility , hyg ro sco p ity , to x ic a lity , chem ical 
r e a c t iv i ty ,  lim ited  e lec tro ly te  so lu b ility  in  th e  so lven ts, e tc . In  a d d itio n , m an y  
e x p e r im e n ta l and  th e o re tic a l re su lts  o b ta in ed  fo r aqueous so lu tions can  n o t 
be  u s e d  d irec tly .

W h e n  w orking w ith  n o n -aq u eo u s  e lec tro ly te  so lu tions, special a tte n tio n  
m u s t  h e  p a id  to  th e  p ro cessin g  an d  in te rp re tin g  o f th e  re su lts  o b ta in e d : to  
th e  c o r re c t com parison o f te m p e ra tu re  an d  c o n cen tra tio n  p ro p e rtie s  o f  so lu ­
t io n s , th e  separa tion  o f su m m a ry  values in to  ionic com ponen ts, th e  solv ing 
o f s ta n d a rd iz a tio n  p rob lem s, a n d  th e  w ork ing  o u t o f s ta n d a rd s , a n d  m an y  
o th e r  th in g s .

T h e  m ost u rg en t p ro b lem s of e lec tro ly tic  th e rm o d y n am ics  are  d iscussed  
in  th e  p re se n t com m u n ica tio n  reg a rd in g  fo r th e  above considera tions an d  on 
th e  b a s is  o f  th eo re tica l a n d  e x p e rim e n ta l re su lts .

T h e  novel resu lts  o f c a lo rim e tric  in v es tig a tio n s  of th e  th e rm a l effects o f 
d is so lu tio n  o f n u m b er o f e le c tro ly te s  in  non -aq u eo u s and  m ixed  so lven ts 
w ith in  a w ide range of e x te rn a l  cond itions h av e  been  considered . T h e  m ost 
in te re s t in g  of them  w ere o b ta in e d  d u rin g  th e  in v es tig a tio n  o f th e  th e rm a l 
e ffec ts  o f  sa lt d issolution  a t  lo w er te m p e ra tu re s  (below  273 K ) [4— 5]. I t  has 
b e e n  fo u n d  th a t  a lkaline io d id es  a n d  te tra b u ty la m m o n iu m  iod ide , b eh av e  
a n o n a lo u s ly : th e  h ea t o f d isso lu tio n  is g rea te r  a t  low er te m p e ra tu re s  (F ig . 1).

T h e  tem p e ra tu re  lim its  o f  th e  effect as reg a rd s  th e  n a tu re  o f so lven ts 
a n d  e le c tro ly te s  have b een  e s tab lish ed . I t  h as  been  found  th a t  one a n d  th e  
sam e  e le c tro ly te  can y ie ld  v a r io u s  ty p e s  of iso th e rm s a t  d ifferen t te m p e ra tu re s .

T h e  resu lts  o b ta in ed  c a n  be  in te rp re te d  in  te rm s  of local so lv a tio n . T he 
d e s c tru c tio n  of th e  so lv en t s tru c tu re  b y  e lec tro ly te  ions occurs, n o t  in  th e  
w hole  v o lu m e  of th e  so lv e n t, b u t  in  de fin ite  local regions a ro u n d  th e  ions. 
T h e  size o f  th e  regions decreases w ith  a decrease in  te m p e ra tu re . L ocal so lv a­
t io n  h a s  b een  proved b y  o u r N M R  in v estig a tio n s  o f N a l  so lu tion  in  alcohols 
a t  lo w er tem p era tu res  (F ig . 2) [6 ].

F ig u re  2 shows th e  d ep en d en ce  of th e  chem ical sh ift o f th e  h y d ro x y l 
p ro to n  o n  th e  te m p e ra tu re . T h e  sh ift o f th e  signal to  th e  s tro n g er f ie ld  p roves 
th e  b re a k in g  of H -bonds in  th e  so lven t. F o r N a l  so lu tio n  in  th e  th re e  alcohols
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т, к
F ig . 1. D ependences o f Hsoln to r  N a l  an d  ° f HJUln fo r (C jH 5)4N I in  m o n o h y d ric  alcohols

Alcohol C H 30 H C2I I sO II C3H +O H

T , К 253 313 233 253 313 233 253 313

association  degree 90 31 68 42 14.7 50 33 12.5

stu d ied  th e  signal is also sh ifted  to  th e  s tro n g e r fie ld , a t  223 К  its  v a lu e  being  
tw ice as m uch  as a t  323 K . T he te m p e ra tu re  d ependence  o f th e  m ean  associa­
tio n  degree o f alcohols found  on th e  basis o f d ie lec tric  m easu rem en ts  is show n 
in  th e  T ab le  [7].

I t  can  be seen in  th e  F ig . 2 th a t  th e  associa tion  degree o f  an  alcohol 
decreases m ore th a n  th re e  tim es a t  tra n s it io n  from  223 К  to  323 K . T h u s , th e  
co n cen tra tio n  o f  bon d s is th re e  tim es as g re a t in  alcohols a t  223 K , an d  th e y  
are  b ro k en  a b o u t tw ice as m uch  as a t  323 K . F ro m  th is  we can  conclude th a t  
a t  223 K , H -b o n d s in  th e  so lven t are  b ro k en  in  a lesser vo lum e w ith  th e  in tro ­
d u c tio n  of th e  e lec tro ly te  in to  it .

223 248 273 298 323 223 248 273 298 323 223 248.273 298 323
T,K T,K T,K

F ig. 2. T em p era tu re  dependences o f th e  chem ical sh ift o f  th e  h y d ro x y l p ro to n  of alcohols in 
in d iv id u a l so lven ts a n d  th e ir  e le c tro ly te  so lu tions
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•  CH3OH
о CHj OH-Hj O (018%mol)

T, К

F ig . 3. In flu en ce  of c o n ta m in a n t w a te r  on  th e  so lv en t a c t iv ity  in  so lu tions a t  v a rio u s  te m ­
p e ra tu re s

I t  has been fo u n d  t h a t  c o n ta m in a n t w a te r  has considerab le  in fluence 
on  th e  th e rm o d y n am ic  p ro p e rtie s  of n on -aqueous so lu tions, th is  in fluence 
b e in g  th e  g rea test a t  te m p e ra tu re s  below  273 K . T h is can  be seen in  F ig . 3.

In te re s tin g  resu lts  h av e  been  o b ta in ed  in  th e  in v es tig a tio n  of th e  th e rm a l 
effec ts  o f  o th e r e lec tro ly te  so lu tions in  m ixed  organ ic-aqueous so lven ts c h a r­
a c te r iz e d  b y  a sp a tia l n e tw o rk  o f H -bonds a t  te m p e ra tu re s  above 273 K , 
as th e s e  resu lts  re flec t th e  p ecu lia ritie s  of b o th  th e  s tru c tu re  o f so lven t m olecu­
les a n d  th e  so lvation  o f l i th iu m  ions [8 ].

F ig u re  4 shows Hgoin ° f  L i Cl, NaCl an d  KC1 in  aqueous d ie thy leneg lyco l
(1), g lycerine  (2), e th y le n e  glycol (3), 1 ,2-p ropy lene glycol (4), 1 ,4 -b u ty len e  
g lycol (5) versus th e  m ixed  so lv en t com position  a t  298.15 K .

A ccord ing  to  th e ir  in flu en ce  on w a te r s tru c tu re , th e  p o ly h y d ric  alcohols 
s tu d ie d  a re  d iv ided in to  tw o  g ro u p s: s tab iliz in g  an d  b reak in g  w a te r  s tru c tu re . 
T h e  f i r s t  group co n ta in s 1 ,2 -p ropy lene  glycol an d  1 ,4 -bu ty lene  g lycol w ith  
m olecu les, th e  h y d ro carb o n  fra g m e n ts  of w hich  are  n o t bon d ed  w ith  fu n c tio n a l 
O H -g ro u p s  and  have  an  o rd e rin g  effect on th e  s tru c tu re  o f w a te r. P o ly h y d ric  
a lcoho ls, such as e th y len e  g lycol d ie thy lene  glycol, g lycerine, th e  m olecules 
o f w h ich  have  a fu n c tio n a l O H -g ro u p  for each  C -atom  belong to  th e  second 
g ro u p . T h e  resu lts  o b ta in e d  illu s tra te  th e  a rra n g e m en t o f  so lven ts in to  
th e se  g roups. The g roup ing  o f  th e  so lven ts s tu d ied  is n o t observed  in  lith iu m  
sa lt so lu tio n s. This is a m a n ife s ta tio n  o f th e  specific  b eh av io u r of lith iu m  ions 
in  aq u e o u s  po lyhydric  a lcoho ls, w hich  is asso c ia ted  w ith  th e  presence o f a 
s ta b le  ion-m olecular p a rtic le  (L i— R ) in  th e  so lu tio n . D e riv a to g rap h ic  re su lts  
c o n firm  th is  fact.

T h e  dependences o f Н£о1п for LiCl so lu tions in  aqueous e th y len e  glycol, 
g ly cerin e  and  d ie thy lene  g lycol a t  vario u s te m p e ra tu re s  are  g iven in  F ig . 5.
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-------- 1---------1-------- 1------ --------1---------1_____ i—
0 0.1 0.2 0.3 0 0.1 02  0.3

X X

F ig . 4. C om position  dependences o f H s0|n fo r LiC l, NaCl, KC1 in  a q u eo u s  glycols
T  — 298.15 K ,

LiCl-H20 -ethyleneglycol U C I -H 20 - g ly c e r in e LiCl - H20-dietylene glycol

0 02 0.4 08  0
Xmt.

0.2 0.4 0.6 0 02 0 4 06

te m p e ra tu re s
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As follow s from  F ig . 5, th e  m ag n itu d es of i f s°0In in  aq u eo u s po lyhydric  a lcoho ls 
o f a n y  com position  an d  a t  a ll te m p e ra tu re s  s tu d ie d  are  exotherm ic an d  in crease  
w ith  a n  increase  in  te m p e ra tu re . In  th a t  case, th e  specific  behav iou r o f li th iu m  
sa lts  is levelled  w ith  in c reasin g  te m p e ra tu re .

A long  w ith  th e  th e rm a l effects o f so lu tio n  we h av e  s tud ied  th e  h e a t 
c a p a c ity  ch a rac te ris tic s  o f ap ro tic  so lvents (fo rm am id e , m eth y lfo rm am id e , 
h e x a m e th y lp h o sp h o rtr ia m id e , d im e th y lfo rm am id e , d im ethy lsu lphox ide , p ro ­
py len e  ca rb o n a te ) an d  th e ir  aqueous so lu tion , in c lu d in g  th e ir  D 20  so lu tions 
[9— 10]. T h e  excess h e a t  c ap ac ities  of a n u m b e r o f  sy stem s are given in  F ig s . 6  

an d  7. A s follow s from  th e  F igs. 6  an d  7, th e re  a re  p o sitiv e  and  neg a tiv e  dev ia-

1-  DMF-H20 (323 K)
2- DM F- D20 (323 K)
3 -  DMF-H20 (298 К ) 
4 -DMF- D20 (298 К )
5 -  DMF-H20 (278 К )
6 -  DMF- D20 (278 К )

0 2 0.4 0.6 0.8 1.0
*  DM F

Fig. 6. H e a t  cap ac ity  c h a ra c te ris tic s  o f aqueous D M F a n d  DM SO a t  various te m p e ra tu re s

0

1

It 2

ő

Д 3
<S

L

5

6

F ig . 7. H e a t  cap ac ity  c h a ra c te ris tic s  o f D M F an d  D M SO  in  a lcohol solutions a t  298 К
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tio n s of Cp from  a d d itiv ity  for th e  sy stem  s tu d ie d , w hich te s tify  to  th e  in te r-  
m olecular in te ra c tio n  am ong  th e  so lu tion  co m p o n en ts . A t th e  sam e t im e , th e  
c h a ra c te r  o f  th e  changes of Cp =  f ( X )  is ta n g ib ly  influenced  b y  te m p e ra tu re . 
F o r th e  b in a ry  system s we stu d ied , th e  re p la c e m e n t o f th e  fu n c tio n a l g roups 
(— N C O H , — SO) does n o t change th e  d ep en d en ce  Cp = / ( X ) ,  in  p rin c ip le . 
I t  can  be n o te d  th a t  th e re  is a reg u la r ch an g e  o f Cp w ith  co m p o sitio n  an d  
w ith  an  in crease  in  th e  n u m b er of ca rb o n  a to m s in  alcohols of n o rm a l s tru c tu re  
an d  ce rta in  in fluence  o f isom ery  an d  iso to p y  o f  th e  so lven ts on th e  d ep en d en ces 
of Cp =  f ( X ) .

T he use o f ex ten siv e  th e rm o d y n am ic  d a ta  allows for c o n s id e ra tio n  of 
som e com m on  prob lem s o f th e  ch em istry  o f n on -aqueous so lu tions.

I t  is v e ry  in te re s tin g  to  d iscover th e  s tru c tu ra l  pecu lia rities o f  non- 
aqueous so lu tio n s A new  effect s im ilar to  th e  hyd rophob ic  effect in  aqueous 
so lu tions h as  been  fo u n d  fo r so lven ts w ith  a sp a tia l ne tw ork  o f H -b o n d s  b y  
m eans o f th e  nob le  gas so lub ility  m eth o d  (F ig . 8 ) [11—-12].

In  th is  case, th e  hyd ro p h o b ic  effect occurs w ith  th e  add itio n s o f  e lec tro ­
ly te s  co n ta in in g  no hydro p h o b ic  g roups, e .g . [Co(N H 3)5C1]C12. T h e  d a ta  
o b ta in ed  m ad e  i t  possible to  draw  th e  conclusion  th a t  th ere  are  n o  reasons 
to  single o u t w a te r  as a specific so lven t o f th e  general system  o f  so lv en ts .

I t  is r a th e r  in te re s tin g  to  com pare  th e  com position  an d  te m p e ra tu re  
dependences o f Csm an d  ZlSA and  th e ir  d ependences on o ther fa c to rs  (F ig . 9)
[13]. T h is com parison  m akes i t  possible to  d e te rm in e  th e  role o f en e rg y  and  
s tru c tu re  changes in  gas so lu tions in  liq u id  sy s tem s, th u s  giving th e  th e rm o ­
d y n am ic  in te rp re ta t io n  o f th e ir  so lub ility . W h e n  com paring  ASa =  f ( X )  and

F ig .  8.  Com position and tem perature dependences o f argon solubility in (C2H 5)4NC1 solutions
in C ,I I4(O II)2
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98 KRESTOV: THERMODYNAMICS OF ELECTROLYTE SOLUTIONS

F i g .  9 .  Interconnection o f dependences S g =  f ( X )  and  Cgm = / ( X ) ;  the opposite and the
sim batic nature of th e  curves

Csm =  f ( X )  tw o ex trem e  cases are e n co u n te red  (F ig . 9). One o f th e m  co rre ­
sp o n d s  to  th e  opposite , a n d  th e  o th e r co rresp o n d s to  th e  sim batic  n a tu re  of 
th e se  dependences. In  th e  f i r s t  case, th e  so lu tio n s  process is d e te rm in ed  b y  th e  
s t r u c tu r a l  changes o f  th e  so lv en t, and  in  th e  second  case, i t  is d e te rm in e d  b y  
th e  e n e rg y  changes. T h e  p red o m in an cy  o f th e  s tru c tu ra l changes is p ecu lia r 
to  th e  sy s tem s, one c o m p o n en t o f w hich has a s tru c tu re  w ith  a sp a tia l n e tw o rk  
o f  h y d ro g e n  bonds. Such  dependences are  o b se rv ed  for aqueous m o n o h y d ric  
a n d  aq u e o u s  p o ly h y d ric  alcohols, and  th e  m ix tu re s  of m onohydric  a n d  poly- 
h y d r ic  alcohols [14]. T he en e rg y  changes p la y  a  p red o m in an t role in  so lu tio n  
p ro cesse s  fo r b in a ry  n o n -aq u eo u s  m ix tu res  o f  m on o h y d ric  alcohols [15].

A  series of w orks concern ing  th e  th e rm o d y n a m ic  ch a rac teris tic s  o f th e  
re a c tio n s  o f  basic-acid ic in te ra c tio n  an d  co m p lex  fo rm ation  in  n o n -aq u eo u s 
m e d ia  h a v e  been an a ly zed  [16— 18].

T h e  m ain  conclusion  follow ing th e  in v e s tig a tio n s  is th a t  th e  so lv a tio n  
c h a ra c te r is tic s  o f ev e ry  r e a c ta n t  m ust be k n o w n  in  order to  s ta te  th e  ro le  o f 
a  s o lv e n t in  chem ical reac tio n s . The m ost f ru i t fu l  p ro v ed  to  be th e  u se  o f th e  
th e rm o d y n a m ic  ch a ra c te ris tic s  of tran sfe r o f  a  re a c ta n t  from  w a te r to  a so l­
v e n t  o f  a given co m position  (zlY ir), th e  a lg eb ra ic  sum  of w hich is e q u a l to  
th e  th e rm o d y n a m ic  c h a ra c te ris tic s  of th e  re a c tio n s  m en tioned . Som e exam p les  
h a v e  b e e n  b ro u g h t fo r th  to  illu s tra te  th is  a p p ro a c h  (Figs 10— 12).

A  n u m b e r o f g enera l p rob lem s of th e  th e rm o d y n am ics  o f so lu tio n s h av e  
b een  d iscussed .

M ethods of so lv ing  th e  G ibbs— D u h em  e q u a tio n  for d e te rm in in g  th e  
e le c tro ly te  a c tiv ity  coeffic ien ts  in  b in a ry  sy s te m  on th e  basis o f  so lv en t 
a c t iv i ty  d a ta  have  been  su g g ested  [15, 19]. T h e y  a re  based  on e ith e r a d e sc rip ­
tio n  o f  th e  general d ep en d en ce  on th e  basis o f  in d iv id u a l p a r t  reg u la ritie s , or 
on  th e  use  o f po lynom ials fo llow ed b y  th e  exc lu sio n  of separa te  m em bers b ased  
on  s ta n d a rd iz a tio n  co n d itio n s  or o th e r ch em ica l factors.

A  g rea t n u m b er o f v a rio u s  ex p erim en ta l m e th o d s for d e te rm in a tio n  of 
th e  s ta n d a rd  th e rm o d y n a m ic  ch a rac teris tic s  o f  e lec tro ly te  so lu tions b a se d  on
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0.2 0.4 0.6 0.8

F i g .  1 0 .  Composition dependences o f equilibrium  constants o f the reactions o f  dissociation  
o f N H JS0|V and o f com plex form ation o f  (N iN H 3)U |V in m ixed solvents a t  298.15 К

F i g .  1 1 .  Composition dependences o f  the therm odynam ic characteristics o f  transfer o f  the  
reactions of dissociation o f  NHj'joi,, and of com plex  form ation of (N iN H 3)so|v in  m ixed  solvents

b o th  th e  D ebye— H iickel th e o ry  a n d  v a rio u s  sem iem pirical e q u a tio n s , are 
described  in  th e  l i te ra tu re  on th e  su b je c t. H ow ever, in m an y  cases th e ir  use 
does n o t h av e  su ffic ien t ju s tif ic a tio n . T h ere fo re , i t  is v e ry  in te re s tin g  to  use 
n o n -e x tra p o la tio n  m eth o d s  for th e  d e te rm in a tio n  of th e  s ta n d a rd  th e rm o d y ­
n am ic  ch a rac te ris tic s  o f so lu tion  [20]. T h e  follow ing equ a tio n s can  serve  as 
exam ples.
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100 KRESTOV: THERMODYNAMICS OF ELECTROLYTE SOLUTIONS

F ig .  1 2 .  Com position dependences o f  the therm odynam ic characteristics of transfer o f the  
reactions o f  dissociation o f EnHsoiv and of com plex form ation o f  (N iE n)U |V in m ixed solvents

at 298.15 К

^ G ° 0 l v  —  d G s l l v  ■
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АЩ Ып — ЛЯ£т -f-

• m2
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M l • m 2

R T  In ax —  R T  In  (m2y2)

RT?  ̂^  j RT^ ^
эт дт

( 1 )

( 2 )

d H s o in  —  Л Н " 'Яп 4 -

1000
м п ■ dHmix +

1000
м„ 2i=l

d In a j 
д Т ~

+  R T 2

(3)
F o r  th e ir  d e te rm in a tio n  i t  is n ecessary  to  h a v e  d a ta  on th e  th e rm a l 

effects o f  so lu tio n  (so lvation) a t  u ltim a te  co n c e n tra tio n s  of an  e lec tro ly te  
AH™0\n te m p e ra tu re  dependences of so lven t a c t iv i ty  (ax), and  a c tiv ity  co e ffi­
c ien ts  o f  a so lu te  (y 2). T his m e th o d  is free o f th e  assu m p tio n s for e x tra p o la ­
tio n  m e th o d s  an d  is app licab le , b o th  for e lec tro ly te  a n d  non-e lec tro ly te  so lu ­
tio n s . T h e  accu racy  of th e  re su lts  o b ta in ed  is d e te rm in e d  by  th e  accu racy  
o f th e  d e riv a tiv e s  d in  a j d T  an d  d In y2ldT.  In  th o se  cases w hen th e  e x t r a ­
p o la tio n  law s are n o t know n  (e.g. w eak  e lec tro ly te  a n d  non-e lec tro ly te  so lu ­
tions) th e  u se  of th e  g iven  eq u a tio n s is th e  o n ly  possib ility . T able I  show s 
exam ples illu s tra tin g  th e  ap p licab ility  o f th is  m e th o d  fo r e lectro ly te  an d  n o n ­
e le c tro ly te  so lu tions.

A tte n tio n  should  be p a id  to  th e  in co rrec t use in  th e  lite ra tu re  o f th e  
p ra c tic a l osm otic  coeffic ien t, w h ich  is re fe rred  to  th e  scale of m olal co n cen tra -
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Table I

S y s tem H aO — N a l H ,0 — C ,H 6O H

m 0.1 1.0 2.0 14.5 86.96

ZlHs°olnC, kJ m o l-1 4.07 4.04 4.08 11.79 11.38

ЛН'оТп, U  m o l-1 3.89 10.17

t io n s ; a t  th e  sam e tim e , th e  ra tio n a l osm otic  coefficient is u se d  in  th e  mole 
f ra c tio n  c o n cen tra tio n  scale. A d iffe ren t in te rp re ta tio n  o f o sm o tic  coefficients 
is g iv en  in  th e  IU P A C  reco m m en d a tio n s . T ogether w ith  th i s ,  th e  analysis
[2 1 ] show s th a t  th e  o sm otic  coeffic ien ts  in  b o th  cases are  in tro d u c e d  w ith 
th e  u se  o f th e  m ole frac tio n  c o n c e n tra tio n  scale. A ctually ,

In a, =  Ф In Xj,  h u t  In a, =  — Ф — — — L , i f  — — — 1 (4)
1000 1000

In  th e  genera l case th e  second ex p ressio n  is app rox im ate . I n s te a d  o f various 
d esig n a tio n s of th e  osm otic coeffic ien ts g an d  cp, i t  is adv isab le  to  use only Ф. 
I f  fo r  aqueous so lu tions, th e  d ifference  betw een  th em  is n o t g r e a t  u p  to  large 
e le c tro ly te  co n cen tra tio n s, th is  d ifference  m ay  he essen tia l fo r  non-aqueous 
so lu tio n  w ith  a con sid erab ly  g re a te r  m ass as com pared w ith  w a te r . F o r the 
sy s te m  N a l— H 20  (m =  1.0) an d  are  1.99 an d  1.98, re sp e c tiv e ly , an d  for the 
sy s te m  N a l— C 3H 7O H  (rn — 1.0) th e y  are  2.76 and  2.66.

T he p roblem  of th e  d e te rm in a tio n  o f th e  th e rm o d y n am ic  ch a rac te ris tic s  
o f in d iv id u a l ions in  so lu tions is a m a t te r  of principle in  th e  th e rm o d y n am ics  
o f so lu tio n s. I t  is a v e ry  co m p lica ted  p rob lem , and, as a ru le , i t  can  no t be 
so lved  w ith o u t th e  in tro d u c tio n  o f  som e n o n -th e rm o d y n am ic  assum p­
tio n s  .

T h e  necessity  o f fin d in g  th e  p ro p e rtie s  of ind iv idual io n s is un iversally  
recogn ized  a t  p resen t. N everthe less, u p  to  now  there  is no u n a n im o u s  opinion, 
n o t  o n ly  concerning th e  n u m erica l m ag n itu d es  of th e  v a lu es , b u t  also w ith 
re sp e c t to  th e  m ethods o f th e ir  d e te rm in a tio n .

O b ta in in g  th e  th e rm o d y n a m ic  p ro p e rtie s  of in d iv id u a l io n s  in  connec­
tio n  w ith  th e  presence of th e  d a ta  fo r sto ich iom etric  m ix tu re s  o f  ions in  solu­
tio n s  am o u n ts  to  fin d in g  th e  p ro p e rtie s  o f  a t  least one of th e  io n s b y  one m ethod 
o r a n o th e r .

F o r these  pu rposes, vario u s e x p e rim e n ta l and th e o re tic a l m e th o d s are 
tr ie d , an d  also m eth o d s o f d iv id in g  th e  therm odynam ic  c h a ra c te r is tic s  of 
s to ich io m etric  m ix tu res  in to  ionic co m ponen ts.
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A m o n g  experim en ta l m e th o d s  we can m en tio n  th e  v o lt-p o ten tia l m e th o d , 
m ass  sp ec tro m e try , m e a su re m e n t o f electron re m o v a l w ork  a t its  em ission 
f ro m  th e  solu tion , of free e n e rg y  o f  transfer of ions f ro m  one solvent to  a n o th e r, 
e lec tro ch em ica l and o th e r  m e th o d s .

H o w ev er, th e  effec tive  u s e  o f experim ental m e th o d s  for th e  d e te rm in a ­
t io n  o f  th e  th erm o d y n am ic  p ro p e r tie s  of in d iv id u a l io n s  is h indered  by  n u m e r­
ous d iff icu ltie s  and c e r ta in  b ro a d  assum ptions. I n  th is  connection  we can  
n o t  b e  su re  of th e  ab so lu te  re lia b ili ty  of th e  q u a l i ta t iv e  descrip tion  of io n  
p ro p e r t ie s , and  the  lim it o f  e r ro r  in  the ir m e a su re m e n t is great. T hus, to  
o b ta in  th e  th erm o d y n am ic  ch a rac te ris tic s  of in d iv id u a l  ions in  so lu tions 
th e re  is  w ide  use of th e o re tic a l m e th o d s of ca lcu la tio n , th e  correlation  o f th e ir  
d if fe re n t p roperties, th e  d iv is io n  o f sum m ary v a lu e s  in to  ionic com ponen ts 
■with th e  use of n o n -th e rm o d y n a m ic  assum ptions a n d , f in a lly , th e  rep lacem en t 
o f  “ a b s o lu te ”  values o f th e rm o d y n a m ic  c h a ra c te r is tic s  b y  “ re la tive”  ones.

T h e  th eo re tica l m e th o d s  o f  d e term ination  o f  th e  th e rm o d y n am ic  c h a ra c ­
te r is t ic s  o f  solvation of in d iv id u a l  ions are b ased  o n  th e  B ohrn  th e o ry  an d  
m o d if ic a tio n s , th e  use o f  s t r u c tu r a l  rep resen ta tio n s , th e rm o d y n am ic  cycles, 
e tc  . . .  I n  th e  p ast decade th e o re t ic a l  m ethods o f d e te rm in a tio n  of th e  th e rm o ­
d y n a m ic  characteristics o f  io n  so lv a tio n  have been  d ev e lo p ed  on th e  basis o f 
s ta t is t ic a l  th erm odynam ic  m e th o d s , and q u a n tu m -c h e m ic a l calculations o f 
a ll k in d s  o f  in terac tions in  so lu tio n s .

A  rev iew  o f e x p e rim e n ta l a n d  theoretical m e th o d s  is given, for exam ple , 
in  th e  w o rk  [3].

A t th e  present stage o f  d ev e lo p m en t of so lu tio n  th e o ry  an d  the accu m u la ­
tio n  o f  experim en ta l m a te r ia l, a  g rea t role, and , so m e tim e s , th e  m ost im p o r­
t a n t ,  is  p la y e d  by  th e  d e te rm in a tio n  of the th e rm o d y n a m ic  characteristics o f 
io n  so lv a tio n , by  th e  d iv is io n  o f  th e  ex p erim en ta lly  d e te rm in ed  values in to  
ion ic  co m ponen ts, follow ed b y  processing th em  on  th e  basis  of ap p ro x im ate  
c o rre la tio n s . I t  is possible to  s in g le  ou t a t least fo u r g ro u p s  o f division m ethods.

A n  essential d ra w b a c k  o f  th e  m ethod, w h ich  b a s e d  on th e  assum ption  
o f  th e  e q u a lity  of th e  th e rm o d y n a m ic  ch a rac te ris tic s  o f  so lvation  of ca tions 
a n d  a n io n s  considered as s ta n d a r d ,  is the absence o f  co rrespondence  of various 
th e rm o d y n a m ic  ch a ra c te ris tic s  o f  ion solvation in  so lu tio n  obtained  in  th is  
w ay . I n  p rincip le , the  q u e s tio n  o f  th e  possib ility  o f  s e p a ra tin g  th e  sum  values 
27/dYsoiv in to  ionic co m p o n en ts  in  connection w ith  th e  p resence  of charges o f 
s o lv a te d  p artic les rem ains o p e n .

A n o th e r  ty p e  of d iv is io n  o f  therm odynam ic  c h a ra c te r is tic s  of so lva tion  
o f  s to ic h io m e tric  ion m ix tu re s  lie s  a t  the  basis o f th e  seco n d  group of m ethods. 
T h is  ty p e  o f  division is c a r r ie d  o u t  on the basis o f  e x tra p o la t io n  of A £ ( A Y SO[V) t 
fo r io n  p a irs  w ith  a com m on  c a tio n  or a com m on a n io n  from  ion p ro perties. 
T h e  ap p lic a tio n  of th e  e x tra p o la t io n  m ethod is c o n s id e ra b ly  lim ited  b y  th e  
a b sen ce  o f  reliable e x p e r im e n ta l d a ta  on th e  th e rm o d y n a m ic  ch aracteristics

Acta Chim. Hung. 121, 1986



KRESTOV: THERMODYNAMICS OF ELECTROLYTE SOLUTIONS 103

o f so lva tion  o f s to ich iom etric  io n  m ix tu res . T his applies f ir s t  o f  a ll non- 
aq u eo u s and  m ixed  so lven ts. In  connec tion  w ith  th e  use o f d iffe ren t sy stem s 
o f  ionic rad ii in  ca lcu la tion , th e  th e rm o d y n am ic  p a ra m e te rs  o f  ionic so lv a tio n  
o b ta in e d  b y  th e  m eth o d  described  differ g rea tly .

T he th ird  m eth o d  is b ased  on  th e  d iv ision  o f changes in  th e rm o d y n a m ic  
ch a rac te ris tic s  o f tra n s fe r  o f th e  s to ich iom etric  m ix tu re  from  one so lv e n t to  
a n o th e r  in to  th e ir  co m p o n en ts . T hese  given values can  be c a lcu la ted  w ith  
su ffic ien t accu racy , n o t be ing  co m plica ted  b y  erro rs connected  w ith  th e  c a l­
c u la tio n  of th e  th e rm o d y n a m ic  p a ra m e te rs  o f th e  c ry s ta l la ttic e . T h e  m a jo r ity  
o f  th e  m ethods o f d e te rm in in g  th e  th e rm o d y n am ic  ch a ra c te ris tic s  o f  ion  
tra n s fe r  are  b ased  on th e  a ssu m p tio n  o f th e  e q u a lity  o f th e  changes o f  th e se  
v a lu es  for th e  d e te rm in a tio n  o f  io n  pa irs , ta k e n  as s ta n d a rd .

A n analysis of th e  th i rd  g roup  show s th a t ,  desp ite  th e  p o ss ib ility  of 
th e ir  ap p lica tio n  to  a w ide ra n g e  o f  in d iv id u a l an d  m ixed  so lven ts, th e y  h av e  
th e ir  shortcom ings. I t  is h a rd ly  to  be ex p ec ted  th a t  all th e  co m p o n en ts  o f 
ion -so lv en t in te ra c tio n  o f  a s ta n d a rd  ion  p a ir  shou ld  be equa l. M oreover, 
th e re  are  no c rite ria  fo r th e  e q u a lity  o f th e  rad ii o f ions inc luded  in  s ta n d a rd  
p a irs . T h a t is w hy , th e  d a ta  o b ta in e d  b y  th ese  m eth o d s are  o f a q u a n ti ta t iv e  
n a tu re  an d  h av e  im p o rtan ce  fo r a lim ited  n u m b er o f so lven ts.

T he fo u rth  group o f m e th o d s  com prises a n u m b er o f o th e r  m e th o d s  of 
d iv ision . T hey  inc lude  th e  m e th o d  o f th e  d iv ision  o f th e  m ed iu m  su m m a ry  
effect in to  its  com ponen ts, th e  d iv ision  of th e  iso top ic  effects o f h y d ra tio n  on 
th e  basis of th e ir  e q u a lity  to  zero  fo r N a +, o f a co nsidera tion  o f  th e  en e rg y  o f 
H -b o n d s betw een  so lven t m olecules an d  anions, th e  use o f th e  c o n s ta n c y  o f  th e  
ra t io  (A Y solv)cl A ( Y soW)a in  a n y  so lv en ts , an d  a co nsidera tion  o f th e  e le c tro s ta tic  
in te ra c tio n  o f ions w ith  th e  ch arg e  cen tres o f th e  so lven t dipoles in  th e  sh o rt-  
ra n g e  su rround ing , an d  th e  d is tr ib u tio n  of th ese  charges, an d  th e  c o n s tan cy  
o f  coo rd ina tion  n u m b ers , a n d  m a n y  o th e r m ethods.

T he m a jo rity  o f th e  m e th o d s  m en tioned  does n o t allow  fo r th e  v a ry in g  
n a tu re  of ion-m olecular in te ra c tio n s  for ca tions an d  an ions, w hich  serves as 
a  v iv id  exam ple o f th e ir  lim ite d  ch a rac te r.

F igure 1 shows th e  d ependences АН^о1ч fo r som e sing le-charged  ions on 
do n o r-accep to r ab ility  o f  th e  so lv en t [2 2 ].

I t  follows from  F ig u re  13 th a t  th e  s ta te  o f so lv a ted  ions v a rie s  w ith  th e  
do n o r-accep to r ch a rac te ris tic s  o f  in d iv id u a l so lven ts, w hich  are  ca lcu la ted  
as th e  d ifference o f AH£0\V o f  an  e lec tro ly te  in  a non -aqueous so lv en t (R ) an d  
th e  one ta k e n  as s ta n d a rd  (H 20 ) .  T h is c ircum stance  te s tif ie s  to  th e  d iffe ren t 
n a tu re  of ca tio n  and  an ion  so lv a tio n . The ion -so lven t in te ra c tio n  is rea lized  
b y  th e  donor-accep to r m ech an ism  fo r ca tions, an d  fo r an ions, i t  is H -bonds 
t h a t  p lay  a g rea t role. T hese d a ta  m ake i t  possible to  conclude t h a t  ca tions 
a re  so lva ted  p re fe rab ly  in  am ides, and  an ions are  b e tte r  so lv a ted  in  w a te r  
o r alcohols.
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F ig . 13. D ependences /Ш%0№ o f  c a tio n s or anions fo r a  series o f  sing le-charged  ions versus 
d o n o r-ac c ep to r  ch aracteris tics o f in d iv id u a l so lven ts

T h e  specific n a tu re  o f  ca tio n  and  an ion  so lv a tio n  follow s also from  th e  
d a ta  o n  th e  en tro p y  c h a ra c te ris tic s  of ions v e rsu s  m ixed  so lv en t com posi­
t io n  [23] (Fig. 14).

I t  can  be supposed  t h a t  th e  phenom enon  o f h e te rose lec tive  ion  so lvation  
o ccu rs  in  w a te r-m e th an o l m ix tu re s , in  w hich  case ca tions are  p re fe rab ly  
h y d ra te d  and  anions a re  so lv a te d  b y  m e th an o l m olecules. H ere , too , cation- 
so lv e n t in te rac tio n  is o f  a donor-accep to r n a tu re ,  an d  an ion -so lven t in te ra c ­
t io n  is perfo rm ed  th ro u g h  H -bonds.

O n th e  basis o f  th e  ab o v e  co n sidera tion , th e  basic  d raw backs o f th e  
m a jo r i ty  of th e  d iv ision  m e th o d s  considered a re  as follow s:

1. T hey  give th e  a p p ro x im a te  m ag n itu d es o f  th e  v a lu es  o b ta in ed , w hich 
is a sso c ia ted  w ith  a m ore  o r  less a rb itra ry  a ssu m p tio n  ad o p ted  d u rin g  th e  
d iv is io n ;

F ig . 14. C om position d e p en d en ces  o f  th e  en tro p y  o f ions in  aqueous m eth an o l a t  298.15 К

Acta Chim. Hung. 121, 1986



KRESTOV: THERMODYNAMICS OF ELECTROLYTE SOLUTIONS 105

2. T here are  no correspond ing  levels o f ca lcu la tin g  v a rio u s  th e rm o d y n am ic  
ch a rac te ris tic s  o f  th e  so lva tio n  of in d iv id u a l ions;

3. No re g a rd  is p a id  to  th e  d ifferen t n a tu re s  of ion-m olecu lar in te rac tio n s 
o f  ca tions and  an ions;

4. T here is an  a rb itra ry  choice in  th e  ca lcu la tio n  o f th e  th e rm o d y n am ic  
ch a rac te ris tic s  o f  e lec trons in  so lu tions an d  in  th e  gaseous ph ase , as a re su lt 
o f  w hich th e  th e rm o d y n a m ic  ch a rac te ris tic s  of ca tio n  so lv a tio n  are  h igher, 
a n d  those of an io n  so lva tion  are  low er b y  th e  v alue  o f |Z|(zl Ys°0 |V)e.

T hus, th e  p ro b lem  of th e  d e te rm in a tio n  o f th e  th e rm o d y n a m ic  c h a ra c te r­
is tic s  of ion so lv a tio n  rem ains u rg en t.
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DIELECTRIC GRADIENT AROUND THE IONS 
IN SOLUTIONS*
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(U n ivers ity  o f  Veszprém, D epartm ent o f  A na ly tica l Chemistry, 
H-8201 Veszprém , P .O .B . 158.)

R eceived J a n u a ry  18, 1985

T h e  d ielectric  sa tu ra tio n  caused  b y  th e  s tro n g  electric field o f th e  io n s in  th e  
so lv en t is considered . T he d ielectric  g ra d ie n t a ro u n d  th e  ions is a p p ro x im a te d  b y  s te p ­
like  a n d  co n tin u o u s profiles. T he v a rio u s  re p re se n ta tio n s  of th e  d ie lec tric  p ro file  are 
te s te d  v ia  com parisons o f calcu la ted  a n d  o b se rv e d  e lectrosta tic  free en erg ies  o f  so lv a ­
tio n . A sim ple  one-step  d ielectric  p ro file  seem s to  be preferred because o f  i ts  re la tiv e  
sim p lic ity , a n d  p red ic tiv e  pow er.

Introduction

T h ere  are  tw o m ain  groups o f th e o re tic a l m odels th a t  have  b e e n  u sed  for 
th e  ca lcu la tio n  o f th e rm o d y n am ic  p a ra m e te rs  o f ionic solvation  [1, 2 ]. In  th e  
1 s t  g roup  th e  e n v iro n m en t o f th e  ion  is co n sid ered  to  consists o f  in d iv id u a l 
p a rtic le s , th e  rea l or “ sim plified” s tru c tu re  o f  th e  so lvent is ta k e n  in to  a cco u n t 
[3, 4, 5]. In  th e  2nd  g roup  th e  ionic e n v iro n m e n t is viewed as a s tru c tu re le ss  
d ie lec tric  co n tin u u m  [1, 6 ]. W hichever ty p e  o f  m odels is used one h a s  to  ta k e  
in to  acco u n t th e  d ie lec tric  sa tu ra tio n  cau sed  b y  th e  strong elec tric  f ie ld  o f th e  
ions in  th e  so lv en t. B y  o th e r  w ords th e  n o n -lin e a r dielectric b e h a v io u r  o f th e  
so lv en t has to  be considered . In  th is  p a p e r  th e  con tinuum  a p p ro a c h  is used  
because o f its  re la tiv e  sim plicity . In  th is  a p p ro a c h  th e  ion-solvent in te ra c tio n  
can  be t r e a te d  e ith e r  h y  th e  reac tio n  f ie ld  te c h n iq u e  [7, 8 , 9, 10] o r b y  ch a rg ­
ing u p  m odel [6 , 10]. B o th  give th e  sam e f in a l  re su lts , b u t th e  second  is sim - 
p iler, th e re fo re  th is  has been used. T he fu n d a m e n ta l question is th e  se lec tion  
o f a su itab le  d ie lec tric  profile  for th e  d e sc rip tio n  of the  d ie lec tric  g ra d ie n t 
a ro u n d  th e  ions. H ow ever, i t  is of lim ited  u se  ju s t  to  com pare one th e o re tic a l 
p ro file  w ith  a n o th e r, because th e re  is th e n  no  rigorous crite rion  t h a t  c a n  be 
used  to  select th e  “ b e s t”  profile . I t  is m ore u se fu l to  calculate e.g. th e  e le c tro ­
s ta tic  free  en erg y  o f  so lva tio n  from  th e  v a r io u s  rep resen ta tio n s of th e  d ie lec tric  
p ro file  a n d  th e n  to  com pare  these  ca lc u la ted  va lu es  w ith  ex p e rim en t.

+ T h is  p a p e r  w as p resen ted  a t  th e  S y m p o siu m  on  S tru c tu re  of L iqu ids a n d  S o lu tio n s 
a t  V eszprém , A u g u st 27—30, 1984.
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T he e lec tro sta tic  free energy  d ensity

T h e  so lvation  free  en e rg y  can  be d iv ided  in to  a non -e lec tro sta tic  a n d  an  
e le c tro sa ta tic  p a r t  [11, 12, 13]*:

AGS =  AGn +  AGt. (1)

T h en  AGn is ta k e n  as a  so lv a tio n  free energy  o f a n  in e r t  non-electro ly te  o f  th e  
sam e ra d iu s  as th e  io n  in  q u estio n , so th a t  AGe m a y  th e n  be deduced. T h e re ­
fore  w e consider on ly  th e  e lec tro s ta tic  free en e rg y  o f  so lvation  w hich com es 
fro m  th e  in te g ra tio n  o f  th e  e lec tro sta tic  free  e n e rg y  density :

AGe =  J JJ  g d V  — J J J  g v d V . (2)
r>a r>a

H ere  th e  free energy  d e n s ity  in  solu tion  is g, in  v a c u u m  is gv, and  th e  in te g ra ­
tio n  ra n g e  refers to  th e  e n tire  space ex isting  o u ts id e  th e  ion, the  la t te r  b e in g  
a c h a rg ed  sphere o f ra d iu s  a.

In  th is  t r e a tm e n t th e  ion  is tak en  to  be a ch arg ed  conducting  sp h e re , 
w h ils t th e  sphere is c h a rg ed  up  to  th e  ionic c h a rg e , i t  d ielectrically  s a tu ra te s  
th e  so lv e n t in  its  n e ig h b o u rh o o d . The free en e rg y  d en sity  of th e  e le c tro s ta tic  
fie ld  in  a d ielectric  is g iven  b y  cq. (3):

D

g =  ± [ E dD ,  (3)
4 л  J 

о

w here  E  is th e  e lec tric  fie ld  s tre n g th  and D  is th e  d isp lacem en t vec to r, D =  eE  
w ith  e as th e  s ta tic  re la tiv e  p e rm ittiv ity . In  a s tro n g  fie ld , such as t h a t  o c c u r­
r in g  in  th e  v ic in ity  o f  th e  so lv a ted , ion, e d ep en d s  on E. This field d ep en d en ce  
acc o rd in g  to  B o o th  [15]:

D  =  n2E  +  4n N p  ( c t h ^ - ^  , 
1 2k T  3g E )

(4)

w h ere  n  is th e  in te rn a l  re fra c tiv ity  of th e  so lv e n t, N  is the n u m b e r o f  th e  
m olecu les in  u n it v o lu m e , к  is th e  B o ltzm an n  c o n s ta n t , T  is th e  te m p e ra tu re  
a n d  Ц is th e  a c tu a l d ipo le  m o m en t valid  in  th e  liq u id . This last q u a n t i ty  can  
be  ca lc u la ted  from  th e  gas-phase  dipole m o m e n t v ia  g =  gs{n2 +  2)/3.

In tro d u c in g  th e  ed =  dD /dE  d iffe ren tia l re la tiv e  p e rm ittiv ity  eq . (3)
gives

E

g =  ^ - j e d E d E .  (5)

0

* O ne a d v an tag e  o f  th is  d iv is ion  is  th a t  p ro v id e  AGS a n d  AGn refer to  th e  sam e s ta n d a rd  
s ta te s ,  th e  num erica l v a lu e  of AGe is indep en d en t o f a n y  s ta n d a rd  s ta te .
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F ro m  eqs (4) an d  (5) th e  free energy  d e n s ity  is given by

fE~ 3 _ T1 x  I 1
-------- 1- -  N k T -  c th  x ------

8  л: 2 2 \ x) ( 6)

w here x  =  ЗцЕ /2кТ  ( I t  has to  be m en tio n ed  th a t  a sim ilar re su lt h as  been  
o b ta in ed  b y  L engyel an d  K em pelen  [16]). In  o rd e r to  m ake th e  in te rp re ta t io n  
o f  eq. (6 ) easier, in  F ig . 1 a sketch  o f th e  D  v s . E  fu nc tion  is g iven . F o r  w eak  
fie ld s, w here  E  is sm all, th e  p lo t is an  a p p ro x im a te ly  s tra ig h t line o f  slope 
(e =  ed =  e0). F o r  s tro n g  fields, w here E  is la rg e , th e re  is again  a s tra ig h t 
line b u t  o f slope ( ed — rí1). B etw een  th e  tw o  lin ea r  sections, a t  in te rm e d ia te  
fie ld  s tre n g th s , th e  c u rv a tu re  of th e  p lo t in d ic a te s  th e  s a tu ra tio n  o f th e  d ielec­
tr ic  m ed ium . In  F ig . 1 th e  q u a n tity  4ng is a lso  g iven for a d ielec tric  m ed iu m  
polarized  u p  to  th e  p o in t P  [see eq. (3)]. T he e x a c t v a lue  of g can  be c a lc u la ted  
fro m  eq. (6 ). L e t us consider now  only th e  f in a l s ta te  correspond ing  to  p o in t 
P  and  use a re la tiv e  p e rm ittiv ity  e =  D /E  a p p ro p ria te  to  th e  p o in t P.  In  
th is  case we neg lec t th e  process due to  th e  c h a rg in g  up  o f th e  co n d u c tin g  sphere . 
T hen  th e  “ 4тг tim es  d e n s ity ”  is rep re sen ted  b y  th e  trian g le  OQP, e q u iv a le n t 
to  E D /2. T h is re su lt co rresponds to  th e  a p p ro x im a tio n  o f c a lcu la tin g  th e  free 
energy  d en sity  u sin g  on ly  th e  f irs t te rm  in  eq . (6 ) w ith  e =  D /E  a t  p o in t P. 
In  o th e r w ords, th e  f i r s t  te rm  in eq. (6 ) g ives th e  free energy d e n s ity  o f  th e  
e lec tro s ta tic  fie ld , o f s tre n g th  E,  in  a n o n -sa tu ra te d  dielectric  m ed iu m  o f

Fig. 1. P lo t o f th e  d isp lacem en t v ecto r D  ag a in st th e  fie ld  s tre n g th  E. A o rig in a tes  in  th e
second te rm  o f eq. (6)
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r e la t iv e  p e rm ittiv ity  e. I f  th e  p e rm ittiv ity  decreases owing to  d ielec tric  s a tu r a ­
t io n , th e n  th e  free en e rg y  d e n s ity  is sm aller th a n  eE2/ 8 л  (valid  fo r th e  lin ea r 
case) b y  a  value A t h a t  is g iv en  b y  th e  second  te rm  in  eq. (6 ). In  F ig . 1 th e  
a re a  t h a t  corresponds to  A  is show n, too . I t  is th e  d ifference in  th e  c a lc u la ted  
v a lu e  o f  th e  free energy  d e n s ity  betw een  th e  ap p ro x im a te  re su lt (n eg lec t of 
d ie le c tr ic  sa tu ra tio n ) a n d  th e  ex ac t re su lt  (w ith  d ie lec trid  s a tu ra tio n  ta k e n  
in to  acco u n t). I f  A is sm a ll, th e n  th e  s a tu ra te d  d ielectric  m edium  a t  p o in t P  
c a n  b e  rep laced  b y  a n o n -s a tu ra te d  m ed ium  o f re la tiv e  p e rm ittiv ity  e =  D /E  
w ith o u t  in troduc ing  a s ig n if ic a n t e rro r in  th e  ca lcu la tio n  of th e  e le c tro s ta tic  
free  e n e rg y  density .

The dielectric gradient around the ions

E q . (4) refers to  a hom ogeneous e lec trid  fie ld . I f  one neglects th e  d iffer­
ence  be tw een  th e  effects o f  th e  hom ogeneous an d  non-hom ogeneous fie lds, 
a c o m b in a tio n  of eq. (4) a n d  th e  C oulom b’s law  gives th e  re la tiv e  p e rm itt iv i ty  
in  th e  f ie ld  of a p o in t ch a rg e  as a fu n c tio n  o f  th e  d istance . Such fu n c tio n s  are 
g iv e n  in  F ig . 2 as ex am p les  for m e th an o l a n d  ace to n itrile  a ro u n d  u n iv a le n t 
io n s . T h e  m ore sim ple case is th a t  o f ace to n itrile  w hich  is less o rgan ized  liq u id  
t h a n  th e  m ethanol. I t s  re la tiv e  p e rm ittiv ity  decreases from  th e  b u lk  v a lu e  (e0) 
to  a b o u t  tw o  a t th e  n a rro w  n e ighbourhood  o f th e  p o in t charge. T he o rig in a lly  
o rg a n iz e d  liqu id  m e th a n o l show s a cu rve  w ith  “ tw o steps” . T h is in d ica te s  
t h a t  th e  low ering o f th e  re la tiv e  p e rm itt iv i ty  o f  organized so lv en ts  in  th e  
v ic in i ty  o f  ions o rig in a tes  from  tw o  su p erim p o sed  effects o f th e  d e s tru c tio n  
o f  th e  orig inal s tru c tu re  o f  th e  so lven t an d  its  d ielectric  sa tu ra tio n  in  th e  n a r ­
ro w e r sense [17]. In  th e  fo llow ing only  th e  sim ple case is considered  w h en  th e  
lo w e rin g  o f th e  re la tiv e  p e rm itt iv i ty  com es fro m  dielectric s a tu ra tio n .

T h e  e vs r fu n c tio n  h as  no m ean ing  fo r d is tan ces  sm aller th a n  th e  ionic 
ra d iu s  a. T herefore i t  is e v id e n t th a t  th e  la rg e r  ions b rin g  ab o u t w eak er d ielec­
t r ic  s a tu ra tio n  in  th e ir  close n e ighbourhood  th a n  do th e  sm aller ions. I n  F ig . 2 
so m e ion ic  ra d ii are m a rk e d  to  illu s tra te  th is  effect.

B etw een  th e  su rface  o f  th e  ion  a n d  th e  n e a re s t p e rm an en t d ipo les of 
th e  so lv e n t m olecules w ill be  a region, w ith o u t p e rm an en t d ipoles, in  w hich  
th e  re la tiv e  p e rm ittiv ity  is e =  n2. C on seq u en tly , in  th e  close n e ig h b o u rh o o d  
o f th e  ion , th ere  w ill e x is t a region of low  re la tiv e  p e rm ittiv ity  ev en  in  th e  
a b se n c e  o f the  d ie lec tric  s a tu ra tio n  effect o f th e  ion. This is an  “ a p p a re n t 
d ie le c tr ic  sa tu ra tio n ”  w h ich  m odifies th e  d ie lec tric  g rad ien t a ro u n d  th e  ion 
as sh o w n  in Fig. 3. (F o r  ex am p le  in  a c e to n itr ile  ions o f rad ious > 0 .6  n m  do 
n o t  cau se  dielectric s a tu ra t io n  (see F ig . 3), b u t  th e  phenom enon  o f “ a p p a re n t 
d ie le c tr ic  sa tu ra tio n ”  m u s t  be p resen t fo r th e se  large  ions, too ). T he th ick n ess  
o f  th is  region of low  re la tiv e  p e rm ittiv ity  depends on th e  d im ensions o f th e
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F ig . 2. T h e  re la tiv e  p e rm it tiv i ty  o f m eth an o l a n d  a ce to n itr ile  in  th e  field  o f  a u n iv a le n t ion

F ig. 3. A  p lo t o f e o f a ce to n itr ile  in  th e  field  o f a  R b +  io n  in clud ing  th e  effect o f a p p a re n t
d ielectric  s a tu ra tio n
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so lv e n t m olecu le  and on th e  p o s itio n  of its  p e rm a n e n t dipole. I f  th e  d ipole is 
n o t sy m m e tr ic a lly  s itu a ted  in  th e  m olecule, th e  th ickness of th is  reg ion  m ay  
be d if fe re n t  fo r anions an d  c a tio n s  in  th e  sam e so lven t. N evertheless, fo r th e  
sake  o f  s im p lic ity  spherical so lv e n t m olecules w ill be considered w ith  d ipoles, 
s i tu a te d  a t  th e  cen ter o f th e  m o lecu les, so t h a t  th e  th ick n ess  of th is  la y e r  w ill 
be th e  sa m e  fo r anions an d  ca tio n s .

T h e re  is ano ther consequence  o f th e  a p p a re n t d ielectric  s a tu ra tio n  an d  
th e  f in i te  d im ension  of th e  io n , to o . As th e  d is tan ce  r becom es la rg e r, th e  f ie ld  
s t r e n g th  becom es less, A becom es m ore neglig ib le, an d  th e  ca lcu la tio n  o f  g 
b y  th e  f i r s t  te rm  in eq. (6 ) becom es a b e tte r  a p p ro x im a tio n . In  th e  case of 
u n iv a le n t  ions in  aceto n itrile  o n ly  w hen  r  <  0.3 n m  does th e  second  te rm  
m a k e  a  v e ry  significant c o n tr ib u tio n  to  th e  o v era ll v a lue  of th e  free  energy  
d e n s ity . B ea rin g  in  m ind  t h a t  th e  S te a rn —-E yring  rad iu s  of th e  a c e to n itr ile  
m o lecu le  is R  — 0.224 n m , fo r  ions w ith  ra d iu s  m ore th a n  0.1 n m  (i.e. fo r 
ions w i th  (a jR) >  0.324 n m ) th e  e lec tro s ta tic  free energy  d e n s ity  can  be 
c a lc u la te d  b y  th e  firs t te rm  in  eq . (6 ) w ith o u t sign ifican t e rro r. S im ilar ca lcu ­
la t io n s  fo r  m an y  solvents in c lu d in g  1 , 1 -d i-ch lo re th an e , am m onia , ace tone , 
iV ,lV -dim ethyl-form am ide, D M SO , _ZV-methylformamide, fo rm am ide, 1 -p ro p a­
no l, e th a n o l ,  m ethanol an d  w a te r  y ield  th e  sam e re su lt. One can  conclude 
t h a t  fo r  th e  u su a l so lvents th e  e le c tro s ta tic  free energy  d en sity  can be ca lcu la ted  
fro m  th e  f i r s t  te rm  only in  eq . (6 ) w ith o u t s ig n ifican t e rro r, p ro v id ed  th a t  th e  
u n iv a le n t  io n  has a rad iu s  la rg e r  th a n  a b o u t 0 . 1  nm .

Dielectric profiles and the electrostatic free energy 
of solvation

A lth o u g h  there  is no d isag reem en t over th e  fo rm  of th e  d ielec tric  p ro file  
[see eq . (6 ) to g e th e r w ith  C o u lo m b ’s law ], th e re  are d ifficu lties over th e  re p re ­
s e n ta t io n  o f  th e  profile in  a w a y  th a t  can  lead  to  a reasonab le  sim ple ca lcu la ­
t io n  o f  th e  e lec tro sta tic  free e n e rg y  o f so lv a tio n  o f an  ion. E q . (4) an d  acco rd in g ­
ly  e q . (6 ) does no t give a s im p le  w ay  fo r ca lcu la tio n  o f AGe, even if  we consider 
o n ly  th e  f i r s t  m em ber of eq . (6 ). T herefo re  effo rts  are m ade to  f in d  a su itab le  
d ie le c tr ic  profile . The p ro file s  h a v e  been ap p lied  are  e ith e r s tep -like  or con­
t in u o u s  ones.

I n  te rm s  of eq. (2) th e  e le c tro s ta tic  free en erg y  of so lva tion  is th e  d iffe r­
ence  b e tw e e n  the  e le c tro s ta tic  free energy  o f th e  so lven t an d  t h a t  o f  th e  
v a c u u m  in  th e  field of th e  io n . T h e  second te rm  v ia  th e  C oulom b’s law  is

AGev =  z2/2a, (7)

w h e re  z  is th e  ionic charge a n d  a is th e  ionic rad io u s. The f irs t  te rm  o f eq . (2) 
q u ite  g e n e ra lly  can be g iv en  b y  a m u ltila y e r m odel. One supposes th a t  a
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sphere  o f ra d iu s  a an d  re la tiv e  p e rm itt iv i ty  u n ity  is su rrounded  b y  co n cen tric  
d ielectric  c o n tin u a  o f  rad ii bv  6 2, . . ., bk a n d  o f  respective re la tiv e  p e rm itt iv ­
ities ex, e2, . . ek. B eyond  these  co n cen tric  shells, or layers, fro m  bk to  in f in ity  
th e re  lies th e  hom ogeneous bu lk  o f th e  so lv e n t w ith  re la tive  p e r m it t iv i ty  e0. 
T he free en e rg y  can  th e n  be o b ta in ed  as th e  sum  o f in teg ra ls co rre sp o n d in g  to  
th e  lay e rs . F ro m  eq . (2) and  C oulom b’s law , |F | =  z/er2, com es

(In  th is  e q u a tio n  th e  rad ius co rresp o n d in g  to  b j _ v  w here j  — I  is  a c tu a lly  a, 
th e  ionic ra d iu s .)  T h e  f irs t к m em bers o f  th e  series give th e  free e n e rg y  o f th e  
lay ers  a n d  th e  la s t  te rm  gives th e  free  e n e rg y  o f  th e  dielectric  e x is tin g  b ey o n d  
bk. In  th e  in te g ra tio n  Sj was considered  to  h e  in d ep en d en t o f r  a n d  hence  in  
eq. (8 ) th e  av erag e  re la tiv e  p e rm itt iv i ty  o f  each  layer m u st be  u sed . I n  th e  
follow ing th e  e lec tro s ta tic  free en erg y  o f  so lv a tio n , AGe =  Ge —  Gev is given 
fo r som e p a r tic u la r  m odels:
The Born model ( zero layer) :

(9)

The one-layer model (f irs t lay er r =  b a n d  e =  e,):

AGel
z2 Г1

/ 1
4  1 1

1 ]

2 . ei \a b) ' e0 b a
( 10)

The two-layer model (f irs t lay e r r  =  b a n d  e =  e,, second la y e r  r  =  c and

e -  em):

+  ■
1  a

el l®

1

b, e0 c a ( И )

In  o rd e r  to  te s t  th e  e lec tro s ta tic  m odels, tw o u n iv a len t io n s, R b + and  
B r “ are  considered . In  aceton itrile  th e  fo llow ing AGe (gas, 1 a tm  —► so lven t, 
u n it  m ole frac tio n ) values were fo u n d  [11]: fo r R b + — 329 k J  m o l - 1  a n d  for 
B r~  — 254 k J  m o l“ 1. These e lec tro s ta tic  free  energies of so lv a tio n  o f  gaseous 
ions m ay  be  d ire c tly  com pared  to  v a lu es  ca lcu la ted  on th e  basis o f  a  co n tin u u m  
th e o ry , u sin g  v a rio u s rep re sen ta tio n s  o f  th e  dielectric p ro file . I n  T ab le  I  
so lv a tio n  free  energies, ca lcu la ted  v ia  v a rio u s  stepw ise d ie lec tric  p ro files , are 
g iven . I n  th e  ca lcu la tions £, =  2 o r e, =  1.9 is used; these  v a lu e s  a re  close 
to  th e  sq u a re  o f th e  in te rn a l re f ra c t iv i ty  o f  th e  solvent. T he th ic k n e ss  o f  th e  
f ir s t  la y e r , (b —  a) w ould  he close to  th e  S te a rn — E yring  rad iu s  o f  th e  so lven t 
m olecule (0 . 2 2 2  n m  fo r ace ton itrile , [ 1 1 ]), a n d  for sim plicity  (c —  b) =  (b —  a)
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Table I

AGefo r  R b  + sand  B r~  in  acetonitrile via various step-like dielectric p ro f iles; 
a =  0.143 n m  fo r  R b  + and a =  0.195 n m  fo r  B r~

D ie le c tr ic  p ro file
AGe (calc) in  k J  m o l-1

R b + B r -

B o rn  eq u ation , eq. (9) — 472 —  346
O ne-layer, eq. (10), e( =  2.0 ; ( b  — a )  =  0.222* -333 - 2 5 7
O ne-layer, eq. (10), ej =  1.9; ( b  —  a )  =  0.205 — 330 — 255
O ne-layer, £/ =  2.0; (6 — a )  =  0.222; e =  B ooth- 

O nsager value  fo r r  >  0.365 — 332 - 2 5 6
T w o-layer, eq. (11) £; =  2.0; e m =  33.1; (b  —  a )  =  

=  ( c —  6) =  0.222 - 3 3 3 - 2 5 6
T w o -lay er, eq. (11) £ / =  1.9; em =  33.1; 

(6 —  a )  =  (c — b )  =  0.205 - 3 2 9 - 2 5 5
O b served  value —  329 —  254

* D istances in nm .

w o u ld  be  ta k e n . T he re la tiv e  p e rm ittiv ity  o f th e  second  layer is selected  on 
th e  b as is  o f th e  Booth-— O nsager profile  u sing  th e  d is tan ces  given above. T h e  
re su lts  show  th a t  th e re  is a c tu a lly  v e ry  l i t t le  d ifference  betw een AGe v a lu es  
c a lc u la te d  v ia  a one-step  o r  a tw o-step  p ro file . S ince m ore co n stan ts  are  
n eed ed  fo r  th e  tw o -step  ca lcu la tio n s, i t  seem s th a t  th e re  is no need to  use a n y  
fu r th e r  a p p ro x im a tio n  th a n  a one-step  d ie lec tric  p ro file . This re su lt is n o t  
specia l to  th e  cases o f  R b + a n d  B r~  in  a c e to n itr ile , b u t  i t  is qu ite  g enera l.

T h e  id ea  of th e  co n tin u o u s  profile  w as in tro d u c e d  b y  Stiles [18] a n d  
th e  g en e ra l fo rm  o f such  a p ro file  was given b y  us [19]. The d istance d e p e n ­
dence o f  th e  re la tiv e  p e rm itt iv i ty  in  te rm s o f a c o n tin u o u s  profile is g iv en  
b y  eqs (12), (13):

e =  e a ( e b l e a ) f ( r ) ’ а < Г < Ь , ( 1 2 )

f ( r ) = l - [ { b - r ) l ( b - a ) T . (13)

T he e le c tro s ta tic  free en erg y  o f so lvation  v ia  th e se  eq u a tio n  is

1

b e0
(14)

A  d isa d v a n ta g e  of th is  t r e a tm e n t  is th a t  th e  e q u a tio n s  con ta in  five u n d e te r ­
m in ed  c o n s ta n ts  (a, 6 , ea, eb a n d  n). Some o f th e m  c a n  be fixed  on th e  basis  
o f th e  s tep -lik e  m odels g iven  above, n am ely , a c an  be  ta k e n  as ionic ra d iu s , 
ea as th e  sq u are  o f th e  in te rn a l  re fra c tiv ity , o r a p p ro x im a te ly  ea =  2  a n d  
eb =  e0, th e  b u lk  p e rm itt iv i ty . T hen  one m a y  use th e  rem ain ing  tw o p a ra m ­
e te rs  (b an d  n) as a d ju s ta b le  co n stan ts . A lth o u g h  th e  m ethod  looses its  
p re d ic tiv e  pow er in  th is  w ay , one can  get rea so n ab le  re su lts  for th e  so lv a tio n

A c t a  C h im .  H u n g  .1 2 1 , 1 9 8 6
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F ig . 4. P lo ts  o f AGe fo r R b + in  a ce to n itr ile  as c a lcu la te d  from  eqs. (12) (14) for v a rio u s  n
v a lu es

free energy . T he ca lcu la ted  values of AGe fo r R b + in  ace to n itrile  a re  p lo tte d  
a g a in s t b for v a rio u s n in  F ig . 4 , w here th e  observed  AGe va lu e  o f  — 329 k J  
m o l - 1  is also show n. T here  is a v e ry  s tro n g  dependence o f th e  ca lcu la ted  
AGe on b, especially  for th e  cases w here  n is sm all. F rom  th e  ca lcu la ted  values 
one can  o b ta in  th e  b va lu e  th a t  leads to  th e  co rrec t AGe as fo llow s: n =  2, 
b =  2.4 n m ; n  =  1, b =  1.6 n m ; n =  0.5, b — 1.0 nm ; n =  0 .1, b =  0.5 nm . 
T herefo re  in  th is  system  n =  0.1 seem s to  be p referred . In te re s tin g ly , th e  
c o n tin u o u s  d ie lec tric  p ro file  g iven b y  th is  va lu e  is v e ry  close in d eed  to  th e  
one-step  profile  (see F ig . 5). F ig . 5 also show s th a t  th e  con tin u o u s p ro file  w ith  
n >> 0.1 as well as th e  B o rn  m odel o v e re s tim a te s  th e  re la tiv e  p e rm itt iv i ty  a t  
sm alle r d istan ces  and  hence b o th  lead  to  to o  neg a tiv e  ca lcu la ted  AGe v a lu es , 
u n less th e  va lu e  o f b in  th e  con tin u o u s p ro file  is ta k e n  to  be v e ry  la rge .

F ro m  th e  discussion given above show s th a t  i t  is possib le to  choose 
a m a th e m a tic a l fu n c tio n  re la tin g  local so lv en t re la tiv e  p e rm itt iv i ty  to  th e  
d is tan ce  from  an  ion  on th e  basis o f c r ite r ia  such  as:

1 . th e  ca lcu la tio n  o f th e rm o d y n a m ic  p a ram e te rs  for so lv a tio n  th a t  are  
in  ag reem en t w ith  ex p erim en t,

8* Acta Chim. Hung. 121, 1986
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—• — n = 2  ------- Born equat ion
—o— n = 1  -------  one  s te p  function
- - n = D 5  
- о — n = 0.1

Fig. 5. A  co m p ariso n  of co n tin u o u s a n d  step -likc  profiles

2 . th e  p o ssib ility  o f  p red ic tin g  such  p a ra m e te rs  fo r system s th a t  h av e  
n o t  b een  ex p e rim en ta lly  s tu d ied ,

3. th e  convenience o f  use  of th e  fu n c tio n , w ith o u t reg a rd  to  th e  p h y sica l 
s ign ificance  o f such a fu n c tio n , especially  in  te rm s  o f th e  so lven t reg ion  close 
to  th e  ion .

T h e  sim ple one-step  d ielectric  p rofile , y ie ld in g  eq. (10) as an  expression  
fo r AGe, is ac tu a lly  q u ite  a reasonab le  a p p ro x im a tio n . Beside its  simplicity, 
f ix in g  e, as 2 an d  ( 6  —  a) as th e  S tre a m — E y rin g  ra d iu s  of th e  so lven t m ole­
cu le , i t  h as  a v a lu ab le  predictive power. I t  c a n  be u sed  for th e  ca lcu la tio n  of 
so lv a tio n  free energies o f  ions in  w idely  d iffe ren t so lv en t [ 1 1 ], th e  ca lcu la tio n  
o f  so lv a tio n  en tro p ies  o f  ions in  n u m ero u s a p ro tic  so lven ts [1 1 ], an d  th e  
c a lc u la tio n  of p a r ti t io n  coeffic ien ts o f ions be tw een  w a te r  and  im m iscib le  
n o n -aq u eo u s  so lven ts [18].

*

T h is  w o rk  w as done  in  co o p era tio n  w ith  M. H . A b ra h am  (D ep t. Chem. U n iv e rs ity  o f 
S u rre y , G uild fo rd , U . K .), M rs. E . K ris tó f  (D ep t. A n a l. C hem ., U n iv e rs ity  o f V eszprém ), L . 
M észáros (H u n g a ria n  A c ad e m y  o f  Sciences, L ab o ra to rie s  o f  In o rg an ic  C hem istry , B u d a p es t)  
a n d  I .  R u f f  (L ab . T heor. C hem ., E ö tv ö s  U n iv e rs ity , B u d a p es t) . T h e  a u th o r  is g ra te fu l to  
th e m  fo r  th e  k in d  co o p era tio n .
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ROLE OF HYDROGEN BONDING IN THE 
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R eceived  J a n u a ry  18, 1985

A sim ple m odel fo r n o n p o la r  liq u id s  is discussed in  th e  f i r s t  sec tio n  a long  w ith  
fo rm ulae  fo r th e  specific h e a ts  o f in te rm o le cu la r  degrees o f  freedom  a n d  fo r h e a ts  of 
ev ap o ra tio n . T h e  d o m in a n t ro le  o f a b n o rm a lly  h igh  H -bond  energ ies fo r  H -b o n d ed  
liqu ids is s tressed . T he second im p o r ta n t  fa c to r is th e  angle d ep en d en ce  o f  th e  H -bonds 
w hich  induces a  s tru c tu re  w ith  co o rd in a tio n  n u m b ers  o f a b o u t 4 in s te a d  o f 12 in  th e  
H -bonded  reg ions o f liq u id  w a te r. T h e  v a r ia tio n  in  th e  d en sity  o f  liq u id s  as a re su lt 
o f th is  effect is discussed.

Spectroscopic  m eth o d s  to  d e te rm in e  th e  co n te n t o f H -b o n d ed  O H  or N H  groups 
a n d  th e  H -b o n d  energies a re  rev iew ed . A s a  consequence o f th e  a b o v e  d iscussion  th e  
im p o rta n t ro le  o f  v a n  der W aals forces on  H -b o n d ed  liqu ids in c lud ing  w a te r  is stressed . 
A n  a tte m p t is m ade  to  c lear up  th e  d ifference  in  th e  p rop erties  o f  w a te r  a n d  alcohols.

T he ro le o f th e  rep u ls io n  te rm  in  cases w here tw o p ro to n s  o r tw o  lone  p a irs  of 
e lectrons a re  ne ig h b o u rs fo r th e  H -b o n d ed  liq u id s is d em o n s tra ted .

T he p o ss ib ility  to  describe  th e  calo ric  d a ta  o f H -bonded  liq u id s  q u a n ti ta t iv e ly  
b y  th e  sim plified  eq u ilib riu m  o f H -b o n d ed  a n d  non-H -b o n d ed  O H  g ro u p s  is now 
estab lished  b y  th e  ca lcu la tio n  o f th e  specific  h e a t, th e  liq u id  e n th a lp y  a n d  th e  inner 
h e a t  o f e v ap o riza tio n  o f e th a n o l a n d  m eth a n o l till th e  c ritica l p o in t.  T h e  reaso n s for 
th e  efficiency o f th is  sim plified  eq u ilib riu m  are  discussed. T he usefu lness o f  th e  d ep en ­
dence of in te rm o lecu la r degrees o f  freed o m  for th e  specific h e a t is e s tab lish e d  b y  th e  
above resu lt. T h e  im p o rtan ce  o f th e  a b n o rm a l H -bonded  influence o n  liq u id  p ro p e rtie s  
fo r th e  liv ing  o rgan ism  is rep o rted .

T he d o m in a n t role o f  H -b o n d s on  liqu id  m ix tu re s  an d  so lu tio n s is d e m o n s tra ted . 
T he s im ila rity  be tw een  th e  in te ra c tio n  o f an ions w ith  O H  an d  H -b o n d s  is stressed . 
E le c tro ly te  so lu tio n s a re  fo u n d  to  b e h av e  sim ilarly  to  m ix tu re s  o f  H -b o n d e d  system s.

The s tru c tu re  o f  n o rm al liquids

W e should  u n d e rs ta n d  th e  s t ru c tu re  o f non -po lar liq u id s  b efo re  we look 
a t  th e  anom alies o f h y d ro g en -b o n d ed  liqu ids. The d ev e lo p m en t o f  su itab le  
m odels fo r liq u id s  go t in te r ru p te d  in  th e  beg inning  o f th is  c e n tu ry  b y  th e  
in c reas in g  in te re s t  o f physica l ch em ists  in  q u a n tu m  p h en o m en a . In  th e  la s t 
decad e  th e  in te re s t  in  liq u id  rev iv ed , how ever, th e  know ledge o f  th e  com pli­
c a te d  p a r titio n  fu n c tio n s red u ced  th e  courage to  develop s im p le  m odels of 
liq u id s  like we use fo r th e  v a p o u r  s ta te . To develop such  a m o d e l [1] le t  us 
co n sid e r a few  in te re s tin g  fea tu res .

W e s ta r t  w ith  th e  experience t h a t  upon  m elting  th e  d e n s ity  decreases 
b y  a b o u t 10%  (L oren tz  ru le  [2], F ig . 1), w hereas th e  d is tan ces  b e tw een  th e

+ T his p a p e r w as p re sen ted  a t  th e  S ym p o siu m  on  S tru c tu re  o f  L iq u id s  a n d  S olu tions 
a t  V eszprém , A u g u st 27 —30, 1984.

A c ta  C h im .  J I u n g .  1 2 1 , 1 9 8 6  
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-273 -200 -100 0 + 80
T (°C)

F ig . 1. D en sity  change a t  th e  m e ltin g  p o in t T m is m a in ly  a b o u t  1 0 % , a n  ind ica tio n  t h a t  th e  
m o lecu la r d istances in  l iq u id s  n e a r T m a re  s im ilar to  th o se  in  c ry s ta ls  (d a ta  o f [3])

i

m olecu les increase o n ly  b y  a b o u t 2 .2% . T h is m ean s  t h a t  th e  m ean  positions 
o f  m olecules in  m elts  c a n n o t be m uch d iffe ren t f ro m  th e  crysta ls . In  ag ree­
m e n t w ith  th is  conclusion  th e  en thalp ies o f fu sio n  a re  m o stly  sm all com pared  
to  th e  en thalp ies o f v a p o riz a tio n . T he in te rm o le c u la r  p o ten tia ls  of m elts a re  
th e re fo re  v e ry  s im ila r to  c ry s ta ls , w hich a re  a rra n g e d  in  a densed package  
(F ig . 2 le ft). The u n d e rs ta n d in g  o f th e  m e ltin g  p rocess has been described  
e ff ic ie n tly  by  B resler [4, 1], w ho d e m o n s tra te d  t h a t  i f  th e  energy U  to  in tro ­
d u ce  a d efec t depends l in e a r ly  on th e  degree o f  o rd e r 77, th a n

U = u 0 +  U t f .  (1)

([/„ , Ux: co n stan ts)

C alcu la tio n s based  on s ta t is t ic a l  th e rm o d y n am ics  show  a ju m p  of th e  degree 
o f  o rd e r  rj a t  a c e rta in  te m p e ra tu re  T,  w hich w e co u ld  assum e to  he th e  m elting  
te m p e ra tu re  T m [1, 4].
T h e  co o p e ra tiv ity  a ssu m ed  in  E q . (1) could be  d esc rib ed  as th e  in te ra c tio n  
e n e rg y  in  a c ry sta l a n d  in  a liq u id  an d  is g iven  b y  th e  te rm  Z E n l2, w here Z  
is th e  coo rd ina tion  n u m b e r  o f n ex t n e ighbours a n d  E n  is th e  p a ir p o te n tia l 
o f in te rm o lecu la r forces [ l ] . Z 0 is th e  co o rd in a tio n  n u m b e r a t  T  =  0 K . A round  
a ho le  defec t th e  in te ra c tio n  energy  is red u ced  to  (Z 0 —  1) E n /2; th e  energy  
is re d u c e d  to  in tro d u ce  a  second  defect in  th is  d is tu rb e d  a rea . The liq u id  a t
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F ig . 2. L eft: tw o  d im ensional m odel o f a  c ry s ta l as a  dense  package. R ig h t:  tw o  dim ensional 
m odel o f a  liqu id  n e a r  тт; c ry sta l-lik e  pack ag e  o f th e  v ib ra tio n  v o lu m e  in c luded  is the

m olecu lar vo lum e

Tm differs accord ing  to  B resler from  a solid on ly  b y  a sm all in c rea sed  num ber 
o f  defects, w hich could  induce  a decoup ling  o f th e  th e rm a l m o lecu la r m ove­
m en ts  (F ig. 2, r ig h t) . T h is decoupling  decreases th e  v isco sity  o f  th e  liqu id  b u t 
c a n n o t change th e  av erag ed  s tru c tu re  s ig n ifican tly . T h u s  w e c a n  s ta r t  the 
descrip tio n  o f a n o n p o la r  liq u id  w ith  a c ry sta l-lik e  p ack in g  fo r  th e  averaged  
m olecu lar positions (F ig . 2). T h is is es tab lish ed  b y  X -ra y  sc a tte r in g  experi­
m en ts , w hich d e m o n s tra te  peaks o f th e  rad ia l d is tr ib u tio n  cu rv es  o f liquids 
n e a r  th e  p eak  p o sitions o f  a c ry s ta l. T he b ro ad en in g  o f th e se  p e a k s  ind icates 
th e  d ifference be tw een  a liq u id  an d  a c ry s ta l, viz. m ore o r less disordered 
th e rm a l m ovem ents.

These th e rm a l m o vem en ts decrease th e  d en sity  o f m o s t liq u id s  w ith 
increasing  T  lin e a rly  in  a T -region [1]:

T  < T B (T B: boiling  T):

в =  во — bT  (2 )

T his lin ear decrease in  q co rrespond ing  to  an  increase in  m o lecu la r distances 
induces a lin ear decrease |1| in  th e  h e a t o f  ev ap o ra tio n s A U Vap fo r:

A f7vap =  A U 0 —  aT  fo r T  <  T B

A U 0 =  Z f E J 2  (3)

T he fac to r  / ,  n o t fa r  fro m  u n ity , includes th e  in fluence o f second  an d  higher 
n e x t neighbours [ 1 ].
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KEPLER R U LE fo r  TWO-PARTICLE COLLISIONS

>  Epot

F ig . 3. A  tw o  body  enco u n ter g ives a  h y p e rb o la  or ellipse if  k in e t ic  e n erg y  is b igger o r sm alle r 
th a n  p o te n t ia l  energy; m odel fo r c o n d e n sa tio n  below critica l te m p e ra tu re  if  k in e tic  energy  

3 R T /2  is sm a lle r  th a n  p o ten tia l one 3 R T J 2

W ith  th e  em pirical ru le*  [1] : E n  =  3R T J2  (T c: c r itica l te m p e ra tu re )  
we g e t:

AU vap =  ^ - R ^ T c - T ^  fo r T  <  T B (4)

T h e  fa c to r  — ZfRT/2  m ay  be  describ ed  as h ea t c o n te n t o f  th e  in te rm o lecu la r 
deg rees  o f  freedom , w hich  re d u c e d  th e  in te rm o lecu la r p o te n tia l  energy  [5, 6 ].

R e c e n tly  we h av e  e s ta b lish e d  w ith  spec tro scop ic  ex ac tn ess  [5, 6 ] th e  
e ff ic ien cy  o f E q . (4) an d  th e  u se  o f  our sim plified l iq u id  m odel b y  th e  dem on­
s t r a t io n  th a t  the  freq u en cy  s h if t  Av o f OH v ib ra tio n a l b a n d s  b y  v an  d e r W aals 
fo rces is  s tr ic tly  lin ear to o  fo r  T  < T B (Av ~  A Uvap is a m easu re  o f  th e  to ta l  
in te r a c t io n  energy). T he sp ec tro sco p ic  resu lts also show  th a t  th e  slope d(zlv)/dT 
is v e ry  sim ilar for m a n y  n o n p o la r  liquids, w ith  E q . (4) being  (d(zlv)/dT  ~  

Z f R j 2). Therefore, we c a n  conclude th a t  th e  p a c k in g  o f such  liqu ids is 
v e ry  s im ila r.

T he Eötvös ru le

H o n o u rin g  th e  fam o u s H u n g a ria n  sc ien tis t E ö tv ö s , we give h is ru le :

c o n s ta n t =  2 .1  (erg/m ol K ) =  17.73 (J /m o l K ) (5)
d T

* T h is  re la tio n  is re la te d  to  K e p le rs  law  of p lan e t m o v em e n ts : tw o  bodies m ove on a 
h y p e rb o la  if  £ kin >  E not a n d  on  a  c irc le  o r on an  ellipse if  Eu\n <  E Dot; a t  T c is Eidn = R T C 
3 /2 , liq u e fa c tio n  is possible if  R T  3 /2  <  R T C 3/2 =  E pot (F ig . 3). P
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(N a : A v o g ad ro ’s n u m b e r, a: surface te n s io n  (erg/cm 2);

crM =  a • V • N ^ 3: m o la r su rface  tension)

T his exp ression  gives v e ry  sim ilar re su lts . I n  o u r sim plified m odel [ I ,  7] we 
have  concluded :

^ -  =  ( Z - X ) f R -  -  (6 )
dT  4 '

(X : co o rd in a tio n  n u m b e r a t  th e  surface)
an d  fo u n d  ex p e rim en ta lly  as average  [7]: (Z  —— X ) =  2.85; in  consequence: 
d a J d T  =  17.76 J /m o l K .

Som e a u th o rs  h av e  criticized th a t  th e  E ö tv ö s  coefficient seem s to  be 
T -d ep en d en t an d  changes from  one co m p o u n d  to  th e  o th er. T hey  h a v e  suggested  
erroneous: d o ^ /d T  =  V ^ ^ N ^ d o / d T  in s te a d  o f  th e  correct re la tio n  d<7 M/d T  =  
=  N a 3 d ( V 2l3o)ldT.  B u t E ö tvös is m ore c o rre c t a t  his review er c la im .

S m all rea l d ev ia tio n s  from  th e  E ö tv ö s  ru le  are  given b y  E q s . (5) a n d  (6 ) 
in  te rm s  o f  d iffe ren t va lues of (Z  —  X ) a n d  / .

W e m ay  ad d  th a t  a t  high T(^>TB), d e v ia tio n s  from  the  lin ea r  T -re la tio n s 
are  observ ed , an d  we m ay  co rre la te  such  o b se rv a tio n  w ith  th e  L e n n a rd — 
Jo n es  p o te n tia l  cu rv e  a t  h igher d is tan ces  o r  sim plified  h e u ris tic a lly  b y  th e  
so-called  hole m odel [1, 8 , 9].

H-bond energies

T h e n o rm al v a n  d e r W aals energies in  hom ologous series are p ro p o rtio n a l 
to  th e  e lec tro n  n u m b ers  or to  th e  m o lecu la r w e ig h t [1]. In  F ig . 4 a re  p lo tte d  
th e  h e a ts  o f  v ap o riz a tio n  a t  th e  boiling p o in t T B:

A U vap =  A H vap —  R T B (7)

as a fu n c tio n  o f  th e  n u m b e r of closed 8 -e lec tro n  shells o f noble gases o r as a 
fu n c tio n  o f  th e  n u m b e r o f carbon a to m s o f  га-p a ra ffin s . I f  we co m p are  sim ilar 
d a ta  on n-alcoho ls o r am ines co u n tin g  one O H  or N H  group s im ila r  to  one 
C -atom  we recognize th e  g rea te r in fluence  o f  th e  H -bonds on th e  in te rm o lec- 
u la r  in te ra c tio n s  a t  T B.

W a te r  is especia lly  abnorm al, in  w h ich  th e  H -bonds of tw o  O H  groups 
d o m in a te . I t  has th e  sam e e lectron  n u m b e r  as C H 4. th e re fo re , ex p ec tin g  
sim ilar v a n  d er W aals forces in  w a te r  a n d  C H 4, w a te r w ould h a v e  an  excess 
energy  o f  zH7Vap(H 2 0 )  —  /Ш \,ар(С Н 4) =  7.3 kcal/m ol or 30.5 k j /m o l ;  th e  
excess en erg y  p e r O H  b an d  is 3.65 k ca l/m o l o r 15.25 k J |m o l. In  F ig . 5 are
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F ig . 4 . I n te r n a l  energy  o f v a p o u riz a tio n : A U  ß  =  A l l ß  — R T ß  a t  th e  boiling p o in t  T ß  as 
a fu n c tio n  o f  th e  n u m b er n o f closed e lec tro n  shells (ra re  gases) o r th e  num ber o f a to m s (p ro to n s  

n o t  c o u n ted ). H ig h er v a lu es o f  O H  or N H  co m p o u n d s a re  induced b y  H -b o n d s

T ( ° K I

Fig. 5. C o m p ariso n  o f en th a lp ie s  C H 4/H 20 .  A bove: v a p o u r  s ta te ;  down: liq u id  s t a te ;  b o th  
in  eq u ilib riu m . T he d ifference is m ain ly  g iven b y  th e  h ig h  H -bond energy  o f I I 20

g iven  th e  e n th a lp y  of C H 4 an d  H 20  (low er cu rv es  fo r liquid  s ta te  a n d  u p p e r  
cu rv es  fo r  v ap o u rs) a t  liq u id /v a p o u r e q u ilib riu m . T he en th a lp y  o f th e  solid  
a t  T m is assu m ed  as th e  zero p o in t. The co m p ariso n  o f bo th  e n th a lp y  cu rv es  
in  F ig . 5 d e m o n s tra te s  th e  large  energy in flu en ce  o f  H -bonds on th e  en e rg e tic  
p ro p e r tie s  o f H -bonded  liq u id s .

I f  w e e x tra p o la te  th e  bo iling  te m p e ra tu re  a n d  th e  m elting te m p e ra tu re  
Tm o f  h y b r id e s  in  th e  series: H 2T e, H 2Se, H 2S to  H 20 ,  we w ould e x p e c t fo r 
w a te r :  T m =  — 100 °C, T B =  — 80 °C. O nly  th e  h ig h er in te rac tio n  energ ies 
in d u c e d  b y  th e  H -bonds enab le  life on ou r p la n e t. The higher e n th a lp ie s  o f 
v a p o riz a tio n s  b y  H -bonds becom e in ten sified  b y  th e  sm all size of w a te r  m olec­
ules i f  w e ca lcu la te  th e  e n th a lp y  of v a p o riz a tio n  p e r  gram  (Table I).
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Table I

Enthalpies A H  o f  vaporization  o f  liquids

A H  (kj/mol) A H  (kj/g) <(°C)

h ,o 4 3 .9 2.45 20
CH3 0 H 3 9 .3 1.20 20
C2H5OII 42.3 1.00 20
C2H, —0  — C2H, 28.9 0.39 34
CHClJ 31.4 0.263 20
C3H8 19.7 0.867 - 4 4
c a i 6 16.3 0.54 - 8 8

T he m obile  th e rm o s ta t  o f th e  h u m a n  b o d y  can be e ffic ien tly  reg u la ted  
b y  th e  cooling  process o f e v a p o ra tin g  l iq u id  w a te r b y  its  h igh  / I f i vap-values 
p e r g ram .

Table I I

Volume change: A V  =  [V (T /T C) -  V (T /T C =  0.6)]/F (T /T c =  0.6) in  percent

T I T , w a te r e th an o l CC14 B en zen e n-H ex an e C yclohexane M e th y l
a c e ta te

0 . 6 0 0 0 0 0 0 0
0.65 3 .0 3.1 3 .8 3 .7 4 3 .8 3 .9
0.7 6 .7 6 .7 8 .2 8 .1 8 .4 8.1 8 .2
0.8 17.2 17 1 9 .4 19.8 19.8 19.4 19.9
0.9 36.8 34.8 38.5 38.1 39 38 39

P ro p e rtie s  o f n on -po la r m olecules, de te rm in ed  b y  th e  in te rm o le c u la r  
p o te n tia ls , are  s im ila r i f  we com pare  th e m  a t  reduced  te m p e ra tu re s  T/T c [1]. 
F o r  in s tan ce  th e  re la tiv e  vo lum e-change o f  v ap o u rs  or liqu ids w ith  increasing  
T  a re  sim ilar (see T ab le  II)* . T he co rresp o n d in g  values o f th e  H -b o n d e d  liqu ids, 
w a te r  an d  C2 H 5O H  are  h igher b u t  a re  s im ila r. W e can  conclude t h a t  th e  s tro n ­
ger b o n d ed  O H  group  determ ines th e  in c rease  in  volum e w ith  T.  T h e  values 
in  T ab le  I I  d e m o n s tra te  th a t  th e  vo lu m e ex p an sio n  is sm aller in  th e  case of 
H -b o n d ed  liq u id s  due  to  th e  g rea te r  in te ra c tio n  energy and  due  to  th e  m ore 
po rous s tru c tu re  b y  th e  angle dependence  o f  th e  H -bonded  energ ies. To e s ti­
m a te  th e  caloric  p ro p erties  of m olecules we should  know  th e  co o rd in a tio n  
n u m b ers  an d  th e  p a ir  po ten tia l.

Coordination numbers

In  a d d itio n  to  h igher H -bond  in te ra c tio n  energies th e  o r ie n ta tio n  dep en ­
d e n t H -b o n d  en erg y  is th e  second a b n o rm a l fac to r of H -b o n d ed  liq u id s . The 
d ispersion  en e rg y  of a group in  th e  m olecu le  has a spherical sy m m e try  hav ing

* T h e  sc a tte r in g  o f values in  T ab le  I I  a re  p a r tia lly  induced  by  th e  n ece ssa ry  lin ea r 
in te rp o la tio n  b e tw een  d e n s ity -d a ta  g iven  in  10 o r 20 degrees distances.
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re p u ls io n  a t  low  d istances a n d  a t tra c tio n  a t  h ig h e r  d istances. The d e p th  of 
th e  p o te n tia l  m in im um  is eq u a l in  an y  d irec tion  in  th e  case of dispersion in te r ­
ac tio n  b u t  i t  is angle d ep e n d e n t in  th e  case o f  H -b o n d s . The H -bond  en erg y  
ЛН-ц is m a x im u m  if  th e  ang le  betw een  th e  p ro to n  ax is and  th e  axis o f  th e  
lone p a ir  e lec tro n  is zero [10, 11]. Q u an tu m  ch em ica l calcu lations [12] h a v e  
show n t h a t  A H H goes dow n b y  4 0 %  if  th e  O H  g ro u p s are an tip a ra lle l. In  
F ig . 6  c u rv e  C gives th e  to ta l  en erg y  o f a “ cy c lic”  w a te r  d im er; th e  en e rg y  
p er O H  b o n d  of th is  an g le -u n fav o u red -H -b o n d  is a b o u t 50%  of th is  v a lu e .

T h e  angles of H -bonds in  c ry s ta ls  — d e te rm in e d  b y  sca tte ring  m eth o d s —  
d e v ia te  seldom  m ore th a n  a b o u t 14%  o f th e  l in e a r  H -bond  (see F ig . 7) if  
th e  О . . .  О d istance  is sm alle r th a n  2.84 Á; a d is ta n c e  a t  w hich th e  H -b o n d  
en erg y  becom es sm all. S c a tte rin g  m easu rem en ts  o f  H -bonded  liquids d em o n ­
s tra te  a s im ila r preference o f  th e  op tim a l H -b o n d  ang le  [15a].

I n  w a te r , w hich  is an  ex trem e ly  H -b o n d ed  liq u id , th is  angle e ffec t o f 
H -b o n d s  h a s  th e  consequence o f  a coo rd in a tio n  n u m b e r  of 4 in  ice c o n tra ry  
to  n o n p o la r  liqu ids or c ry s ta ls  o f spherical m olecu les condensing in  a dense

Hv
Thiel lab initio St0-36] A H—0....0 —H

H H p - H\ \
C l e m e n t i  E  0 — H - — 0 — H C  0 — H  В  H

u H-Ó 04
и 'н 4 h

F ig . 6. Q u a n tu m  chem ical c a lcu la tio n s [12, 13] o f th e  in te ra c t  on  p o ten tia l of a w a te r  d im er
in  d ifferen t positions
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Лс<у. Q Y

Fig. 7. N u m b er o f o bserved  d ev ia tio n s  o f th e  H -b o n d  angle  zero in  solid  h y d ra te s ;  d a ta  tak e n  
fro m  th e  n e u tro n  sc a tte rin g  review  o f F a lk  a n d  K n o p  [14]

p ack in g  -which h av e  a co o rd in a tio n  n u m b er o f Z  =  12. T he lin e a r  H -bonds 
o f w a te r  to g e th e r  w ith  th e  te tra h e d ra l angle b e tw een  p ro to n s  a n d  lone p a ir 
e lec trons induces hex ag o n al rings of 4 -co o rd in a te  w a te r  m olecules in  the  
tr id y m ite  ice s tru c tu re  (F ig . 8 ). This p re fe rred  hex ag o n al s tru c tu re  o f the  
H -b o n d  accep to r g roups is also observed  in  H -bonds of o rganic  m olecules like 
th e  d im ers o f la c ta m s  [1 1 ] or carboxy lic  acids or th e  tr im ers  o f oxim es [16]. 
T his in te rm o lecu la r hex ag o n al sy m m etry  o f w a te r  induces d ire c tly  th e  h ex a ­
gonal sy m m e try  o f snow flakes w hich are  grow n n ea r s a tu ra tio n  conditions.

C oord ination  n u m b ers  of n ea rly  4 are  observed  in  liq u id  w a te r  in  th e  
v ic in ity  o f th e  m e ltin g  p o in t (see T ab le  I I I ) .  C o n tra ry  to  n o n p o la r  liqu ids like

F ig. 8. T he m odel o f  th e  no rm al ice s tru c tu re  w ith  a co o rd in a tio n  n u m b er o f 4 a n d  th e  fu n d a ­
m en ta l u n it  o f a six -m em bered  H 20 -r in g
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Table II I

Average num ber N  o f  nearest neighbours

S olid Ice
4

Solid  a rg o n  
12

T I T C L iq u id  w a te r L iq u id  a rg o n

0.428 4.37
0.499 4.39
0.538 4.42
0.56 10.5
0.61 7
0.654 4.5
0.731
0.99

4.5 6

a rg o n  w ith  Z-values n e a r  12 a t  th e  m elting  p o in t an d  decreasing  Z -values by  
th e rm a l  v ib ra tio n s a t  in c rea s in g  T  in  th e  case of w a te r , i t  is o bserved  th a t  th e  
c o o rd in a tio n  num ber o f Z  =  4  a t  T m increases w ith  increasin g  T  (T able  I I I ) .  
T h is  in c rea se  in  Z -values o f w a te r  is a t tr ib u te d  to  th e  v an ish in g  tr e n d  o f  th e  
an g le  dependence of th e  in te ra c tio n  energies o f  m olecules w hich  H -bond  
b e cau se  o f  th e  su ffic ien tly  h ig h  th e rm a l energy. A t th is  p o in t th e  co o rd in a tio n  
n u m b e r  is sim ilar to  t h a t  o f n o n p o la r  liqu ids, because  th e  in te ra c tio n  en erg y  of 
su ch  O H  groups is o f th e  v a n  d er W aals ty p e . T h e  co o rd in a tio n  n u m b e r of 
su ch  a n  O H  group m a y  be assu m ed  to  be 6 , w h ich  is one h a lf  o f t h a t  fo r a 
sp h e ric a l nonpo lar m olecule, w h ich  has Z  =  12. T h is effect is o v e rlap p ed  b y  
th e  n o rm a l th e rm al e x p a n s io n . T he overlapp ing  o f  th e se  effects in duces th e  
k n o w n  abnorm al d en sity  m a x im u m  a t  4 °C o f H 20  w hich  is o f v i ta l  im p o r­
ta n c e  fo r  fish  in  areas o f  te m p e ra tu re s  below  th e  freezing  p o in t. T he co o rd in a ­
t io n  n u m b e r  4 in  liq u id  w a te r  is g iven too  w ith  co m p u te r  s im u la tio n s  b y  
P á lin k á s  e t  al. [43].

D ensity  o f liquid water

T h e  volum e of liq u id s  o r  c ry s ta ls  as a fu n c tio n  o f T  can  be described  often  
b y  a lin e a r  T -function ; w h ich , fo r exam ple, fo r ice is given as:

F ,(cm 3/g) =  1.035 (cm 3/g ) ( l  +  1-741 X 10 “ 4 (g c m “ 3  ° G - 1) T  (°C))

I n  th e  reg ion  of th e  c ritic a l te m p e ra tu re  T c a fa c to r  o f h igher T -ex p o n en ts  
h a s  to  b e  added.

T h e  volum e of liq u id  w a te r  could  be ta k e n  as th e  su m  o f a c e r ta in  p e r­
c e n ta g e  (1 —  Op) of ice-like H -b o n d ed  O H  g roups w ith  ice-like p a r t ia l  m olar 
v o lu m e  an d  th e  p a r tia l m o la r  vo lum e Vp o f th e  O p-percent non  H -b o n d ed  
O H  g ro u p s [17, 18]:

v =  i / e =  ( 1 - 0 F) v , +  OpVp  (8 )
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Vp can  be a d ju s te d  to :

VF =  0.64006 (cm 3 g - ! ) ( l  +  5 .7 2 4 9 X 1 0 ~ 3 (g c m - 3  °C ~ 1)7’(°C))

Op is a te m p e ra tu re  fu n c tio n  w hich  we can  de te rm ine  spectroscop ica lly . Op 
increases and  (1 —  Op) decreases w ith  T, th e  f ir s t  te rm  (1 —  Op)V,  decreases 
a n d  Op Vp  increases w ith  T.  T he sum  o f b o th  gives th e  d e n s ity  m ax im u m  a t  
4 °C an d  th e  d e n s ity  decrease above 4 °C [17].

D eterm ination of the content o f H-bonded OH groups

The in fluence  o f H -b o n d in g  on th e  s tru c tu re  of liq u id s  depends on th e  
c o n te n t of H -bonds. In fra re d  spectroscopy  is a sensitive  to o l to  d e te rm in e  th e  
c o n te n t o f n o n -H -b o n d ed  O H  groups [1, 19— 21]. T h ey  give in  th e  v ib ra tio n  
sp ec tru m  a sh a rp  b a n d  n e a r th e  a b so rp tio n  in  v a p o u r (F ig . 9). H -bonded  O H  
g roups sh ift th e  s tre tc h in g  v ib ra tio n  freq u en cy  an d  increase  th e  b a n d -in te n s ity
[22]. This increase  d is tu rb e s  th e  d e te rm in a tio n  of th e  u n sh if te d  b a n d  o f th e  
non -H -boned  O H . F o r tu n a te ly , th is  in te n s ity  change does n o t  a p p e a r  in  th e  
o v erto n e  sp ec tra  (F ig . 9). In  th is  region th e  b an d -a re a  does n o t  change m uch 
b u t  th e  b an d  h a lf  w id th s  increase b y  a fa c to r  o f a b o u t 15 an d  as a conse­
quence  th e  b a n d  m ax im u m  decreases. T h is m eans th a t  o v e rto n e  spectro scopy  
gives good in fo rm a tio n  on th e  c o n te n t of th e  n o n -H -b o n d ed  O H  groups [18— 
21]. W e call th e se  g roups “ free O H ” . I t  m a y , how ever, be n o te d  th a t  free 
m eans only free o f  H -b o n d s b u t  n o t free o f v a n  d er W aals in te ra c tio n s .

In  Fig. 10 th e  re su lt of th is  e ffic ien t m e th o d : th e  c o n te n t Op o f liq u id  
w a te r , liqu id  C H 3O H  an d  liqu id  C2 H 5O H  in  equ ilib riu m  w ith  its  ow n v ap o u r 
p ressu re  are g iven . I n  th e  f ir s t  papers on w a te r  we gave Op(Tc) — 100% . In  
th e  region of c r itic a l te m p e ra tu re  Tc th e  spectroscop ic  m easu rem en ts  are 
d is tu rb e d  b y  th e  la rg e  d en sity  g rad ien t in  th e  g a v ita tio n a l f ie ld  [23]. B y  m ore 
d e ta iled  discussion o f th e  sp ec tra  in  th is  reg ion  we h av e  la te r  changed  to  
th is  p ic tu re  10*. T h e  low  co n ten t of 0 F n e a r  th e  m elting  p o in t m eans th a t  
th e  m olecules give a n e tw o rk  of H -bonds w ith  som e free O H . In  th is  sy stem  
th e  equ ilib rium  b e tw een  th e  p o te n tia l m in im u m  of th e  H -b o n d s an d  th e  
th e rm a l v ib ra tio n s  c a n n o t be described  w ell b y  th e  s ta tis tic s  o f m onom ers an d  
sm all or m ed ium  sized aggregates. In  a sim p lified  fash io n  we assum e th e  
equ ilib riu m  [18]:

O H F +  6 >F = O H B (9)

(O H F: O H  g roups free o f  H -bonds; 0 F: lone p a ir e lectrons free o f H -bonds 
O H B: bonded  O H  groups).

* Л  sim ilar c o n te n t  o f Op for w a te r could be e stab lish ed  by  H o rv á th  e t  al. by  th e  m ethod  
of p ion-decay [Chem . P h y s . L e tte rs , 87, 304 (1982)], a n d  by  Jo rg en sen  by  co m p u te r m ethods 
[Chem . Phys. L e tte rs , 70, 326 (1980).

9 Acta Chim. Hung. 121, 1986



130 LUCK: ROLE OF HYDROGEN BONDING

1.8
1.6
1.4

■r 1.2Eот_ 1.0 о
E~ 0.6 uo

0.4

0.2

•
-2.3745g/L

I

CHjOH.'CCI4 2()°C

- '7915g/L
-

5 g/L.Met 
/  23-

23.7̂ lanoi pure 
7 .L S  g/L9.15 g/L _3.745 g /L 7.915 g/L 2.3745 g/L-Methpuanol_

e \

7915/237U
/

g/L5 q /4ji
12 13 1.4 1.5 1.6 1.7 1.8 1.9

Л tp)

8000 7200 6400 6000 5600
■) ( c m - 1 )

7200 6800 6400 6000 5600
( c m " 1 )

F ig . 9. L e f t :  O H  stre tch in g  o v e rto n e  sp e c tra  o f  d ilu te  m eth a n o l so lu tions show ing th e  sh a rp  
p e a k  o f  n o n -H -b o n d ed  O H  groups. R ig h t:  sam e sp e c tra  o f  liq u id  m e th an o l d em o n s tra tin g  
th e  in c re a se  o f  th e  non-bonded  O H  g ro u p s  w ith  increasing  T , p e ak  h e ig h ts  are d irec tly  p ro p o r­

tio n a l to  th e  c o n te n t o f  “ free”  O H

F ig . 10. Spectroscop ica lly  d e te rm in e d  p e rc e n t o f n o n -H -b o n d ed  O H  groups u n d e r sa tu ra t io n
co n d itio n s [18]

T h e  te m p e ra tu re  d ep en d en ce  o f  O H F allow s us to  e s tim a te  th e  H -b o n d  
e n e rg y  [24]:

Z lif’(w a te r)  =  — 3.7 (kcal/m o l O H  groups) =  — 15.48 (k j/m o l O H  groups)

T h e  to t a l  H -bond  energy  o f w a te r  is : A H  a  =  2 • A H '  =  30.96 k j /m o l;  А Н ц  
(m e th a n o l, ethanol) =  — (4 k ca l/m o l) =  — 16.74 k j/m o l) .

T h e  /Щ н -values o f a lcoho ls can  be e stab lish ed  b y  th e  IR  sp ec tro sco p y  
o f d i lu te d  solu tions [25].
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Table IV

Comparison between the total interaction energy A U g, the H -bond energy 
A I I H and van der Waals energies A W  o f  liquids in  k j/m o l

A  l)g —  A H g  —  R T л н ц A W A H  a !  A U д

w ater 48.53 30.96 17.57 64%
CH3OH 39.6 16.74 22.9 42%
CjH.OH 47.5 16.74 31.03 35%
CH4 8.4 — 8.4 0%

I f  we assum e А Н н  (solid) =  А Н н (liq u id ), we can  ca lcu la te  th e  v a n  
d er W aals energy  A W  o f  th e se  th re e  H -b o n d ed  liq u id s  b y  АН н  a n d  th e  h e a t  
o f su b lim a tio n  A H S as th e  sum  o f all in te rm o lecu la r  in te rac tio n s.

In  T ab le  IV  th e  in te rm o lecu la r in te ra c tio n s  o f H -bonded  liq u id s  are  
g iven in  k j /m o l. T ab le  IV  d em o n stra te s  t h a t  th e  H -bonds p lay  a d o m in a n t 
role fo r liq u id  w a te r , b u t  th e  v an  der W aals in te ra c tio n s  should  n o t be  n eg ­
le c te d  [18] w ith  th e ir  c o n tr ib u tio n  o f a b o u t one th ird  o f th e  to ta l  in te ra c tio n  
energy.*  T h is re m a rk  is n o t w idely  know n. F o r  in s tan ce  th e  fam ous S tillin g er 
p o te n tia l o f w a te r  fo r co m p u te r  s im u la tion  h as  n o t  ta k e n  th is  in to  acco u n t. 
F o r alcohols th e  H -b o n d s form  only  a sm alle r p a r t  o f th e  to ta l  en erg y  (see 
T ab le  IV ). T h e  v a n  d er W aals energy  of one O H  g roup  corresponds n e a rly  to  
its  va lu e  o f  a b o u t tw o  CH.2-groups [26]. T here fo re , th e  H -bonds in  o rg an ic  
m olecules p la y  th e  ro le o f an  excess energy w h ich  m a y  he d o m in an t fo r in s tan ce  
in  en th a lp ies  o f m ix ing  [26].

S im ilar va lu es  o f А Н н  f ° r  w a te r and  alcohols seem  to  be c o n tra ry  to  
th e  observed  d ifference o f  Op (see Fig. 10). W a te r  has less H -b o n d s a t  T m 
c o n tra ry  to  its  c o n te n t o f  tw o  O H  groups a n d  s im ila r /Ш н -values. T h is  can  
be exp la ined  on th e  basis  o f  E q . (8 ): th e  d ifference betw een  w a te r an d  alcohols 
lies in  eq u a l co n c e n tra tio n  o f O H  and  lone p a ir  e lectrons in  w a te r  b u t  an  
excess o f 50 %  lone p a irs  in  alcohols. I f  we in c rease  th e  co n cen tra tio n  o f lone 
p a irs  re la tiv e  to  O H  —  th e  w ay  n a tu re  does in  alcohols —  we sh if t th e  eq u i­
lib rium  E q . (8 ) to  th e  b o n d ed  s ta te .

Im portance o f the repulsion term  o f II-bond

I f  th e  H -b o n d s w ith  its  angle dependence in d u ce  th e  co o rd in a tio n  n u m ­
b er 4 in s tead  if  12, w hich  we observe w ith  d isp ers io n  forces o f sim ilar m olecules, 
we could conclude an  energy  excess o f  ( А Н н  +  A W )  4/2 co m p ared  w ith

* Ja n c só , B opp  a n d  H e inzinger calcu la ted  w ith  a c e n tra l  force p o ten tia l a t  th e  m in im u m  
of th e  C oulom b en erg y  a ra tio  o f non-coulom bic to  C oulom bic  energy : ^ 1 : 5  [Chem . P h y s .,  
85, 383 (1984)].
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A W '  • 12/2 ( A W  =  A W /2:v an  der W aals in te ra c tio n  of one O H  in  a  w a te r 
d im er) .

B u t  th e  resu lt g ives: ((— 15.48 -f- (— 8.78)) 2 (k j/m o l)  =  — 48.52 k j /m o l 
c o m p a re d  w ith : A W  =  (— 8.78 • 6 ) (k j/m o l)  =  — 52.68 (k j/m o l) . B ased  on 
th is  id e a  th e  H -bond  s t ru c tu re  w ith  Z  =  4 does n o t seem  to  be  p ro b ab le .

F ig . 11. H jO  dim er m odel o f a n g le  d ep en d en t in te ra c tio n ; a : O p tim um  H -b o n d , b : Angle- 
u n fa v o u re d  an tipara lle l H -b o n d , c: P o sitio n  (a) w ith  longer d istance, H -b o n d  e n e rg y  n early  
v a n is h in g , d : Position  (b) w ith  lo n g er d is tan ce , H -b o n d  en ergy  nearly  v an ish in g , e a n d  f:

H -b o n d  rep u ls io n

T h is  shows th a t  w e sh o u ld  n o t neg lec t th e  rep u ls io n  effect o f  H -b o n d s 
o f  tw o  p ro to n s or tw o  lo n e  p a ir  e lec trons o f  ne ighb o u rin g  w a te r  m olecules 
(in  p o s itio n s  e or f  o f  F ig . 11).

C o n tra ry  to  th e  d isp e rs io n  forces w hich  g iven  an  a ttra c tio n  m in im u m  
in  a n y  d irec tion , th e  H -b o n d s  induce  rep u ls io n  too  a t  a d istance  o f th e  n o rm al 
H -b o n d  m inim um  (in ice 2.47 Á). F igu re  6  d em o n stra te s  th is  h ig h  rep u ls io n  
w ith  tw o  opposite p ro to n s  [13]. A t sm all d is tan ces  th is  rep u ls io n  is large 
c o m p a re d  w ith  RT,  th e  th e rm a l energy . C onsequen tly , such  c o n fig u ra tio n s  
c o u ld  e x is t only v e ry  se ld o m  an d  have  to  be  exc luded  from  th e  co m p ariso n  
b e tw e e n  th e  H -bond s t ru c tu re  w ith  Z  =  4 in  w a te r  an d  th e  d isp e rs io n  in te r ­
a c tio n  w ith  Z  =  12. I n  s ta tis t ic s  w ith  a n y  c o n fig u ra tio n  w ith  e q u a l p ro b a ­
b i l i ty ,  h a lf  of th e  Z  =  12 c o n fig u ra tio n s  shou ld  be canceled  b y  th e  rep u ls io n s 
a n d  w o u ld  induce a to ta l  e n e rg y  A W '  sm alle r th a n  (52.68 k j/m o l) . T h e  re p u l­
s io n  te r m  enforces th e  c o o rd in a tio n  n u m b e r o f 4!

H -b o n d s could be ca lled  “ N eb en v a len z” . T h e y  are sim ilar to  valence 
fo rces  fo r  instance  fo r H 2. T h e  en co u n te r o f  tw o  H -atom s induces b in d in g
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in  H 2 w ith  a m in im um  in  its  p o te n tia l cu rve  i f  th e  sp ins are a n tip a ra lle l an d  
repel a t  a n y  d is tan ce  if  th e ir  sp ins are p ara lle l [27]. S im ilarly , tw o  O H  groups 
a t t r a c t  w ith  a m in im um  o f th e  in te rm o lecu la r p o te n tia l curve if  one p ro to n  
m eets one lone p a ir  an d  tw o  O H  groups in d u ce  a repu lsion  te rm  a t  a n y  d is­
tan ces  i f  one p ro to n  m eets a n o th e r  p ro to n  or one lone p a ir m eets a n o th e r  lone 
pair.

T he possib ility  to  describe th e  H -bond  in te ra c tio n s  b y  th e  sim ple chem ­
ica l eq u ilib riu m  o f E q . (9) seem s to  be allow ed because, like in  a  chem ical 
bond , th e  energy  is h igh  com pared  w ith  R T .  T h e  n ea rly  isosbestic  p o in ts  in  
th e  IR  sp ec tra , th e  o b se rv a tio n  o f one or a m a x im u m  of tw o re la x a tio n  tim es  
o f liq u id  w a te r  es tab lish  th is  assum ption . T h e  n ecessity  to  describe liqu ids 
w ith  a p a r ti t io n  fu n c tio n , in  th e  w ay p re se n t d a y  research  in  liq u id s  o ften  
claim s, does n o t seem  to  be m ore p re fe rred  th a n  in  th e  d esc rip tio n  o f th e  
th e rm a l m o v em en t b y  a p a r ti t io n  fun c tio n . W e can  ap p ro x im a te  th is  b y  th e  
average  va lu e  o f its  te m p e ra tu re . T he reason  fo r  p a r ti t io n  fu nc tions fo r liqu ids 
is th e  sam e, n am ely : th e  M axw ell p a r titio n  o f th e  th e rm a l energy . W h y  shou ld  
we n o t ap p ly  th e  sam e m eth o d  to  use average  v a lu es  —  averaged  on th e  th e r ­
m al p a r ti t io n  —  if  we w ish to  describe th e  p ro p e rtie s  o f liqu ids?

C aloric properties o f liquids

W e h av e  app lied  th e  tech n iq u e  of ca lc u la ted  average va lu es  to  th e  
descrip tio n  o f th e  ab n o rm a l p ro p ertie s  of liq u id  w a te r  w ith  good success [17, 
18]. A t th e  tim e  o f th e  ca lcu la tio n s on w a te r, w e did  n o t have enough  d a ta  on 
alcohols t i l l  T c. In  th e  m ean tim e  we have  su ch  d a ta  on e th an o l [29—3 4 ]. 
In  th e  fo llow ing section  we w ill ap p ly  th e  sam e  fo rm ulas for ethanol u sed  in  
th e  ca lcu la tions on w a te r  an d  d e m o n s tra te  t h a t  th e  descrip tion  o f th e  caloric 
p ro p ertie s  o f e th an o l is su ffic ien tly  good to o .

a) The specific heat

W e do n o t com e across su ffic ien tly  sim p le  theo ries on in te rm o lecu la r  
in fluence  on th e  specific  h e a ts , w hich are  v e ry  im p o r ta n t fo r liq u id s , for 
in stan ce  fo r liqu id  w a te r  Cp =  18 cal/m ol co m p ared  w ith  8  cal/m ol fo r ideal 
w a te r  v ap o u r.

T here  is a v e ry  usefu l re la tio n sh ip  to  g ive  th e  in te rm o lecu la r p a r t  of 
specific h e a ts  b o th  for n o n p o la r  and  H -b o n d ed  liq u id s: we assum e [1 , 18] 
th a t  every  m olecu lar p a ir  induces one degree o f  in te rm o lecu la r v ib ra tio n  free­
dom  lead ing  to  th e  in te rm o lecu la r p a r t  o f th e  specific  h ea t as g iven  below :

fZR /2
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W ith  th i s  im p o rtan t a n d  s im p le  eq u a tio n  we describe th e  specific  h e a t  of 
n o n p o la r  liqu ids as:

C P = (1-2 ~ 3 )Д +  Ср (10)

(Cp: sp ec ific  hea t of th e  id e a l  v ap o u r as a  m easu re  o f th e  in tra m o le c u la r  
d e g re e s  o f  freedom ).

Z  —  12 would be v a lid  fo r dense p ack in g  o f  sphere-like-m olecules, th e  
o th e r  pack in g s and th e  h ig h e r  o rd er n e ighbours could  be ta k e n  in to  a co u n t 
b y  th e  fa c to r  / .  The c o n s ta n t  Cp has to  be co rrec ted  in  condensed m ed ia  b y  
th e  d isap p ea ran ce  of th e  t r a n s la t io n  b y  a fa c to r  o f (3/2) R.  A t th e  s a tu ra t io n  
lin e  w e h a v e  to  add a te rm  fo r  th e  energy  w h ich  is needed  to  change th e  in te r- 
m o le c u la r  energy. In  th e  case  o f d o m in a tin g  H -bonds th is  gives a te rm  
(d O p ld T )A H n ,  if  Op is th e  c o n te n t  of non  H -b o n d ed  O H  groups. T he specific 
h e a t  o f  ethanol a t  th e  s a tu ra t io n  line o f liq u id  e th an o l is g iven  b y :

Ca =  (— ------^ R +  C°
d Of
" d T

AH, ( И )

I n  a  f i r s t  a tte m p t to  d e sc rib e  th e  specific h e a ts  of liqu id  e th an o l [17] in  a 
sm a ll  T -region, we h av e  ch o sen  Z  =  8 , b u t  d u rin g  th e  deta iled  an a ly sis  based  
o n  n e w e r  and  b e tte r  e x p e r im e n ta l d a ta  we cam e to  th e  conclusion t h a t  we 
s h o u ld  ta k e  Z  =  12 fo r l iq u id  e th an o l. T h a t  w ould  m ean  th a t  th e  b ig  c o n tr ib u ­
t io n  o f  dispersion forces in d u c e s  th e  d esc rip tio n  w ith  th e  n o rm al p ack ing  
o f  Z  =  12.

E q u a tio n  (11) does n o t  n eed  any  fu r th e r  a d ju s te d  co n stan ts . W e ta k e  
o u r  spectroscop ica lly  d e te rm in e d , T -d ep en d en t Op-values [21] (T ab le  У). 
F o r  C p -v a lu es  of th e  idea l v a p o u r  s ta te  we to o k  know n  ta b u la te d  v a lu es  [35, 
3 6 ]: Cp/R  =  8.85 (300 K ); 10.55 (400 K ); 12.1 (500 K) an d  13.4 (600 K ). 
T h e  v a lu e  a t  m elting T  h a s  been  e x tra p o la te d  to  6.1; C p/E-values be tw een  
th e  ta b u la te d  te m p e ra tu re s  h a v e  been in te rp o la te d  linearly .

F ig u re  12 shows a re a so n a b ly  good a g reem en t be tw een  th e  e x p e rim e n ta l 
v a lu e s  o f  th e  specific h e a t  o f  liq u id  e th an o l [31, 34] an d  our sim ple E q . (11), 
w h ic h  h a s  been applied  to g e th e r  w ith  o u r spectroscop ic  Op-values.

Table V

Spectroscopically determ ined content Op o f  non  H -bonded OH  in liquid ethanol

T(°C) -2 5 0 25 50 75 100 150 200 225 240 243

Op (%) 0.3 0.5 2.4 3.3 5.8 9.2 20.8 41.5 56 75 77.5
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T (K )------►

Fig. 12. Specific h e a ts  o f liq u id  e th an o l a t  th e  s a tu ra t io n  line. (1) F u ll lin e : l i te ra tu re  d a ta
[31, 34], (2): ca lcu la ted  e q u a tio n  (11)

O ur spectroscop ic  d a ta  o f Op w ith  its  tu rn in g  p o in t a t  T c a re  able to  
describe th e  b ig  C6 m ax im u m  a t  T c. S im ilar good re su lts  a re  g o t fo r w ater 
to o  [18]. In  th is  case we h av e  m easured  th e  p ressu re  d ep en d en ce  o f Op n ear 
T c t i l l  400 °C. W ith  p ressu re  h igher as th e  c ritic a l one th e  H -b o n d  equ ilib rium  
sh ifts to  H -bonded  O H  groups an d  th e  tu rn in g  p o in t o f 0 F sh if ts  a t  T  > T C 
an d  becom es m ore f la t .  As consequence th e  C ^-m axim um  sh ifts  to  h igher T  
an d  becom es m ore  f la t .

T he correc tness o f  th e  assu m p tio n  th a t  Z  =  12 is e s ta b lish e d  b y  th e  
ag reem en t of th e  ca lcu la ted  an d  l i te ra tu re  va lu es  an d  in  a d d itio n  b y  th e  
v a lu e  Cp (L iquid) =  12.43 R  a t  T m for e th an o l g iven b y  K e lley  [34]; a t  Tm: 
(dO p/dT) =  0 an d  (1 2 .4 3 — 4.5) R  — 5.9 R  co rresponds to  th e  lite ra tu re  
v a lu e  o f Cp(Tm).

Sm all d ev ia tio n s  b e tw een  ou r values o f E q . (11) an d  th e  l i te ra tu re  values 
n ea r T c are ex p ec ted . I n  th is  T -region we shou ld  ad d  a n o n -lin e a r T -te rm  of 
th e  in te rm o lecu la r te rm  o f th e  specific h e a t, w hich  we h a v e  d em o n stra ted  
w ith  u n p o la r liq u id s  [1 ].

T ab le  V I d e m o n s tra te s  th e  h igh  values o f  th e  specific  h e a t  p e r g ram  of 
liq u id  w ater. T his uses th e  n a tu re  o f th e  h u m a n  body  as m obile  th e rm o sta t 
w ith  a  high h e a t c a p a c ity  b u t  low  w eight.

b) Enthalpy o f  H-bonded liquids

In  a sim ilar w ay  we could  ca lcu la te  th e  e n th a lp y  H L o f  l iq u id  w ate r a t 
equ ilib rium  w ith  i ts  v a p o u r  [18]. T he low er cu rv e  in  F ig . 13 show s experim en­
ta l  va lues o f H L o f liq u id  e th an o l g iven  t i l l  390 К  in  [30] w ith  H L (T m) =  0, 
a t  T  > 3 9 0  K , v a lu es  o f Y ukalov ich  [31] h av e  been ta k e n , s ta n d a rd iz e d  for
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Table VI

S p e c ific  heats Cp o f  different liquids

л  mol К J / g K T ( °  C)

H20 75.3 4.18 20
CH3OH 77 2.38 20
C2H5OH 107 2.34 20
CH3-CO-CH3 124 2.13 20
C„H5- 0 - C 2H5 172 2.32 20
CHClJ 112 0.92 20
C2H6 71.5 2.38 — 100
C3H8 96.7 2.18 — 53

390 K . B ased  on our a s su m p tio n s  we would ex p ec t:

H L =  (1 2 ~ 3) Щ Т  -  T m) +  C°p(T  -  T m) +  0 F A H H (12)
La

T h e  n e a r ly  linear T -dependence  o f  Cp was ta k e n  in to  acco u n t b y  an  average  
v a lu e :  Cp =  [Cp(T) —  C p (T J ] /2 .

L ik e  we have found w ith  w a te r  [18], E q . ( 1 2 ) agrees w ith  th e  lite ra tu re s  
v a lu e s  o f  H L of e thanol fa ir ly  w ell (F ig . 13).

C o n tra ry  to  w ater, th e  la s t  te rm  Op А Н н  in  eq . (12) is sm aller fo r e th a ­
no l. T h e  reasons are: (1) th e  H -b o n d  energy o f e th a n o l is 4 kcal/m ol an d  for 
w a te r  2 X 3.7 kcal/m ol =  7.4 k c a l/m o l; (2) and  Op o f  e th a n o l is sm aller th a n  
t h a t  fo r  w a te r  for T  <  200 °C (F ig . 10). As a consequence , th e  role o f H -bonds 
in  th e  p ro p e rtie s  of e th an o l is sm a lle r  th a n  for w a te r . I n  ad d itio n  th e  c o o rd in a ­
tio n  n u m b e r  of w ater is sm a lle r  w ith  (4 -(- Op) (see [18]) b u t  12 fo r e th an o l.

T/Tc

F ig . 13. E n th a lp y  of e thanol a n d  m e th a n o l  v ap o u r (D) and  liq u id  (L ) in  eq u ilib riu m ; (1) F u ll 
line: lite ra tu re  d a ta  [30, 31], (2): ca lcu la ted  e q u a tio n  (12)
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F o r e th a n o l we get th e  follow ing v a lu e s  fo r Op x A H hIH l : 2 %  (25 °C); 
6 .3 %  (100 °C); 11%  (150 °C); 16.5%  (200 °C) an d  24%  (240 °C). C o rresp o n d ­
in g  values for w a te r  are  ab o u t 50%  a n d  do  n o t  v a ry  s ign ifican tly  w ith  T  [18].

T he ag reem en t w ith  th e  H L-values o f  th e  tw o d ifferen t liq u id s  w ith  
com plete ly  d iffe ren t b eh av io u r increases th e  confidence in  these  sim p le  eq u a ­
tio n s  (11) an d  (12) an d  in  th e  spec tro scop ic  in te rp re ta tio n s . T he eq . (12) can  
describe th e  e n th a lp y  values of m e th an o l to o  based  on our O p-m easurem ents 
(F ig . 13). U n fo rtu n a te ly  we have  n o t fo u n d  ex p erim en ta l values fo r  m e th an o l 
a t  h igher T.

c) The internal energy o f  evaporation

F igu re  14 gives th e  lite ra tu re  va lu es  [33] o f th e  in te rn a l h e a t o f  e v a p o ra ­
tio n  A UVap of C H 3O H  an d  C2 H 5O H . T hese  values of Mellon [32] ag ree w ith  
o lder d a ta  g iven  a t  low  T.  The A H vap v a lu e s  pub lished  b y  Y u k a lo v ic li [31] 
seem  u n eq u iv o ca lly  a l i ttle  to  high.

O ur m odell w ould  give th e  fo llow ing eq u a tio n  for A U vap:

A Uvap =  A H vap —  p A  V  =  A U S—  Of A H h -  ( 1 2  ~  3) ДГ +  (1 —  2*F)x
2

X 1 R T - W rtal (13)
&

A U S =  47.5 k j /m o l:  to ta l  in te rm o lecu la r en e rg y  of e thano l, m easu red  b y  th e  
h e a t o f su b lim a tio n  (ob ta in ed  b y  th e  e x tra p o la tio n  o f A Uvap to  0 К  to  A Uvap 0 =  
=  42.5 k j/m o l -f- A U m =  5 k j/m o l (h e a t o f  fusion : AU m)).

T he R T  3/2 te rm  in  E q . (13) gives th e  ex c ita tio n  of tr a n s la tio n  in  th e  
v a p o u r  s ta te , i ts  co rrec tion  2*p considers th e  d ev ia tion  from  th e  lin e a r  T-

Fig. 14. In te rn a l en erg y  o f e th an o l and  m eth an o l v a p o u riz a tio n  [33]. (1) F u ll lin e : l ite ra tu re
d a ta , (2): ca lcu la ted  e q u a tio n  (13)
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-d e p e n d e n c e  o f  th e  in te rm o le c u la r  th e rm a l e n e rg y  [ 1 ]. z1 ( /Vap +  Irreal c a lc u ­
la te s  th e  v a p o u riz a tio n  to  th e  id ea l v a p o u r s ta te . iF reai gives th e  in te rm o le c u la r  
en e rg y  o f  th e  re a l gas. I t  h a s  b een  ca lcu la ted  b y :

W real =  C °(T  -  273) -  [HD(T)  -  H d(273))] (14)

H D: e n th a lp y  of th e  v ap o u r p h ase  [31].
F ig u re  14 d em o n s tra te s  th a t  E q . (13) in te rp re ts  th e  in te rn a l energy o f v a p o ­
u r iz a tio n  o f  CHgOH an d  C2H 5O H  su ffic ien tly  w ell, like  a sim ilar te rm  co u ld  
do fo r  w a te r  too  [17, 18].

d) Surface energy

A n o th e r  abn o rm al p ro p e r ty  o f  H -b o n d ed  liq u id s  is th e  surface en e rg y  
U . I t  is T -in d ep en d en t*  fo r T  <  0.9 T c in  th e  case  o f nonpo lar liqu ids [1, 7 ], 
b u t  h a s  a T -m ax im u m  for H -b o n d ed  liqu ids like w a te r , alcohols an d  ca rb o x y lic  
acids (F ig . 15). T he reason  is t h a t  a t  low  T  th e  w eak est bonded  areas in  th e  
liq u id  a re  tr a n s p o r te d  to  th e  en la rg ed  surface. T h ese  are  th e  v a n  d er W aa ls  
b o n d s b e tw e e n  th e  h y d ro p h o b ic  g roups o f th e  alcohols. A t h igher T , “ f re e ”  
O H  g ro u p s  w ith  h igher v a n  d e r W aals forces JEoh com pared  w ith  th e  C H 2- 
-c o n tr ib u tio n s  W c are  tra n sp o r te d  to  th e  su rface  to o . The surface en erg y  Ua 
of a lco h o ls  becom es [18]:

u a =  W c +  0 FW OH (15)

T his e q u a tio n  w as able to  p re d ic t th a t  Ua o f a lcohols should  becom e T -inde- 
p e n d e n t a t  low  T,  because th e re  Op is n ea rly  zero . O ur own m easu rem en ts  o f  
Ua o f  d iffe re n t alcohols (F ig . 15) could  e s tab lish  th is  p red ic tion  an d  in c rea se  
th e  co n fid en ce  in  ou r sim p lified  m odels [18]. E q u a tio n  (15) gives to o  th e  
in c rea se  o f  U  w ith  T.  T he su rface  energy  o f  a lcoho ls has a t  low  T  —  i f  Op 
can  b e  n e g lec ted  —  sim ilar b e h a v io u r as n o n p o la r  liqu id s: a T -in d ep en d en ce  
of U . N o rm a lly  m ore a t  h ig h  T  th e  ab n o m al JT-bond p roperties are  can ce led  
an d  a ll liq u id s  becom e sim ilar. B u t in  th e  case o f surface p ro p e rtie s , th e

Table VII

Ua — f ( Z  — X ) \R T C

V a  (A lkoho l)
loflbaa.

f R T e (paraffin)

C2H6OH/C2He 2.85
re-C3H-OH/C3H8 2.85
ra-C4H-OH/C4H13 2.85

* A s consequence we h av e  to  assum e th a t  th e  spec ific  h e a t  are equal a t  th e  su rface  
a n d  in  b u lk .
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F ig . 15. Surface energy  U 0 as a  fu n c tio n  o f T  o v er critica l T c, e x p e rim e n ta l a n d  calcu la ted
v a lu es (E q . 15)

w eak est group d o m in a tes  th e  b eh av io u r. As consequence th e  su rface  energy 
o f  alcohols a t  low T  is s im ila r to  th e  surface energy  of th e  c o rre sp o n d in g  p a ra f­
f in , o r Up o f alcohols a t  low  T  is g iven b y  T c o f its  co rre sp o n d in g  p a raffin  
(see T ab le  V II).

T herefore, th e  S te fan  ru le , th e  ra tio  Ф of th e  in n e r h e a t o f  v ap o u riza tio n  
to  th e  surface energy  Up g ives a m uch  h ig h er value for H -b o n d ed  liq u id s  com ­
p a re d  w ith  nonpo lar ones [7] (a t  T /T c =  0.6: C H 3O II :Ф =  7 .4 ; C2 H 5O H  : 
:Ф =  7 .1; H 20  :Ф =  5.05; CC14 :Ф =  2.85). In  th is  case o f  Ф H -b o n d s  p lay  
an  especially  im p o r ta n t ro le.

The energy partition function

T he calcu la tions b ased  on  th e  v e ry  sim ple E q s. (11)— (15) h av e  been 
u n ex p ec ted  successfully . H -b o n d ed  liqu ids depend  on  th e  p a r t i t io n  function  
o f  d istan ces  and  o r ie n ta tio n  angles. T he I R  sp ec tra  too  d e m o n s tra te  a ce rta in

“ **CH3-C00H 0 0 • • CHj-CHyOH° О CHj-OHX x H0-CH2-CH(CH3)2+ + ch3-ch2-ch2-ohVV H0-CH(CH3)-CH2-CH3 **HO-C(CH3)3 
YY<B>0H I a a HF47 9 СНэОН ,C2Hs0H

_______ I_____ I_______ ,_________ I______I_______ I________I col cd  )____________0Д 0.5 06 07 08 09 1.0Т/Т,
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p a r t i t io n  o f  H -bond energ ies w ith  d ifferent f re q u e n c y  sh ifts  Av an d  in  a d d i­
tio n  to  th e  solu tion  sp e c tra  h ig h e r  in tensities in  th e  reg io n  o f low  Av or low  
H -b o n d  in te rac tio n s are  o b se rv e d  [18, 20, 36].

W h y  do we n o t n eed  to  ta k e  in to  acco u n t th is  p a r ti t io n  of H -bond  
en erg ies  in  E qs (11)— (15)? W e th in k  th a t  a t  u n fa v o u re d  H -bond  angles 
b o th  О -a to m s of one H -b rid g e  could  come closer to g e th e r  an d  induce h igher 
v a n  d e r  W aals energies. E s t im a tio n s  of th is effect show  th a t  th e  lost of H -bond  
e n e rg y  b y  unfavoured  H -b o n d  angles could be  n e a r ly  co m p en sa ted  b y  a gain  
in  v a n  d e r  W aals energy  [18]. T h e  spectra  a re  ab le  to  d iffe ren tia te  be tw een  
b o th  ty p e s  o f energies А Н ц a n d  W.  I f  we p lo t [26] th e  in te rn a l energies of 
e v a p o ra tio n  of e thano l fro m  d ilu te  solutions o f d iffe re n t so lven ts as a fu n c tio n  
o f  th e  zh -va lues (Fig. 16) w e recognize th a t  n o n p o la r  so lv en ts  induce a m uch  
sm a lle r  Av  com pared w ith  H -b o n d  acceptor so lv en ts . B y  th is  in c id en t I R  
s p e c tra  a re  a useful too l to  d is tin g u ish  betw een  H -b o n d s  an d  v an  der W aals 
in te ra c tio n s . The co n te n t o f  non -H -b o n d ed  g ro u p s c a n  be  de te rm in ed  w ith  
th e  h ig h e s t accuracy. T h e  s im p lif ied  a d ju s tm e n t o f  th e  en erg y  p a r titio n  fu n c­
tio n  b y  a m odel of tw o d if fe re n t O H  groups —  b o n d e d  an d  “ free”  —  seem s 
to  w o rld  because b o th  O H  g ro u p s  seem  to  show tw o  d iffe re n t energies: “ free”  O H  
h a v e  o n ly  v a n  der W aals in te ra c tio n s  and  d iffe ren t b o n d ed  groups seem  to  
h a v e  n e a r ly  sim ilar to ta l  en e rg ies: AH'{\ -f- W  ^  А Н ц .  B o n d s w ith  low er 
AH'{\ h a v e  g rea te r W  a n d  v ice  versa .

O u r resu lts seem to  b e  supp o rted  b y  th e  c o m p u te r  sim ulations. F o r 
in s ta n c e  G eiger has p ro d u c e d  a  m ovie of th e  tim e  d ependence  of th e  w a te r 
o r ie n ta tio n s  calcu lated  b y  c o m p u te r  sim ulation . H e  h as  show n th a t  th e  O H  
g ro u p s  oscillate a round  th e  H -b o n d  p o ten tia l m in im u m  an d  very  seldom

M - - - - - .1 - - - - - - - - I- - - - - - - - - - 1- - - - - - - - - - 1- - - - - - - - - 1- - - - - - - - - 1- - - - - - - - - i_ _ _ _ _ _ I_ _ _ _ _ _ I_ _ _ _ _ _ I_ _ _ _ _ _ I_ _ _ _ _ _
7200 6800 6400 6000

} (cm-1)
F ig . 16. E th a n o l:  In te rn a l e n erg y  o f  v a p o u riz a tio n  A U vaj,R ° H IB fro m  d ilu te  so lu tion  in d ifferen t 
so lv e n ts  a s  a fu n c tio n  of th e  O H  co m b in a tio n  h an d  f re q u e n c y  [2, 6]. V an  de r W aals sh ift

m u c h  less th an  by H -b o n d s
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escape th is  m in im u m . C orrespondingly  w e observe a b ro ad  H -bonded  b an d  
in  ou r sp ec tra  w h ich  we could ch a ra c te riz e d  b y  its  b an d  m ax im a  w hich is 
re la te d  to  th e  m ean  H -b o n d  energy.

Mixture experim ents

H -bonds p la y  a d o m in an t role in  th e  ab ilitie s  of m ix ing  d iffe ren t liqu ids. 
In  th e  case o f n o n p o la r  organic liqu ids th e  v a n  der W aals forces betw een  
th e  groups o f m olecules are  sim ilar. T h a t  m ean s th a t  th e  p a ir  p o te n tia ls  U12 
b etw een  tw o  u n lik e  m olecules 1-— 2  are s im ila r  to  th e  p o te n tia l o f p u re  liqu ids: 
Un  or U12. F o r d ispersion  forces we can  assu m e: U12 — (U11U22)1̂2. T he h ea t 
o f  m ix ing  is p ro p o rtio n a l to :

Umlx =  (U n U22)'12 -  ( l / ц  +  U22)I2 (16)

T he la s t te rm  gives th e  energy  w hich we n eed  to  solve th e  b o nds in  b o th  pure  
liq u ids.

I f  we rem em b er th a t :

\(Un U22)'l2\ < \ ( U n +  U22)I2\ (17)

an d  th e  difference in  E q . (16) becom es g re a te r  w ith  h igher d ifferences betw een  
Un  an d  U22, we ex p ec t th a t  Umix o f n o n p o la r  liq u id s  a lw ays gives endo therm ic  
v a lu es , if  th e  d is tan ces  betw een  m olecules a r  sim ilar in  th e  m ix tu re  or in  
p u re  liqu ids. E x p e rim e n ta l observa tions e s ta b lish  th a t  th e re  are a lo t of 
en d o th erm ic  m ix tu re s  an d  Umlx are  of a s im ila r  o rd er of m ag n itu d e . E x o th e rm ic  
m ix tu re s  shou ld  sh o rte n  th e  in te rm o lecu la r d istances b y  b e t te r  pack ing . 
A n o th e r consequence o f E q . (16) is th e  d em ix in g  o f nonpo lar liq u id s  in  ce rta in  
T-  an d  p -reg ions as observed  for in stan ce  in  m ix tu re s  o f ra re  gases too .

T he m ix tu re  ru le  fo r Umix could be co m p le te ly  d iffe ren t in  m ix tu re s  of 
H -bonded  liqu ids. T he m ost favoured  case is th e  m ixing o f a H -b o n d ed  liqu id  
w ith  ap ro tic  so lv en t h av in g  h igh H -bond  a c c e p to r  groups. In  su ch  a case m ix ing  
ta k e s  place w ith o u t prob lem s. On th e  o th e r  h a n d  a m ix tu re  o f tw o  H -bonded  
su b stan ces like H 2 0 /p h e n o l o f H 2 0 /n ic o tin e  cou ld  give prob lem s i f  \ d H m l  I +  
+  И я Н22| |z1Hh 1 2 |2. S im ilar d ifficu lties o f  m ix ing  m ay  arise if  we m ix  an  
H -bonded  liqu id  w ith  a no n p o lar liqu id  like  in  CCI4/H 20 .  T he n ecessary  open ­
ing  o f H -bond  in  such  m ix tu re  w ould need  to o  m uch energy  co m p ared  w ith  
th e  v a n  der W aals en erg y  betw een  CC14 a n d  H 20  m olecules. T h is effect m ay  
be reduced  if  agg rega tes o f th e  H -bonded  liq u id  are  dissolved in  th e  non p o lar 
so lven ts. This is fa v o u re d  in  th e  case o f a lcoho ls w hich have  s im ila r v an  der 
W aals in te rac tio n s  co m p ared  w ith  th e  n o n p o la r  so lvents. As p ro o f o f th is  we
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fo u n d  t h a t  [25] i / mix of h ex an e /h e x an o l is d irec tly  p ro p o rtio n a l to  th e  H -b o n d  
en e rg y  co n su m ed .

W a te r  also has v an  d er W aa ls  forces an d  th e y  enab le  w a te r to  d isso lve  
n o n p o la r  m olecules to  a c e r ta in  a m o u n t in  such  a w ay  th a t  no H -bonds h a v e  
to  be  b ro k e n  [37, 38]. B u t th e  v a n  d er W aals energy  betw een  H 20 /n o n p o la r  
so lv e n t is  n o t  large enough to  d isso lve  each o th e r in  g re a t am o u n ts ; th e  fo rm a ­
tio n  o f  sm a ll w ate r agg regates v ia  th e  tw o O H  g roups can n o t give n o n p o la r  
a g g re g a te s  com pared  w ith  alcoho ls.

A n ions as H -bond  acceptors

I n  th e  com plicated  d e sc rip tio n  o f m ix tu res  o f H -b o n d ed  liqu ids w e can  
in c lu d e  aq u eo u s  e lec tro ly te  so lu tio n s . T he ion in te ra c tio n s  w ith  acid  p ro to n s  
or lo n e  p a ir  electrons seem  to  be  s im ila r to  th e  Ы-bonds. T he o rd er of m a g n itu d e  
o f  a n io n  . . . O H  in te rac tio n  e n e rg y  seem s to  be s im ila r to  O H  . . . O H  in te r ­
a c tio n  [38, 39 40], th e re fo re , e le c tro ly te  so lu tions co rrespond  to  th e  m ix tu re  
ru les  o f  tw o  H -bonded  liq u id s  w ith  sim ilar H -bond  energies.

T h is  conclusion is in  acco rd an ce  w ith  th e  spectroscopic  re su lts . T h e  
fre q u e n c y  sh ifts  Av of w a te r  in  c ry s ta llin e  h y d ra te s  a re  sm aller or r a th e r  n o t  
to o  h ig h e r  th a n  in ice. F ro m  th e  so-called B ad g er— B au er ru le:

Av ~  Д Н н

we c a n  conc lude  on sim ilar in te ra c tio n  energies o f an ions to  O H  (th e  d is tu r ­
b an ces  o f  th e  lone pa ir e lec tro n s  b y  ca tions in fluence  th e  O H  valence v ib ra ­
tio n s  m u c h  less th a n  th e  a n io n -p ro to n  effects). T he s im ila rity  b e tw een  th e  
O H  . . . b a se  and  OH . . . an io n  in te ra c tio n s  is d e m o n s tra te d  b y  F igs. 17 an d  
18. F ig u re  17 shows th e  p o s itio n  an d  sh ift o f th e  tw o  w a te r  O H  s tre tc h in g  
b a n d s  jq a n d  v3 in socalled 1 : 1 com plexes o f one O H  g roup  o f w a te r w ith  one 
b ase . F ig u re  18 shows th e  sam e  p lo t for 1 : 1 in te ra c tio n s  of one O H  g ro u p  o f 
w a te r  w ith  one anion m easu red  in  system s: w a te r(C H 2 Cl,) s a lt /c ry p ta te  [40].

A  d ifference betw een  H -b o n d  accep to rs an d  an ions is th a t  in  base  accep ­
to rs  th e  lo n e  pa ir e lectrons o f  o rg an ic  accep to rs h av e  th e  coo rd ina tion  n u m b e r  
o f o n e  fo r  H -bonds, w hereas an io n s have  h ig h er co o rd in a tio n  n u m b e rs  fo r 
O H  g ro u p s .

T h e  a p p a re n t d isc rep an cy  b e tw een  th e  s ta te m e n t o f sim ilar in te ra c tio n  
energ ies O H  . . . anions an d  O H  . . . O H  an d  th e  h igh  h y d ra tio n  energ ies o f 
sa lts  in  w a te r  can be ex p la in ed  if  we suppose t h a t  th e  h y d ra tio n  energ ies are  
o n ly  g iv e n  b y  a group o f w a te r  m olecules [37] an d  b y  spectroscopy  w e d e te r ­
m in e  th e  in te rac tio n  of an  a n io n  w ith  one O H  g roup  an d  th e  ca tion  . . . w a te r  
in te r a c t io n  is found to  be h ig h e r. S tro n g  acids an d  bases induce m u ch  h ig h e r

Acta Chim. Hung. 121, 1986



LUCK: ROLE OF HYDROGEN BONDING 143

F ig . 17. F re q u e n cy  o f th e  sy m m etric  v3 an d  a sy m m e tr ic  iq s tre tch in g  b an d  o f w a te r  in  1 : 1 
com plexes 1 H 20  : 1 so lv en t as a  fu n c tio n  o f  th e  freq u en cy  sh ift Av [41]. A N : ace to n itrile , 

D io : d io x an e , DM SO: d im eth y l su lfox ide, P y :  P y rid in e , T E A : tr ie th y la m in e

F ig. 18. Vj a n d  i>8 o f  w a te r  as a fu n c tio n  of A v  b y  d iffe ren t anions in  d ilu ted  so lu tio n s: 
H 20 /sa lt /c ry p ta te /C H 2Cl2 [40]. A nions a c t  sim ila rly  to  H -bonds on  O H  sp e c tra
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in te ra c t io n s  w ith  w a te r th a n  sa lts . In  a d d itio n  th e  life tim e of an  H -b o n d  is 
re d u c e d  in  such  system s. N a tu re  h a s  a w ide v a r ie ty  o f fac to rs  to  in d u ce  th e  
scale o f  b e h a v io u r  of m ix tu re s  a n d  so lu tions: s tre n g th s  o f  H -bonds, n u m b e r of 
H -b o n d in g  groups, lifetim e o f H -b o n d s  an d  th e  ra t io  o f H -bonded  g ro u p s to  
h y d ro p h o b ic  groups should  a ll b e  considered. T h e  ro le o f H -bonds, how ever, 
seem s to  b e  a v e ry  im p o r ta n t fa c to r .

T h e  H -bonds of N H  g ro u p s  could  be d esc rib ed  sim ilarly  to  th e  O H  
g ro u p s  b u t  th e  spectroscopic ex p e rim en ts  for N H  are  m ore d ifficu lt. I n  th is  
p a p e r  w e h a v e  discussed m a in ly  liq u id s  u n d er s a tu ra t io n  condition . In  liq u id s  
a t  h ig h e r  p ressu res th a n  th e  s a tu ra t io n  p ressu res  p ä th e  equ ilib rium  (8 ) is 
sh if te d  to  th e  bonded  O H  or N H  groups. T his can  be  estab lished  b y  I R  sp ec ­
t ro s c o p y  to o  [42]. These m e a su re m e n ts  have  sh o w n  th a t  th e  tu rn in g  p o in t o f  
th e  Op —  T  fu n c tio n  a t  T c is sh if te d  to  h ig h er T  u n d e r h igher p  >  p s. T h is 
c la rifie s  th e  p-dependence  o f  th e  m ax im u m  o f th e  specific h ea t n ea r T c.

I  t h a n k  m y  cow orkers w ho h e lp e d  m e to  b ring  som e lig h t  in  th e  com plica ted  fie ld  o f  
H -b o n d e d  sy s te m s especially W . D it te r ,  O. Schrem s, H . K leeb erg , D. Schiöberg, \Y. T h ie l 
a n d  g u e s ts  f ro m  foreign  coun tries , n a m e ly , B uanam -O m , T h a ila n d ; O. K o?ak , T u rk ey ; S u r j i t  
S in g h , I n d i a  a n d  H . Y. Zheng, C h ina, gav e  in te res tin g  c o n tr ib u tio n s  to  th is  p aper.
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T h e  ap p lica tio n  of M össbauer sp e c tro sco p y  to  studies o f so lu tio n  c h em is try  is 
d iscussed . Since M össbauer sp ec tra  can  o n ly  be  o b ta in ed  a fte r freezing  o f  th e  so lu tions 
th e  f irs t  p a r t  o f  th e  p ap er deals w ith  th e  freez ing  process and  th e  re la tio n  be tw een  
th e  s tru c tu re  o f  th e  liqu id  an d  t h a t  o f  th e  fro zen  solution. In  th e  seco n d  p a r t  o f th e  
p a p e r  we d iscuss com plex fo rm a tio n  in  so lu tio n s  o f F e3+, em phasizing  th e  in fo rm a tio n  
w hich  can  be  o b ta in ed  from  p a ra m a g n e tic  h y p e rfin e  sp lit M össbauer s p e c tra  o f  solu­
tio n s  d ilu te  in  F e 3 + ions. Specifically , co m p lex es o f th e  ty p e  [F e (H 20 ) 6_ nC l„]3~ n and 
[F e (H 20 ) в_ пF n]3 -,, a re  discussed. M o reover, som e exam ples o f s tu d ie s  o f  te tra h e d ra l 
com plexes a n d  d im eric com plexes a re  g iv en . F in a lly  i t  is illu s tra te d  h o w  M össbauer 
spec tro sco p y  can  be used  to  o b ta in  in fo rm a tio n  ab o u t th e  d y n a m ic  p ro p e rtie s  of 
h ig h ly  v iscous supercooled liqu ids.

In tro d u c tio n

M össbauer spectroscopy  is a te c h n iq u e  w hich allows m e a su re m e n ts  of 
th e  e lec tric  an d  m agnetic  in te ra c tio n s  b e tw een  an atom ic n u c le u s  a n d  its 
su rro u n d in g s . Specifically , i t  g ives in fo rm a tio n  abou t th e  e lec tro n  d e n s ity  a t 
th e  n u c leus (v ia th e  isom er sh ift), th e  e lec tric  field  g rad ien t a t  th e  nucleus 
(v ia  th e  nu c lea r q u ad ru p o le  sp littin g ) , a n d  th e  m agnetic fie ld  a t  th e  nucleus 
(v ia  th e  nu c lea r Z eem an sp littin g ). T h e re fo re , th e  technique g ives in fo rm a tio n  
on im p o r ta n t  p a ra m e te rs  such as th e  v a le n c e  s ta te  of th e  a to m s, th e  co o rd in a ­
tio n  n u m b ers , th e  d is tr ib u tio n  o f ch a rg e  a ro u n d  th e  nucleus, a n d  th e  m agnetic  
p ro p e rtie s  o f th e  m a te ria l w hich  is in v e s tig a te d .

Since M össbauer spectro scopy  is b a se d  on recoil-free em ission a n d  a b so rp ­
tio n  o f gam m a ra d ia tio n  i t  can  in  g e n e ra l o n ly  be used for s tu d ie s  o f  solids 
a n d  n o t  gases o r liqu ids. C o n seq u en tly , M össbauer spec tro scopy  c a n n o t be 
d ire c tly  used  fo r s tu d ies  of so lu tions. S o lu tio n s  can  easily be s tu d ie d  a f te r  th ey  
a re  frozen , b u t  th e  s tru c tu re  o f th e  f ro z e n  solutions m ay, h o w ev e r, n o t  be 
id e n tic a l to  th a t  o f  th e  liqu id . F o r e x a m p le , in  m any  system s som e c ry s ta lliz a ­
tio n  ta k e s  p lace even  if  th e  so lu tions a re  coo led  v e ry  rap id ly , a n d  th e  s tru c tu re

* T o w hom  correspondence shou ld  be  a d d re sse .
** P re se n t address : D ansk  Olie og N a tu rg a s ,  D K -2950 H orsholm , D e n m a rk  

+ T h is p a p e r  w as p resen ted  a t  th e  S y m p o siu m  on  S tru c tu re  o f L iq u id s  a n d  S olu tions 
a t  V eszprém , A u g u st 27—30, 1984.
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w ill th e n  o f  course be v e ry  d iffe ren t from  t h a t  o f  th e  liqu id . C ry s ta lliza tio n  
m a y  be  avo ided  b y  ad d in g  a n  ap p ro p ria te  g lass-fo rm in g  agent to  th e  so lu tio n  
co m b in ed  w ith  a su ffic ien tly  h ig h  cooling ra te . T h e  liq u id  th en  solidifies as an  
a m o rp h o u s  phase w ith  a s tru c tu re  w hich is p re su m a b ly  v e ry  sim ilar to  t h a t  
o f th e  liq u id . In  th e  f i r s t  p a r t  o f  th e  paper w e d iscuss how  M össbauer sp e c tro ­
sco p y  c a n  he used fo r s tu d ie s  of th e  fo rm atio n  o f  c ry s ta llin e  and  a m o rp h o u s  
p h ases  d u rin g  th e  freez ing  process.

M össbauer sp ec tro sco p y  has been e x te n s iv e ly  u sed  for studies of fro zen  
so lu tio n s . Since th e  d isco v ery  o f th e  M össbauer e ffec t ab o u t 400 p ap ers  h a v e  
b een  p u b lish e d  on th e  su b je c t. The pioneering w o rk  w as m ade by  th e  H u n g a r ­
ia n  sc ie n tis ts  I . D ézsi, L . K esz th e ly i, A. V értes , a n d  th e ir  co-w orkers [1— 4]

A  com prehensive rev iew  of M össbauer sp ec tro sco p y  studies o f fro zen  
so lu tio n s  has recen tly  b een  p u b lish ed  by  V értes  e t  al. [5].

M ost o f th e  M össbauer w ork  has been d one  u s in g  th e  isotope 57F e a n d  in  
th e  p re s e n t p ap e r we o n ly  d iscuss studies o f iro n  com plexes in  solution. A  sec­
tio n  is d e v o ted  to  s tu d ies  o f  com plex  fo rm ation  in  so lu tio n , em phasizing in v e s ti­
g a tio n s  o f so lu tions w ith  v e ry  low  co n cen tra tio n s o f  F e 3 + , which allow o b se rv a ­
tio n  o f  p a ram ag n e tic  h y p e rf in e  sp lit M össbauer sp e c tra . Such sp ec tra  g ive 
v e ry  d e ta ile d  in fo rm a tio n  a b o u t th e  F e3+ co m p lex es p resen t in th e  so lu tio n .

F in a lly , in  th e  la s t  sec tio n  we briefly  d iscuss how  M össbauer sp e c tro ­
scopy  c a n  be used for s tu d ie s  o f th e  dynam ic p ro p e rtie s  of supercooled liq u id s .

Studies o f  c rysta lliza tion  an d  g lass fo rm atio n

I n  frozen  so lu tions o f  F e 3+ com plexes, th e  sen sitiv ity  of M össbauer 
sp e c tro sc o p y  to  p a ra m a g n e tic  re lax a tio n  effects m a y , as discussed below , be 
u sed  fo r  s tu d ies  of c ry s ta lliz a tio n  and  glass fo rm a tio n .

T h e  m agnetic  in te ra c tio n  betw een  a 57F e  n u c le u s  an d  th e  atom ic e lec tro n s  
can  o f te n  be described  in  te rm s  o f an  effective m ag n e tic  field acting  a t  th e  
nu c leu s. In  p a ram ag n e tic  m a te ria ls  th is m ag n e tic  h y p e rfin e  field varies b o th  
in  size a n d  d irec tion  b ecau se  of p a ram ag n e tic  re la x a tio n  processes. I f  th e  
r e la x a tio n  tim e , t , of th e se  f lu c tu a tio n s  is o f  th e  o rd e r  o f 1 0  ~7— 1 0 - 1 0  s th e  
M ö ssb au er sp ec tra  are v e ry  sensitive  to  th e  re la x a tio n  process. I f  x <  10 ~ 1 0  s 
th e  m a g n e tic  in te ra c tio n  c a n n o t be observed b y  M össbauer spectroscopy a n d  
th e n  o n ly  th e  electric  in te ra c tio n  can be d e tec ted . W h e n  x 10 ~ 7 s th e  s p e c tra  
re f le c t a  s ta tic  m agnetic  in te ra c tio n . For in te rm e d ia te  values of T, th e  lin es  o f  

th e  s p e c tra  are b ro ad en ed .
T w o ty p es  of r e la x a tio n  processes m a y  c o n tr ib u te  to  th e  re la x a tio n , 

n a m e ly  sp in -sp in  re la x a tio n  a n d  sp in -la ttice  r e la x a tio n . The spin-spin re la x a ­
tio n  is d u e  to  m agnetic  in te ra c tio n s  am ong th e  p a ra m a g n e tic  ions. T h ere fo re  
th e  sp in -sp in  re la x a tio n  freq u en cy  increases w ith  in c reasin g  co n cen tra tio n  o f
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p a ram ag n e tic  ions. S p in -la ttice  re la x a tio n  is induced  by  th e  in te ra c tio n s  of 
la ttic e  v ib ra tio n s  (phonons) w ith  th e  m ag n e tic  m om ents of th e  p a ra m a g n e tic  
ions. T he sp in -la ttice  re la x a tio n  freq u en cy  increases w ith  in c reasin g  te m p e ra ­
tu re . O ften  sp in -la ttice  re la x a tio n  o f F e 3+ ions is so slow th a t  i t  is neglig ib le 
below  80 K . R eview s of M össbauer s tu d ies  o f  re lax a tio n  effects h a v e  re c e n tly  
been  p u b lish ed  [6 , 7].

I t  is in te re s tin g  th a t  th e  se n s itiv ity  o f M össbauer sp ec tro sco p y  to  spin- 
sp in  re la x a tio n  can  be used fo r s tu d ies  o f c ry sta lliza tio n  an d  glass fo rm a tio n  
d u rin g  freezing o f so lu tions. T he reaso n  is t h a t  th e  local c o n c e n tra tio n  o f  p a ra ­
m ag n etic  ions de te rm ines th e  sp in -sp in  re la x a tio n  tim e  [8 ].

I t  o rd er to  illu s tra te  th e  se n s itiv ity  o f M össbauer sp ec tra  to  th e  F e 3 + 
co n cen tra tio n  we show  in  F ig . 1 sp ec tra  o b ta in e d  a t 80 К  o f fro zen  aqueous 
so lu tions o f F e ( N 0 3) 3  in  d iffe ren t co n cen tra tio n s . The am o u n t o f  n itr ic  acid 
w as a d ju s te d  to  [F e (N 0 3) 3] +  [ H N 0 3] ^  7 M  in  o rder to  en su re  fo rm a tio n

Fig. 1. M össbauer sp ec tra  o f som e aqu eo u s F e (N 0 3)3 -)- H N 0 3 glasses. T h e  iro n  c o n c e n tra tio n  
is in d ica ted . A n e s tim a te  o f th e  re la x a tio n  tim e is given
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o f  hom ogeneous glasses (see below ). The n u m b e rs  o n  th e  le ft side of th e  figu re  
a re  th e  ap p ro x im a te  re la x a tio n  tim es e s tim a te d  fro m  th e  spectra . T hese m ea ­
su re m e n ts  clearly  i l lu s tra te  t h a t  th e  sp ec tra  a re  v e ry  sensitive  to  th e  c o n c e n tra ­
tio n  o f  F e 3+ ions. F o r s p e c tra  w ith  a re la x a tio n  t im e  sh o rte r  th a n  a b o u t 5 ns 
th e  lin e  w id th  of th e  s p e c tra  m ay  serve as a  p a ra m e te r  w hich re flec ts  th e  
r e la x a tio n  tim e  an d  th e re fo re  also th e  c o n c e n tra tio n .

I n  o rd er to  s tu d y  c ry s ta lliz a tio n  an d  g lass fo rm a tio n  during  freezing  
o f  so lu tio n s , M orup e t  al. [8 ] s tu d ied  a n u m b e r o f  aqueous solutions o f  F eC l3 

w ith  d iffe ren t c o n c e n tra tio n s  x,  given in  m ol F e C l3 p e r 100 m ol H 2 0 .  T he 
a b so rb e rs  w ere frozen b y  im m ers io n  in to  liq u id  n itro g e n  an d  th e  freezing tim e , 
i.e ., th e  tim e  needed fo r  coo ling  from  room  te m p e ra tu re  to  liqu id  n itro g en  
te m p e ra tu re  was a b o u t 10 s. M össbauer s p e c tra  w ere o b ta in ed  a t  80 К  in  
a p p lie d  fie lds of 1.24 T  a n d  in  th e  rem an en t f ie ld  o f  th e  e lec trom agnet w hich  
w as a b o u t 0.005 T.

I n  F ig . 2 is show n th e  line  w id th  a t  th e  tw o  d iffe ren t applied  m ag n e tic  
f ie ld s  as a func tion  o f  th e  co n cen tra tio n  o f  F eC l3. T he increase in  th e  line 
w id th  w ith  increasing  f ie ld  is due to  an  in c rea se  in  th e  spin-spin  re la x a tio n  
t im e . T h is effect is re la te d  to  th e  am orphous n a tu re  o f th e  iro n -co n ta in in g  
p h a se s  an d  has been  d iscu ssed  elsewhere [6 — 9]. A  s tu d y  of th e  te m p e ra tu re  
d ep en d en ce  of th e  sp e c tra  h a s  show n th a t  sp in - la ttic e  re lax a tio n  can  be  n e ­
g lec ted  a t  80 K . In  F ig . 2 th e  line w id th  is show n  fo r ra p id ly  frozen ab so rb ers  
a n d  a lso  a fte r  a su b se q u e n t h ea tin g  of th e  a b so rb e rs  to  200 К  for one h o u r. 
B efo re  th e  h ea ting  a t  200 К  th e  M össbauer line  w id th  (an d  th u s th e  sp in -sp in  
re la x a tio n  tim e) of th e  a b so rb e rs  exhib its a p ro n o u n c e d  m axim um  for x  3.5.

B y  v isual in sp ec tio n  i t  w as found  th a t  th e  ab so rb e rs  w ith  x  >  3.5 w ere 
t r a n s p a r e n t  w ith  som e c ra c k s , ind ica ting  t h a t  a  g lassy  s ta te  was fo rm ed  b y  
r a p id  cooling of th e se  ab so rb e rs . H ow ever, th e  less co n cen tra ted  ab so rb ers  
w ere  o p aq u e  and  seem ed to  c o n ta in  a large n u m b e r  o f  sm all c ry sta ls . H e a tin g  
o f  th e  abso rbers w ith  x  <  5.5  to  200 К  fo r one h o u r  re su lted  in  a change in  
th e i r  v isu a l ap p earan ce  in d ic a tin g  some c ry s ta lliz a tio n , w hereas th e  m ore 
c o n c e n tra te d  absorbers w ere  unaffec ted  b y  th is  t re a tm e n t .

In  th e  fast frozen  ab so rb e rs  w ith  x  ]> 3.5 th e  line w id th  decreases w ith  
in c re a s in g  iron  c o n c e n tra tio n  in  accordance w ith  th e  expected  in fluence  of 
sp in -sp in  re lax a tio n  in  a sy s te m  w ith  a u n ifo rm  d is tr ib u tio n  of p a ram ag n e tic  
io n s. T h ese  absorbers th e re fo re  seem to  be g lasses w ith  a un iform  d is tr ib u tio n  
o f  fe rr ic  ions. N one o f th e  s p e c tra  of these a b so rb e rs  show ed an y  tra c e  o f  th e  
s p e c tru m  o f c rysta lline  F e C l3 • 6  H 20 .

B efore  heating  to  200 K , all th e  absorbers w ith  x  3.0 showed id e n tic a l 
M ö ssb au er line w id ths, n a m e ly  ab o u t 1.6 m m /s a t  В  =  0.005 T  an d  3.3 m m /s 
a t  В  =  1.24 T. T hese v a lu es  are  iden tica l w ith  th o se  o f  a hom ogeneous glass 
w ith  x  5.5 (see F ig . 2). T h e  resu lts th e re fo re  in d ic a te  th a t  before h e a tin g  
to  200 К  th e  iron  is fo u n d  in  am orphous reg ions w ith  a com position  corre-
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О 5 10 15
Concentration X

(moles FeCI3 per 100 moles H20)

F ig . 2. T he up p er p a r t  o f  th e  figu re  show s th e  p h ase  d iag ram  o f th e  F eC ls— H 20  system . 
T h e  d o tte d  lines in d ic a te  th e  m e ta s tab le  p h ase  d iag ram  including th e  e x tra p o la te d  hypoeu- 
te c tic  liqu ids curve a n d  th e  glass curve. I n  th e  low er p a r t  o f th e  figu re  is sh o w n  th e  M össbauer 
line  w id th  (FW H M ) o f  fro zen  aqu eo u s so lu tions o f  FeC l3 a t  80 К  a t  a p p lie d  fie ld s  o f  0.005 T  

an d  1.24 T  as a  fu n c tio n  o f th e  co n ce n tra tio n  (a d ap ted  fro m  [8])

spond ing  to  x a*: 5 .5, in d e p e n d e n t o f th e  in itia l com position  o f  th e  solutions. 
S im ilar resu lts  h av e  been  fo u n d  in  s tu d ies  of frozen  a q u eo u s  so lu tions of
Fe(C104), [10].

A fter h ea tin g  to  200 К  for one h o u r an d  recooling to  80 К  th e  M össbauer 
sp ec tra  o f th e  sam p les  w ith  x  <  5.0 h a d  changed irre v e rs ib ly , w hereas the  
sp ec tra  o f th e  m ore c o n c e n tra ted  sam ples w ere un affec ted  b y  th is  tre a tm e n t. 
F o r  all th e  sp ec tra  w ith  x  <  5.0 th e  line w id th  decreased  to  a b o u t 1.2 m m /s 
a t  0.005 T  and  1.5 m m /s a t  1.24 T.  T hese values are  id e n tic a l to  tho se  of a 
hom ogeneous glass w ith  x  сы 7.3 a n d  th is  suggests t h a t  th e  F e 3+ ions are 
p re se n t in  a glass w ith  a local co n cen tra tio n  co rrespond ing  to  x  сьг 7.3 in  all 
th e se  sam ples.
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O n  th e  basis of th e se  o b serv a tio n s a sim ple m o d e l can  be e v a lu a ted  
fo r  t h e  k inetics of th e  fre e z in g  process in th e  F e C l3— H 20  system  [8 ]. W hen  
a s a m p le  o f  an  in itia l c o n c e n tra t io n  of x  <  3.0 is coo led , n u c lea tio n  and  g row th  
o f  ic e  c ry s ta ls  s ta r t  a t  a c e r ta in  supercooling. As th e  te m p e ra tu re  is decreased 
th e  c ry s ta l  grow th c o n tin u es , w h ile  th e  iron  c o n c e n tra tio n  in  th e  liqu id  in c reas­
es fo llo w in g  a curve below  th e  h y poeu tec tic  liq u id u s  c u rv e  o f th e  equ ilib rium  
p h a s e  d iag ram . The d e ta ile d  re la tio n  betw een te m p e ra tu re  an d  com position  
o f  th e  l iq u id  p resum ably  d e p e n d s  on  the  freezing r a te .  A t a ce rta in  te m p e ra tu re  
T 0 a n d  a certa in  com position  o f  th e  liqu id , x 0, th e  c ry s ta l  g ro w th  ra te  becom es 
slow  co m p ared  to  th e  coo ling  r a te  and  e v e n tu a lly  th e  rem a in in g  liqu id  solid i­
fies  in to  a glass w ith  th e  iro n  co n cen tra tio n  x  ^  x 0. A cco rd ing  to  th is  m odel, 
s a m p le s  w ith  d ifferent in i t ia l  c o n cen tra tio n  a; <  3.0 w ill on ly  differ w ith  
r e s p e c t  to  th e  am oun t o f ic e , w h en  cooled to  th e  te m p e ra tu re  T 0, b u t  n o t 
w ith  r e s p e c t to  th e  c o m p o s itio n  o f  th e  glass. T h is ex p la in s  w hy  sam ples, in  
w h ic h  ice  crystallized  d u r in g  cooling, all have  th e  sam e  iro n  co n cen tra tio n  
in  t h e i r  glassy phase, w h en  coo led  a t the  sam e cooling  ra te . The local iron  
c o n c e n tra t io n  in the  glass p h a s e  o f  th e  absorbers fro zen  in  a b o u t 10 s is x 0 5.5.

A f te r  h ea t tre a tm e n t fo r  one hour a t 200 К  (w h ich  is above th e  glass 
te m p e r a tu r e ,  T  ) and  reco o lin g  to  80 K , th e  sp e c tra  in d ic a te  th a t  th e  F e 3 + 
io n s a re  p re sen t in  am o rp h o u s  reg io n s w ith  a local c o n c e n tra tio n  corresponding 
to  x  =  7 .3 . F u rth e rm o re , i t  w a s  observed th a t  th e  a b so rb e rs  w ith  3.5 <  x  <  
<  5 .0 , w h ich  in itia lly  w ere g la ssy , becam e opaque  d u r in g  th e  h e a t tre a tm e n t. 
T h e re fo re , i t  can be co n c lu d ed  t h a t  b o th  n u c lea tio n  a n d  g ro w th  of ice c rysta ls  
do  t a k e  p lace in  these  sa m p le s  a t  200 K , w hen  su ffic ie n t tim e  is availab le .

S ince  FeC l3 • 6  H 20  d id  n o t  crystallize in  a n y  o f  th e  sam ples discussed 
h e re , t h e  s ta te  of th e  d ilu te  a b so rb e rs  a t 200 К  m a y  b e  fo u n d  from  th e  e x tr a ­
p o la te d  liqu ids curve show n in  F ig . 2. W hen th e  sam p les  a re  recooled slow ly 
(co o lin g  tim e  for cooling to  80 К  was abou t 30 m in ), g ro w th  of ice c ry sta ls  
m a y  t a k e  place, while th e  c o n c e n tra tio n  of th e  liq u id  fo llow s th e  e x trap o la ted  
l iq u id u s  cu rve. D uring slow  co o lin g  th e  crysta l g ro w th  te rm in a te s  a t  a ce rta in  
te m p e r a tu r e ,  w hich is su p p o se d  to  be close to  th e  g lass te m p e ra tu re  of th e  
l iq u id . I n  fa c t, it  is seen in  F ig . 2 th a t  th e  local c o n c e n tra tio n , л; ^  7.3, of th e  
h e a te d  abso rbers is close to  th e  co n cen tra tio n  a t  th e  in te rse c tio n  of th e  e x tr a ­
p o la te d  liq u id s  curve a n d  th e  g lass curve. T hus, th e  re su lts  can  be exp la ined  
on  t h e  b as is  of th e  m e ta s ta b le  phase d iagram  sh o w n  b y  th e  d o tted  lines 
in  F ig . 2.

T h e  role of th e  freez in g  r a te  has also been s tu d ie d  b y  freezing a n u m b er 
o f  a b s o rb e rs  of id en tica l co m p o s itio n  (0.5 M  F e ( N 0 3) 3, 2.0 M  H N 0 3 an d  
3.0 M  N a N 0 3) a t v a rious f re e z in g  ra te s  by  ch an g in g  th e  th e rm a l co n tac t to  
th e  l iq u id  n itrogen  b a th  [8 ]. D u rin g  cooling, th e  te m p e ra tu re  was m easured  
w ith  a  therm ocoup le  inside th e  ab so rb e r (expect fo r  th e  fa s te s t  ra te  r 5000 
К /m in , w h ich  was o b ta in ed  b y  d ip p in g  in to  liqu id  n itro g e n  pieces of filte r p ap e r
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w e tte d  b y  th e  so lu tio n . T he freezing r a te ,  r, w as defined as th e  av e rag e  ra te  
in  th e  te m p e ra tu re  ran g e  273 —  125 K . F o r  th ese  sam ples i t  w as fo u n d  th a t  
th e re  ex ists a c ritic a l ra te , r  =  r 0, 220 K /m in  <  r 0 <  570 К /m in . T h e  quick ly  
frozen  ab so rb ers  (r />  r 0) had  a g la ssy  appearance  an d  show ed  iden tica l 
M össbauer sp e c tra , ind ica tin g  th a t  th e y  consists of hom ogeneous glasses, 
w hereas th e  slow ly frozen  absorbers (r <  r 0) w ere opaque and  sh o w ed  iden tica l 
sp ec tra  w ith  less reso lved  m agnetic  h y p e rf in e  sp litting  in d ic a tin g  th a t  some 
c ry s ta lliz a tio n  o f  ice h a d  tak en  place d u r in g  th e  freezing.

S tud ies o f a n u m b e r of sam ples w ith  d iffe ren t glass fo rm ers  h a v e  show n 
th a t  glycerol seem s to  give a qu ite  h o m ogeneous glass, and glycero l is therefo re  
com m only  used  as a glass form er in  M össbauer studies of fro zen  so lu tions. 
I t  has also been  fo u n d  th a t  glass fo rm e rs  such  as n itra te s , p e rc h lo ra te s  and 
glycerol do n o t a ffec t th e  com plexes o f  F e 3 + in  th e  solutions [8 ].

T he m easu rem en ts  discussed in  th is  sec tio n  illu stra te  how  th e  sen s itiv ity  
o f M össbauer spec tro sco p y  to  sp in -sp in  re la x a tio n  can be u sed  to  o b ta in  
in fo rm a tio n  on  c ry s ta lliz a tio n  and  glass fo rm a tio n  during  cooling o f  so lu tions 
o f ferric  ions. T h e  re su lts  ind ica te  th a t  b o th  th e  com position o f  th e  so lu tions 
( th e  a m o u n t o f g lass form ing  agents) a n d  th e  cooling ra te  a re  p a ra m e te rs  
w hich  h av e  a s tro n g  in fluence  on th e  s t ru c tu re  o f th e  frozen so lu tio n s .

W hen  th e  so lu tio n s con ta in  a su ita b le  a m o u n t of glass fo rm in g  a g e n ts  and 
th e  cooling ra te  is su ffic ien tly  h igh, a hom ogeneous glass is fo rm e d  during  
freezing.

T he s tru c tu re  o f th is  glass is p re su m a b ly  closely re la ted  to  th e  s tru c tu re  
o f th e  liq u id .

Complex fo rm a tio n  in  solu tion

A  m a jo r p a r t  o f  th e  pub lica tions on  M össbauer studies o f fro zen  so lu tions 
deal w ith  th e  n a tu re  o f th e  com plexes fo rm e d  b y  F e2+ and  F e 3+ io n s . In  th is  
sec tion  we shall m a in ly  discuss th e  in fo rm a tio n  th a t  can  be o b ta in e d  from  
m ag n e tica lly  sp lit sp e c tra  o f d ilu te  so lu tio n s  o f F e 3  + . Such s p e c tra  g ive very  
d e ta iled  in fo rm a tio n  a b o u t th e  spin H a m ilto n ia n  of th e  F e3+ ions a n d , th e re ­
fore th e  coup ling  o f th e  ligands to  th e  F e 3+ ions can  be e lu c id a ted .

T he sp in  H a m ilto n ia n , H,  of a F e 3+ io n  in  th e  high sp in  s ta te  (S  =  5/2) 
is com posed o f te rm s  due  to  th e  c ry s ta l f ie ld  in te rac tio n , H cf, th e  e lec tron ic  
Z eem an in te ra c tio n , H z,  th e  m agnetic  d ipo le  in te rac tio n  b e tw een  th e  M öss­
b a u e r ion  (i) an d  th e  neighbouring  ions o r  lig an d s (j), Had, th e  ex c h a n g e  in te r ­
ac tio n  w ith  n e ig h b o u rin g  ions, H ex, th e  m ag n e tic  hyperfine in te ra c tio n , H ll{, 
an d  th e  nu c lea r q u ad ru p o le  in te ra c tio n , H q [ 1 1 , 1 2 ]:

H  =  H cf -f- H z Hdd +  -flex +  H M -j- J / q ( 1 )
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w here

# cf = -D [$ - is (S  +  1) + A(S* —S*) +  

+ ie(s? + 5« + S ? -^ j (2 )

H z =  gnB B - S (3)

Hdd =  2 É ‘J= ~  2 8 I 8 J &  'Т П Ь Ъ  -  3r,j(Sj • r,j)] ■ S,
j * i  4  71 M i

H ex =  - s r  2  2 J i j S j
J* i

H M =  A  S  I

H Q = P Рг - ± 1 ( 1  +  1)+ ±П(1}-

(4)

( 5 )

(6) 

(?)

O fte n  th e  m agnetic  h y p e rf in e  coupling c o n s ta n t A  is expressed in  te rm s  o f  
th e  s a tu r a t io n  hyperfine  f ie ld  B 0 (for th e  S z =  5/2 s ta te . I t  is co n v en ien t to  
d e f in e  th e  p a ram ete rs  Acf a n d  Az  as th e  to ta l  en e rg y  sp littings due to  H Cf 
a n d  H z ,  respective ly .

Hct  g ives rise to  a s p li t t in g  o f th e  ionic g ro u n d  s ta te  in to  th ree  K ra m e rs  
d o u b le ts . T h e  eigensta tes o f  th e  electronic sy s te m  d ep en d  critically  on sm a ll 
p e r tu rb a t io n s  th a t  lif t th e  deg en eracy . F o r H z  =  H dd =  Й ех =  0, th e  h y p e r ­
f in e  in te ra c tio n  alone lif ts  th e  degeneracy . T h e  s p e c tru m  is th en  v e ry  sen s itiv e  
to  th e  v a lu e s  of th e  p a ra m e te rs  Л and  fi =  a j ö .T h e  m agnetic  hy p erfin e  i n te r ­
a c tio n  g iv es  rise to  a s p li t t in g  o f  th e  order o f 10 ~ 8 eY. T herefore, ap p lied  m a g ­
n e tic  f ie ld s  o f th e  o rder o f  o n ly  0.001 T  re s u lt  in  a Zeem an sp littin g  o f  th e  
io n ic  s ta te s  o f th e  sam e size. S u ch  fields th e re fo re  h a v e  a sign ifican t in flu e n c e  
on  th e  e ig en sta tes  an d  a re  in  f a c t  d ifficult to  a v o id . F o r  instance, th e  d ip o la r  
f ie ld s  f ro m  th e  ligand n u c le i c a n  easily be o f th is  o rd e r  of m agn itude  a n d  th e  
d ip o la r  f ie ld s  due to  th e  n e ig h b o u rin g  p a ra m a g n e tic  ions m ay  be c o n sid e rab ly  
la rg e r . I f  a fie ld  of a b o u t 0 .01 T  is app lied , th e  Z eem an  in te rac tio n  is la rg e  
c o m p a re d  to  th e  h y p e rfin e  in te ra c tio n . T h en  th e  electronic e ig en sta tes  a re  
e s s e n tia l ly  determ ined  b y  H cf an d  H z an d  th e  M össbauer spectrum  co n sis ts  
o f  th r e e  Z eem an co m p o n en ts  each  described b y  a n  effective m agnetic  f ie ld . 
W h e n  th e  electronic Z eem an  sp littin g  is c o m p arab le  to  th e  crysta l f ie ld  s p l i t ­
t in g , th e  electronic e ig e n s ta te s , an d  there fo re  a lso  th e  size and  d irec tio n  o f  
th e  h y p e rf in e  fields, d ep e n d  on  th e  re la tiv e  size o f  A ct and  Az - F in a lly , fo r  
Az  A Cf, th e  electronic e ig e n s ta te s  are e sse n tia lly  de te rm ined  by  I I / .  I n  th is  
s im p le  case  th e  M össbauer sp e c tru m  can e sse n tia lly  be described in  te rm s  o f
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six  Z eem an  sp lit sp ec tra  w ith  m ag n e tic  h y p e rfin e  fie lds in  th e  r a t io  5 : 3 : 1  
a rising  from  th e  electron ic  s ta te s  S z =  ± 5 /2 ,  ± 3 /2 ,  ± 1 /2 ,  re sp ec tiv e ly .

A n in v es tig a tio n  o f th e  sp ec tru m  as a fu n c tio n  o f th e  ap p lied  f ie ld  allows 
a d e te rm in a tio n  o f th e  p a ra m e te rs  o f  th e  sp in  H am ilto n ian  [13, 14].

A d e ta iled  s tu d y  o f th e  ferric  h e x a a q u a  com plex  [F e(H 20 ) e]3+, in  frozen 
aqueous so lu tions has been  perfo rm ed  b y  K n u d sen  [13— 15]. H e  p rep a red  
severa l ab so rb ers  w ith  low  co n cen tra tio n s  o f F e 3+ an d  s tu d ied  th e  m agnetic  
f ie ld  dependence  o f  th e  sp ec tra  a t  78 К  a n d  a t  4.5 K . T he sam ples w ere p rep a red  
w ith  d iffe ren t glass form ers (e.g. gy lcero l an d  d iffe ren t n itra te s )  in  o rd e r to  
ensu re  fo rm a tio n  o f hom ogeneous g lasses.

T y p ica l sp ec tra  o f an  ab so rb e r c o n ta in in g  0.03 M  F e ( N 0 3) 3, 0.5 M  
H N 0 3 an d  5.4 M  L iN 0 3 as a glass fo rm in g  ag en t are  show n in  F ig . 3. The

F ig . 3. M össbauer sp e c tra  o f a n  ab so rb er o f  a  fro zen  aqueous so lu tio n  w ith  0.03 M  F e ( N 0 3)3, 
0.5 M  H N 0 3, 5.4 M  L iN 0 3 o b ta in ed  a t  4.5 К  w ith  v a rio u s  app lied  tran sv erse  m ag n e tic  fields. 
T he fu ll cu rves show  th eo re tica l f its . T he b a r  d iag ra m  above th e  0.0001 T  an d  th e  0.0125 T  
sp e c tra  show  a sim plified  in te rp re ta tio n  in  te rm s  o f sp e c tra  re la te d  to  th e  th re e  K ram ers 
d o u b le ts . T he b a r  d iag ram  above th e  0.620 T  sp e c tru m  show s an  in te rp re ta tio n  in  te rm s  of 
th re e  m ag n e tica lly  sp lit sp ec tra  w ith  hy p erfin e  fie ld s  in  th e  ra tio  5 : 3 : 1 .  T he line  in ten sitie s  
a re  in d ica ted  b y  th e  len g th s o f th e  b a rs (R e p r in te d  w ith  perm ission  F ro m  J .  P h y s . Chem .

Solids, 38, 883 (1977), P e rg am o n  P ress [14])
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s p e c tra  w e re  ob ta ined  a t  4.5 K . A t В  =  0.0001 T  th e  sp ec tru m  essen tia lly  
co n s is ts  o f  an  asym m etric  co m p o n e n t su perim posed  on a six-line co m ponen t.

T h e  sp ec tra  are d ra s tic a lly  changed  w h en  th e  app lied  m agnetic  fie ld  
is in c re a s e d . F o r В  й  0.01 T  th e  sp ec tra  are  sy m m etric . I t  w as fo u n d  th a t  
th e  s p e c t r a  ob ta in ed  a t  0.0125 T  an d  0.0250 T  a re  essen tia lly  id en tica l, b u t  
a t  la rg e r  ap p lied  fields th e  s p e c tra  again  change w ith  th e  app lied  fie ld .

Q u a lita tiv e ly , th e  re su lts  a re  in  accordance w ith  a c ry s ta l fie ld  H a m ilto ­
n ia n  w i th  th e  p a ram ete rs  D  ^  0.10 c m -1, Я ^  0 .26 an d  a ^  0.017 c m “ 1. 
T h e  s p e c tru m  ob ta ined  w ith  В  =  0.0001 T  can  be  exp la ined  b y  tw o  m a g n e ti­
ca lly  a n iso tro p ic  K ram ers  d o u b le ts  an d  an  iso tro p ic  do u b le t [13, 14]. T he b a r  
d ia g ra m s  above th e  sp ec tru m  in d ic a te  th e o re tic a l line positions. A  d e ta iled  
s tu d y  o f  th e  low -field sp ec tra  h a s  show n th a t  th e  line  positions o f th e  iso tro p ic  
d o u b le t  a re  affected b y  ra n d o m  d ip o la r fie lds o f th e  order o f 0.0006 T  from  
n e ig h b o u r in g  atom s [15].

F o r  A  <^.gfiBB  Acf th e  sp ec tru m  is s tab iliz ed  and  is n o t ex p ec ted  to  
d e p e n d  o n  th e  ex te rn a l fie ld . T h is  s itu a tio n  is ach ieved  for app lied  m ag n etic  
f ie ld s  o f  th e  order of 0.01— 0.03 T.  A t app lied  m ag n e tic  fields in  th is  ran g e  th e  
s p e c tru m  consists of th e  th re e  six-line com ponen ts in d ica ted  b y  th e  b a r  d ia ­
g ra m  sh o w n  above th e  0.0125 T  spec trum .

F o r  В  /> 0 .0 5  T  th e  e lec tro n ic  Zeem an in te ra c tio n  becom es co m p arab le  
to  z lcf a n d  therefo re  th e  sp e c tru m  again  changes w ith  th e  app lied  m ag n e tic  
f ie ld . T h e  sp ec tru m  o b ta in ed  w ith  В  =  0.62 T  in d ica te s  th a t  zlz can  be consid ­
e red  m u c h  larger th a n  A Cf a n d  th is  sp ec tru m  essen tia lly  consists o f th re e  
s ix -lin e  cctm ponents w ith  h y p e rf in e  fields in  th e  ra tio  5 : 3 : 1  (in d ica ted  b y  
th e  b a r  d iag ram s).

A  d e ta iled  analysis o f  th e  sp ec tra  show ed , how ever, th a t  co m p le te ly  
s a t is f a c to ry  f its  could n o t be  m ad e  w ith  such  a m odel. T his is i llu s tra te d  in  
F ig . 4  w h ic h  shows th e  e x p e rim e n ta l sp ec tru m  o b ta in ed  a t  0.0250 T  to g e th e r  
w ith  a th e o re tic a l sp ec tru m  ca lc u la ted  b y  use o f  th e  sp in  H a m ilto n ian  p a ra ­
m e te rs  g iv en  above. C learly , th e  line shape o f  th e  o u te r lines as w ell as th e  
in te n s i ty  ra tio s  in d ica te  t h a t  th e  th eo re tica l m odel is u n ab le  to  ex p la in  th e  
e x p e r im e n ta l  resu lts.

I t  w as therefo re  a t te m p te d  to  f i t  th e  sp e c tra  w ith  a m odel in  w hich  a 
d is t r ib u t io n  of cry sta l f ie ld  p a ra m e te rs  was assu m ed . Such a d is tr ib u tio n  m a y  
in  f a c t  b e  expected  in  an  am o rp h o u s  sam ple because  of th e  v a r ia tio n  in  th e  
s u r ro u n d in g s  of th e  ferric  ion s in  an  am o rp h o u s phase . T he b est f i ts  o f th e  
s p e c tra  (show n b y  th e  solid lin e s  in  Fig. 3) w ere o b ta in ed  w ith  th e  p a ra m e te rs :

S a tu ra t io n  hyperfine  fie ld  B 0 =  58.5 T ; q u a d ru p o le  coupling  c o n stan t, P  =  0 m m /s; 
iso m er s h if t ,  <5pe =  0.50 m m /s; lin e  w id th  Г  =  0.34 m m /s. C ry sta l field  p a ram e te rs : </D/> =  
=  0 .10  c m - 1 ; Op — 0.02 c m -1 , |<^A| =  0.20, <7j, =  0 .10 , a =  0.017 c m -1 ; aa =  0.

I n  th e  fits  th e  values o f  D  an d  Я were a ssu m ed  to  have  G aussian  d is tr ib u ­
t io n s  w ith  th e  in d ica ted  s ta n d a rd  d ev ia tions.
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F ig . 4. M össbauer sp ec tru m  o f th e  ferric  h e x a a q u a  c o m p lex  in frozen aqueous so lu tio n , o b ta in e d  
a t  4.5 К  w ith  an  ap p lied  field  o f 0.025 T . T h e  c u rv e  below  th e  experim en tal sp e c tru m  show s 
th e  b e s t f i t  o b ta in ed  w ith  sh a rp ly  defined  c ry s ta l f ie ld  p a ram ete rs . The cu rv e  sh o w n  to g e th e r  
w ith  th e  ex p erim en ta l sp ec tru m  is th e  b e s t f i t  o b ta in e d  b y  ad m ittin g  a  sp re ad  in  th e  c ry s ta l

field  p a ra m e te rs

T he f i ts  show  th a t  th e  sp ec tra  can  be  ex p la in ed  in detail w ith  th is  m odel- 
T he low -field  sp ec tra  can  also be f i t te d  w ith  th e  sam e c ry s ta l f ie ld  p a ra m ­
e te rs  [15].

T hese s tu d ies  o f  th e  [F e (H 2 0 ) e ] 3 + co m p lex  illu s tra te  th a t  q u ite  d e ta ile d  
in fo rm a tio n  on F e 3+ com plexes w ith  slow  param ag n etic  re la x a tio n  c a n  he 
o b ta in ed . I t  is o f p a r tic u la r  in te re s t th a t  th e  v a ria tio n  in  th e  lo ca l e n v iro n ­
m e n ts  of th e  F e3+ ions can  be s tu d ied  b y  th is  m eth o d .

T he m e th o d  has been  app lied  in  a n  in v es tig a tio n  of F e 3+ com plexes 
e x tra c te d  b y  d ie th y l e th e r  from  aq u eo u s  so lu tions w ith  0.03 M — 0.1 M  
F e ( N 0 3 ) 3  and  6  M  HCI, 6  M  H B r, o r 0.5 M  N H 4SCN. In  these th re e  ab so rb e rs  
th e  e th e r  serves a double  purpose as a co m p lex  e x tra c ta n t and  as a g lass fo r­
m er w hen  freezing  th e  abso rber. S p ec tra  o b ta in e d  a t 5 К  of th e  fro z e n  a b so r­
b e rs  are  show n in  F igs. 5— 7 to g e th e r  w ith  f i ts  calcu lated  fro m  th e  sp in  
H a m ilto n ia n  fo rm alism  o f E qs (1)— (7).

T he w ell reso lved  p a ram ag n e tic  h y p e rf in e  sp littings show t h a t  th e  F e 3 + 
com plexes are e x tra c te d  as m onom ers.

T he k ey  p a ra m e te rs  of th e  f i ts  a re  g iv en  in  Table I. The v a lu e s  o f  th e  
isom er sh ifts  ópe an d  th e  sa tu ra tio n  h y p e rfin e  fie lds B 0 show d e fin itiv e ly  th a t
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C l-  a n d  B r~  are  e x tra c te d  as te tra h e d ra l co m plexes, w hereas S C N -  is 
e x tra c te d  o c tah ed ra lly .

F o r  th e  te t r a h e d ra l  com plexes, FeCl4' a n d  FeB r^“, th e  hy p erfin e  f ie ld  
decreases s ig n ifican tly  w ith  increasing  co va lency  o f  th e  chem ical bond , w h e reas

-16  -12 -8 -4 0 U 8 12 16
Velocity (m m /s )

F ig . 5. M össbauer sp e c tra  o f  a n  abso rber frozen  fro m  a n  e th e r  ex trac ted  so lu tio n  o f  F e 3+ 
a n d  C l- . T h e  sp e c tra  w ere  o b ta in e d  a t  5 К  w ith  v a r io u s  a p p lie d  m agnetic  fields. T h e  cu rv es 
show  th e  b e s t f i ts  o b ta in e d  w ith in  th e  sp in  H a m ilto n ia n  fo rm alism , ad m ittin g  som e sp re a d

in  th e  sp in  H a m ilto n ia n  p a ra m e te rs
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Table I

M  össbauer and crystal f ie ld  parameters o f  diethyl ether extracted F e3+ complexes 
Isom er sh ifts are given re la tiv e  to  m eta llic  iron a t room tem p e ra tu re

Q u a d ru p o le C rystal fie ld  p a ra m e te r s
C om plex ing  h y p e rfin e Iso m e r  sh if t c o u p lin g

lig a n d  fie ld  B 0 (T ) äFe D
(T) (m m /s)

(m m /s)
( c m '1) A ( c m -1 )

c i - 48.2 0.35 0.0 0.041 0.20 0.0041
B r - 43.7 0.37 0.0 0.16 0.19 0.0026
S C N - 56.8 0.55 — 0.60 - 0 .2 7 0.12 0.0

th e  c ry s ta l f ie ld  sp littin g , as g iven  b y  D , show s th e  opposite d ep en d en ce . The 
c ry s ta l  f ie ld  sy m m etry  (A) is id en tica l fo r  th e  tw o com plexes. F o r  b o th  com ­
p lexes, th e  q u ad rupo le  in te ra c tio n  is zero .

F ig. 6. M össbauer sp ec tra  o f a n  ab so rb er fro zen  fro m  an  e ther e x tra c te d  so lu tio n  o f  F e 3+ 
a n d  B r - . T h e  sp e c tra  w ere o b ta in ed  a t  5 К  w ith  v a r io u s  applied m ag n e tic  f ie ld s . T h e  curves 
show  th e  b e s t  f i ts  o b ta in ed  w ith in  th e  sp in  H a m ilto n ia n  form alism , a d m ittin g  som e spread

in  th e  sp in  H a m ilto n ia n  p a ram ete rs

Acta Chim. Hung. 121, 1986



160 M0RUP, KNUDSEN: MÖSSBAUER SPECTROSCOPY

F ig . 7. M össbauer sp ec tra  o f  a n  a b so rb e r  frozen from  a n  e th e r  e x tra c te d  solution of F e 3+ a n d  
S C N - . T h e  spec tra  w ere o b ta in e d  a t  5 К  w ith  v a rio u s a p p lie d  m ag n e tic  fields. T h e  c u rv es  
show  th e  b e s t fits  o b ta in ed  w ith in  th e  spin H a m ilto n ia n  fo rm alism , ad m ittin g  som e sp re ad

in  th e  sp in  H am ilto n ian  p a ra m e te rs

T h e o c tahed ra l co m p lex , F e3+ w ith  S C N - , h a s  a higher c ry s ta l f ie ld  
sp li t t in g  an d  a large q u a d ru p o le  coupling o f axial  sy m m etry .

In  an o th e r in v e s tig a tio n  th e  com plex fo rm a tio n  o f F e 3+ in  th e  aq u eo u s  
s y s te m  H C 1/H N 0 3/H 20  w as stu d ied . The co m p lex in g  ten d en cy  of th e  C l- -ion  
to  F e 3+ is well e s tab lish ed , w hereas th e  N O 3“ io n  does n o t form  com plexes. 
T h e  p resence  of H N 0 3  in  su itab le  c o n c e n tra tio n  ([HC1 -)- H N 0 3] 7 M )
en su res  th e  fo rm atio n  o f  a n  am orphous s ta te  u p o n  freezing.

B y  th e  p re p a ra tio n  o f  absorbers o f v a r io u s  co ncen tra tions o f  C l- , 
re fe rre d  to  by  th e  ra tio  R  =  [Cltotai]/[Fetota|], i t  is  possible successively  to  
s tu d y  th e  com plexes [Fe(H .2 0 ) 6 _nCln]3-n, n =  0 , 1, . . . The absorbers w ere 
p re p a re d  w ith  [Fe] =  0 .03 M  o r 0.02 M  an d  R  =  0, 1.0, 5.5, 12, 33, 90, 300, 
a n d  530. F igures 8 — 11 sh o w  sp ec tra  o b ta in ed  a t  5 К  fo r a few c h a rac te ris tic  
v a lu e s  o f R.
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F ig . 8. M össbauer sp e c tra  o f frozen  aq u eo u s so lu tio n s  o f  F e 3+ an d  C l-  ions o b ta in e d  a t  5 К  
in  a n  app lied  m ag n e tic  field  o f  0.0001 T . T h e  v a lu e s  o f R  ind ica te  th e  re la tiv e  m o la r co n ce n tra ­

tio n  o f C l" , R  =  [C l- ] /[F e 3+]

F rom  th e  w ell reso lved  m ag n e tic  h y p e rfin e  sp littin g  i t  c an  be concluded  
th a t  th e  com plexes are  p re se n t as m onom ers.

I t  appears c learly  th a t  besides th e  sp ec tru m  of [F e (H 20 ) e]3+, sp ec tra  
o f  th re e  d iffe ren t com plexes can  be d istin g u ish ed , in te rp re te d  as n  =  1 , 2 , 
an d  3. H ow ever, th e  s im u ltan eo u s p resence  o f several com plexes (n ) in  each 
ab so rb e r (ÍJ) p resen ts  a m a jo r d iff ic u lty  fo r th e  in te rp re ta tio n . I n  o rd e r to  
o b ta in  a co n sis ten t d esc rip tion , th e  fo llow ing m ethod  w as a p p lied . F irs t, 
com plex  fo rm a tio n  co n s ta n ts  (K n) w ere assum ed, an d  th e  d is tr ib u tio n  of 
in d iv id u a l com plexes (n) in  every  ab so rb e r ca lcu la ted . N ex t, fo r each  com plex 
(n ) an d  for each  app lied  m ag n etic  fie ld  В a theo re tica l sp ec tru m  w as derived  
from  th e  ex p erim en ta l ones b y  m eans o f  a least squares m e th o d . F in a lly , all 
th e  th eo re tica l sp ec tra  o f  th e  in d iv id u a l com plexes w ere f i t te d  w ith in  the  
sp in  H am ilto n ian  fo rm alism , assu m in g  a s ta tis tic a l d is tr ib u tio n  b e tw een  cis 
an d  trans co o rd in a ted  com plexes. T h is p ro ced u re , s ta r tin g  w ith  a d ju s tm e n ts  of
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F ig . 9. M ö ssb au er sp ec tra  o f fro zen  aqu eo u s so lu tions o f F e 3+ a n d  C l-  ions ob ta in ed  a t  5 К  
in  a n  a p p lied  m agnetic  fie ld  o f  0.0125 T . T he v a lu es o f  R  in d ic a te  th e  re la tiv e  m o la r 

c o n c e n tra tio n  of C l- , R  =  [C l- ] / [F e 3+]

th e  e q u ilib riu m  co n stan ts  K n, w as rep ea ted  u n til  a rea so n ab le  consisten t d escrip ­
tio n  w as o b ta in ed .

T h e  equ ilib rium  c o n s ta n ts  o f th e  b est d e sc rip tio n  are  K 1 =  13.2, K 2 =  
=  0 .86, a n d  K 3 =  0.11. T h e  k e y  p a ram e te rs  o f  th e  f i ts  a re  given in  T ab le  I I .  
T h e  iso m e r sh ifts in d ica te  o c ta h e d ra lly  co o rd in a ted  com plexes. The decrease 
in  s a tu ra t io n  hy p erfin e  fie ld  B 0 w ith  increasing  n u m b e r  o f Cl~ ligands re flec ts  
th e  h ig h e r  covalency  o f th e  F e 3+ — Cl~ bond in  co m p ariso n  to  th e  F e 3 +— H 20  
b o n d , w h ich  is also su p p o rte d  b y  th e  presence o f  la rg e  c ry s ta l field  sp littin g s  
in  th e  m ono- and  d ich loro  com plexes.

T h e  v a ria tio n  in  m a g n itu d e  and  sy m m e try  o f  th e  c ry s ta l fie ld  o f th e  
ch lo ro  com plexes m ay  to  som e e x te n t be ex p la in ed  w ith in  th e  so-called sp in  
H a m ilto n ia n  su perposition  m o d e l [16— 18]. A cco rd ing  to  th is  concept each  
lig an d  c o n tr ib u te s  a te rm
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F ig . 10. M össbauer sp e c tra  o f frozen aqueous so lu tio n s  o f F e 3 + and  C l-  ions o b ta in e d  a t  5 К  
in  a n  app lied  m ag n e tic  field  o f  0.1000 T . T h e  v a lu e s  o f  R  ind ica te  th e  re la tiv e  m o la r  concen­

tra t io n  of C l- , R  =  [C l- ] /[F e 3+]

w here th e  q u a n tiz a tio n  axis £ h as  b een  chosen  in  th e  d irec tion  o f  th e  F e 3+- 
lig an d  bond . T he c ry s ta l fie ld  c o n s ta n t d  dep en d s on th e  ty p e  o f  l ig a n d  and  
th e  bond  len g th . T h e  to ta l  c ry s ta l fie ld  sp in  H am ilto n ian  is o b ta in e d  b y  add ing  
th e  te rm s  fo r all th e  ligands.

A ssum ing  o c ta h e d ra l com plexes a n d  c o n s ta n t bond le n g th , th e  re la tiv e  
m ag n itu d e  an d  sy m m e try  o f th e  c ry s ta l f ie ld  in te rac tio n  of th e  d if fe re n t iron- 
chloro  com plexes can  easily  be fo und . T h e  re su lts  o f th e  ca lcu la tio n  a re  g iven 
in  T ab le  I I I ,  to g e th e r  w ith  sim ilar re la tio n s  o f th e  quad ru p o le  in te ra c tio n s , 
deriv ed  from  a sim ple e lec tro s ta tic  p ic tu re . I t  appears from  a  co m p ariso n  
o f  th e  resu lts  g iven  in  T ab les I I  an d  I I I  t h a t  th e  cry sta l fie ld  in te ra c tio n s  o f 
th e  m ono- an d  chloro  com plexes follow  th e  superposition  m odel r a th e r  well. 
I t  is also seen th a t  th e  q u ad ru p o le  in te ra c tio n  o f these com plexes is in  re a so n ­
able ag reem en t w ith  th e  e lec tro s ta tic  m odel.

H ow ever, th e  trich lo ro  com plexes do  n o t f i t  well in to  th is  p ic tu re . F o r 
th e  cis-trans com plex  th e  v alue  d e te rm in ed  fo r D is m uch sm aller th a n  ex p ec ted  
from  th e  m odel, b u t  th e  h igher va lue  o f  A is expected . For th e  cis-cis com plex
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Ve loci ty  (mrn/s)

F ig . 11. M össbauer sp e c tra  o f  fro ze n  aqueous so lu tions o f  F e 3+ a n d  C l-  ions o b ta in ed  a t  5 К  
in  a n  ap p lied  m ag n e tic  f ie ld  o f  0.6200 T . T he v a lu e s  o f  R  in d ic a te  th e  re la tiv e  m o la r 

c o n c e n tra tio n  of C l- , R  =  [C l- ] / [ F e 3 + ]

(as fo r  [F e (H 2 0 6)]3+) th is  sim ple m odel p re d ic ts  t h a t  D  =  0, b u t non -zero  
v a lu e s  a re  ac tu a lly  fo u n d . T hese  d isag reem en ts co u ld  he due to  th e  p resence  
o f  d e v ia tio n s  from  th e  s t r ic t  o c tah ed ra l sy m m e try  a n tic ip a te d  or to  a ch an g e  
in  b o n d  leng ths. M oreover, th e  d is trib u tio n  o f  cis-trans and  cis-cis com plexes 
m a y  be  d iffe ren t from  th e  assum ed  s ta tis tic a l r a t io ,  a n d  th is  would also in f lu ­
ence th e  f i t t in g  p ro ced u re .

In  a sim ilar w ork , th e  flu o ro  com plexes, [F e (H 2 0 ) e_ nF n]3_n, were in v e s t i­
g a te d  in  frozen aqueous so lu tio n , using 40 %  g ly ce ro l as a glass fo rm er [19].

Table И

Mössbauer and crystal f ie ld  parameters o f  [F e (H 20 ) 6_ nCln]3_n complexes. 
Isom er sh ifts a re  g iven  re la tive  to  m etallic iro n  a t  room  tem pera ture

S a tu ra t io n Q uadrupo le  in te r a c t io n C rysta l fie ld  p a ra m e te rs
h y p e rf in e

C om plex f ie ld P D  a
B o
(T )

(m m /s) (m m /s) V ( c m -1 ) * ( c m -1 )

[F e (H 20 ) 6]3 + 58.5 0.50 0.0 0 0.10 0.20 0.017
[F e(H 20 ) ,C ll2 + 58.1 0.52 — 0.20 0 0.50 0 0
[F e (H 20 ) .C l2] +

cis 55.0 0.53 +  0.18 0 — 0.60 0.07 0
trans 55.0 0.53 — 0.28 0 +  0.90 0 0

F e (H 20 ) 3Cl3
cis-trans 53.7 0.55 — 0.20 1 0.20 0.45 0.01
cis-cis 53.7 0.55 + 0 .1 0 0 0.10 0 0.02
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Table III

Crystal f ie ld  param eters derived fro m  the superposition theory. 
da an d  df, are c ry sta l field  in te rac tio n  constan ts for th e  ligands A  =  H 20  and  В  =  Cl- . The 
q u adrupo le  coupling co n stan ts  a re  ev aluated  from in d iv id u a l e lec tro sta tic  con trib u tio n s a an d  b

of th e  two ligands

C om plex
C ry s ta l field p a ra - Q u a d ru p o le  in te ra c tio n

m e te rs c o n s ta n ts
D Л P V

FeA jB

F e A jB ,
3 ( d a  dfj) 0 a  — b 0

—  c i s -  W a  db) 0 I IT 1 0
—  t r a n s  

F eA 3B 3

b ( d a —  d b) 0 2  (a b ) 0

9 1 3 ,
—  t r a n s - c i s 2 ( d a dfr)

3 2  a  b )
1

—  c i s - c i s 0 0

S p e c tra  o f ab so rb e rs  w ith  n =  0, 1, 2, 3, a n d  4 , w ere observed , accord ing  to  
genera lly  accep ted  v a lu es  o f th e  equ ilib riu m  c o n s ta n ts . H ow ever, as th e  
sp e c tra  were o b ta in e d  a t  78 К  th e  h y p erfin e  re so lu tio n  is low er th a n  th a t  in  
th e  s tud ies d iscussed  above , because o f th e  f in ite  sp in -la ttic e  re lax a tio n  tim e. 
A d e ta iled  in te rp re ta t io n  w ith in  th e  spin H a m ilto n ia n  form alism  w as therefo re  
n o t a tte m p te d . In s te a d , th e  m ax im um  observed  m ag n e tic  h y p erfin e  sp littin g , 
th e  isom er sh if t an d  th e  q u ad ru p o le  sh ift w ere re a d  d irec tly  from  th e  sp ec tra  
an d  an  ev a lu a tio n  o f th e  c ry s ta l field  sp littin g  A R w as ca rried  o u t b y  co m p ar­
ison  o f  th e  fie ld  d ependence  o f th e  o bserved  sp ec tra  w ith  th a t  of th e  
[F e (H 20 ) 6 ] 3 + sp e c tru m . T h e  resu lts  are show n in  F ig . 12 from  w hich i t  appears 
t h a t  th e  m ag n e tic  h y p e rfin e  sp littin g  increases w ith  increasing  n u m b er of 
F “ -ligands, w hereas th e  c ry s ta l  fie ld  sp littin g  f ir s t  increases an d  th e n  decreases 
w ith  increasing  n. T hese re su lts  are in  acco rd an ce  w ith  th e  fa c t  th a t  th e  
c h a ra c te r  of th e  F e 3 +— F “ bo n d  is less co v a len t th a n  th a t  o f th e  F e 3 +— H 20  
b o n d . T he isom er sh ifts  in d ica te  o c tah ed ra l co o rd in a tio n .

T he exam ples o u tlin ed  here  d e m o n s tra te  th e  su ita b ili ty  o f M össbauer 
S pectroscopy  o f frozen  so lu tions in  th e  a ch iev em en t of a d e ta iled  u n d e rs ta n d ­
ing o f com plex  fo rm a tio n  b y  F e 3+ in  so lu tio n . T h e  m e th o d  can  be used  for 
o th e r  ligands as w ell. H ow ever, th e  necessity  o f  th e  fo rm a tio n  o f a hom ogen­
eous am orphous s ta te  u p o n  freezing shou ld  b e  s tressed . So, in  a s tu d y  of 
com plex  ch em is try  in  fro zen  so lu tions i t  is o f  u tm o s t im p o rtan ce  to  f in d  a 
su itab le  glass fo rm er th a t  does n o t d is tu rb  th e  sy stem  u n d e r in v es tig a tio n . 
H ere  H N 0 3 a n d  L iN 0 3 a t  co n cen tra tio n s n e a r 7 M  an d  g lycerol h av e  tu rn e d  
o u t to  be p rom ising  fo r s tu d ies  of aqueous so lu tio n s.

In  th e  exam p les  d iscussed  above, th e  sp e c tra  show  m agnetic  hy p erfin e  
sp littin g s  because  th e  fe rric  ions are well s e p a ra te d  an d  th ere fo re  ex h ib it 
a long  sp in -sp in  re la x a tio n  tim e . As show n in  F ig . 1, th e  m ag n etic  sp littin g
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co llap se s  due to  fa s t r e la x a tio n  w hen  th e  c o n c e n tra tio n  o f  F e 3+ ions is in ­
c re a se d .

A n  ex trem e case o f s tro n g  m ag n etic  in te ra c tio n  is fo u n d  in  d im etric  
co m p le x e s . In  such com plexes th e  exchange in te ra c tio n  (E q . 5) b e tw een  th e  
ion s is o f te n  p red o m in an t in  th e  sp in  H a m ilto n ian . F o r a d im eric  com plex 
E q . (5) red u ces to :

H ex= - 2  J S X. Í 2 (9)

w h e re  a n d  S 2 are th e  sp in  o p e ra to rs  for th e  tw o  ions. T he e igenvalues of 
th is  sp in  F lam ilton ian  are

E  =  — J [ S ’(S ’ +  1) —  2 S (S  +  1)] (10)
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F ig . 12. H y p e rfin e  p a ram ete rs  a n d  re la tiv e  c ry s ta l fie ld  sp littin g s  in  ab so rb ers  o f frozen  
aq u eo u s solu tions o f  [F e (H 20 ) nF e_ n]3-n com plexes (a d a p te d  fro m  [19])
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w here S ’ is th e  to ta l  sp in  q u a n tu m  n u m b e r  fo r th e  com plex. F o r  n eg a tiv e  
values o f J ,  th e  low est s ta te  co rresponds to  S ’ =  0. T herefore, su ch  com plexes 
are d iam ag n e tic  a t  v e ry  low  te m p e ra tu re s  a n d , consequen tly , th e  M össbauer 
sp ec tru m  does n o t ex h ib it m agnetic  s p littin g  as th e  m agnetic  h y p e rfin e  fie ld  
a t  each  57F e  nucleus is zero. E v en  a t  low  te m p e ra tu re s  th e  ap p lic a tio n  o f an  
e x te rn a l m ag n e tic  fie ld  on ly  resu lts  in  a  m ag n e tic  fie ld  a t  th e  nu c leu s equal 
to  th e  ap p lied  fie ld . Such d im eric  com plexes can  there fo re  easily  be  id en tified  
b y  M össbauer spectro scopy .

D ézsi e t al. [20] observed  such  a d im eric  com plex  in  a s tu d y  o f  frozen 
aqueous so lu tio n  o f Fe(C 10 4 ) 3  a t  d iffe ren t p H . A t a p H  va lu e  o f  1.45 a  quad- 
rupo le  d o u b le t w as fo u n d  in  th e  M össbauer sp ec tru m , an d  i t  w as a t t r ib u te d  
to  a d im etric  com plex .

T h is com plex  w as la te r  in v e s tig a te d  in  d e ta il by  K n u d sen  e t  al. [21]. 
Som e o f th e ir  sp e c tra  fo r 0.67 M  aqueous so lu tions o f Fe(C 10 4 ) 3 w ith  d iffe ren t 
p H  values a re  show n in  F ig . 13. In  th is  s tu d y  th e  p H  was ch an g ed  b y  ad d in g
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F ig. 13. M össbauer sp e c tra  o f frozen  aqueous so lu tio n s  o f Fe(C104)3 a t  v a rio u s  v a lu e s  o f th e  
ra tio  [O H ]/[F e]. [O H ] is d e te rm in ed  from  th e  a m o u n t o f base ad d ed . T h e  sp e c tra  were 

reco rded  a t  T  =  11 K . (A d a p te d  from  [21])
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F ig . 14. M ö ssb au er spectra  o f  a so lu tio n  o f F eC l3 in  p y rid in e  a t  4.2 К . (а) В  —  0; (b) В =  0.88 Г
(a d a p te d  from  [22])

v a r io u s  am o u n ts  of N a H C 0 3  to  th e  so lu tions. T h e  ra tio  of O H -  an d  F e 3 + 
a re  in d ic a te d  in  th e  figure . A t  th e  low est p H , (sp ec tru m  a, ~ p H  ^  0.5) o n ly  
th e  m o n o m eric  [F e(H 2 0 ) 6]3+ com plex  is p re se n t. T he sp ec tru m  does n o t 
e x h ib it  m ag n e tic  hy p erfin e  sp li t t in g , b u t consists  o f  a single b ro ad  line. T h is  
is d u e  to  fa s t sp in-spin  re la x a tio n  in  th is  re la tiv e ly  co n cen tra ted  frozen  
so lu tio n .

W h e n  th e  p H  is in c rea sed  a quad ru p o le  d o u b le t appears in  th e  sp e c tra , 
s im ila r  to  t h a t  observed b y  D ézsi e t  al. [20]. T h e  q u ad ru p o le  sp littin g  o f  th is  
d o u b le t  is ab o u t 1.67 m m /s. A  d e ta iled  analysis le d  to  th e  conclusion t h a t  i t  
is d u e  to  a m ono-oxo b r id g e d  d im er, [(H 20 ) 5F e — О— F e (H 20 ) 5]4+ w ith  a 
s tro n g  ex ch an g e  coupling (J  *=*=; -— 1 0 0  c m -1).

A t  h ig h er p H  values (sp e c tra  d and  e) a new  q u ad ru p o le  d o u b le t w ith  
a s p l i t t in g  o f  abou t 0.66 m m /s a p p e a rs . This co m p o n en ts  is due to  th e  fo rm a tio n  
o f  p o ly m e ric  iron  h y droxo  co m p lex es [2 1 ].

D im eric  com plexes m a y  also  be p resen t in  non -aq u eo u s so lu tions. F o r  
e x a m p le , V értes  et al. [2 2 ] fo u n d  evidence fo r th e  fo rm a tio n  of dim eric co m ­
p lex es  in  frozen  solutions o f  F e C l3 in  p y rid ine . S p ec tra  o b ta in ed  a t  4.2 К  in  
zero  a p p lie d  field and  a t  В  =  0 .88  T  are show n in  F ig . 14. B o th  sp ec tra  co n ­
s is t o f  a  m agnetica lly  sp lit (s ix -line) com ponen t d u e  to  m onom eric com plexes 
a n d  a  q u ad ru p o le  doub le t. T h e  la t te r  co m ponen t is essen tia lly  u n affec ted  b y  
th e  a p p lie d  m agnetic fie ld , in d ic a tin g  th a t  i t  is due  to  a d iam agnetic  com plex .
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F ig . 15. (a) M össbauer sp ec tru m  of a p o ly c ry s ta llin e  sam ple  of Ге(СЮ 4)2 • 6 H 20  (a d ap ted  
fro m  [24]). (b) M össbauer sp ec tru m  of an  a m o rp h o u s  frozen aqueous so lu tio n  o f Fe(C 10!l)2 
(a d a p te d  from  [23]). B o th  sp ec tra  were o b ta in e d  a t  4 .2  К  in  an  applied m ag n e tic  fie ld  o f  5.0 T

In  c o n tra s t to  m onom eric F e3+ co m p lex es, com plexes o f  F e 2+ do n o r­
m ally  n o t e x h ib it a m ag n etic  h y p erfin e  s p lit t in g , even a t liq u id  h e liu m  te m ­
p e ra tu re . T he m ag n etic  p ro p erties  of su c h  com plexes m ay , h o w ev e r, be 
e lu c id a ted  b y  M össbauer sp ec tra  o b ta in e d  in  a n  applied m agnetic  f ie ld , w hich 
in duces a s u b s ta n tia l  m agnetic  sp littin g  a t  low  tem p era tu res .

S tud ies o f frozen  aqueous so lu tions o f  F e 2+ a t  4.2 К  and  in  la rg e  app lied  
m ag n etic  fields h av e  show n th e  p resence o f  a d is trib u tio n  in  m a g n e tic  h y p e r­
fin e  fie lds [23]. As in  th e  sp ec tra  o f [F e (H 2 0 ) e] 3+ discussed above , th is  p re su m ­
ab ly  re flec ts  th e  am orphous n a tu re  o f  th e  sam ples. The d ifference  b e tw een  
th e  sp ec tra  o f a c ry s ta llin e  an d  an  a m o rp h o u s  sam ple is il lu s tra te d  in  F ig . 15, 
w hich  show s sp ec tra  o f a frozen so lu tio n  o f  Fe(C 10 4) 2 and  a p o ly c ry s ta llin e  
sam ple  o f F e(C 10 4) 2 • 6  H 20  [24]. B o th  sp ec tra  were o b ta in e d  a t  4 .2K  
in  an  app lied  m ag n etic  fie ld  of 5 T.
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D y n am ic  properties of v iscous liqu ids

A s m en tio n ed  in  th e  in tro d u c tio n , M ö ssb au er spectroscopy ca n  in  
g enera l n o t  be used  fo r s tu d ie s  of liquids a n d  th e  so lu tions therefo re  h a v e  to  
be so lid ified  b y  cooling. I t  is , how ever, possib le  to  o b ta in  M össbauer s p e c tra  
o f v e ry  v iscous liq u id s  a n d  th e  tech n iq u e  th e n  g ives in form ation  n o t  o n ly  
a b o u t th e  chem ical s ta te  o f th e  atom s b u t  also o n  th e  dynam ics o f th e  liq u id .

T h e  p a ra m e te rs  re la te d  to  th e  dynam ic  p ro p e rtie s , th a t  can  be  d e te r ­
m ined  a re  th e  m ean  sq u a re  am p litu d e , </x2>, o f  th e  v ib ra tio n a l m o tion  o f  th e  
M össbauer a to m  an d  th e  d iffusion  coeffic ien t, D.

In fo rm a tio n  on  / т 2)  can  be ob ta in ed  since th e  to ta l  area of th e  M öss­
b a u e r  sp e c tru m  is p ro p o rtio n a l to  th e  so-called  / - f a c to r  (the p ro b a b ility  fo r 
reco il-free  ab so rp tio n  o f  th e  gam m a rays) w h ich  is g iven  by:

( П )f =  exp i2 jrf  /  2 \  - | T  <*’ >

w here X is th e  w av e len g th  o f  th e  gam m a ra d ia tio n .
U sin g  th e  D ebye m odel fo r th e  v ib ra tio n s  one f in d s  in  th e  high te m p e ra ­

tu re  a p p ro x im a tio n :

/  = exp
Щ Т  1 

M e2 k&2D\
( 12)

H ere  E y is th e  gam m a ra y  energy , M  is th e  m ass o f  th e  atom  and  &D is th e  
D ebye te m p e ra tu re . T h is a p p ro x im a tio n  is ap p lic a b le  fo r T  >  1 /2 0 D. A c c o rd ­
ing to  E q . (12), th e  lo g a r ith m  o f th e  area  o f th e  sp e c tru m  depends l in e a r ly  o n  
th e  te m p e ra tu re . T his b e h a v io u r  has in  fac t b een  fo u n d  in  a num ber o f  s tu d ie s  
of so lids.

S tu d ie s  o f frozen  so lu tio n s have  also show n  a  sim ilar b ehav iou r b e lo w  
th e  g lass tr a n s it io n  te m p e ra tu re , T g. H ow ever, sev e ra l studies h av e  sh o w n  
th a t  a b o v e  T s, </я2> increases  m uch  m ore ra p id ly  w ith  increasing te m p e ra tu re  
th a n  i t  does in  th e  so lid  s ta te .  T hus new ty p e s  o f  v ib ra tio n s  are p re se n t in  
th e  su p erco o led  liq u id , an d  i t  has been  su g g ested  t h a t  these v ib ra tio n s  a re  
re la te d  to  th e  d iffusional m o tio n  of th e  a to m s.

T h e  d iffusional m o tio n  o f  th e  a to m  gives r ise  to  an  ex tra  line b ro a d e n ­
ing g iven  b y  [25]:

Л Г  =  2h (13)

T hus th e  d iffusion  c o n s ta n t, D,  can  easily  be  e s t im a te d  from  th e  M ö ssb au er 
sp e c tru m  (unless th e  sp e c tru m  is also b ro ad en ed  b ecau se  of o ther effects su c h  
as p a ra m a g n e tic  re la x a tio n ).

M össbauer s tu d ies  o f  th e  te m p e ra tu re  d ep en d en ce  o f D  in  viscous liq u id s  
h av e  sh o w n  th a t  th e  d iffu sion  c o n s tan t follow s a n  A rrhen ius law . S im u lta -
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neous s tu d ies  of th e  te m p e ra tu re  d ependence  o f th e  spectra l a rea  a n d  th e  diffu- 
sional line b road en in g  h av e  suggested  th a t  th e  v ib ra tio n a l m e a n  square 
a m p litu d e  above T g an d  th e  d iffusional m o tio n  are closely r e la te d  [26, 27].

C onclusions

I n  th e  p re se n t w ork  we h av e  d e m o n s tra te d  th a t  M össbauer sp ec tro sco p y  
gives severa l ty p e s  of in fo rm a tio n  a b o u t so lu tions. S pec ifica lly , we have 
il lu s tra te d  how  th e  m e th o d  can  be u sed  to  s tu d y  c ry s ta lliz a tio n  a n d  glass 
fo rm a tio n  du ring  freezing  o f th e  liq u id s . M oreover, we have show n t h a t  de ta iled  
in fo rm a tio n  a b o u t th e  iro n  com plexes in  so lu tions can be o b ta in e d . F in a lly  
we h av e  discussed how  th e  d y n am ic  p ro p e rtie s  of viscous liq u id s  c a n  be s tu d ­
ied  b y  use of M össbauer spec tro sco p y .

T h e  a u th o rs  wish to  th a n k  th e  D a n ish  N a tu ra l  Science R esearch  C ouncil fo r  financia l 
su p p o rt.
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T he a im  o f m o d ern  d iffrac tion  s tu d ies  sh o u ld  he  to  e x tra c t u n iq u e  in fo rm a tio n  
a b o u t liqu id  s tru c tu re  as described  by  th e  a to m  p a ir  d is tr ib u tio n  fu n c tio n s. T h e  p a s t 
decade has seen th e  ap p lic a tio n  of n e u tro n  d iffra c tio n  w ith  iso to p ica lly  su b s ti tu te d  
sam ples to w a rd  th is  a im . A  n u m b er of ionic liq u id s  h av e  th u s  been co m p le te ly  c h a ra c ­
te rized , and  d e ta ile d  com parison  betw een  th e o ry  a n d  ex p erim en t h as becom e possib le . 
U n iq u e  in fo rm a tio n  on  io n -w ate r in te rac tio n s  in  ionic  so lu tions h as been  o b ta in e d  by  
th is  m eth o d s. T h e  n e x t  decade  will see a new  im p e tu s  in  x -ra y  d iffrac tio n  as th e  new  
sy n ch ro tro n  sources com e in to  operation .

I. In tro d u c tio n

I t  is im p o r ta n t  to  realize  a t  th e  o u ts e t t h a t  th e  te rm  “ s tru c tu re ” , as 
used  in  s tu d ies  o f  th e  liq u id  s ta te , u su a lly  m ean s so m eth in g  q u ite  d iffe ren t 
from  th e  sam e w ord  used  to  describe c ry s ta llin e  solids.

T he s tru c tu re  o f  a c ry sta llin e  solid is spec ified  b y  th e  sy m m e try  o f  th e  
space group  an d  b y  th e  m ean  a tom ic po sitio n s in  th e  u n it cell, to g e th e r  w ith  
e s tim a te s  o f th e  a m p litu d e s  o f th e rm a l v ib ra t io n  o f each  o f th e  nuclei. T he 
p erio d ic ity  o f th e  la tt ic e  allow s one to  c o n s tru c t a m odel of th e  u n it  cell w hich  
is re p re se n ta tiv e  o f  th e  en tire  crysta l.

In  a liq u id  th e re  is no such  p e rio d ic ity . T he sh o rt-ran g e  o rd e rin g  or 
s tru c tu re , found  in  liq u id  m ateria ls  is co m p le te ly  described  b y  p ro b a b ility  
fu n c tio n s o f p o s itio n  an d  o rien ta tio n . I f  we choose th e  sym bol X /  to  deno te  
th e  se t o f all co o rd in a te s  needed  to  specify  th e  positio n  an d  o r ie n ta tio n  of 
a p a rtic le , an d  we le t d X 2 be  th e  volum e o f a d iffe ren tia l vo lum e e lem en t in  
th e  coo rd in a te  space  o f p a rtic le  2 , th e n  we m a y  define  a p a ir  d is tr ib u tio n  fu n c ­
tio n  g (X j, X 2) so t h a t  Qg(X1, X 2)d X 2 is th e  av e rag e  n u m b er o f  p a rtic le s  a t 
X 2 is th e  vo lum e e lem en t d X 2 w hen a n o th e r  p a rtic le  is a t  X v  H ence , th e  
fu n c tio n  g (X j X 2) is a m easu re  o f th e  loca l p a rtic le  d en sity  in  th e  v ic in ity

+ T his p a p e r w as p re sen te d  a t  th e  S ym posium  o n  S tru c tu re  o f L iqu ids an d  So lu tions 
a t  V eszprém , A u g u st 27 — 30, 1984.
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o f a n y  o rig in  partic le  o f b u lk  d e n s ity  p. In  p rinc ip le , know ledge o f  th e  p a ir 
d is t r ib u t io n  function  g (X x, X 2) an d  th e  p a ir  p o te n tia l  V (X x, X 2) is su ffic ien t 
fo r th e  p red ic tio n  o f all eq u ilib riu m  p ro p e rtie s  o f flu id s  th ro u g h  s ta n d a rd  
m e th o d s  o f  s ta tis tic a l m ech an ics  [1]. W hile th is  sounds v e ry  sim ple, i t  c a n  be 
d o n e  in  p rac tice  w ith  usefu l re su lts  only  for th e  s im p lest ty p es  o f flu id s .

F o r  m onatom ic flu id s  (A r, N a) th e  p a ir  d is tr ib u tio n  fu n c tio n  dep en d s 
o n ly  o n  th e  scalar d is tan ce , r , be tw een  th e  a to m s, an d  we usu a lly  w rite  th e  
fu n c tio n  as g(r). The a to m  p a ir  d is tr ib u tio n  fu n c tio n  o f a m onatom ic  f lu id  can  
he o b ta in e d  from  a single d iffrac tio n  ex p e rim e n t using  th e rm a l n e u tro n s , 
x - ra y s , o r  electrons. I f  th e  in te ra to m ic  p o te n tia l  V(r) is know n, th e  fu n c tio n  
g(r) c a n  also  be o b ta in ed  fro m  co m p u te r  ex p e rim en ts  invo lv ing  th e  M onte  Carlo 
or th e  m o lecu lar dynam ics m e th o d , an d  fro m  s ta tis tic a l m echan ical in te g ra l 
e q u a tio n s . F o r sim ple flu id s  su ch  as argon  th e  ag reem en t betw een  e x p e rim e n t, 
c o m p u te r  sim u la tion , an d  th e  genera l th e o ry  is q u ite  sa tisfac to ry .

F o r  m olecular flu id s  th e  s itu a tio n  is n o t so c lear, even for th e  sim ple 
case o f  lin e a r  m olecules th e  fu n c tio n  g (X x, X 2) now  depends on fo u r re la tiv e  
c o o rd in a te s  of th e  tw o m olecu les and  a single d iffrac tio n  ex p erim en t does n o t 
p ro v id e  enough  in fo rm atio n  to  d e te rm in e  a fu n c tio n  o f four or m ore v a ria b le s . 
F o r  f lu id s  w ith  nearly  sp h e rica l m olecules a m u ltipo le  expansion  of m o lecu la r 
p ro p e r t ie s  leads to  a co n v erg in g  series, th e  coeffic ien ts o f w hich  can  be  d e te r ­
m in e d  f ro m  one or tw o d iffra c tio n  ex p erim en ts  [1]. T h is ap p ro ach  is p ro m isin g  
fo r th e  an a ly sis  o f x -ray  d iffra c tio n  d a ta  because  m an y  non-spherica l m olecules 
h a v e  a  v e ry  nearly  sp h erica l d is tr ib u tio n  o f  e lec tro n  den sity . A n e x a m p le  is 
l iq u id  w a te r , for w hich th e  p a ir  d is tr ib u tio n  fu n c tio n  for m olecu lar c en te rs  
h a s  b e e n  derived  from  a single x -ra y  d iffrac tio n  ex p erim en t [2 ].

T h e  expansion  m e th o d  a p p e a rs  less p ro m ising  fo r th e  analysis o f  n e u tro n  
d if f ra c tio n  d a ta , because th e  m olecu lar n e u tro n  sca tte rin g  d en sity  is h ig h ly  
n o n -sp h e ric a l and th e  re su ltin g  series does n o t converge. A n a lte rn ta iv e  
a p p ro a c h , w hich has been  th e  tra d itio n a l one, is to  describe th e  s tru c tu re  of 
m o le c u la r  flu id s in  te rm s o f  a to m  p a ir  d is tr ib u tio n  fu n c tio n s, g„Y(r). I n  th is  
p ic tu re , th e  function  gay(r) a re  re la te d  to  th e  p ro b a b ility  of fin d in g  a n  a to m  
o f ty p e  у a t  a scalar d is tan ce  r  fro m  an  a to m  o f ty p e  oc. of som e d iffe ren t m o le­
cu le . K now ledge of all a to m  p a ir  d is tr ib u tio n  fu n c tio n s is n o t su ffic ien t for 
a c o m p le te  descrip tion  o f th e  s tru c tu re  of a m olecular flu id . T h is m a y  be 
v isu a liz e d  b y  considering a f lu id  w ith  hom o n u clear d ia tom ic  m olecules such  
as N 2 w h ich  is described b y  a  single a to m  p a ir  d is tr ib u tio n  fu n c tio n , gNN(r )- 
C learly , th e  function  ^ nn(0  does n o t te ll us w h e th e r th e  N 2 m olecules are 
a lig n e d  m o stly  parallel o r p e rp e n d ic u la r  to  each  o th e r.

D e sp ite  these l im ita tio n s , th e  d esc rip tio n  o f liq u id  s tru c tu re  in  te rm s  
o f  a to m  p a ir d is tr ib u tio n  fu n c tio n s will be a d o p ted  in  th is  d iscussion  
b ecau se  th e  experim en ta l d e te rm in a tio n  of th e se  q u a n titie s  is feasible fo r m a n y  
liq u id s  o f  p rac tica l in te re s t. T h is  will be d iscussed  in  th e  n e x t section .

Acta Chim. Hung. 121, 1986



NARTEN: DIFFRACTION STUDIES 175

II . D iffrac tion  experim en ts

In  a d iffrac tio n  ex p e rim en t w ith  a sou rce  o f m onochrom atic  ra d ia tio n  
a  d e te c to r  is used  to  c o u n t th e  sc a tte re d  ra d ia t io n  a t  a p rese t ang le  0 .  The 
m easu red  in te n s ity  m a y  q u ite  g enera lly  be w r it te n  as

1(0)  =  x ( 0 ) [ d a /d ü  +  0(0)]  ( 1 )

T h e  p a ra m e te rs  <x(0) an d  6(0)  d ep en d  on  th e  n a tu re  o f  th e  sc a tte re d  
ra d ia tio n  an d  on th e  ex p erim en ta l g eo m e try  [1, 3 ]. A  p roperly  desig n ed  e x p e ri­
m e n t w ill p e rm it th e  precise d e te rm in a tio n  o f  th e se  ca lib ra tio n  p a ra m e te rs . 
T h e  q u a n t i ty  th e n  ava ilab le  for fu r th e r  an a ly s is  is th e  s ta tic  co h e re n t d iffe r­
e n tia l sc a tte r in g  cross-section

N - 1 da/dQ =  2  * . / « / :  +  F(k)  (2 )
a

w ith  к =  4тг sin (9/Л th e  m o m en tu m  tra n s fe r  coo rd ina te , an d  th e  s c a tte r in g  
fu n c tio n

m = 2 2  c*cYf « f * K( b )  (3)

I n  th e se  defin ing  eq u a tio n s N  is th e  to ta l  n u m b er of sc a tte r in g  s ites in 
th e  sam ple , an d  ca th e  a to m  frac tio n  o f species x. T he ty p e  o f ra d ia t io n  used  
e n te rs  E q s. (2) an d  (3) th ro u g h  th e  sc a tte r in g  fa c to rs  f % w hich a re , in  general, 
com plex  an d  assum ed to  be know n. T he p a r t ia l  s tru c tu re  fu n c tio n s  hay(k) are 
re la te d  to  th e  a to m  p a ir  co rre la tio n  fu n c tio n s  hiy(r) =  gay(r) —  1  b y  th e  
F o u rie r  in teg ra l

K y(k) =  4лд  j  r2hay(r) j 0(kr) d r (4)
0

w ith  j 0(x) =  x * 1 sin x.  O nly  fo r m o n a to m ic  a n d  hom onuclear d ia to m ic  liq u id s  
can  th e  s tru c tu re  fu n c tio n  h(k) be o b ta in ed  fro m  a single d iffrac tion  e x p e rim e n t. 
T h e  s tru c tu re  of a liq u id  w ith  m  d iffe ren t k in d s  o f a tom s is d esc rib ed  b y  
m(m  -f- l ) / 2  d iffe ren t a to m  p a ir  d is tr ib u tio n  fu n c tio n s , and  an  e q u a l n u m b e r 
o f  d iffrac tio n  experim en ts  w ith  d iffe re n t v a lu es  of th e  s c a tte r in g  fa c to rs  f  
m u st be  p erfo rm ed  fo r th e ir  com plete  d e te rm in a tio n . F o r flu id s  w ith  m ore 
th a n  one k in d  of a to m  o n ly  th e  to ta l  sc a tte r in g  fu n c tio n  F(k) c an  be  o b ta in e d  
fro m  a single ex p erim en t. T h is fu n c tio n  is n o t  a p a rtic u la rly  u sefu l q u a n t i ty  
because  its  in te rp re ta tio n  is alw ays d iff ic u lt, o ften  am biguous, a n d  n ev er 
u n iq u e . T he c o n tem p o ra ry  aim  o f d iffra c tio n  s tu d ies  is to  decom pose  F(k) 
in to  th e  p a r tia l  func tions Äa7 (fc). T h is can  be  done b y  changing th e  sc a tte rin g  
fa c to rs  f  in  (3) by  an  a p p ro p ria te  sy s te m a tic  p rocedure.

T h e  tw o  p rinc ipa l ty p e s  of ra d ia tio n  u sed  in  d iffraction  e x p e rim e n ts  are 
x -ray s  an d  n eu tro n s. F o r n eu tro n s , th e  co h e ren t, sca tte rin g  le n g th  is iso­
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tro p ic , iso to p e -d ep en d en t, a n d  b ears  no sim ple re la tio n  to  th e  a to m ic  w eigh t. 
T hese  p ro p e rtie s  m ak es n e u tro n s  p a r tic u la r ly  u se fu l for th e  s tu d y  o f lig h t 
e lem en ts . B u t th e  m o st s ig n ifican t p ro p e rty  o f  th e  co h e ren t n eu tro n  sc a tte r in g  
le n g th  is  its  iso topic  dep en d en ce , fo r th is  allow s th e  fac to rs /  in  (2) a n d  (3) 
to  he  ch an g ed  sy s te m a tic a lly  w ith o u t s ig n ifican tly  chang ing  th e  chem ical an d  
p h y s ic a l p ro p ertie s  o f  th e  sy stem .

X -ra y  sc a tte rin g  arises from  e lec tro n -p ro to n  in te rac tio n s . T herefo re  th e  
a to m ic  x - ra y  sc a tte r in g  fac to rs  are  p ro p o rtio n a l to  th e  atom ic n u m b e r Z  an d  
d ep e n d  s tro n g ly  on th e  v a ria b le  k. T he  fall-off, a n d  th ere fo re  th e  low  sc a tte re d  
in te n s i ty  a t  large v a lu es  o f  к , is m ore th a n  o ffse t b y  th e  m uch la rg e r in te n s i ty  
o f th e  av a ilab le  x -ra y  sources. N eu tro n  sources a re  w eak  w hen c o m p ared  to  
s ta n d a rd  x -ra y  tu b e s , an d  th e  flu x  from  th e  b e s t av a ilab le  n e u tro n  sources is 
o n ly  ~ 1 0 - 7  of th a t  in  a 1 eV energy  b a n d  o f  sy n c h ro tro n  x -ray s. W e h a v e  
m e n tio n e d  th a t  s c a tte r in g  fac to rs  are  in  gen era l com plex, and  d isp ers io n  
occu rs in  th e  v ic in ity  o f an  ab so rp tio n  edge. U n lik e  n eu trons, x -ra y s  h av e  
s tro n g  resonances w ith  ev e ry  a to m  a t  energies o f th e  e lectron  b ind ing  energ ies. 
S y n c h ro tro n  sources em it in ten se  p h o to n  flu x es  fro m  th e  v isual in to  th e  h a rd  
x - ra y  reg io n . T his p ro v id es  fo r th e  se lectrion  o f  a p a r tic u la r  energy (w aveleng th ) 
to  e n h a n c e  or decrease th e  x -ra y  sca tte rin g  fa c to r  o f  an y  elem ent.

I I I . R ecen t re su lts

T h e  d e te rm in a tio n  o f  th e  to ta l  sc a tte rin g  fu n c tio n  F(k) from  a single 
d iffra c tio n  ex p erim en t [E q . (3)] is useful in  o rd e r to  d e te rm in e  n ea res t-n e ig h b o u r 
d is ta n c e s  an d , som etim es, co o rd in a tio n  n u m b ers . I t  m ay  also be u sed  to  te s t  
m odels o f  th e  liq u id  s tru c tu re . H ow ever, th e  p a r t ia l  s tru c tu re  an d  a to m -p a ir  
d is tr ib u tio n  fu n c tio n s [E q . (4)] co n ta in  so m u ch  m ore detailed  in fo rm a tio n  
t h a t  th e i r  d e te rm in a tio n  shou ld  be th e  aim  o f m o d en  d iffrac tion  ex p e rim en ts . 
T h e  fo llow ing  d iscussion  is th e re fo re  re s tr ic te d  to  s tud ies in  w hich  th is  h as  
b een  a t te m p te d . O n ly  som e ty p ic a l exam ples, or re su lts  th a t  h av e  n o t  been  
d iscu ssed  in  recen t rev iew s, will be p resen ted .

A .  Monatomic and homonuclear molecular liquids

S tu d ie s  of a to m ic  liq u id s  h av e  c o n c e n tra ted  alm ost en tire ly  on  liq u id  
m e ta ls  w hich  will be  d iscussed  in  Section  C. F o r  liqu ids w ith  m olecules in  
w h ich  th e  elec tron  d e n s ity  can  be rep re sen ted  b y  a  ra p id ly  converg ing  m u lt i­
pole ex p an sio n  [4] th e  s c a tte r in g  o f x -rays can  be described  b y  a single s c a t te r ­
ing  fa c to r . I f  th e  ex p an sio n  is m ade ab o u t a s u ita b ly  chosen cen te r a to m , th e  
d is tr ib u tio n  fu n c tio n  fo r th e se  cen te r a to m  p a irs  can  be o b ta ined , to  good 
a p p ro x im a tio n , from  a  single x -ra y  d iffrac tio n  ex p erim en t. E x am p les  are
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[4, 2, 5, 6 ] H 20 ,  H F , N H 3, an d  C H 4 fo r w h ich  th e  d is trib u tio n  fu n c tio n s  for 
th e  h e a v y  a to m  p a irs  can  be th u s  d e te rm in ed . T he function  gcc(r) fo r liq u id  
m e th a n e  is show n in  F ig . 1 to g e th e r w ith  t h a t  fo r liqu id  argon  [7] in  red u ced  
u n its . T h e  scaled  d is tr ib u tio n  fu n c tio n s fo r m e th a n e  and  argon  are  re m a rk a b ly  
s im ila r b ey o n d  th e  f ir s t  m ax im u m , in d ic a tin g  th a t  th e  s tru c tu re  o f  liqu id - 
m e th a n e  d iffers v e ry  l i t t le  from  a m o n a to m ic  flu id .

In  a sim ilar m an n e r, th e  sc a tte rin g  o f  x -ray s  from  th e  (C H )n g ro u p s in  
h y d ro c a rb o n  liq u id s  can  he described  b y  a  single sca tte rin g  fa c to r . I n  th is  
w ay  th e  C . . . C d is tr ib u tio n  fu n c tio n s fo r liq u id  benzene [8 ], e th y le n e  [9], 
a n d  e th a n e  [1 0 ] h av e  been  derived  from  a single x -ra y  d iffrac tion  ex p e rim e n t. 
E th y le n e  an d  e th a n e  m ay  be reg a rd ed  as “ pseudod ia tom ics”  in  t h a t  th e  
h y d ro g en  a to m s in  th e se  m olecules a re  m ere  bulges in  th e  e le c tro n  d e n s ity  
d is tr ib u tio n  a ro u n d  th e  carb o n  a to m s. T h e  C . . . C d is trib u tio n  fu n c tio n s  for 
e th y len e  an d  e th a n e  are  com pared  w ith  th e  a to m  p a ir d is tr ib u tio n  fu n c tio n s  
fo r liq u id  n itro g en  [11] and  b rom ine [12] in  F ig . 2. The m ain  f i r s t  p e a k  in  each 
o f  th e  cu rves is follow ed b y  a shou lder w h ich  develops in to  a second  p eak  
w ith  increasin g  e longation  (L /a  =  b o n d  le n g th /a to m ic  d iam eter) o f  th e  m ole­
cule. T h is s tru c tu re  is exp la ined  as follow s: W h en  tw o m olecules to u c h , th e re  
is a t  le a s t one h ig h ly  p robab le  in te rm o le c u la r  d istance a t  r =  a, a n d  tw o 
o th e rs  b e tw een  a an d  L  a. B eyond  L  -f- a  th e re  is therefo re  a  su d d e n  d rop  
in  p ro b a b ility . A n o th e r in te re s tin g  fe a tu re  is th a t  th e  s t ru c tu re  beyond  
L  -)- a is g rad u a lly  w ashed  o u t as th e  e lo n g a tio n  increases. A ll th e se  fea tu re s  
are  in  good q u a lita tiv e  ag reem en t w ith  re su lts  from  co m p u te r s im u la tio n s  
[13]. T h e  sim u la tio n s show , in  a d d itio n , t h a t  th e  tran sfo rm a tio n  o f th e  sh o u ld er

r /d
F ig . 1. T h e  C. . . C d is tr ib u tio n  fu n c tio n  o f liq u id  m e th a n e  a t  92 К  is co m p ared  w ith  th e  a to m  
p a ir  d is tr ib u tio n  fu n c tio n  o f liq u id  argon  a t  85 К  in  red u ced  un its. T he sca lin g  p a ram e te rs  

d  h av e  th e  values 3.59 Ä fo r m e th a n e  a n d  3.37 Á for a rg o n
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F ig . 2. In te rm o lec u la r  a to m  p a ir  d is tr ib u tio n  fu n c tio n s d e riv e d  from  x -ray  d iffrac tio n . T he 
e lo n g a tio n  L *  is th e  ra tio  o f bond  le n g th  o v e r  a to m ic  d iam eter

a t  L  +  a  in to  a p eak  is due to  an  increase o f  T -sh a p e d  configura tions, since in  
th is  o r ie n ta tio n  th e re  a re  tw o  a to m  p a ir d is ta n c e s  ap p ro x im ate ly  eq u a l 
to  L  —j— o.

B. Heteratomic molecular liquids

F o r  a liq u id  w ith  m olecules con ta in ing  tw o  k in d s  o f atom s a m in im u m  
o f th r e e  ex p erim en ts  is re q u ire d  to  determ ine  th e  th re e  a to m  pair d is tr ib u tio n  
fu n c tio n s . A  case in  p o in t is w a te r, ch a ra c te riz e d  b y  th e  functions g 0 0 (r), 
goH (t) a n d  #нн(г).

T h e  f irs t  a t te m p t  to  p ro d u ce  th is  in fo rm a tio n  w as to  use a co m b in a tio n  
o f x - ra y , e lec tron , an d  n e u tro n  d iffrac tion  d a ta  (X E N -d a ta )  [14]. I n  1982 
tw o  in d e p e n d e n t a t te m p ts  to  solve th e  p ro b lem  u sin g  neu trons an d  iso to p ic  
s u b s ti tu t io n  o f  H /D  in  w a te r  w ere rep o rted : A t th e  H ig h  F lu x  Iso tope  R e a c to r  
(H F IR )  in  O ak R idge fo u r d a ta  sets were a n a ly z e d  to  yield th e  th re e  a to m  
p a ir  d is tr ib u tio n s  (H F IR -d a ta ) ;  [15] a t  th e  W eap o n s N eu tron  R esea rch  
F a c il i ty  (W N R ) in  Los A lam os th ree  d a ta  se ts  w ere  m easured  to  y ie ld  o n ly  
th e  h y d ro g e n  a ir d is tr ib u tio n  fu n c tio n  (W N R -d a ta )  [16]. The n eu tro n  ex p eri-
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F ig . 3. P a r t ia l  s tru c tu re  fu n c tio n s ft00(/c) fo r o x y g en  a to m  pairs in  w a ter a t  25 °C d e r iv e d  from  
n e u tro n  [15] an d  fro m  x -ray  [2] d iffrac tio n . T h e  u p p e r  curve has been  d isp laced  a lo n g  th e

o rd in a te  fo r  c la r ity

m e n t w ere done w ith  d ifferen t sources (re a c to r  and pulsed) an d  th e  m e th o d s  
o f  analy sis  w ere d ifferen t. Y e t, th e  p a r t ia l  s tru c tu re  functions Лнн(к) are  n o t 
v e ry  d iffe ren t: th e  oscillations are  in  p h ase . T he m ain d ifference b e tw een  th e  
H F I R  an d  th e  W N R -d a ta  is th e  a m p litu d e  o f  th e  oscillations b e y o n d  к  ~  6  

A -1 , w hich  are  stro n g ly  d a m p ed  in  th e  W N R -d a ta . T h is im p lies  m uch  
sh a rp e r n ea r-n e ig h b o r peaks in  th e  H  . . . H  p a ir  d is trib u tio n  fu n c tio n  deriv ed  
from  th e  H F IR -d a ta .  T he n ea re s t n e ig h b o r d istances a t  2.3 Á  a n d  3.9 Á 
are  in  excellen t ag reem en t; th e y  d iffer s ig n ifican tly  from  th e  H  . . . .H  d is tan ces  
d e riv ed  from  th e  X E N -d a ta . I t  sh o u ld  be  po in ted  ou t th a t  th e  s tru c tu re  
fu n c tio n  hQ0(k) de rived  from  th e  H F I R - d a ta  is in excellen t a g re e m e n t w ith  
t h a t  o b ta in ed  m uch  earlier from  x - ra y  d iffrac tion  [2], as show n in  F ig . 3. 
A  th ird  a t te m p t  to  o b ta in  th e  a to m  p a ir  d is tr ib u tio n  fu n c tio n s fo r w a te r  b y  
iso top ic  H /D  su b s titu tio n  has been  m a d e  using  th e  H igh  F lu x  R e a c to r  a t 
G renoble  ( IL L -d a ta )  [17]. C om parison  o f  th e se  resu lts  w ith  th e  H F I R  and  
W N R  re su lts  is a lm ost im possib le b ecau se  analysis o f th e  IL L  d a ta  ap p ears  
to  h av e  been  ca rried  o u t in  r-space , a h ig h ly  unusual p rac tice .

T he conclusion  is th a t  d iffra c tio n  re su lts  for w a te r m u s t be  co m p ared  
in  /с-space, because  serious tru n c a tio n  p rob lem s obscure th e  co m p ariso n  of 
r-space d a ta . T h e  sam e conslusion ap p lie s  to  com parison w ith  re su lts  from  
co m p u te r  sim u la tio n s. One shou ld  also  b e a r  in  m ind th a t  co m p u te r  s im u la tio n s
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a re  te s ts  o f m a th e m a tic a lly  defined  m odels fo r  th e  in te rac tio n  b e tw een  a 
re la tiv e ly  sm all n u m b e r  o f  partic les  w hich o b ey  classical s ta tis tic a l m echan ics 
[18]. T h e  m odel fo r w a te r  h as  been sy s te m a tic a lly  tu n e d  to  rep roduce  th e  
b as ic  te tra h e d ra li ty  o f th e  s tru c tu re  of w a te r as d e te rm in e d  by  th e  ex p e rim en ta l 
s tru c tu re  fu n c tio n  fo r О . . .  О in te rac tio n s . T h e re  is no assurance th a t  su ch  
a m o d e l should  describe th e  o rien ta tio n a l co rre la tio n s  betw een  w ater m olecules, 
i .e . , th e O  . . . H  an d  H  . . . H  in te rac tio n s c o rre c tly . C learly, th e  ex p erim en te rs  
m u s t  agree am ong th em se lv es , and  th e n  th e  th e o re tic ia n s  m ust tu n e  th e ir  
m odels to  m a tch  th e  e x p e rim e n ta l re su lts .

T h e  only  liq u id  w ith  m olecules co n ta in in g  th re e  d ifferen t k inds o f a to m s 
fo r  w h ich  th e  com plete  se t o f  six  a to m  p a ir  d is tr ib u tio n s  has been d e te rm in ed  
is ch lo ro fo rm  [19]. T h is p a in s ta k in g  w ork  w as ca rried  o u t w ith  x -ray s  an d  
w ith  f iv e  n eu tro n  e x p e rim e n ts  on CDC13, C D 3 5C13, C D 37C13, CHC13, and  a n u ll 
m ix tu re  o f CDC13 /CHC13. F ro m  th e  d is tr ib u tio n  fu n c tio n s th e  m ost p ro b ab le  
co n fig u ra tio n s  betw een  p a irs  o f  m olecules in  th e  liq u id  w ere in v estig a ted , an d  
fo u n d  to  be one in  w h ich  th e  m olecular d ipo le  axes are  inclined w ith  re sp ec t 
to  each  o th e r, an d  th e  h y d ro g e n  a tom  is t i l te d  to w a rd  th e  hollow be tw een  tw o  
ch lo rin e  atom s of th e  n e x t  m olecule.

C. Ionic liquids

Metals. In te re s t  in  th e  s tru c tu re  of m e ta ls  a n d  alloys has clearly  sh if te d  
from  th e  liqu id  to  th e  am o rp h o u s  solid s ta te . A  n u m b e r of p a rtia l s tru c tu re  
fu n c tio n s  fo r these  m a te r ia ls  have  been o b ta in e d  from  com bined x -ra y  a n d  
n e u tro n  stu d ies , n e u tro n  d iffrac tio n  w ith  iso to p ic  su b s titu tio n , and  nea r- 
re s o n a n t x -ra y  d iffrac tio n  usin g  sy n ch ro tro n  ra d ia t io n  [2 0 ].

Salts. M olten sa lts  w ere am ong th e  f ir s t  liq u id s  to  w hich th e  m e th o d  o f 
m u lt i-p a tte rn  analysis w ith  iso top ic  su b s ti tu tio n  w as app lied  [2 1 , 2 2 ] an d  
a la rg e  n u m b er o f sy s tem s h av e  been s tu d ie d . E x te n s iv e  recen t review s on 
th e  su b je c t are availab le  [23, 24]; only som e re c e n t exam ples will be d iscussed.

A m ong liqu id  in o rg an ic  halides, ZnCl2 is u n u su a l for its  high v isco sity  
a t  th e  m e ltin g  p o in t (318 °C), a n d  for its  co n seq u en t low  electrical co n d u c tiv ity  
a n d  i ts  a b ility  to  supercoo l in to  a glass, m e ta s ta b le  a t  room  te m p e ra tu re . I t  
has b een  s tud ied  b y  E X A F S  [25], x -ray  [26], a n d  n e u tro n  d iffraction  [27], 
th e  la t t e r  using  th e  iso to p ic  su b s titu tio n  m e th o d . T h e  com plete  set o f ion  p a ir  
d is tr ib u tio n  functions d e riv e d  from  th e  n e u tro n  w ork  is show n in F ig . 4. 
T h e  d is tan ce  ra tio  o f th e  gcici(r) peak  a t 3.7 Á  a n d  th e  gznCiM peak  a t  2.3 Á 
is close to  th e  value (8 /3)1/2, w h ich  is th e  e x p e c te d  v a lu e  fo r te tra h e d ra l co o r­
d in a tio n  o f th e  Cl-  ions a ro u n d  th e  Zn2+ ions. T h e  a rea  u n d er th e  Zn— Cl 
p e a k  a t  2.3 Á is 4.3, in  ag reem en t w ith  th is  v iew . T hese resu lts  ru le o u t th e  
ex is ten ce  o f ZnCl2 - com plexes in  th e  m elt. T h e y  s tro n g ly  suggest a close 
p a ck in g  o f C l-  ions w ith  th e  Zn2+ ions lo ca ted  in  th e  te tra h e d ra l holes ty p ic a l
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F ig . 4. Ion-ion  p a ir  d is tr ib u tio n  fu n c tio n s fo r liq u id  ZnCl2 a t  600 К  fro m  n e u tro n  d iffraction  
[27]; solid line , g+~;  b ro k en  lin e , g _ _ (r) ;  d o tte d  cu rve, g + + (r )

г (Á)

Fig. 5. F irs t-n e ig h b o r d is tr ib u tio n s  in  m o lten  sa lts  from  n e u tro n  d iffrac tio n  [24]; w ith  
in creas in g  cation  size th e re  is increasing  p e n e tra tio n  of an io n -an io n  in te ra c t io n s  (broken 

curves) in to  th e  n ea re s t-n e ig h b o r an io n -ca tio n  (solid lines) d is tan c e  d is tr ib u tio n s

o f such  a s tru c tu re . T hese  re su lts  a re  in  good ag reem en t w ith  th e  in te rp re ta ­
tio n  o f x -ray  d a ta ;  th e y  d isagree  w ith  th e  E X A F S  resu lts .

T he w ell-defined  co o rd in a tio n  o f Zn2+, a m a n ife s ta tio n  o f  th e  ab ility  
o f th is  sm all ion  to  occupy  te tra h e d ra l  sites in  th e  C l"  s u b s tru c tu re , becom es 
progressively  less d efin ed  as th e  ca tio n  size increases [24]. F ig . 5 c learly  shows 
th e  m ark ed  ten d en cy  fo r p e n e tra tio n  o f like ions in to  th e  f i r s t  coo rd ina tion  
shell for th e  la rg e r ca tio n s .

D. Aqueous solutions

A queous so lu tions a re , o f course, in  general ionic liq u id s . I n  view  of 
th e ir  enorm ous im p o rta n c e  to  w hole b ran ch es o f science th e y  d ese rv e  special 
co n sid era tio n : “ th e  d ev e lo p m en ts  in  so lu tio n  d iffrac tion  te c h n iq u e s  alone are 
re v o lu tio n a ry ”  [28].
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F ig . 6. C om parison  of th e  ra d ia l  d is tr ib u tio n  functions fo r N d 3+ a n d  D y 3+ -w ater in te rac tio n s . 
T h e  r a d ia l  d istances have  b een  sc a le d  b y  d, th e  c a tio n -o x y g en  d is tan c e  (2.48 Á  fo r N dC l3

a n d  2.37 Á for D yC l3)

A n  aqueous so lu tion  o f  m o n ato m ic  ions is c h a ra c te r iz e d  b y  te n  d ifferen t 
p a ir  d is tr ib u tio n  fu n c tions, a n d  an  equal n u m b er o f  e x p e rim e n ts  w ith  d ifferen t 
s c a t te r in g  fac to r co m b in a tio n s is  necessary  for th e ir  d e te rm in a tio n . W hile th is  
so u n d s  hopeless, it  w ill be  feasib le  w ith  th e  n e x t g e n e ra tio n  o f n eu tro n  an d  
s y n c h ro tro n  x -rad ia tio n  so u rces . In  th e  m ean tim e, i t  h a s  b een  th e  p ioneering  
w o rk  o f  E n d e rb y  an d  h is  L e ic e s te r— B risto l g ro u p  [29] to  show  th a t  useful 
in fo rm a tio n  on ion -w ater in te ra c tio n s  can o ften  he  u n iq u e ly  o b ta in ed  from  
o n ly  tw o  n eu tro n  d iffrac tio n  ex p erim en ts , an d  t h a t  e ach  p ro p e rly  designed 
a d d it io n a l  experim en t gives in fo rm a tio n  on th e  io n  p a ir  in te rac tio n s  [30, 31]. 
T h e  m e th o d  consists o f m e a su rin g  th e  n eu tron  d iffra c tio n  p a t te rn  of tw o so lu ­
t io n s , id e n tic a l in  every  re s p e c t excep t the  iso to p ic  s ta te  o f one of th e  ions. 
T h e  a r ith m e tic  difference b e tw e e n  th e  tw o d a ta  se ts  th e n  y ie ld s d irec tly  th e  
w e ig h te d  sum  of th e  io n -w a te r  a n d  ion-ion in te ra c tio n s . A  n u m b er o f m ono 
a n d  d iv a le n t  m etal ch lo rides h a v e  been s tud ied  b y  th is  m e th o d  [31]. In  F ig . 6  

r a d ia l  d is tr ib u tio n  fu n c tio n s  fo r  tw o lan th an id e  ch lo rid es  [32, 33] are com ­
p a re d  in  reduced  d istance  u n its  r* =  r/d, w ith  d th e  v a lu e  o f th e  f irs t  m ax im um  
in  th e  ra d ia l  d is trib u tio n  fu n c tio n s  for the tw o so lu tio n s , n am ely  2.48 Á  for 
N d C l3 a n d  2.37 A for D y C l3. T h e  firs t peak a t  r* =  1 is due to  M3+ . . .  О 
in te ra c tio n s , and th e  second  to  M3+ . . . D in te ra c tio n  ( th e  experim en ts w ere 
d o n e  w ith  solutions in  h e a v y  w a te r  to  m inim ize in c o h e re n t sca tte rin g ). T he
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F ig . 7. T yp ical o r ie n ta tio n  o f  a  w a te r  m olecule in  th e  f i r s t  h y d ra tio n  sp h e re  o f a  cation
d e te rm in ed  b y  n e u tro n  d iffrac tio n

F ig . 8 . T yp ical o rien ta tio n  o f a  w a te r  m olecule in  th e  f ir s t  h y d ra tio n  sphere  o f  a  ch loride  ion
d e te rm in ed  by  n e u tro n  d iffrac tio n

ra tio s  o f th e  areas u n d e r  th e se  peaks are close to  1  : 2  as ex p ec ted  fo r w a te r 
m olecules, an d  th e ir  m ag n itu d e  y ields d ire c tly  th e  c o o rd in a tio n  num bers 
8.5 fo r N d3+ an d  7.4 fo r D y 3 + . T his decrease in  co o rd in a tio n  n u m b e r along 
th e  la n th an id e  series is b a re ly  ou tside  th e  e rro r lim its  o f th ese  a b so lu te  m easu re­
m en ts . The sh a rp  second p eak  for th e  M3+ . . . D in te ra c tio n s  suggests  a co- 
p la n a r  a rran g em en t o f d e u te riu m  a tom s, as in d ica ted  in  F ig . 7 fo r  one ion- 
w a te r  pa ir. T he t i l t  ang le  Ф, de te rm in ed  b y  th e  M3+ . . .  О a n d  M3+ . . . D 
d is tan ces , is o f considerab le  in te re s t; va lues o f 24° ^  4°* an d  17 3° have
been  found fo r N d 3+ a n d  D y 3+, con sid erab ly  sm aller th a n  th e  va lu es  o f  Ф 
~ 3 0 ° — 40° re p o rte d  fo r co n cen tra ted  m ono an d  d iv a len t m e ta l chloride 
so lu tions [31]. T he h y d ra tio n  o f anions in  D 20  has been s tu d ied  w ith  m atch ed  
so lu tions th a t  d iffer o n ly  in  th e  iso topic  s ta te  o f th e  an ion . F o r th e  chloride 
ion  i t  was found  [31, 34] th a t  th e  Cl~ . . . D d is tan ce  (F ig . 8 ) is in d ep en d en t

* N ot 55° as e rro n eo u sly  rep o rted  in  [32].
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o f t h e  ca tio n  size, charge , a n d  electronic s tru c tu re . T he average  n u m b e r o f 
w a te r  m olecules a ro u n d  a C l-  ion  seems to  be six , decreasing  w ith  c o n c e n tra ­
t io n , a n d  th e  t i l t  angles h a v e  va lu es  close to  0 °.

R esu lts  for ion-ion  p a ir  in te rac tio n s  in  w a te r , o b ta in ed  from  ana lyses of 
m u lt i -p a t te rn  n e u tro n  d iffra c tio n  d a ta , h av e  b een  re p o rte d  for one so lu tion , 
n a m e ly  4.35 m NiCl in  D 20  [35]. These m easu rem en ts  a re  ex trem ely  d ifficu lt 
a n d  th e  accuracy  o f th e  re su lts  derived  from  th e m  is, a t  p resen t d ifficu lt to  
ju d g e .

IV . S um m ary  and  o u tlook

T h e  aim  of s ta tis tic a l m ech an ica l th e o ry  is to  p red ic t th e  p ro p e rtie s  of 
l iq u id s  fro m  m odels fo r th e  in te ra c tio n  of th e  p a rtic le s  (a tom s, ions, m olecules). 
T h e  th e o ry  can be te s te d  in  c o m p u te r  s im ula tions w hich  y ie ld  a c cu ra te  re su lts  
fo r  a  p a r tic u la r  m odel. A n ex am p le  is the  te s t  of R IS M  th e o ry  for h a rd  sphere 
a n d  L e n n a rd — Jones (12/6) in te ra c tio n  m odels o f  m olecu lar flu id s. T he com ­
p u te r  s im ula tions show ed t h a t  R IS M  prov ided  a good descrip tio n  o f  th ese  
sy s te m s . T he th eo ry  w as th e n  used  to  im prove th e  in te ra c tio n  m odel b y  com ­
p a r in g  com p u ted  a to m  p a ir  d is tr ib u tio n  fu n c tio n s  w ith  tho se  o b ta in e d  from  
d if f ra c tio n  studies [6 , 8 , 9]. M ore exp erim en ta l d a ta  are  needed  fo r m olecular 
f lu id s :  in  add ition  to  iso to p ic  H /D  su b s titu tio n  w h ich  is p ro b lem atica l because 
o f  th e  la rg e  in e lastic ity  co rrec tio n s , iso topic su b s ti tu tio n  ex p erim en ts  w ith  
1 5N /1 4N , 3 4S/32S, and  even  1 3 C/12C are  feasible w ith  p resen t d ay  tech n iq u es.

D iffrac tio n  d a ta  on m o lte n  sa lts  and m eta ls  h av e  also been used  to  te s t  
in te r a c t io n  m odels [29] fo r io n ic  system s.

T h e  situ a tio n  is n o t so c lear for m eta llic  g lasses an d  am orphous solid 
sem ico n d u c to rs . These m a te r ia ls  seem  poorly  u n d e rs to o d  a t  th e  a to m ic  level 
a n d  d iffra c tio n  stud ies o f b o th  liq u id s  and  am o rp h o u s  solids of th is  class seem  
v e ry  p rom ising .

S ingle  difference e x p e rim e n ts  w ith  n eu tro n s  on  iso top ica lly  s u b s ti tu te d  
ions h a v e  becom e alm ost ro u tin e  a n d  provide an  in v a lu ab le  to o l fo r th e  s tu d y  
o f  io n ic  h y d ra tio n , c o m p lex a tio n , an d  o th e r so lu tio n  phem ona. T h e  d e te r ­
m in a t io n  o f ion p a ir in te ra c tio n s  b y  m u ltip a tte rn  analysis  w ill becom e p os­
sib le  in  th e  n ex t few y ea rs , to  co n cen tra tio n s below  ~ 1  m. T his w ill m ake 
p o ss ib le  th e  te s tin g  o f s ta t is t ic a l  m echanical th eo rie s  fo r ion-ion in te ra c tio n s  
in  w a te r .

T h e  exciting  rseu lts  o f th e  la s t  decade cam e overw helm ing ly  from  n e u tro n  
s c a t te r in g  resu lts. T he n e x t  decade  will se new  im p e tu s  in  x -ra y  sc a tte r in g  
fro m  w o rk  carried  o u t a t  th e  second g en era tio n  o f sy n ch ro tro n  ra d ia tio n  
fa c ilitie s . T his will req u ire  a  ch an g e  in  a t t i tu d e  fo r th e  sc ien tists  w ho w a n t to  
re m a in  in  th e  fo refron t o f x - ra y  research . As h a s  h ap p en ed  w ith  n e u tro n  
s c a tte r in g , th e  exciting  re su lts  w ill come from  th e  new  n a tio n a l o r reg ional 
fa c ilitie s .
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T he p re sen t p a p e r  is concerned  p rim a rily  w ith  th e  c u rre n t s ta te  o f d ev elopm en t 
o f m ethods b y  d iffrac tio n  m easu rem en ts  for ob ta in in g  th e  d is tr ib u tio n  fu n c tio n s  which 
describe s tru c tu ra l consequences due  to  ionic so lvation .

1. Introduction

A su rvey  o f th e  l i te ra tu re  o f  d iffrac tio n  in v estig a tio n s on  liq u id s  leads 
to  th e  s trik in g  o b se rv a tio n  th a t  th e  m a jo rity  of these  s tu d ies  dea l w ith  aqueous 
e lec tro ly te  so lu tions. O n reaso n  fo r th is  m arked  in te re s t m a y  b e  due  to  the 
phenom enon  o f h y d ra tio n  w hich  has been  a cen tra l p rob lem  o f p h y s ica l chem ­
is t ry  from  th e  v e ry  beg inn ing . A n o th e r ex p lan a tio n  is p e rh a p s , th a t  for a 
long  tim e  th e  th e o ry  o f  liq u id s  cou ld  be successfully ap p lied  o n ly  in  th e  in te r­
p re ta tio n  of p ro p ertie s  o f th e  sim ple v a n  der W aals liq u id s  a n d  d ilu te  elec­
t ro ly te  so lu tions.

T he h is to ry  o f X -ra y  d iffrac tio n  experim en ts o f  aq u eo u s  solutions 
d a te s  b ack  to  n e a rly  55 y ea rs . N e u tro n  an d  e lectron  d iffra c tio n  s tu d ie s  have 
s ta r te d  on ly  w ith  th e  la s t  decade a n d  so fa r, only  few  so lu tio n s  h av e  been 
in v es tig a ted . A ltho u g h  d iffrac tio n  s tu d ies  cover m ain ly  X -ra y  in v estig a tio n s, 
th e  use o f th e  o th e r tw o , re la tiv e ly  new  liqu id  d iffrac tio n  m e th o d s  offers new 
possib ilities in th e  s tru c tu re  in v es tig a tio n  o f so lvents a n d  so lu tio n s. In  spite 
o f  th e  progress m ade in  ex p e rim en t tech n iq u es, th e  X -ra y  m e th o d  h a d  shown 
v e ry  slow deve lopm en t fo r a long tim e . A ch arac te ris tic  fe a tu re  o f  th e se  efforts 
w as rep ea ted  re in v es tig a tio n  o f  th e  so lu tions a t  d iffe ren t s ta g e s  o f develop­
m e n t o f th e  X -ra y  m e th o d . A t th e  v e ry  beginning , th e  an a ly s is  o f  ex p erim en ta l 
d a ta  was re s tr ic ted  to  th e  o b se rv a tio n  o f in te n s ity  and  th e  sh ap e  o f  th e  firs t 
m a in  p eak  of th e  d iffrac tio n  p a t te rn  as a fu nc tion  o f in c reasin g  io n  co n cen tra ­
tio n . L a te r  on, b y  in tro d u c in g  th e  F o u rie r  tran sfo rm a tio n  in  d a ta  tre a tm e n t,

+ T his p ap er w as p re sen te d  a t  th e  S ym posium , on S tru c tu re  o f L iq u id s  a n d  Solutions 
a t  V eszprém , A ugust 27 — 30, 1984.

* T o w hom  correspondence  shou ld  be addressed .
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a n a ly s is  in  m ost cases w as h en cefo rw ard  lim ited  to  th e  in te rp re ta tio n  of th e  
f i r s t  p e a k  in  the  rad ia l d is tr ib u tio n  function . In te rp re ta t io n  o f th e  whole 
in te n s i ty  d is trib u tio n  cu rve  is , how ever, th e  re su lt o f  on ly  te n  years.

2 . H-bonded solvents

A lth o u g h , m olecular liq u id s  were am ong th e  f i r s t  to  w hich  th e  m ethod  
o f X - r a y  d iffraction  w as a p p lie d , fo r th e  tim e  b e ing  th e  s tru c tu re  o f only few  
h y d ro g e n  bonded  so lven ts h a s  b e e n  investiga ted  b y  d iffrac tio n  m ethods. These 
a re  l iq u id  w ater, some alcoho ls an d  simple liqu id  am ides.

L iq u id  water

T h e  averaged m o lecu lar s tru c tu re  of liqu id  w a te r  has been a sub jec t o f 
in te r e s t  fo r m any  y ears , b u t  d e sp ite  th e  n u m b er o f  d iffrac tio n  experim en ts 
a n d  m o d e ls , proposed to  e x p la in  th e  exp erim en ta l d a ta ,  no defin ite  so lu tion  
h as  b e e n  ob ta ined , y e t. D u rin g  th e  p as t fifteen  y ea rs , in te re s t  has been focused 
on  in te n s iv e  n eu tro n  d iffra c tio n  investiga tions a n d  on  th e  in tro d u c tio n  of 
e le c tro n  d iffrac tion  e x p e rim e n ts . T he m ain o b jec tiv e  o f d iffrac tion  experi­
m e n ts  w as th e  accu ra te  m e a su re m e n t of e x p e rim en ta l d a ta  in  a b ro ad  te m ­
p e r a tu r e  an d  sca tte rin g  v a r ia b le  range. The s tru c tu re  o f w a te r  m olecules in  
th e  l iq u id  s ta te  was in v e s tig a te d  w ith  neu tron  an d  e lec tro n  d iffrac tion  experi­
m e n ts , a n d  by  com bination  o f  th e  d a ta  of d iffe ren t d iffrac tio n  m ethods, th e  
f i r s t  a t te m p ts  to  de te rm ine  ex p e rim e n ta lly  th e  th re e  p a ir-co rre la tio n  functions 
o f  l iq u id  w a te r has been m ad e .

I n  an  extensive s tu d y , N a r te n  and L evy  [1] h a v e  d e te rm in ed  th e  h igh  
q u a l i ty  X -ra y  s tru c tu re  an d  c o rre la tio n  functions H X(k), GX(r) fo r w a te r betw een  
4 a n d  200 °C. The resu lts  h a v e  show n th a t  th e  s tru c tu re  func tions H x (k) for 
l iq u id  w a te r  below 100 °C r ise  m onotonously  th ro u g h  a p ronounced  double 
m a x im u m  cen tered  a ro u n d  2 .5  Á - 1  and  oscillate w ith  decreasing  am p litu d e  
a ro u n d  th e  asy m p to tic  v a lu e  H x ( oo) =  0. T h e  d o u b le  m ax im u m  m erges 
g r a d u a lly  in to  a sim ple p e a k  w ith  increasing te m p e ra tu re . T he f irs t  peak  in  
th e  e x p e rim e n ta l functions d e r iv e d , indicates a n e a re s t n e ig h b o u r sep ara tio n  
o f  2 .84  Á  a t  4 °C, increasing  to  2 .94 Á a t 200 °C. T h e  c o o rd in a tio n  n u m b er fo r 
f i r s t  n e ig h b o rs  is ab o u t fo u r w h ich  is in v a rian t w ith  re sp e c t to  th e  tem p era tu re . 
T h e  m a x im a  a t 4.5 and  7 Á  in  th e  correlation  fu n c tio n  d isap p ea r w ith  increas­
in g  te m p e ra tu re .

R e in v estig a tio n  o f th e  X - ra y  sca ttering  of liq u id  w a te r  a t  4°, 25° and  
50 °C  H a jd ú  et al. [2] has led  re su lts  close to  th o se  o f  N a r te n  an d  L evy.

T h e  n eu tro n  d iffrac tio n  s tru c tu re  fu nc tion  H N(k) o f h eav y  w a te r w as 
f i r s t  m easu red  by  Page a n d  P ow les [3]. The re su lts  h a v e  been  in te rp re te d
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Ly th e  au th o rs  using  m odels for th e  c o rre la tio n  betw een  the  o r ie n ta tio n  of 
m olecular p a irs  ran g in g  from  com pletely  u n c o rre la ted  o rien ta tio n  to  th e  o rien ­
ta tio n  o f a d ja c e n t m olecules in  ice I .  T he conclusion  was d raw n  th a t  n e ith e r  
these  nor a n y  o f  th e  p o p u la r m odels for liq u id  w a te r  —  e.g. th e  w a te ry  m odel 
or th e  c la th ra te  m odel, n o r a no n -h y d ro g en -b o n d ed  m odel —  f i t  th e  n e u tro n - 
d iffrac tion  d a ta  o b ta in e d  over a w hole ra n g e  o f  k . T he sam e conclusion  w as 
d raw n  b y  O htom o an d  A rakaw a [4] an a ly s in g  th e  n e u tro n  s tru c tu re  fu n c tio n  
o f h eav y  w a te r  deriv ed  by  m eans o f th e  tim e-o f-flig h t m eth o d  using  a pu lsed  
n eu tro n  beam  p ro d u ced  b y  a lin ear acce la to r. N eu tro n  d iffrac tio n  s tu d ies  
o f N a rte n  [5] an d  Pow les, Dore an d  Page [6 ] h a v e  suggested  sim ilar s tru c tu re s  
fo r lig h t an d  h e a v y  w a te r.

T he sy s te m a tic  change of n e u tro n  d iffrac tio n  s tru c tu re  fu n c tio n s  of 
D ,0  were in v e s tig a te d  b y  W alford , C larke a n d  D ore [7] and  G ibson an d  D ore
[8 ] a t  te m p e ra tu re s  in  th e  range 11— 75 °C. T h e  analysis o f th e  te m p e ra tu re  
v a ria tio n  o f d a ta  show ed th a t  th e  in te rm o lecu la r  OD sep ara tio n  w hich  co rre ­
sponds to  an  effec tive  h y d rogen  bon d ed  d is tan ce  increases as th e  te m p e ra tu re  
rises. V aria tio n s a t  la rg e r d istances w ere a t t r ib u te d  to  a change in  th e  re la tiv e  
o rien ta tio n  of n e ig h b o u rin g  m olecules.

E lec tro n  d iffrac tio n  m easurem ents fo r  h e a v y  an d  lig h t w a te r  a t  5 °C 
w ere p resen ted  an d  an a lysed  hy  K á lm án , P á lin k á s  an d  K ovács [9]. In  ag ree­
m en t w ith  earlie r n e u tro n  and X -ray  d a ta , E D  stud ies also p red ic ted  n ea rly  
id en tica l s tru c tu re s  for h eav y  and  lig h t w a te r . T h e  s tru c tu re  of w a te r m olecules 
in  th e  liq u id  w as fo u n d  to  be sam e as t h a t  o f  free m olecules, th e  rm s v a r ia ­
tio n s of in tra m o le c u la r  d istance  were, h o w ever, la rg e r in  liqu id . T his conclu ­
sion is in  ag reem en t w ith  N a rte n ’s n e u tro n  re su lts  [5] an d  s lig h tly  d iffers 
from  th e  f in d in g s o f W alfo rd  e t al. [7] w hich  w ere also based  on n e u tro n  d a ta . 
T he n ea re s t in te rm o lecu la r О— О and  О— H  sep ara tio n s  were found  to  be 
2.85 Á an d  1.95 Á  in d ica tin g  d ev ia tions fro m  lin ea r h y d rogen  b o nd ing . T he 
d is tan ce  sp ec tra  d eriv ed  from  N D , E D  an d  X D  m easu rem en ts are  show n in 
F ig . 1. M any e ffo rts  h av e  been m ade re c e n tly  fo r th e  ex p erim en ta l iso la tio n  
o f goo(r)> gOH(r ) an d  £нн(г) p a r tia l p a ir  c o rre la tio n  func tions of liq u id  w a te r. 
T he f irs t  se p a ra tio n  o f p a rtia ls  was o b ta in e d  b y  P á lin k ás, K á lm án  an d  K o ­
vács [10] using  a co m b in a tio n  of X D , E D  an d  N D  d a ta  on liqu id  D 20 .  N e u tro n  
d iffrac tio n  m easu rem en ts  for th e  d e riv a tio n  o f  0 0 ,  OD an d  D D  co rre la tio n  
func tions ap p ly in g  iso tope  su b s titu tio n  tec h n iq u e s  w ere rep o rted  b y  T h iessen , 
B lum  an d  N a r te n  [11— 12], and  b y  R eed  a n d  D ore [13— 14]. N eu tro n  d iffrac ­
tio n  m easu rem en t o f  £ н н (г) was p resen ted  b y  Soper an d  Silver [15]. A  com ­
pariso n  be tw een  ex p e rim en ta l resu lts  fo r f i r s t  an d  second p eak  p o sitions o f 
p a r tia l co rre la tio n  fu n c tio n s is given in  T ab le  I .

D iffe ren t ex p e rim en ta l d a ta  fo r o x ygen-oxygen  d istance  d is tr ib u tio n  
are  in  close ag reem en t. H ow ever, s ig n if ican t d iscrepancies can  be  fo u n d  
betw een  av a ilab le  se ts  o f d a ta  of О— H  an d  H — H  d is tr ib u tio n s . T h e  d a ta
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Table I

F irs t  (r,) and second (r2) p ea k  positions in  Á o f  p a rtia l 0 —0 ,  О —H and  H — H  
p a ir correlation fu n c tio n s  obtained by different experimental techniques.

IS stands for isotopic substitu tion m ethod

0 —0
rl r*

0 -
rl

-H
r»

H -
r l

-H
rl

1) E D , X D , N D  [10] 2 85 4 .40 1.95 2.95 2.45 3.80
2) N D -IS  [ 1 3 - 1 4 ] 2 .85 4.40 1.95 3.02 2.45 3.80
3) N D -IS  [11] 2.85 4.50 1.86 3.20 2.29 3.90
4 )  N D -IS  [15] — — — — 2.34 3.82

se t (3) in  T able I  is c o n s is te n t w ith  lin e a r  hyd ro g en  b o n d  fo rm a tio n  
w h ile  d a ta  se t (1— 2) p re d ic t dev ia tio n s fro m  lin e a rity . A t la rge  r-v a lu es  
( > 3  Á ) th e  various d a ta  e x h ib it m ore v a ried  d iscrepancies.

L iq u id  alcohols

X -ra y  d a ta  on m e th a n o l [16— 17], e th a n o l [16] an d  te r t ia ry  b u ty l  
a lco h o l [16] show clear ev idence  fo r h y d ro g en  b o n d in g  in  these  liqu ids (F ig . 2). 
T h e  m o s t s trik ing  fe a tu re  o f  d is tan ce  sp ec tra  in  F ig . 2 is th e  p resence  o f  a 
s tro n g  p e a k  n ear 2.8 Á. T h is  p eak  m u s t be a scribed  to  h y d rogen  b o n d ed  h y d - 
ro x il g ro u p s. In  alcohols each  h y d ro x il g roup  h as  n ea rly  tw o h y d ro x il n e ig h ­
b o u rs  o n  th e  average. T he e x p e rim e n ta l re su lts  could  be in te rp re te d  in  te rm s  
o f  c h a in  fo rm atio n . T he la rg e  local in s ta n ta n e o u s  d ev ia tions from  th e  av e rag e  
c h a in  co n fig u ra tio n  lead  to  a decrease in  co rre la tio n s for d is tan ces  g re a te r  
t h a n  few  m olecular d ia m e te rs  from  an y  m olecule. S tru c tu ra l p a ra m e te rs  of 
h y d ro g e n  bonded  O H  . . . O H  in te ra c tio n s  a re  g iven  in  T ab le  I I .

R e su lts  of th e  n e u tro n  d iffrac tio n  s tu d ies  on C D 30 H ,  C D 3 0 D  a n d  
m ix tu re s  o f these co m pounds [18] are  in  close ag reem en t w ith  X -ra y  re su lts  
a n  in te rp re ta t io n  of liq u id  s tru c tu re .

Table II

M ean  0  — 0  distances r00, with r.m .s. deviations and number 
o f hydrogen bonds as derived by X -ray diffraction  [16]

r.0 ß ) ôo (-Ä-) n00

M ethanol 2.798 0.142 1.77
E th an o l 2.808 0.113 1.81
CMeOH 2.740 0.08 ~  2

L iqu id  amides

T h e  f irs t  X -ray  s tu d y  on  liq u id  fo rm am id e  has been  m ade b y  D e S ando  
a n d  B ro w n  [19]. The a u th o rs  assigned  to  th e  О . . .  N  in te ra c tio n  a le n g th  of 
3.05 Á  a n d  suggested t h a t  fo rm am id e  in  th e  liq u id  s ta te  has a sh o r t ra n g e
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ord er w hich resem bles th a t  in  th e  c ry s ta llin e  s ta te . The c ry s ta l s tru c tu re  o f 
fo rm am ide  consists o f  puckered  sheets o f  m olecules. W ith in  th e  sh ee ts , p a irs  
o f fo rm am ide  m olecules associate a ro u n d  th e  sy m m etry  cen ters to  fo rm  alm ost 
co p lan a r d im ers. W ith in  each shee t tw o  ty p e s  o f hydrogen  b o n d  a re  found .

F ig . 1. In te rm o lec u la r  d istan ce  sp ec tra  o f  liq u id  w a te r :  N D  [7], E D  [9], X D  [2]

F ig . 2. In te rm o lecu la r  d is tan ce  sp ec tra  o f alcohols d e riv ed  b y  X -ray  d iffrac tio n  [16]
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O ne o f  th e s e  is 2.93 Á  an d  links m olecules to  fo rm  b im olecu la r u n its , th e  o th e r  
w h ich  is  0.05 Á  sh o rte r , links th e  b im o lecu la r u n its  to g e th e r to  fo rm  sh ee ts . 
B o th  cyclic  d im ers an d  lin ea r  chains are  fo rm ed  in  th e  c ry sta l phase .

R e c e n t com bined  N D , E D , X D  m easu rem en ts  h av e  y ielded th e  a c c u ra te  
m o lecu la r  s tru c tu re  H m(k) an d  th e  average  g eo m e try  o f th e  h y d ro g en  b o n d  
H a(k) in  liq u id  s ta te  a t  a te m p e ra tu re  of 25 °C [20]. T he m olecular p a ra m e te rs  
re su ltin g  fro m  liqu id  e lec tro n  an d  X -ra y  d iffra c tio n  experim en ts w ere fo u n d  
in  good  ag reem en t w ith  th o se  fro m  gas e lec tro n  d iffrac tion . T he s tru c tu re  
o f th e  fo rm am id e  m olecule w as found  to  be th e  sam e as th a t  o f a free m olecule . 
A n a ly s is  o f  th e  th re e  d is tin c t s tru c tu re  fu n c tio n s (F ig . 3) has lead  to  th e  n e a re s t

Gd(r) a  ND

4
......• <

__i______1---------

• ••• distinct 
—  H-bond

r(A )
____ 1 1__

2 A 6 8 10 12

1 -

Gd(r) c XD

; o- n

o~
• Л

.... distinct 
—  H -bond 

r(A)

2 3 A 5 6 7
F ig . 3 . T h e  d is tin c t s tru c tu re  fu n c tio n s  kH<x(k), a n d  d is tan c e  sp ec tra  Gd(r) go t b y  N D , E D , 
X D  m e a su re m e n ts  fo r liq u id  fo rm am id e  a t  250 °C. T h e  fu ll lines rep resen t th e  c o n tr ib u tio n s  

o f th e  О . . .  N  a n d  О . . .H -b o n d  in te ra c tio n s
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Table I I I

M ean  О . . .  N  and  О . . . H  intermolecular distances (r) and associated r.m .s. 
variations ( I )  and average number o f  H -bonds per molecule (n)

г (А) 1(A) п

ED О . ., . N 2.90 (1) 0.161 4.08
0  . . . .  II 1.90 (1) 0.147 4.00

ND 0  . .. . N 2.90 (4) 0.169 4*
0  . .. . H 1.90 (2) 0.152 3.9

X D 0 .  .. . N 2.92 (4) 0.175 3.54
О . .. . H 1.93 (6) 0.070 4*

* V alues were m aintained.

n eig h b o u r О . . .  N  an d  О . . . H  d is tan ce , r .m .s . dev ia tions and  a v e rag e  n u m ­
b er o f H -bonds in  liq u id  form am ide g iven  in  T ab le  I I I .  These v a lu es  o f  m ean  
d is tan ces  allow ed e s tim a tio n  of an  av e rag e  N — H  . . .  О angle o f  a b o u t 10 
degrees.

A  fu r th e r  analysis  o f th e  X -ray  s t ru c tu re  fu n c tio n  [21] has le a d  to  th e  
conclusion  th a t  liq u id  form am ide m ain ly  consists  of a chain-like h y d ro g en  
bon d ed  s tru c tu re  o f form am ide m olecules, how ever, th e  ex istence  o f  rin g  
d im ers in  liq u id  c an n o t be excluded b y  th e  X -ra y  d iffraction  m e th o d .

T he s tru c tu re  fu n c tio n  of N ,N -d im e th y l fo rm am ide (DM F) w as d e te r ­
m ined  a t  25 °C b y  m eans of X -ra y  d iffra c tio n  [22]. The leas t-sq u ares  an a ly s is  
o f  th e  to ta l  s tru c tu re  func tion  re su lted  in  a p o la r skeletal s tru c tu re  o f  th e  
m olecules in  liq u id  p h ase  n o t ap p reciab le  d iffe ren t from  those fo u n d  in  th e  
gas phase . T he fea tu re less  d istance  sp e c tru m  o f D M F showed th a t  th e  in te r-  
m o lecu lar a rra n g e m en t o f D M F m olecules is p ra c tic a lly  fu lly  d iso rd e re d  an d  
no ev idence h as  been  found  for c lu ste r fo rm a tio n  o f DM F m olecules in  liq u id  
phase .

3. Structure o f  solutions

In  th e  p a s t te n  years  m an y  d iffrac tio n  s tu d ie s  have been m ade to  describe  
th e  s tru c tu re  o f th e  so lva tion  shell of ions a n d  to  characterize  th e  in flu e n c e  of 
ions on  so lven t s tru c tu re  or to  gain in fo rm a tio n  on  th e  o rien ta tio n  o f  so lv en t 
m olecules n ea r to  ions. I t  is c h a ra c te ris tic  o f  th e  investiga tions t h a t  m ost 
m easu rem en ts  were carried  o u t by  m eans o f  X -ra y  d iffraction  an d  th e  m e th o d s  
w ere v e ry  seldom  app lied  for sa lts in  o rg an ic  so lven ts. The rea so n  fo r la t te r  
is due  to  d ifficu lties arising  in  th e  an a ly s is  o f  to ta l  s tru c tu re  fu n c tio n s  w ith  
increasing  n u m b e r o f site-site  in te ra c tio n s  fo r  o rganic solvent. T h e re  a re  also 
d ifferences in  th e  m eth o d s of analysis a p p lie d  to  d ifferen t typ es o f  d a ta  sets. 
T he analyses o f d iffrac tio n  d a ta  have  m a in ly  been  carried  o u t o n  s tru c tu re
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fu n c tio n s  in  X D  a n d  E D  m ethods while th e  N D  experim en ta l d a ta  h a v e  been  
in te rp re te d  in  th e  r-space on  th e  basis o f G^(r) a n d  Ga(p) ion -w ater d iffe rence  
fu n c tio n s . —  No m easu rem en t has been c a rr ie d  o u t on organic so lu tio n s w ith  
th e  N D  m e th o d  y e t. —  In  th e  following sec tio n  th e  solvation  o f ions p re se n te d  
b y  d iffe re n t m e th o d s w ill be discussed to  i l lu s tra te  th e  descrip tion  o f  ion ic  
so lv a tio n  b y  d iffrac tio n  techn iques.

T h e  descrip tio n  o f th e  h y d ra tio n  shell h a s  u su a lly  been co n fined  to  th e  
second  c o o rd in a tio n  shell o f ions in  te rm s o f  s t ru c tu ra l  p aram eters . O c ta h e d ra l 
h y d ra t io n  a ro u n d  ca tions w as found  to  b e  th e  m o s t com m on. O f cou rse  one 
c a n n o t ex p ec t rig id  s tru c tu re  in  so lu tion , a n d  th e  sym m etry  of a h y d ra tio n  
shell h a s  to  he th o u g h t in  sense of an  a v e ra g e d  p ic tu re  from  w h ich  g re a t 
d e v ia tio n s  are  also allow ed. T e trah ed ra l co n fig u ra tio n s  have been  re p o r te d  
fo r Z n  [23] an d  H g  [24] in  so lu tions w ith  h a lid e  ions. The ex istence o f  in n e r  
shell co m p lex  fo rm a tio n  M (H 20 ) s_xAx (x  ~  0 .1— 0.9) has been p re d ic te d  fo r 
sev e ra l doub le  an d  tr ip le  charged  ca tio n s [25— 35]. Concerning th e  d a ta  
a v a ila b le  th e  s tru c tu ra l p a ram e te rs  o b ta in e d  b y  X -ray  d iffrac tion  m e th o d  
are  h a rd ly  d ep en d en t on th e  coun terion  a n d  c o n c e n tra tio n  of so lu tions ex cep t 
in  a  few  cases. T y p ica l ex p erim en ta l s tru c tu re  func tions to g e th e r w ith  th e  
b e s t m o d e l s tru c tu re  fu n c tio n s are  show n in  F ig . 4 for aqueous F eC l3  [36] 
an d  fo r  som e tra n s ie n t m e ta l halide so lu tio n s [25]. Some re le v a n t re su lts  
in fe rre d  on  ionic h y d ra tio n  are given in  T ab le  IV .

Fig. 4 . E x p e r im e n ta l  (d o ts) an d  m odel (full) X -ra y  s t r u c tu r e  functions k H (k )  o f  2 m o la r 
aqueous FeC l3 [36] an d  tra n s ie n t m e ta l h a lid e  so lu tions [25]
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Table IV

Nearest neighbour ion-oxygen distances r ]W(Á), rm s variations (11w =  (r lw — r)2, 
distances rwlw2 and  rm s variations lWi m f or water molecules in  the f i r s t  

and second hydration shell.
The concentration o f  solutions ( M  =  molal, m  =  molar)  and references [ ] 

are given in  the last two columns. R \0n denotes P auling rad ii o f  ions

«Ion rIu> »i« ru>lw2 1 tu 2 conc. bi

Li 0.60 2.10 0.12 6 2.72 0.10 2.2 M L il 33

N a 0.95 2.42 0.27 6 — — 2 M NaCl 37

К 1.33 2.80 0.19 6 — — 2 M KCl 37

Cs 1.69 3.15 0.22 8 — — 2 M CsCl 37

T1 1.4 3.22 0.17 0.8 — — T I fo rm a te 38

Mg 0.65 2.12 0.04 6 2.79 < 0 .0 2 1.1 M  MgCL 34
Ca 0.99 2.44 0.15 6 — — 2 m  CaBro 35
Mn 0.80 2.20 0.10 6 2.78 0.04 2 m  M nS Ö 4 26
Co 0.77 2.10 0.10 6 2.75 0.05 3 m CoClo 25
Ni 0.69 2.07 0.09 6 2.74 0.05 3 m NiClo 25
Zn 0.74 2.10 0.16 6 2.70 0.11 3 M Z n S Ö 4 29
Cd 0.97 2.32 0.10 6 2.81 0.15 3 M C d S 0 4 32

AI 0.50 1.89 0.10 6 2.68 0.09 2 m  A1C13 31
Cr 0.53 1.94 0.10 6 2.71 0.07 1.44 m  C r2(S O ,)3 27
Fe 0.53 2.08 0.14 6 2.77 0.04 2.3 m  F eC l, 36
In — 2.16 0.11 6 2.67 0.06 1.71 m  I n 2( S 0 4)3 28
Ce 1.01 2.25 0.12 8 2.90 0.14 2 m C e (N 0 3)3 30

CI 1.81 3.10 0.20 6 _ _ 3 m CoCl2 25
I 2.16 3.63 0.26 6.9 — — 2.2 M  L i! 33
B r 1.95 3.34 0.26 6 — — 2 m CaBr., 35
N 0 3 — 3.40 0.28 7 — — 2 m C e(N Ö 3)3 30
s o 4 — 3.83 0.27 8.2 — — 3 m Z n S 0 4 29

Some general conclusions deducib le  from  th e  d a ta  in  T a b le  IY  are as 
follow s:

(i) C atio n -w ater d is tan ces  are  n e a r ly  equal to  th e  su m  o f  th e  rad ii of 
ca tio n s an d  of th e  w a te r  m olecule.

(ii) The f irs t h y d ra tio n  shell of d iv a le n t an d  tr iv a le n t  c a tio n s  is m uch 
b e tte r  localized a ro u n d  ions —  as rev ea led  b y  l lw p a ra m e te rs  —  th a n  th a t  for 
single charged  ca tio n s an d  anions.

(iii) A seco n d ary  h y d ra tio n  shell is observable  fo r d o u b le  an d  trip le  
charged  cations w ith  s tro n g ly  sh o rten ed  H -bond  in te ra c tio n  b e tw een  w ater 
m olecules in  p rim a ry  a n d  secondary  h y d ra tio n  shells (rwlw2, lwiw2)-

H abenschuss a n d  Spedding  show ed m easu rab ility  o f  sm all changes 
in  h y d ra tio n  of ions b y  th e  X -ra y  d iffrac tio n  m ethod  in v e s tig a tin g  a series of 
co n cen tra ted  aqueous ra re  e a r th  ch loride so lu tions [39]. C arefu l exam ination  
o f th e  X -ra y  d iffrac tio n  resu lts  for te n  so lu tions (F ig. 5) h a s  p ro v e d  th a t  the  
coo rd ina tion  n u m b e r fo r p rim ary  h y d ra tio n  shells of th e  ra re  e a r th  ions de­
creases from  n ine to  e ig h t due to  th e  decreasing  ionic rad ii.
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T h e  s tru c tu ra l p a ra m e te rs  fo r  [R E (H 20 ) x ] 3 + co m p lex es show n in  F ig . 6  

w ere  o b ta in e d  by  lea s t-sq u a re s  an a ly sis  applied  to  d is ta n c e  sp ec tra  g iven in  
F ig . 6 . C ry s ta l hydra tes s u p p o r ts  th e  existence o f th e  h y d ra tio n  change.

F ig . 5. D is ta n c e  spectra G<j(r) fo r t e n  c o n c e n tra te d  aqueous ra re  e a r th  chloride so lu tio n s  [39] 
(rep roduced  b y  p rem ission  of J .  Chem . P h y s .)

L a  C e  P r N d  S m G d  Dy E r Y b
“ : ~  I I—  г —!— :— ] I— i— r n — r - r r

2 6
r,w Rm Eu T b  B o  Tm L ü

2.5 r e 3- h 2o

2U
- ( s o lu t io n )

-

F ig . 6. T h e  av erag e  R e3+— H 20  d is ta n c e s ,  coord ina tion  n u m b ers  in  th e  c ry s ta ls  an d  so lu tions 
[39] (rep ro d u ced  b y  perm ission  of J .  C hem . P h y s .)
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4. Complex fo rm atio n  as stud ied  by X -ra y  an d  e lectron  d iffrac tion

T h e  com plexes are  held  to g e th e r  b y  chem ical bonds re su ltin g  in  long- 
liv ed  s tru c tu re  w ith  w ell-defined  sy m m etry  p ro p ertie s  in  c o n tra s t  to  sh o rt 
lived  s tru c tu re s  of ion -so lven t aggregates p ro d u ced  b y  in te rm o lecu la r force. 
T h e  ex istence  of s tro n g  chem ical in te rac tio n s  betw een  a tom s in  th e  com plex 
re su lts  in  a decrease in  th e  r.m .s . v a r ia tio n  o f  m ean  d istances b e tw een  p a irs  
o f  a to m s and  in  a co rrespond ing  increase in  th e  s tru c tu re  fu n c tio n s  a t  high 
sc a tte r in g  v a riab le  ranges w hich increases th e  accu racy  of th e  d e te rm in a tio n  
o f  s tru c tu ra l p a ra m e te rs  as well.

A lth o u g h  d iffrac tio n  m eth o d  is a t  p re se n t th e  b e s t m eans fo r o b ta in in g  
d irec t s tru c tu ra l in fo rm a tio n  on com plex fo rm a tio n  in  so lu tions, no u n am b ig ­
uous s tru c tu re  d e te rm in a tio n  o f th e  com plexes can  be m ade m ere ly  on  th e  
basis o f  d iffrac tio n  d a ta . T his req u ires  th e  c o m b in a tio n  o f  equ ilib riu m  d a ta  and  
in fo rm a tio n  on th e  sy m m e try  p ro p ertie s  d eriv ed  from  spectroscop ic  an d  c ry s­
ta l  s tru c tu re  d a ta . I f  com plex  fo rm a tio n  is w eak  —  as i t  is in  th e  case of 
M (H 20 ) e_ xAx aqueous tra n s itio n  m e ta l com plexes, w ith  x  <  1 —  d iffrac tio n  
d a ta  give on ly  s lig h t in d ica tio n s for ex istence  o f  a g iven  com plex . B y  d iffrac ­
tio n  d a ta  analysis, how ever, only  th e  presence  o r absence o f a g iven  ty p e  of 
com plex  can  be d e te rm in ed .

A n earlie r X -ra y  s tu d y  [40] o f n ine  c o n c e n tra ted  aqueous Z n B r2 so lu ­
tio n s  in d ica ted , based  on th e  analysis o f  th e  a rea s  u n d e r th e  p eak s in  th e  rad ia l 
d is tr ib u tio n  fu n c tio n s, th a t  th e  Zn + + ion  is co o rd in a ted  b y  tw o  b rom ide  and  
tw o  w a te r  m olecules. I t  also show ed th a t  th e  zinc ion  becom es to ta l ly  four 
co o rd in a ted  b y  b rom ide  i f  th e  b rom ide/z inc  ra tio  increases b y  th e  ad d itio n  
o f  h y d ro b ro m ic  acid . T he co n cen tra tio n  in  Z n ++ o f th e  so lu tions in v e s tig a te d  
ran g ed  from  3.5 u p  to  17.7 m olal for B r~ /Z n ++ =  2 and  from  4.2 up  to  23 
m o la l a t  h ig h er B r _/Z n ++ ra tio s . In te ra to m ic  d is tan ces  fo r Z n + + — B r~  
B r~ — B r~  an d  B r— 0  c o n tac ts  w ere found  to  be a t  2.4 A , 3.9 A  an d  3.2 A, 
re sp ec tiv e ly . A te tra h e d ra l  sy m m etry  of th e  com plexes w as suggested .

C o n tra ry  to  zinc so lu tions recen t X -ra y  d iffrac tio n  s tu d ies  o f aqueous 
n ickel b rom ide  so lu tions w ith  B r _/N i++ =  2 [41— 42] an d  n ickel ch loride 
so lu tions w ith  Cl ~ /N i+ + =  2.4 [43], show ed th e  presence o f o c tah ed ra l 
N i(H 20 )+  + an d  N i[B r(H 2 0 ) 5] + as well as o c ta h e d ra l N i ( I I ,0 ) + +, N i(H 20 ) 5Cl + 
a n d  N i(H 20 ) 4Cl2 com plexes. T he C l-  in  th e  1 : 2 com plexes w ere fo u n d  in  
tra n sp o s itio n s  as in  c ry sta llin e  N iCl2 • 6  H 2 0 .

T h e  above re su lts  show  som e differences betw een  th e  com plex  fo rm atio n  
o f  s im ila r sized zinc an d  nickel ions. In  o rd e r to  re in v es tig a te  th e  s tru c tu re  
o f  b ro m id e  com plexes o f  Zn + + we m easured  th e  X -ra y  an d  e lec tro n  sc a tte rin g  
o f  an  aqueous so lu tion  (1.64 m olar in  Zn + +), as w ell as th e  elec tron  sc a tte rin g  of 
an  d im eth y lfo rm am id e  so lu tion  (1.77 m olar in  Z n + +) w ith  a B r~ /Z n + + ra tio  of 3 
[44— 45]. T he excess o f  b rom ide ions w as ach iev ed  b y  th e  ad d itio n  o fL iB rs a l t .

Acta Chim. Hung. 121, 1986



198 PÁLINKÁS, KÁLMÁN: DIFFRACTION STUDIES

Table V

M ean  distances raß [Á ], r.m .s. variations l aß and coordination numbers N ,tp 
fo r  nearest neighbour interactions obtained fro m  the electron (E ) and  

the X -ra y  (X ) structure fu n ctio n s fo r  the aqueous solution

r*ß Haß R aß Laß

E
Zn+ + - 0 2.23 0.083 2.40 2.63 0.05
Z n + + - B r - 2.40 0.126 2.22 3.48 0.01
0 - 0 2.93 0.102 1.12 2.88 0.29
B r - —0 3.49 0.195 4.36 3.26 0.19
B r - - B r - 3.91 0.116 1.36 5.27 0.15
Z n + + - 0 2.21 0.093 2.42 3.06 0.09
Z n+ + —B r- 2.42 0.116 2.26 3.69 0.02
0 - 0 2.90 0.082 1.09 2.83 0.21
B r - —0 3.45 0.25 4.20 3.36 0.13
B r - —B r- 3.95 0.132 1.28 .483 0.17

T h e  s tru c tu ra l p a ra m e te rs  (T able V) o b ta in e d  from  th e  tw o in d e p e n d e n t 
d if f ra c tio n  experim ents on  a q u eo u s  so lu tion  a re  in  good ag reem en t w h ich  su p ­
p o r ts  th e i r  re liab ility . T he b o n d  d is tan ce  of Zn 2 +— B r -  in d ica tes  th a t  th e  b rom o 
co m p le x  belongs to  th e  in n e r  ty p e  of co o rd in a tio n . I t s  v a lue  of 2.41 Á  is 
s ig n if ic a n tly  sm aller th a n  th e  ex p ec ted  v alue  from  ionic rad ii, 2.65 Ä. A  sim ilar 
p h e n o m e n o n  was observed  fo r  N i2 +— B r -  in te ra c tio n s  in  th e  aqueous N iB r 2 

so lu tio n s  [41]. The bond  d is ta n c e  o f 2.22 Á  fo r Zn2 +— H 20  c o n ta c t is g re a te r  
th a n  t h a t  fo r th e  h ex aaq u o  com plex  in  Z n (N 0 3 ) 2 [42] an d  Z n S 0 4 [29] so lu ­
tio n s . T h e  r.m .s. v a ria tio n s  o f  th e  m ean  d is tan ces , Za(3, are  g enera lly , low , 
e x c e p t fo r  B r - — О in te ra c tio n s . T he low  va lu es  o f Zaj3 in d ica te  s tro n g  in te r ­
a c tio n s  b e tw een  th e  p a rtic le s  w h ich  are c h a ra c te r is tic  fo r com plex fo rm a tio n  
[25, 43 , 44].

T h e  v alue  of 2.2 fo r th e  av e rag e  n u m b e r o f zinc b rom ide  c o n tac ts  re su lts  
in  a c o n c e n tra tio n  o f a b o u t 1.4 m ol/L  for free h y d ra te d  brom ide ions. M ean 
c o o rd in a tio n  num bers g iven  in  T ab le  Y are n o t fa r  from  tho se  c h a ra c te ris tic  
fo r Z n B r 2 (H 20 ) 2 com plexes (IVZn_ 0  =  2, ZVZn_ Br =  2, ZV0_ o  =  1, -^Br-Br =  
=  1). H ow ever, th e  sig n ifican ce  o f dev ia tio n s b e tw een  th ese  p a ra m e te rs  is 
s u p p o r te d  b y  the  fac t t h a t  s im ila r  values re su lte d  fro m  b o th  ty p e s  o f  d iffrac ­
t io n  ex p e rim en ts .

T h e  in d ep en d en t re f in e m e n t of th e  Zn2 +— B r -  an d  th e  B r - — B r -  
in te ra c tio n s  leads to  a te t r a h e d ra l  B r— Z n— B r angle. T his re su lt ( to g e th e r 
w ith  th e  low  values f ro u n d  fo r  Z n2+— 0  an d  0 — 0  co n tac ts) s tro n g ly  in d ic a te s  
fo rm a tio n  o f a te tra h e d ra l in n e r  sphere com plex .

C om plex  fo rm ation  o f  th e  Z n + + ion  in  d im eth y lfo rm am id e  h as  been 
s tu d ie d  b y  electron  d iffrac tio n . T he R am an  sp e c tra  o f th e  so lu tion  h as  show n 
t h a t  th e  o n ly  species p re se n t in  th e  system  is th e  Z nB rY  com plex.
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Table VI

Structural parameters obtained fro m  E D  structure fu n ctio n  fo r  D M F solution

r <Xß b , Naß

Z n + +— O 2.22 0.101 0.28
Z n ++— B r - 2.52 0.1040 0.63
0 - 0 3.45 0.130 1.04
B r - — B r - 4.06 0.201 0.42

T he m ost re m ark ab le  re su lt o f th e  f i t  is connected  w ith  th e  coo rd ina tion  
n u m b ers  fo r Z n— B r an d  B r— B r in te ra c tio n s  (Table V I). C om bined  w ith  the  
n u m b ers  o f co rrespond ing  d is tan ces  w ith in  a ZnBEj- u n it , th e y  in d ic a te  th a t  
o n ly  a frac tio n  a  =  0.21 o f  th e  to ta l  n u m b e r o f Z n ++ ions is b o u n d  in  such 
com plexes.

T he Z n— B r an d  B r— B r d is tan ces  are  slighly  la rg e r th a n  th o se  o b ta ined  
in  th e  aqueous so lu tion . T he va lu es  o f  rZnBr an d  rBtBr, p a ra m e te rs  ind ica te  
a p iram id a l g eo m etry  o f th e  Z n B r 3 com plex . The B r— Z n— B r ang le  is calcu­
la te d  to  be 107.4° q u ite  close to  th e  te tra h e d ra l value. A lth o u g h  th e  L i+— 0  
in te ra c tio n  its e lf  is n o t d e te c ta b le  in  th e  d iffrac tion  p a t te rn  b ecau se  o f its 
low  w eigh t, we could  derive som e in fo rm a tio n  a b o u t th e  L i+ so lv a tio n  from  
th e  com bined  N Znо va lues. T he v a lu e  o f  1.04 o b ta in ed  fo r IVoo corresponds 
to  an  average  n u m b e r o f ^ 3  D M F  m olecules a ro u n d  each  L i + ion .

T he re su lts  rev ea l s trick in g  d ifferences regard ing  zinc b ro m id e  com plex 
fo rm a tio n  in  co n c e n tra ted  aqueous a n d  D M F solutions. T h e  fra c tio n  of Zn2 + 
ions invo lved  in  such  com plexes is co nsiderab ly  low er in  D M F . T h e  reasons for 
th is  d iffe ren t co m plexa tion  b e h a v io u r m igh t be th e  p oo r so lv a tin g  ab ility  
o f  D M F m olecules for anions a n d  th e ir  size.

A d irec t in fo rm a tio n  can  be  o b ta in e d  ab o u t th e  o r ie n ta tio n  o f w ater 
m olecules u sing  th e  iso top ic  su b s ti tu tio n  m ethod  in  n e u tro n  d iffraction . 
B ased  on AH (k) an d  AG(r) d ifference functions, w ith  a s su m p tio n s  on the  
g eo m etry  o f w a te r  m olecules, th e  m o st p robab le  values o f  ang les show n in 
F ig . 7 are  deducib le  for c o n c e n tra ted  aqueous solu tions. D a ta  a c c u m u la ted  on 
th e  o rien ta tio n  o f w a te r m olecules n e a r  to  ions in  d ifferen t co n c e n tra tio n s  are 
su m m arized  in  a recen t rev iew  o f E n d e rb y  an d  N eilson [46]. T y p ic a l differ­
ence fu n c tio n s a re  show n in  F ig . 8  fo r N i++ and  C a++ ions.

T he m ean  ca tion -oxygen  Гс—о a n d  c a tio n -h y d ro g en rc —d n e a re s t  neighbour 
d is tan ce  d eriv ed  from  th e  p eak  p o sitions o f AGc(r) d ifference fu n c tio n s  shown 
in  F ig . 8  are  g iven  in  T ab le  V II . B o th  th e  d istances an d  c o o rd in a tio n  num bers 
IVc—o> ca lcu la ted  from  th e  p eak  a reas  o f  AGc(r), are  in  good ag reem en t w ith  
th o se  derived  from  X -ra y  d iffrac tio n  d a ta  in  th e  accu racy  lim it o f  th e  m ethods. 
T h e  a n g u la r  d a ta  in  T ab le  V II . s tro n g ly  fav o u r th e  n ea rly  lone  p a ir  o rien ta tio n  
o f  w a te r  m olecules in  h y d ra tio n  shell o f N i++ and  C a ++ ions in  co n cen tra ted
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F ig . 7. A ngles characteriz ing  o r ie n ta t io n  o f w ater m olecu lar n e a r  to  ca tio n s (C) an d  anions (A)

so lu tio n s . The sam e conclu sio n  can  be draw n fo r L i+ a n d  C u ++ ions based  on 
d if fe re n c e  functions d eriv ed  fo r  co n cen tra ted  LiCl [47] a n d  CuCl2 [46] so lu tions 

N D  studies w ith  3 5C1 : 3 7C1 isotopic s u b s ti tu tio n  h av e  show n th a t  th e  
h y d r a t io n  o f the  chloride io n  is essen tia lly  in d e p e n d e n t o f  th e  co u n te r ca tion  
(L i, N a , R b , Ca, Ni, B a) a n d  co n cen tra tio n  (1— 9 m olal) [49— 51].

Table VII

Structural param eters derived by ND method w ith  isotropic substitution  
f o r  N i + + and Ca++ ions

Solution Iso to p e s M o la r ity rC - 0 (Á ) rc _ D (A)JVc_o [ 1

NiCl2 N i :e2N i 4.41 2.07 2.67 42 ±  5.8 48
(D 20 )
Ni(C104)2 N i: e2N i 3.8 2.07 2.67 42 ±  5.8 49
(D 20 )
CaCl2 Ca: “ Ca 4.41 2.40 2.93 51 ±  5.5 50
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Fig. 8. C ation d ifference fu n c tio n s  кЛ Н с(к) an d  AGc(k )  fo r  d iffe ren t aqueous so lu tio n s [48 — 50]
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RECENT D EVELO PM EN TS IN  T H E  T H E O R Y  
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T h e  n o n -lin ea r d ie lectric  b eh av io u r o f b o th  p o la r  a n d  a p o la r  liq u id s g ives in fo r­
m atio n  o n  c o rre la tio n s be tw een  m olecu lar d ipo les a n d  p o la riza b ility  d u e  to  e lec tro ­
d y n am ic  forces as well as due  to  forces o f o th e r  e ffects such  as h y d ro g en  b o n d in g , dis­
p e rsio n  in te ra c tio n s , e tc . W hile th e re  seem s to  be  a  s ta g n a tio n  in  th e  ex p erim en ta l 
re sea rch  in  th is  fie ld , th e  th eo re tica l in te rp re ta tio n  o f n o n -lin ear d ie lectric  e ffec ts show s 
a  co n sid erab le  ad v an ce  ow ing to  so p h is tic a ted  s ta tis t ic a l  m echan ical m e th o d s  in tro ­
duced  re ce n tly  in  th e  th e o ry  of liqu ids. T h is p a p e r  gives a rev iew  o f th e o re tic a l re su lts  
p u b lish ed  in  th e  la s t  decade.

Acta Chimica Hungarica 121 (1—2), pp. 203 —  213 (1986)

In tro d u c tio n

S tud ies on th e  n o n -lin ea r d ielec tric  b e h a v io u r  o f liq u id s  h a v e  been 
p u b lish ed  since th e  1920’s. M ost o f th e  e x p e rim e n ta l re su lts  s te m  fro m  tw o 
fam ous schools, a P o lish  one founded  an d  led  b y  A. P ie k a ra  an d  a B ritish  one 
es tab lish ed  b y  M. D avies. A lthough  som e m em bers o f th ese  schools a re  excel­
le n t th eo re tic ian s , to o , th e  th eo re tica l fo u n d a tio n s  o f n o n -lin ea r d ie lec tric  
effects as w ell as th e ir  d ev e lopm en t are  c o n tr ib u te d  by  au th o rs  n o t be longing  
to  th e se  groups.

A n o u ts ta n d in g  rev iew  o f th e  en tire  fie ld  w as pu b lish ed  b y  S. K ielich  
in  1972 covering  b o th  th e  ex p e rim en ta l a n d  th e o re tic a l re su lts  ach iev ed  th a t  
fa r  [1]. Since th e n , q u ite  a n u m b er o f e x p e rim e n ta l re p o rts  h av e  a p p ea red  
(see e.g. R efs. [2— 8 ]) e x ten d in g  ou r know ledge a b o u t non -lin ear effects b o th  
in  pu re  liqu ids a n d  liq u id  m ix tu re s , y e t i t  seem s th a t  n o th in g  s tr ik in g ly  new  
has b een  d iscovered  d u rin g  th e  la s t decade. T h e  on ly  excep tions are  a few 
p ap ers  o f K ielich  an d  his cow orkers [9— 12] w hich  re p o rt on th e  f i r s t  m easu re ­
m en ts  o f  th e  tim e  ev o lu tio n  o f non -linear d ie lec tric  effect an d  on th e  th e o re ti­
cal basis o f th e  in te rp re ta t io n  o f th ese  re su lts .

I n  c o n tra s t to  ex p e rim en ta l s tu d ies , th e  recen t d ev e lo p m en t in  th e  
th e o ry  o f  n o n -lin ea r d ielectric  effects in  liq u id s  p roduced  som e im p o r ta n t  
re su lts  ow ing m ain ly  to  m ore so p h is tica ted  so lu tions o f in te g ra l eq u a tio n s

+ T his p a p e r w as p re sen te d  a t  th e  S ym posium  on  S tru c tu re  o f L iqu ids a n d  So lu tions 
a t  V eszprém , A u g u st 27 — 30, 1984.
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o u tl in e d  in  th e  1970’s [13— 18]. In  ad d itio n , som e o th e r th e o re tic a l re su lts , 
b a s e d  o n  m acroscopic e lec tro d y n am ics  [19, 20] an d  on u n co n v en tia l t r e a t ­
m e n ts  [21— 25] c o n tr ib u te d  to  th e  field.

I n  th is  paper we co n fin e  ourselves to  a se lection  o f th e o re tic a l re su lts  
w h ic h — b y  our su b jec tive  ju d g e m e n t— a p p e a r to  th e  m o st im p o r ta n t  ones. 
F i r s t ,  w e em phasize a fu n d a m e n ta l re la tio n sh ip  clarify ing  th e  n a tu re  o f th e  
q u a n t i t y  m easured in  h ig h -fie ld  experim en ts. I n  th e  n e x t section , a com parison  
o f  th e o re tic a l  resu lts is g iv en  w ith  respect to  th e  c a v ity  fie ld  t r e a tm e n t  an d  
so m e o th e rs  avoiding its  u se . F in a lly  we discuss th e  effect o f h igh  fie ld  on  th e  
K irk w o o d  g-factor.

W h at is m e a su re d  in  h igh -fie ld  experim en ts?

I n  linear d ielectrics, th e  fu n d a m e n ta l e q u a tio n  defin ing  th e  re la tio n sh ip  
b e tw e e n  th e  dielectric d isp la c e m e n t v ec to r, D a n d  th e  electric  fie ld  v ec to r, 
E , is :

D =  eE (1)

w h e re  th e  relative p e rm it t iv i ty ,  e, is a c o n s ta n t. T h u s:

dD  =  e • d E . (2)

E q u a tio n  (1) re p re se n ts  a re la tio n sh ip  o f vectorial n a tu re .
I n  non-linear d ie lec tric s , how ever, th e  D (E) fu n c tio n  is tensorial:

D =  e(E) • E  (3)

w h e re  e is a function  o f  E  in  a ten so ria l fo rm :

XX Exy  

s yx  Eyy
ezx ezy

F o r  th i s  case, in stead  o f eq . (2), we have:

d D  =  E • de +  e • dE  (5)

w h ic h , i f  D is paralle l 
relative permittivity, ed:

w ith  E , can  serve as a d efin itio n  o f th e  differential

Ed i i E .
d E

(6)
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In  th e  u su a l experim en ts, th e  f ie ld  d ependence  of th e  re la tiv e  p e rm it t iv ­
i ty  is m easu red  b y  a lo w -am p litu d e  b u t  h igh-frequency  an a ly s in g  f ie ld , E a, 
superim posed  on h igh -am p litu d e  b u t  low -frequency  re c ta n g u la r  p u lses  of 
a po lariz ing  fie ld , E p. U n d er such  co n d itio n s , th e  analysing f ie ld  is  a  sm all 
p e r tu rb a tio n  to  th e  po lariz ing  one. T h u s , eq . (3) can be w ritte n  in  th e  fo rm :

D ( E p i  E a )  =  e { E p ’ E a )  • E a

e ( E p )  +
d E n

E ,J E a = e d ( E p )  '  E a ( ? )

C onsequen tly , th e  analysing  fie ld  te s ts  th e  slope of the  D(E) fu n c tio n  as show n 
in  F ig u re  1.

O n th e  basis  of eq. (6 ), one w ould  th in k  th a t  the  lo g arithm ic  d iffe re n tia l 
o f th e  re la tiv e  p e rm ittiv ity  w ith  re sp ec t to  f ie ld  in ten sity , w hich is th e  d iffe r­
ence b e tw een  ed, and  e, is neglig ib ly  sm all fo r th e  field s tre n g th s  a p p lie d  in 
ex p erim en ts  (u su a lly  less th a n  60 to  100 kV /cm ). H ow ever, th is  co n c lusion  
p ro v es to  be false, if  e an d  ed is co m p ared  b y  th e ir  defin ition . L e t u s  consider 
th e  pow er series o f  th e  D (E) fu n c tio n :

D(E) =  e0E +  £E2E +  . . .  (8)

w here £ is th e  f irs t  n o n -lin ea rity  coeffic ien t. I f  h igher order te rm s a re  neg lec ted  
— w hich  can  be  done in  all ex p e rim en ts  c a rr ie d  ou t so fa r— , th e  q u a n t i ty  
A e/E 2 u su a lly  given b y  ex p e rim en ta lis ts  is th o u g h t to  be:

As  ___  E  ------ £ „

E 2 ~  E 2 ~

F ig. 1. S ch em atic  rep re sen ta tio n  of th e  fie ld  depen d en ce  of dielectric d isp la c e m e n t
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w h ereas  th e y  rea lly  m e a su re  th e  q u a n tity :

A s d  _  —  e 0  _  O E

E 2 E 2

T h u s  th e  difference b e tw e e n  th e  two is n o t m in o r  a t  all.
In  lig h t of th is , i t  m u s t  be em phasized  t h a t  most o f the evaluation and  

interpretation o f experimental results published so fa r  are to be revised. C o m p ari­
son  w ith  theo re tica l r e s u lts  usually  in d ica tes  a  d ifference even h ig h er th a n  
th e  fa c to r  of 3 in  eq . (10) w hich was e x p la in e d  b y  assum ing d ipo le-d ipo le  
co rre la tio n s  due to  fo rces  o th e r  th a n  e le c tro s ta tic  ones (e.g. hydrogen  b o n d s). 
A lth o u g h  such forces p la y  a considerable ro le  in  m a n y  cases, th e ir  e ffec t 
seem s to  he less w h en  th e  m easured  q u a n ti ty  is ta k e n — correctly— acco rd in g  
to  eq . ( 1 0 ) [2 1 ].

( 10 )

Theoretical treatm ent by cavity and n on -cavity  models 
and the effect of electrostriction

In  th e  co n tin u u m  th e o ry  of d ielectrics, th e  effective field  a c tin g  on  
m o lecu la r dipoles h a s  b e e n  conventionally  c a lc u la te d  b y  th e  cav ity  m o d e l. 
O ne o r a few o rie n ta tio n a lly  correlated  m olecules a re  rep resen ted  b y  a sp h e rica l 
c a v i ty  su rrounded  b y  a sp h erica l layer o f a c o n tin u u m  dielectric b ea rin g  th e  
m acroscop ic  p ro p e rtie s  o f  th e  liquid (see F ig u re  2 ). I n  som e models th e  c a v i ty  
is  assu m ed  to  be f ille d  w ith  a polarizable c o n tin u u m  whose p o la rizab ility  is 
ch a ra c te riz e d  by  th e  s q u a re  o f the refrac tion  in d e x  or in  general w ith  a m ed iu m  
o f re la tiv e  p e rm itt iv i ty  £ „ . In  some o th e rs , th e  c a v ity  is considered e m p ty . 
I n  th e  m iddle of th e  c a v i ty ,  there  is a p o in t d ip o le  w hose m om ent is ta k e n  
e q u a l e ith e r to  th e  d ip o le  m om ent of a sing le  m olecule or to  th e  r e s u l ta n t  
m o m e n t of th e  c o rre la ted  m olecules m odelled  b y  th e  cav ity . I f  th e  c a v ity  is

F ig . 2 . A schem atic r e p re s e n ta t io n  of a  cav ity  w ith  a  sp h e rica l lay e r of th e  su rro u n d in g
continuum  (see te x t )

Acta Chim. Hung. 121, 1986



RUFF: DIELECTRIC BEHAVIOUR OF LIQUIDS 207

filled  w ith  a c o n tin u u m  o f re la tiv e  p e r m it t iv i ty  th e  “ v a c u u m ”  dipole 
m o m en t, ц  is co rrec ted  as follows:

М = е-±±1р.(11)

T his dipole m o m e n t, M , polarizes th e  su rro u n d in g  co n tin u u m  w hich , in 
tu rn ,  m odifies th e  e x te rn a l fie ld . This can  be  c a lc u la te d  b y  solving th e  L ap lace  
e q u a tio n  for th e  sp h e rica lly  sym m etrical sy s te m . T h e  f in a l re su lt fo r a m ac ro ­
scopic liqu id  can  be o b ta in e d  b y  tak in g  th e  lim itin g  case w hen th e  o u te r  b o u n d ­
a ry  of th e  su rro u n d in g  co n tin u u m  ten d s to  in f in ity .

T he c a v ity  t r e a tm e n t  of th e  above sch em e can  be applied  to  ca lcu la te  
th e  f irs t no n -lin ear coeffic ien t, £, in  a p p ro x im a tio n . F röh lich  [26] assum ed  
th a t  th e  c o n tin u u m  su rro u n d in g  the  c a v ity  is po larized  linearly. I n  th is  
case th e  f irs t n o n -lin ea r coeffic ien t is:

3< M 4 > 0  —  5 < M 2)g 
(fcBT)3 Vm

w here th e  f irs t  te rm  re p re se n ts  th e  average d ip o le  m om en t o f th e  m olecules 
in  th e  cav ity , k B is th e  B o ltzm an n  c o n s ta n t, T  th e  te m p e ra tu re , a n d  V m 
th e  m olar vo lum e. T h e  su b sc rip t О ind ica tes t h a t  th e  re su lta n t average  d ipole 
m o m en t w ith in  th e  c a v ity  is calcu lated  w ith  th e  assu m p tio n  th a t  th e  d ipo le—• 
dipole co rre la tion  is not a lte re d  b y  th e  h igh f ie ld , i.e. th ese  averages are  ta k e n  
in  th e  low -field lim it.

T he co n tin u u m  en v iro n m en t of th e  c a v i ty  re su lts  in  a co rrec tio n  re p ­
resen ted  b y  / ( e )  w hich , accord ing  to  F rö h lich , is :

/(* )  =
__________ 3c4___________

10(2e* +  e l)  (2e +  e*)2
(13)

B ordew ijk  [19] c a rr ie d  o u t th e  c a v ity  t r e a tm e n t  w ith  th e  a ssu m p tio n  
th a t  th e  co n tin u u m  su rro u n d in g  th e  cav ity  is a lso  non -linearly  p o la rized , b u t  
p reserved  th e  su p p o sitio n  th a t  dipole co rre la tio n s  can  be tre a te d  in  th e  low- 
fie ld  lim it. H is re su lt, th u s , differs only in  / ( e ) :

/( e )  =
3e4

— (148e4 +  5e3 e„ +  258e2e2„  —  43 ££3„ +  37£4_)
(14)

T ak ing  w a te r  as a n  exam ple  w ith  £ =  80 a n d  £qo =  2, B o rd ew ijk ’s eq.
[14] w ould p red ic t a v a lu e  h igher of a b o u t 2 3 %  th a n  F rö h lich ’s eq . (13).

In s te a d  o f a c a v ity  tre a tm e n t F u lto n  [23, 24] deduced an  exp ressio n  
fo r th e  f irs t n o n -lin e a r ity  coefficient b y  a  fo u r-p o in t co rre la tion  fu n c tio n
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ta k in g  in to  accoun t b o th  th e  p o la rizab ility  o f th e  e lectron  shell o f th e  m ole­
cu les a n d  th e  o rien ta tio n a l p o la riza tio n  o f p e rm a n e n t dipoles as w ell as th e ir  
cross e ffec ts . Below we sh a ll r e tu rn  to  h is co m p le te  resu lts . H ere  w e c ite  only  
h is fo rm u la  fo r / ( e ) :

/00  =
___________ Зе4___________

— (2e -f- с , » ) 4 +  4(e —  e „ ) 4 

2

(15)

F o r  w a te r ,  eq. (15) w ould  y ie ld  a v a lu e  o f a b o u t 32 %  lower th a n  F rö h lic h ’s 
eq . (13).

S ince  F u lto n  avo ided  th e  use o f th e  c a v ity  m odel and  h an d led  all p o la r i­
z a tio n  effec ts  non-linearly  u p  to  th e  fo u r th  o rd e r in  th e  dipole m o m e n ts , his 
c a lc u la tio n  seems to  be th e  m o st re liab le . T h is  m eans th a t  th e o re tic a l re su lts  
b a se d  so fa r  on F rö h lich ’s e q u a tio n  are  too high. I t  can  also be co n c lu d ed  th a t  
th e  e r ro r  orig inating  from  th e  ap p ro x im a te  n a tu re  o f eq. (13) is m a in ly  due 
to  th e  c a v ity  m odel r a th e r  th a n  to  th e  n eg lec t o f th e  non-linear p o la riz a tio n  
o f  th e  su rro u n d in g  c o n tin u u m , since B o rd ew ijk ’s re su lt, w hich a c c o u n ts  for 
th e  l a t t e r  effects b u t  w ith in  th e  fram ew o rk  o f  a c a v ity  t re a tm e n t, increases  
th e  d iffe ren ce  even m ore.

F u l to n ’s ca lcu la tions c la rify  a n o th e r  u n c e rta in  p o in t of th e  th e o ry  of 
n o n - lin e a r  dielectric effects, to o , viz. th e  in flu en ce  of e lec tro stric tio n . P re v i­
o u sly , K ie lich  [1] called  th e  a t te n tio n  to  th e  p ro b lem  th a t  th e  ch an g e  o f  th e  
d e n s ity  d u e  to  high e lec tric  f ie ld  is to  he ta k e n  in to  accoun t. H o w ev e r, he 
su g g e s te d  an  ad d itio n a l c o rrec tio n  in  w h ich  he  seem s to  d o u b le -c o u n t th e  
e ffec t o f  e lec tro stric tio n . F u lto n — in  ag reem en t w ith  Carnie an d  S te ll [16]— 
t r e a t s  th is  effect along w ith  o th e r  p o la riza tio n s , an d  ob ta ins th e  fo llow ing 
re s u lt :

£ = Я «0

Л  Q

2 k BT
( e -  +  2)4

3 k BT

a 2

QkBT x T +  — T rzla 2 -|---------[A • A x  • p.
k RT

w h ere  д is th e  n um ber d e n s ity  o f m olecules, a  th e  average of th e  p o la riz a b ility  
m a tr ix ,  [A th e  p e rm a n e n t d ipo le  m o m en t o f  th e  m olecules, Aoc th e  d ifference 
p o la r iz a b ili ty  m a trix  w ith  re sp ec t to  th e  av e rag e  po la rizab ility , a n d  xT th e  
is o th e rm a l com pressib ility . T h e  f irs t  te rm  in  th e  square  b rack e ts  re p re se n ts  
th e  n o n -lin e a r  c o n tr ib u tio n  d u e  to  e lec tro s tr ic tio n , th e  second to  th e  p o la riza- 
t io n  o f  e lec tro n  shells, th e  th i r d  to  th e  cross effects o f electronic p o la riz a tio n  
a n d  p e rm a n e n t dipole o r ie n ta tio n , a n d  th e  fo u r th  to  th e  p u re  d ip o le  o rien ­
ta t io n .

T h e  restris tions to  th e  ap p lica tio n  o f eq . (16) are th e  fo llow ing . I t  is 
v a lid  o n ly  for “ n o rm al”  liq u id s  in  w hich  th e re  are  no special forces in flu en c-
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Table I

Comparison o f  experimental and theoretical non-linearity coefficenls fo r  carbon tetrachloride

3£exp. 3£calc.

X 10 l* cm */V*

from  d irec t m easurem ent [27] 18.4 13.2 [23]
from  ligh t sca ttering [28] 9.9 13.2 [23]

ing  d ipole co rre la tions, i.e . th e  K irkw ood  g -fac to r  is u n ity . T hus, i t  does no t 
acco u n t fo r cases w hen th e  ex te rn a l fie ld  a lte rs  dipole co rre la tions d u e  to  
n o n -e lec tro s ta tic  forces, e ith e r. H ence exam p les  fo r w hich eq. (16) can  be 
te s te d  are  r a th e r  lim ited .

F o r  a p o la r  liqu ids th ese  re s tric tio n s  are  u n im p o rta n t, since a ll te rm s 
in v o lv in g  ju in  eq. (16) cancel. In  such  cases, £ ca n  be dete rm in ed  e x p e rim e n ­
ta lly  e ith e r  b y  th e  d irec t m easu rem en t o f th e  n o n -lin ea rity  coeffic ien t u n d e r 
th e  effect o f  h igh  fie ld  o r, in d irec tly  b y  m easu rin g  th e  lig h t sc a tte r in g . The 
re la tio n sh ip  giv ing th is  la t te r  q u a n ti ty  is:

t ЗА1 К 2 I
4 n*ÍeBT V  1

incld.

scatt.
(17)

w here A is th e  w ave leng th  o f  th e  lig h t in  vacuo, R  th e  d istance  from  th e  s c a tte r ­
ing  vo lum e V , an d  I  th e  lig h t in te n s ity .

F u lto n — being  also un aw are  o f th e  fa c t t h a t  th e  d irec t m easu rem en t 
y ie lds 3£ in s tead  o f £ as p o in ted  o u t in  th e  p rev ious section— re p o r ts  o f  a 
d isag reem en t be tw een  th e  n o n -lin ea rity  coeffic ien t m easured  d ire c tly  a n d  th a t  
c a lcu la ted  as well as betw een  th e  d irec tly  m easu red  one and  th a t  o b ta in e d  
from  lig h t sca tte rin g . T he correc t com parison , how ever, reveals an  accep tab le  
ag reem en t as show n in T ab le  I ,  p a r tic u la r ly  i f  th e  ra th e r  large e x p e rim e n ta l 
e rro r  o f th e  d irec t m easu rem en ts is ta k e n  in to  considera tion .

T h u s , it  can  be concluded  th a t— for a p o la r  liqu ids— F u lto n ’s eq . (16) 
is a good ap p ro x im a tio n  o f th e  f irs t  n o n -lin e a rity  coefficient.

I t  is ra th e r  d ifficu lt to  find  a rea l liq u id  w hich behaves “ n o rm a lly ”  
in  th e  sense th a t  th e re  a re  no special forces in fluenc ing  th e  c o rre la tio n  of 
p e rm a n e n t dipoles. T hus, th e  te s t o f eq. (16) fo r po lar liquids rem a in s  y e t 
u n te s ted .

Field dependence of dipole correlations

T h e ex ac t tre a tm e n t o f  th e  effect o f  h igh  f ie ld  on th e  dipole co rre la tio n s  
due to  n o n -e lec tro s ta tic  forces— such as h y d ro g en  bonds or s tro n g , angle- 
-d ep en d en t, d ispersion  forces— is a v e ry  co m p lica ted  problem . F u lto n  [23, 24]
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h a s  d e d u c e d  an  e q u a tio n  in c lu d in g  such special co rre la tions, too , h o w ev er its  
c o n c re te  app lica tion  w ould  req u ire  ra th e r  cu m b erso m e  calcu lations.

T h is  problem  has b een  ap p ro ach ed  re c e n tly  in  a m ore phenom enolog ical 
w a y  b y  L iszi, M észáros a n d  R u ff  [21] an d  b y  L iszi, P ap p , an d  R u ff  [22]. 
T h e ir  t r e a tm e n t  is based  o n  th e  original c a v ity  tre a tm e n t m odified  b y  th e  
in tro d u c t io n  of a fie ld  d e p e n d e n t K irkw ood  g -fac to r.

T h e  field  d ep en d en t re la tiv e  p e rm itt iv i ty  is given b y  th e  fo llow ing 
e q u a t io n :

e(E) — с» +
2л qM  
k BT E

3 M E  
2 k BT

Vg(E) (18)

w h e re  L  is th e  L angev in  fu n c tio n  an d  eq. (11) is v a lid , while

g(E )  =  g 0 +  g iE 2 +  • • • (19)

since  th e  K irkw ood g -fa c to r  is scalar.
E q u a tio n  (18) in v o lv es  th e  following a p p ro x im a te  assum p tio n s:
—  th e  com pressib ility  te rm  is neg lected ,
—  th e  cav ity  fie ld  is ap p ro x im a te d  b y  i ts  lim itin g  case w hen  e —► oo,
—  th e  n o n -lin ea rity  o f  th e  electron ic p o la riz a tio n  is neg lec ted .
T h ese  equations a re , f i r s t  o f all, su itab le  fo r  a q u a lita tiv e  d iscussion  o f

th e  e ffe c t o f high fie ld  on th e  non -linear b e h a v io u r  of po lar liqu ids. F ig u re  3 
show s schem atica lly  th e  fo u r  possib le cases o f  th e  fie ld  effect on th e  K irkw ood  
fa c to r . T w o of th em  co rre sp o n d  to  th e  structure breaking effect o f th e  fie ld , 
w h ile  th e  o th e r tw o re p re s e n t cases w hen th e  f ie ld  has a structure making

F ig . 3 . A  schem atic  re p re se n ta tio n  o f th e  possible v a r ia tio n  of th e  K irkw ood g -fac to r  w ith
field  in te n sity
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effect. I f  th e  te rm  “ s tru c tu re ”  is used  fo r th e  specific dipole c o rre la tio n s  caused 
b y  in te rac tio n s  o th e r th a n  e lec tro s ta tic , s tru c tu re  b reak ing  m ean s  th e  effect 
o f  th e  ex te rn a l fie ld  d im in ish ing  th e  co rre la tions due to  th e se  spec ia l forces 
an d  m ak ing  e lec tro s ta tic  in te rac tio n s  p red o m in an t. W hereas s t ru c tu re  m aking 
m eans th e  s tren g th en in g  o f th e  effect o f  special forces b y  a c o o p e ra tin g  action 
o f  th e  ex te rn a l fie ld  an d  th ese  n o n -e lec tro s ta tic  in te rac tio n s .

T he case w hen  g 0 <  1 an d  lim  g(E) =  1 can  be il lu s tra te d  b y  th e  m ost
E —*°°

sim ple exam ple. I f  th e  K irkw ood  fa c to r  is less th a n  u n ity , th e  o r ie n ta tio n s  of 
th e  dipoles are b iassed  to w a rd  so m ew hat m ore an tip a ra lle l p o s itio n s  th a n  “ nor­
m a l” . A  ty p ica l liq u id  in  th is  g roup  is n itro b en zen e  in  w hich th e  p a ra lle l disc­
sh ap ed  m olecules are  fa v o u ra b ly  p laced  w ith  an tip a ra lle l d ip o le  m om ents 
(go =  0.92).

T h is is p ro b ab ly  due  to  th e  r a th e r  s tro n g  dispersion fo rces in  th e  posi­
t io n  w hen th e  benzene rings are  p lan e -p a ra lle l and , th u s , th e  la rg e  dipole 
m o m en ts  are ac ting  a t  a sh o rt d is tan ce .

T he effect o f th e  e x te rn a l fie ld  on  su ch  associates increases th e  K irkw ood 
fa c to r  b y  b reak ing  up  th is  “ s tru c tu re ” . W ith  increasing fie ld  in te n s i ty  the 
liq u id  w ould ap p ro ach  its  “ n o rm a l”  s ta te  w hen  th e  dipole c o rre la tio n s  are 
on ly  due to  e lec tro s ta tic  in te rac tio n s .

W hen  eq. (18) is sim plified  b y  ex p an d in g  th e  L angev in  fu n c tio n  upto  
th ird  o rd er te rm s, th e  f ir s t  n o n -lin ea rity  coefficien t can  be o b ta in e d  as follows:

I
2 я р М 2Г 9 M 2 2 _  :

k BT  [(2 fcBT ) 2 ? 5  81
(20)

I f  g(E) ten d s m o n o to n o u sly  to  u n ity  “ from  below ” , gx m u s t  be  positive, 
th u s  £ m ay  be p ositive  p ro v id ed  th a t  overcom pensates th e  f i r s t  te rm  in  the 
sq u are  b rack e ts . T h is w ould  m ean  th a t  th e  liqu id  behaves a n o m a lo u sly  in 
th e  sense th a t  its  re la tiv e  p e rm ittiv ity  w ould increase w ith  in c re a s in g  field 
in te n s ity  as fa r as h ig h er te rm s  can  be neg lected  in  th e  n o n -lin e a r  effect. 
T h is is ex ac tly  w h a t has been  m easu red  e.g. fo r n itrobenzene.

Specific dipole co rre la tio n s, how ever, m a y  no t only  decrease  b u t  increase 
th e  effective dipole m o m en t. I f  g0 > 1  an d  lim g (E ) =  1, i.e. th e  K irkw ood

F —t  oo

fa c to r  approaches u n ity  “ from  a b o v e” , th e  m olecular d ipo le  m o m en ts  are 
m ore or less lined-up  p a ra lle l w ith  each  o th e r  an d  th e  p r im a ry  e ffec t o f the 
e x te rn a l fie ld  w ould b re a k  u p  th ese  associa tes m aking  dipole c o rre la tio n s  more 
ra n d o m . E xam ples for th is  case are  w a te r  an d  norm al alcohols in  w h ich  h y d ro ­
gen b o nded  chains w ith  zig-zag dipole m o m en ts  rep resen t th e  o rig in a l s tru c ­
tu re . T hese chains are  b ro k en  up  u n d e r  th e  effect o f th e  e x te rn a l f ie ld .

In  th ese  cases g j is n eg a tiv e  an d , accord ing  to  eq. (20), th e  o b se rv ed  non­
lin e a r ity  coefficient w ould  be a la rg e r n eg a tiv e  value th a n  for th e  co rresp o n d ­
ing  “ n o rm a l”  liqu id .

14* Ada Chim. Hung. 121, 1986
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Table II

K irkw ood fa c to rs  and their f ir s t  coefficients o f  f ie ld  
dependence fo r some liquids

Liquid u/D ge gj/10-14 cmaV-2

W ater 1.85 2.8 — 6.2
M ethanol 1.71 2.8 — 14.3
E thanol 1.70 3.1 — 12.8
n-propanol 1.69 3.1 — 11.7
n-butanol 1.67 3.1 — 10.1
re-pentanol 1.65 3.1 — 10.4
n-hexanol 1.63 3.1 — 11.1
N itrobenzene 4.22 0.92 +  6.2

In  principle, there are tw o  cases when the extern a l field  m ay have struc­
ture m aking effect.

I f  g 0 >  1 and g 1 is  p o s it iv e , the original structure of the liquid w ith  
m a in ly  parallel dipole correlation  is further strengthened  by the field. A lthough  
th is  m akes sense physically , sin ce  higher fields w ould  favour higher effective  
d ip ole  m om ent, no such cases have been observed to  occur so far.

I f* o  <  1 and is n eg a tiv e  the external fie ld  w ould  have also a structure 
m ak in g  effect by low ering furth er the originally low  Kirkwood factor. This 
case, how ever, is likely n ever to  occur, since a h igher field  would disfavour a 
less polarizable medium.

T h e quantitative a n a ly s is  o f experim ental data  by eq. (20) yields g1 
v a lu es  g iven  in Table I I . I t  is  seen  that practically all hydrogen-bonded liquids 
can be characterized w ith  th e  sam e gv

T hese calculations can  b e extended to liq u id  m ixtures too [22] whereby  
th e  concentration dependence o f  g0 and g1 is resp on sib le  for the non-linear 
b eh av iou r of each polar com p on en t.

Conclusions

W ith  this review w e in ten d ed  to em phasize three main points which  
cou ld  influence the further developm ent of the stu d y  o f non-linear dielectric  
effects in  liquids:

1) Experim ental resu lts should be analysed w ith  regard to  the fact th a t  
h ig h -fie ld  measurements g iv e  information on th e  change in  the differential 
relative permittivity  of liq u id s.

2) Theoretical resu lts ind icate that electrostriction— though a minor 
e ffec t— m ust be properly accounted  for.

3) There are m any in terestin g  features to  be explained y et considering  
th e  e ffec t o f external high f ie ld  on the changes o f  th e  specific dipole correla­
tio n s.

Acta Chim. Hung. 121, 1986
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T he M össbauer sp ec tra  reco rded  in  q u enched  liqu ids a t  low  te m p e ra tu re  gives 
in fo rm a tio n  a b o u t th e  follow ing p ro p e rtie s  o f  th e  s tu d ied  so lu tions.

H y d ra tio n  a n d  so lv a tio n  of th e  sa lts  co n ta in in g  M össbauer a c t iv e  iso topes.
Com plexes fo rm a tio n  an d  hyd ro ly sis  in  th e  so lu tions o f c o m p o u n d s possessing 

iron , t in , eu rop ium , o r an tim o n y .
E lec tro n -ex ch an g e  re ac tio n s  be tw een  t in ( I I )  and  tin (IV ) a n d  iro n ( I I )  and  

iro n ( ll l ) .
T he eq u ilib riu m  a n d  s ta b ility  c o n s tan ts  o f th e  species o f  th e  so lu te s  c an  he 

o b ta in ed  on th e  b asis o f th e  line  in ten sitie s  o f th e  M össbauer sp ec tra .
T he M össbauer s tu d y  of th e  p a ram ag n e tic  sp in  re lax a tio n  a n d  su p e rp a ra m a g n e tic  

b eh av io u r o f th e  iro n ( I I I ) -  sa lt so lu tions can  in fo rm  us a b o u t th e  p o ly m e riz a tio n  an d  
p a rtic le  size d is tr ib u tio n  o f th e  iro n (!II)-c o m p o u n d s respec tive ly .

T his p a p e r will d e m o n s tra te  th e  above  ap p lica tio n s o f th e  M ö ssb au er tech n iq u e .

T he M össbauer effec t, i.e. th e  recoilless n uc lear resonance  a b so rp tio n  of 
y -ray s, tak es  place w ith  m easu rab le  p ro b a b ility  on ly  in  m a te r ia ls  o f  solid 
s ta te . N evertheless, liq u id s  or so lu tions co n ta in in g  M össbauer a c tiv e  a to m s 
can  be s tu d ied  b y  M össbauer spectro scopy  in  quenched  s ta te . T h e  M össbauer 
sp e c tra  o f glasses p ro d u ced  b y  quench ing  closely re flec t th e  s t ru c tu re  and  
chem ical p roperties o f “ liq u id ”  so lu tions p rio r to  qu ick  freezing. D u rin g  quick  
freezing  th e  o x id a tio n  levels  an d  co v a len t bon d s o f th e  M össbauer a to m s  are 
a lw ays s tab le , b u t th e  chem ical co o rd in a tio n  an d  its  g eo m etry  m a y  slig h tly  
change [1]. In  o rd er to  h in d e r an y  change in  th e  s tru c tu re  o f th e  so lu tions 
in  th e  course of q u ench ing  i t  is adv isab le  to  p rom ote  glass fo rm a tio n  ap p ly in g  
s im u ltan eo u sly  m ore th a n  one o f th e  follow ing possib ilities:

(a) An increase in  th e  co n cen tra tio n  o f th e  so lu te  u p  to  th e  e u te c tic  
com position .

(b) A decrease in  th e  difference b e tw een  th e  te m p e ra tu re  o f  th e  so lu tio n  
p rio r  to  quick freezing an d  its  so lid ifica tion  te m p e ra tu re .

(c) Increase  in  th e  v isco sity  o f  th e  so lu tion .
(d) An increase in  th e  ra te  o f freezing  (op tim al r a te  ~ 8 — 10 K s -1).

* To w hom  correspondence  should  be addressed .
+ T his p ap er w as p re sen te d  a t  th e  S ym posium  on S tru c tu re  o f L iq u id s a n d  So lu tions 

a t  V eszprém , A ugust 27— 30, 1984.
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(e) A ddition  o f  g lass-fo rm ing  m a te ria ls  (e .g ., m eth an o l, e th an o l) to  
th e  so lu tio n .
I n  th is  p ap e r we in te n d  to  d em o n stra te  b y  ex am p le s  th e  ap p licab ility  of 
M ö ssb au er spec tro scopy  in  d iffe ren t fields o f  so lu tio n  chem istry .

H ydration of iron(II) sa lts

T h e  M össbauer p a ra m e te rs  o f aqueous i ro n ( I I )  sa lt so lu tions co n ta in in g  
v a r io u s  anions (Cl~, S 0 4~ , CIO^“) are sim ilar, f ro m  w hich  i t  can  be concluded  
t h a t  th e  F e2+ ions in  th e s e  solu tions are p ro b a b ly  p re se n t in  th e  fo rm  of 
h e x a a q u a  com plexes [2 ]. T h e  M össbauer sp e c tra  o f  aqueous iro n (II)  ch loride 
so lu tio n s  o f d ifferen t c o m p o s itio n  are show n in  F ig . 1 . N o t even a considerab le  
in c re a se  in  th e  c o n c e n tra tio n  o f  th e  iro n (II)  s a l t  le ad s  to  th e  b reak d o w n  of 
th e  species [F e(H 2 0 ) e ] 2 + . H ow ever, if  th e  a c t iv i ty  o f  w a te r  (a 0) is decreased  
b y  som e add itiv e , e.g . L iC l, th e n  in  case o f  a 0  <  0.2 th e  quad ru p o le  sp littin g  
(zlE )  o f  F e (II)  species d ec reases  s ig n ifican tly  (see F ig . 1/c) in d ica tin g  t h a t  th e  
C l-  io n s e n te r  th e  in n e r  c o o rd in a tio n  sphere o f  th e  iro n (I I )  ion. T he fo rm a tio n  
o f  th e  follow ing com plexes a re  supposed in  case a 0 <  0 .2 :

[F e (H 20 ) 5C l]+

LiCl /

[ F . ( H 2 0 ) , ] » Z

\
[F e (H 20 ) 4Cl2]

M össbauer sp e c tra  o f  fro zen  aqueous so lu tio n  o f  FeC l2 show ed a line 
b ro a d e n in g  in  ap p lied  m a g n e tic  fields o f 5 T  a n d  4.2 К  com paring  to  th e  
M ö ssb au er spectra  o f  f ro z e n  aqueous so lu tion  o f  F e (C 1 0 4 ) 2 a t  th e  sam e c ircu m ­
s ta n c e s  [3]. This e x p e r im e n ta l re su lt suggests  t h a t  th e  ch loride coo rd inates 
to  th e  ce n tra l iro n (II)  io n  in  th e  o u te r sphere .

Solvation studies

W h en  m etal sa lts  a re  d isso lved  in  n o n -a q u e o u s  so lven ts th e  tw o  fu n d a ­
m e n ta l  effects th a t  d e te rm in e  th e  electron ic s t ru c tu re  a n d  hence th e  M öss­
b a u e r  sp ec tra  of th e  m e ta l a re  ( 1 ) th e  c o o rd in a tio n  of th e  so lv en t m olecule 
to  th e  ca tio n  and  (2 ) th e  e x te n t  o f association  b e tw e e n  th e  ca tio n  an d  th e  an ion .

A  so lvation  p rocess c a n  be described b y  th e  fo llow ing  eq u a tio n :

MA +  (n +  к  +  1)D ^  [M Dn+1] + +  [A D ,] +
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у ( mm s " 1)

F ig . 1. M össbauer sp e c tra  o f  th e  th ree -co m p o n en t sy s tem s FeC l2—L iC l— H 20  a t  liquid 
n itro g e n  tem p e ra tu re , (a) 24.64  w t.%  FeC l2, 0.00 w t.%  LiCl, 75.36 w t.%  H 20 ;  (b )  6.91 w t.%  
F e d ; .,  34.20 w t.%  LiCl, 58.89 w t.%  H 20 ;  (c) 6.31 w t.%  FeC l2, 39.70 w t.%  L iC l, 53.99 w t.%  

H 20 .  R a d ia tio n  source: 57Co in  sta in less steel

w here  MA is th e  d isso lved  sa lt m olecule an d  D  is a so lven t m o lecu le  o f donor 
c h a ra c te r . The donor a b ili ty  o f  a so lven t m olecule can  be c h a ra c te r iz e d  b y  the 
d o n o r n u m b er (D N ) d e fin ed  b y  G u tm an n  as th e  so lvation  e n ta lp h y  (in kcal 
m o l-1 ) o f SbCl5 b y  th e  so lv en t in  q uestion . W hen  M is a M ö ssb au er active 
a to m  th e  M össbauer sp e c tra  o f th e  quenched  so lu tions y ie ld  in fo rm atio n  
re g a rd in g  th e  s tru c tu re  a n d  s ta b ility  o f th e  so lv a ted  species ev e n  in  solvent 
m ix tu re s .

T he M össbauer sp e c tra  o f so lu tions o f F e (II)  ch loride in  h ex am eth y l- 
ph o sp h o ram id e  (H M PA ) —  w a te r  m ix tu res  (F ig . 2) revealed  th e  su p erposition  
o f  tw o  com ponen ts [4, 5]. T he M össbauer p a ra m e te rs  of th e se  so lv a te s  agreed 
w ith  th e  p a ram e te rs  o f M össbauer sp ec tra  reco rd ed  in  p u re  w a te r  o r in  pure 
H M P A , th a t  is in  H M P A -w ate r m ix tu res  th e  b u lk  o f th e  F e ( I I )  is  p re sen t in 
th e  fo rm  of [F e(H M P A )xCly]( 2 +  an d  [F e(H 20 ) xCly]<*-»’> + so lv a te s .

I n  c o n tra ry , th e  se p a ra tio n  of M össbauer sp ec tra  of F eC l2 in  d im ethyl- 
fo rm am id e  (D M F )-m eth an o l (M) m ix tu res  in to  com ponen ts w as n o t  possible 
an d  th is  suggests th e  fo rm a tio n  of so lvates o f m ixed  lig an d  sp h e re  in  this 
sy stem  [(Fe(D M F)xMyCl(e_ x_y)]<x+>’- 4)+, see F ig . 3).

In  stepw ise so lv a tio n  reac tio n s th e  e lec tron ic  s tru c tu re  o f  th e  solvate 
com plexes ex isting  side b y  side in  so lu tion  m ay  be so d iffe re n t (p rim arily  
because  of th e  d iffe ren t sy m m etries of th e  co o rd in a tio n  spheres) t h a t  th e  ind i­
v id u a l species m ay  each  ap p e a r as sep a ra te  lines in  th e  M ö ssb au er spectrum  
o f th e  quenched  so lu tio n . A ssum ing th a t  th e  D ebye— W alle r fa c to rs  o f the 
stepw ise form ed species in  a given so lu tion  are  th e  sam e, th e  a re a s  u n d e r the

Acta Chim. Hung. 121, 1986



218 VÉRTES, CZAKÓ-NAGY: STRUCTURE OF SOLUTIONS

у (mm s"1)

F ig . 2 . M össbauer spectra  o f ГеС12 in  h ex am eth y lp h o sp h o ram id e -w ate r  m ix tu re s  o f various 
c o m p o s itio n s , a t  liqu id  n i tro g e n  tem p e ra tu re . R a d ia tio n  so u rce : 57Co in  sta in less steel

F ig . 3 . D ependence  of q u a d ru p o le  sp littin g  of FeCl2 o n  th e  com position  of th e  so lv en t, 
ex p ressed  as a  v o lu m e tr ic  r a t io ,  in  d im eth y lfo rm am id e-m eth an o l m ix tu res

Acta Chim. Hung. 121, 1986
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line can  be reg a rd ed  as being d irec tly  p ro p o r tio n a l to  th e  co n c e n tra tio n s  of 
th e  species re la tin g  to  th e m . D ete rm in ing  th e  co n cen tra tio n s of th e  d iffe ren t 
so lvates from  th e  M össbauer spectra  o f  series o f  quenched so lu tio n s w ith  
v a rio u s co n cen tra tio n s , one can sim ply  c a lc u la te  th e  equ ilib rium  c o n s ta n ts  
o f  th e  stepw ise so lv a tio n  reactions.

T h is p ro ced u re  is r a th e r  tim e-co n su m in g  c o n tra ry  to  th e  o th e r , w ell- 
know n m eth o d s ap p lied  for com plex e q u ilib riu m  stud ies, th e re fo re  th e  M öss­
b a u e r p rocedure  describ ed  above is ju s t if ie d  o n ly  w hen o th e r m e th o d s  are 
n o t ava ilab le  fo r th e  m easu rem en t of th e  c o n c e n tra tio n  of th e  species in  th e  
so lu tion .

T he tin (IY ) h a lid es  a re  so lvated  b y  d o n o r so lven ts in one s tep , acco rd in g  
to  th e  follow ing eq u a tio n .

:S nX 4 +  2D  D ,S n X 4
[ P 2 Sn X 4] 

[S n X 4] [D ] 2

In  in e r t  m ed ia  (low re la tiv e  p e rm ittiv ity , e.g . CC14 or benzene) o n ly  tw o 
species are  p re sen t in  th e  solu tion , v iz ., th e  te tra h e d ra l u n so lv a te d  tin (IY ) 
ha lide  ( th e  r ig h t-h a n d  line in  Fig. 4) a n d  i ts  so lvated  form  w ith  d is to rte d  
o c ta h e d ra l sy m m e try  ( th e  le ft-h an d  line). T h e  tw o  species can  he w ell d is tin ­
gu ished  an d  th u s  th e  sp ec tru m  is su itab le  fo r  th e  d e te rm in a tio n  o f th e  eq u ilib ­
riu m  c o n s ta n t o f th e  above equilib rium .

I n  T ab le  I  th e  equ ilib riu m  c o n s ta n ts  a re  sum m arized  for th e  so lv a tio n  
process of S n B r 4 in  d iffe ren t donor so lv en ts  [6 ].

T he M össbauer s tu d y  of p a ra m a g n e tic  sp in -re lax a tio n  can g ive in fo rm a­
tio n  on  th e  s tru c tu re  o f  non-aqueous F e ( I I I )  s a lt  so lu tions.

Fig. 4. M össbauer sp e c tru m  o f S n B r4 so lu tion  c o n ta in in g  0.18 mole o f S n B r4 +  1.0 m ole of 
ace tic  a n h y d rid e  p e r k ilo g ram  o f benzene, a t  liq u id  n itro g e n  tem p era tu re . R a d ia t io n  source-

B a119S n 0 3
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Table I

Mőssbauer param eters and equilibrium  constants o f  solvates SnB r4D 2 
in  various donor solvents

S o lv e n t
D o n ic ity

(D N )

R e la t iv e
p e r m i t t iv i ty

w

Iso m er sh if t  d, 
S nB 4 

(m m  8-1 )

I so m e r  s h if t  Ö, 
S n B 4 D j

(m m  s -1 )

К
(m ole k g -1) -2 lo g  к

A cetic  a n h y d rid e 10.5 20.7 1.22 ±  0.08 0.41 ±  0.09 3.2 0.5 ±  0.05
A c e to n itr i le 14.1 38.0 1.23 ±  0.05 0.35 ±  0.02 25.2 1.40 ±  0.05
A ceto n e 17.0 20.7 1.18 ±  0.08 0.24 ±  0.04 38.9 1.60 ±  0.1
T  e tr a h y  d ro fu ra n 20.0 7.6 1.28 ±  0.04 0.22 ±  0.01 93.2 1.97 ±  0.1

A cco rd in g  to  th e  th e o ry  o f p a ra m a g n e tic  sp in -re lax a tio n  w h en  p a r a ­
m a g n e tic  F e ( I I I )  ions in  a so lu tio n  are  fa r  a p a r t  an d  th e  te m p e ra tu re  is low  
e n o u g h  a  sp ec tru m  w ith  m a g n e tic  h y p erfin e  s tru c tu re  (M HS) will be o b se rv ed , 
su ch  a s  in  th e  case o f m o n o n u c lea r so lv a tes  a n d  o f th e  low c o n c e n tra tio n  
(slow  sp in -sp in  re lax a tio n : r R ]> <uL_1) w hile on th e  o th e r h an d , w h en  th e  
ions a re  close toge ther, such  as in  d im ers o r p o ly m ers , th e  M HS is co llap sed  
b e c a u se  o f  th e  resu lting  d ecrease  o f sp in -sp in  re la x a tio n  tim e.

I t  h a s  been estab lish ed  t h a t  th e  iro n (III)-ch lo rid e  is in  dim eric o r p o ly ­
m eric  fo rm  in  benzene, n itro b e n z e n e  an d  p a r t ia l ly  in  acetone, a c e to n itr ile , 
p y r id in e  a n d  d im eth y lfo rm am id e , while i t  is m onom eric  in  e thano l [7]. T h e  
a b i l i ty  o f  th e  m onom er fo rm a tio n  depends on  th e  don ic ity  and  re la tiv e  p e r ­
m i t t i v i t y  o f  th e  solvent. T he o rd e r  of th is  a b ili ty  is: e th an o l >  d im e th y lfo rm a ­
m id e  >  p y rid in e  >  acetone ace to n itrile  >  n itro b en zen e  >  benzene. Som e o f 
th e  s p e c t r a  a re  shown in F ig . 5.

T h e  tran sv e rse ly  ap p lied  m ag n etic  f ie ld  o f  8 . 8  T  resu lted  in  th e  sp lit t in g  
o f  th e  c e n tr a l  line only in  th e  so lu tion  o f F e (III)-c h lo rid e  in  acetone , w h ich  
p ro v e s  t h a t  in  the  d im eric  so lv a te s , excep t th e  acetone  d im er, th e  i r o n ( I I I )  
a to m s  a re  a n tife rro m ag n e tica lly  coupled  (see F ig . 6 ).

Complex form ation in  solution

I n  th e  course of co m p le x  fo rm a tio n  a c o o rd in a te  bond  is e s ta b lish e d  
b e tw e e n  th e  cen tra l a to m  a n d  th e  ligand , th e  e lec tro n  con figu ra tion  o f  b o th  
is a l te re d , a n d  th is change m a y  be  c learly  re fle c ted  in  th e  M őssbauer sp e c tru m . 
T h u s , th e  M őssbauer sp ec tro sco p y  is su itab le  fo r  th e  s tu d y  of com plexes fo rm e d  
in  so lu tio n s . T he g rea te r th e  ch an g e  in  e lec tro n ic  s tru c tu re  as a r e s u lt  o f a 
c o m p le x  fo rm a tio n  reac tio n , o r  th e  g rea te r th e  d ifference  betw een  th e  e le c tro n ­
ic s t r u c tu r e s  of the  com plex  species fo rm ed  in  a g iven  solution , th e  m ore  
su ita b le  M őssbauer sp ec tro sco p y  is fo r th e  s tu d y  o f  such  system s.

F o r  exam ple , in  re a c tio n s  th a t  lead  to  th e  fo rm a tio n  of a low -sp in  
co m p lex , th e  M őssbauer sp e c tru m  o f th e  qu ick -fro zen  so lu tion  rev ea ls  th e
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F ig . 5. M össbauer sp e c tra  o f FeC l3 so lu tion  a t  4 .2  К .  (a ) 1.4 X 1 0 -2 mole d m -3  F e C l3 in  benzene; 
(b ) l .O x lO - 2 m ole d m -3  FeC l3 in ace tone; (с) 1 .4 x  1 0 ~ 2 mole d m -3  FeC l3 in  p y rid in e ; (d) 

1 .4 x  1 0 -2  m ole d m -3 FeCl3 in  e th a n o l. R a d ia tio n  source: 57Co (R h )
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F ig . 6. M ö ssb au er sp ec tra  o f F eC l3 so lu tio n  a t  4.2 К  a n d  a t  8.8 T  ex te rn a l m ag n e tic  f ie ld , 
(a ) 1 .4 X 1 0 -2  m ole d m -3 FeC l3 in  b en zen e; (b) l .O x lO -2  m o le  d m -3  FeCl3 in  ace to n e ; (c) 

1.4X  10~2 m ole d m -3  F e C l3 in  pyrid ine . R a d ia t io n  source: 57Co (R h)

c lea r  s e p a ra tio n  of th e  M ö ssb au er lines of th e  h ig h -sp in  m etal ion a n d  th e  
lo w -sp in  m e ta l com plex. T h is e ffec t was show n on  th e  fo rm a tio n  of th e  iro n ( I I ) -  
b ip y r id y l  com plex  in  aq u eo u s so lu tio n  [8 ].

F ig u re s  7 (a), (b), (c), il lu s tra te  th e  spectra  o f  so lu tio n s  in  w hich th e  a m o u n t 
o f  a , a ’-b ip y rid y l was in su ffic ie n t to  b ind  th e  iro n  q u a n tita tiv e ly  in  th e  fo rm  
o f b ip y r id y l  com plex. T he su p erp o sitio n ed  s p e c tra  c a n  he resolved in to  tw o  
c o m p o n e n ts , one of w hich c a n  in  each case be id e n tif ie d  w ith  th e  sp e c tru m  
o b ta in e d  in  an  aqueous so lu tio n  of iro n (II)  ch lo rid e  (8 =  1.40 m m  s -1 , A E  — 
=  3 .28  m m  s -1), while th e  o th e r  com ponen t is th e  M össbauer sp ec tru m  o f
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—I_____ I_____ I I_____ 1_____ L
- 2 - 1  0 1 2  3

r (mm s'1)
F ig . 7. M ossbauer sp e c tra  o f frozen  aqueous so lu tions o f  FeC l2 and  a ,a ’-b ip y rid y l a t  liq u id  air 
te m p e ra tu re . T he m olar ra tio  o f a ,a ’-b ip y rid y l a n d  FeC l2 in  th e  so lu tio n , n o rm alize d  to  the  

m oles o f  FeCLj, is: (a) 0.75, (b) 1.51, (c) 2 .40, (d) 3.01, (e) 3.60

[F e(b ip ) 3 ] 2 + (ő =  0.46 m m  s -1 , ЛЕ  =  0.33 m m s -1 . F ig . 7 ( e )  show s th e  
M ossbauer sp ec tru m  o f th e  so lu tion  in  w hich  th e  a m o u n t o f  a , a ’-b ip y rid y l 
w as enough to  tra n sfo rm  th e  [F e (H 20 ) e ] 2 + com plex  ions in to  th e  [F e (b ip ) 3 ] 2 + 
com plex . These re su lts  d e m o n s tra te  th a t  in  th e  so lu tion  e x a m in e d  th e  inner 
co o rd in a tio n  sphere o f  th e  iro n (II)  consists e ith e r  com plete ly  o f  w a te r  m ole­
cu les or b ipy rid y l m olecules, an d  m ixed lig an d  com plexes are n o t  p re se n t in 
d e tec tab le  am o u n t.
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Electron exchange in  solution between t in (I I )  and tin(IV )

T h e  M össbauer sp e c tro sc o p y  can be e a s ily  ap p lied  fo r follow ing th e  
p ro g re ss  o f electron e x c h a n g e  processes c o n tin u o u s ly , w ith o u t th e  need  to  
s e p a ra te  th e  exchange c o m p o n e n ts  (as i t  is n ecessa ry  u sing  th e  iso top ic  tra c e r  
m e th o d ) . The electron e x c h a n g e  betw een t in ( I I )  a n d  tin (IV ) in  aqueous so lu­
t io n  h a s  been s tud ied  b y  u s in g  SnCl4 labelled  w ith  119Sn M össbauer ac tiv e  
is o to p e  an d  SnCl2 p re p a re d  fro m  n a tu ra l t in  [9]. A queous so lu tion  in  w hich  
th e  c o n cen tra tio n  of b o th  1 1 9Sn(IY ) and S n (II)  w as ap p ro x im a te ly  0.06 m ole 
d m - 3 , h as  been p re p a re d . U n d e r  such c o n c e n tra tio n  cond itions on ly  th e  
1 1 8S n (IY ) m ay  yield M ö ssb au e r spectra  w ith  su ita b le  h igh  line in ten s itie s , 
h o w e v e r , th e  line in te n s i ty  o f  S n (II)  in the  M össbauer sp ec tra  is v ir tu a lly  zero.

T h e  equation  d esc rib in g  th e  electron ex ch an g e  o f 119Sn is:

U9Sn(IV ) +  S n (II)  ^  Sn(IV ) +  1 1 9S n (II)
ft,

w h e re  k 1 and  k2 are r a te  c o n s ta n ts .
F ig . 8 (a) shows th e  M ö ssb au er spectrum  o f a  so lu tio n  p rep ared  b y  m ix ing  

o f  t h e  tw o  com ponents j u s t  b efo re  the  quench ing . T h e  Sn(IV ) line (<5 =  0.20 
m m  s -1 ) appears w ith  h ig h  in te n s i ty  w hereas th e  co rrespond ing  line (<5 =  3.4 
m m  s _1, ЛЕ  =  0.95 m m s -1 ) fo r S n(II), p re p a re d  fro m  n a tu ra l t in ,  is n o t

I I________ 1________ I________ I_________ 1_________L_

—1 0  1 2  3  Л 5

v (mm s '1)

F ig . 8 . M össbauer sp ec tra  a t  l iq u id  a ir  tem p era tu re  o f 0 .063 m ole  d m -3  119SnCl4 +  0.057 m ole 
d m -3  SnCl2 solu tion , (a ) t — 2 s ;  (b) t =  3 .9 X 103 s. R a d ia t io n  source: B a119S n 0 3
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visib le. The sp ec tru m  in  F ig . 8 (b) is th a t  o f  a sam ple  in  w hich th e  m ix tu re  
o f lleSnC l4 an d  SnCl2 w as allow ed to  s ta n d  fo r  65 m in u tes  a t  20 °C before 
quenching . As a re su lt o f th e  e lec tron  exchange, p a r t  o f th e  119Sn w as con v erted  
from  Sn(IY) to  S n (II)  an d  th u s  th e  in te n s ity  o f  th e  line pa ir co rrespond ing  
to  th e  la t te r  in creased  considerab ly .

T he M össbauer m easu rem en ts  enabled  us to  d e te rm in e  th e  r a te  c o n s tan t 
of th e  e lectron  exchange (k =  =  k 2 as th e  iso tope  effect o f th e  electron
exchange can be  n eg lec ted ) a t  d ifferen t te m p e ra tu re s . U sing th e se  d a ta  an 
ac tiv a tio n  energy  o f th e  e lec tron -exchange p ro cess: 2 0 . 2  ^  2  k c a l m o l - 1  has 
been  o b ta ined . T h e  re la tiv e ly  h igh  ac tiv a tio n  en e rg y  o f th e  e lec tro n  exchange 
b e tw een  tin ( I I )  an d  tin (IV ) in d ica tes  th a t  th e  process proceeds v ia  a tra n s i­
tio n  com plex, p ro b a b ly  in  th e  following s te p s :

[1 19SnCl6 ] 2 + +  [ S n C l J -  -  [“ 9 SnSnC l10]4-  —

— [119S nC l4]2-  +  [SriCle]2 - .

Hydrolysis studies of F e (III) salts

O thers th a n  M össbauer tech n iq u e  (e.g., p o te n tio m e tr ic  t i t r a t io n , sp ec tro ­
p h o to m e try  m ag n e tic  m easu rem en ts) h av e  rev ea led  th a t  v a rio u s  com plex 
ions are  form ed in  so lu tio n  o f iro n (I I I )  sa lts  w h en  th e  p H  is ch an g ed . For 
in s tan ce  M ulay an d  Selw ood [10] described [F e (H 20 ) e ] 3  + ; [F e (0 H )(H 20 ) 5 ] 2 + ; 
[F e (0 H ) 2(H 20 ) 4] + species in  aqueous iro n ( I I I )  p e rch lo ra te  so lu tio n  in  case 
of p H  <  2, and  a t  p H  > 2  [F e 2 ( 0 H ) 2 (H 20 ) 8]4+ d im er ions. T he changes th a t  
occur in  th e  s tru c tu re  o f th e  iro n (I I I )  sa lt so lu tio n s as th e  p H  is ch an g ed  are 
re flec ted  closely in  th e  M össbauer sp ec tra . F ig . 9 show s th e  liq u id  helium  
te m p e ra tu re  (4.5 K ) M össbauer sp ec tra  o f 0.05 m olar 57F e ( N 0 3 ) 3 aqueous 
so lu tions a t  d iffe ren t p H ’s [11]. A t p H  <  2 th e  sp ec tra  show  w ell resolved 
m agnetic  h y p erfin e  s tru c tu re  in d ica tin g  th e  p resence  o f m on o n u clear species 
in  th e  so lu tion . T h e  h igh  v a lu e  o f H 5/2 can  be  a t t r ib u te d  to  h e x a q u a  com plex 
ions. T he q u ad ru p o le  line p a ir  in  Fig. 9(e) can  be  re la te d  to  th e  fo rm a tio n  of 
d im eric  iro n (I I I )  species a t  p H  =  2.

T he above m en tio n ed  m onom eric o r d im eric  aqua-com plex  iro n (I I I )  
ions are  in  equ ilib riu m  an d  genera lly  fo rm ed  v e ry  qu ick ly  (w ith in  a few  m i­
n u te s)  a f te r  a d ju s tm e n t o f  p H , how ever, it  sh o u ld  be  p o in ted  o u t t h a t  a fa irly  
slow po ly m eriza tio n  p rocess m ay  occur even  a t  room  te m p e ra tu re  in  these 
sy stem s. The p o ly m eriza tio n  d u ring  aging o r  a t  e leva ted  te m p e ra tu re  is 
in d ica ted  b y  opalescence or suspension fo rm a tio n . T he p o lym er species are 
u su a lly  m ag netica lly  o rd e red  an d  show  su p e rp a ra m a g n e tic  b eh av io u r. As it 
is know n th e  m ag n e tica lly  ordered  m a te ria ls  h av e  a long re la x a tio n  tim e  
(rR) because of th e  long -ran g e  coopera tive  in te ra c tio n , an d  th e re fo re  th e y
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+10 *8 +6 +4 *2 0 -2  -4  -6 -8 -10  
v (mm s"1)

F ig . 9 . M össbauer spectra  o f  0.05 m o le  k g -1 57F e (N 0 3)3 so lu tio n s a t  4.5 K .  R a d ia t io n  source: 
57C o (P t) . (a )  65 w t.%  H N 0 3; (b ) 30 w t.%  H N 0 3; (c) 11.2 w t.%  H N 0 3; (d) p H : 1.0; (e) p H :  2.0. 
T h e  p o s it io n s  of the  lines re la tin g  to  th e  various K ra m ers’ d o u b le ts  a re  also v isib le  in  th e

spec tra

u s u a lly  show  m agnetic h y p e rf in e  sp littin g  below  th e  m agnetic  o rd e rin g  te m ­
p e r a tu r e  (тд >  CD̂ 1). I n  case o f  sm all p artic les ( ~ 1 0 — 103 ions) th e  re la x a tio n  
t im e  d ep e n d s  on th e  p a r tic le  size in  th e  follow ing w ay

1 2 K V
r R = - Г ехР —гTjT Jo ЬТ

w h ere  f 0 an d  К  are th e  f re q u e n c y  an d  an iso tro p y  co n stan ts , V  is th e  vo lum e 
o f th e  p a r tic le , к is th e  B o ltz m a n n  co n stan t an d  T  is th e  abso lu te  te m p e ra tu re . 
T h u s , w ith  extrem ely  sm all p a rtic le s , m agnetic  h y p erfin e  s tru c tu re  m a y  be
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F ig . 10. M össbauer sp e c tra  o f  0.06 mole k g -157Fe(C 104)3 so lu tio n  of p H : 2.3, a t  liq u id  n itro g en  
te m p e ra tu re . R a d ia tio n  source: 67Co in  s ta in le ss  s tee l, (a ) Im m ed ia te ly  a f te r  p re p a ra tio n ; 

(b ) a f te r  s tan d in g  for 1 m o n th  a t  ro o m  tem p e ra tu re

0 1 2  3 1.
________V________
10'15K'' I n (2.Wx 10 ® f0)

F ig. 11. P a rtic le  size d is tr ib u tio n  of th e  su p e rp a ra m ag n e tic  po lym ers form ed in  0 .04 m ole  k g -1 
i7Fe(C 104)3 so lu tion  of: p H  2.3 du ring  aging fo r 4 w eeks. T h e  m ax im um  o f th e  p a r tic le  size 

d is tr ib u tio n  corresponds to  a  p o ly m e r c o n ta in in g  300 iron  a to m s

ab se n t below  th e  m ag n e tic  ordering  te m p e ra tu re  ( t r  <  c o l - 1 ) th a t  is th e  m ag­
n e tica lly  o rdered  m a te r ia l behaves as a ty p ic a l p a ram ag n e tic  one. T h is p h en o m ­
enon is called  su p e rp a ram ag n etism . A t low  enough te m p e ra tu re s  w hen 
rR Wl ' i th e  m ag n e tic  hyperfine  sp lit t in g  m a y  ap p ea r even w ith  f in e  p a r­
tic les.
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T h e  M össbauer sp e c tru m  o f th e  frozen  so lu tio n  con ta in ing  su p e rp a ra -  
m a g n e tic  iro n ( I I I )  p o lym er co m p o u n d s consists  o f  param ag n e tic  s in g le t o r 
d o u b le t a n d  m agnetic  s e x te t d u e  to  th e  sm alle r a n d  bigger p a rtic le  size, r e ­
sp e c tiv e ly  (see Fig. 10.). T h e  b o rd e r  be tw een  th e  “ sm aller”  an d  “ b ig g e r”  
p a r t ic le  size  is defined b y  xR a n d  i t  depends on  th e  vo lum e o f th e  p a r tic le s  
(V )  a n d  o n  th e  te m p e ra tu re  (T ). C onsequen tly  th e  te m p e ra tu re  d ep en d en ce  
of th e  a r e a  ra tio  of th e  p a ra m a g n e tic  an d  m ag n e tic  sp ec tra l com p o n en ts  g ives 
in fo rm a tio n  ab o u t th e  size d is tr ib u tio n  o f iro n (III)-p o ly m er-sp ec ies  in  th e  
so lu tio n  [12] (see Fig. 11.).

M ö ssb a u e r  spectroscopy o f liqu ids trapped  in  th e  pores of th irs ty  g lass

T h e  preceeding sec tion  show ed th a t  M össbauer spectroscopy  can  be 
u sed  fo r  th e  s tu d y  of th e  ch em ica l p ro p ertie s  o f  so lu tions and  liq u id s  i f  th e  
s tu d ie d  sy s te m  was quenched  to  a frozen s ta te  b efo re  record ing  o f th e  M öss­
b a u e r  sp e c tru m . N everthe less, M össbauer sp e c tra  o f  liqu ids can  be re c o rd e d  
a t  ro o m  te m p e ra tu re  if  th e  m olecu les o f liq u id s  a re  tra p p e d  in  th e  cav itie s  o f  
a sp e c ia l p o ro u s  silicate glass o f  a m ean  pore d ia m e te r  o f 4 nm  [13— 15].

L iq u id s  conta in ing  M össbauer ac tive  e lem en ts  can  be d iv ided  in to  th re e  
g ro u p s  o n  th e  basis o f th e ir  M össbauer p a ra m e te rs  recorded  in  th e  th i r s ty  
g lass c a r r ie r  a t  room  te m p e ra tu re  (see T ab le  I I ) .

(1) T h e  M össbauer p a ra m e te rs  for th e  q u en ch ed  (frozen) so lu tio n s or 
l iq u id s  a re  sim ilar as tho se  m easu red  for th e  so lu tio n s or liqu ids tr a p p e d  in  
th e  p o ro u s  glass. The d ifferences betw een  th e  M össbauer p a ram e te rs  ach iev ed  
a t  t h e  te m p e ra tu re  of liq u id  n itro g e n  and  a t  ro o m  te m p e ra tu re  in  th e  g lass 
c a r r ie r  a re  d u e  m ostly  to  th e  second o rder D o p p le r  sh ift th a t  is to  th e  n o rm a l 
t e m p e r a tu r e  dependence. S u ch  k in d s  o f sy stem s a re  th e  aqueous so lu tio n s o f 
M ö ssb a u e r  ac tive  salts.

(2) M össbauer p a ra m e te rs  m easu red  in  th e  fro zen  s ta te  an d  in  th e  c a rr ie r  
a t  ro o m  te m p e ra tu re  are  c o n sid e rab ly  d iffe ren t, e.g . S n l 4 d issolved in  c a rb o n  
te t r a c h lo r id e  or iron p e n ta c a rb o n y l a liq u id  i ts e lf  (see Table I I ) .

(3) M össbauer sp ec tra  reco rd ed  in  th e  p o ro u s  glass consists o f tw o  co m ­
p o n e n ts . O ne of these is id e n tic a l o r v e ry  sim ilar to  t h a t  m easured  in  a q u en ch ed  
(frozen ) so lu tio n  or liqu id , th e  o th e r  one d iffers fro m  it .  Such a k ind  o f  sy s te m  
is S n C l4 (see Fig. 12).

O n  th e  basis of th e  e x p e rim e n ta l d a ta  in  sy s tem s  ch arac te ris tic  fo r  g roup  
( l ) o n ly  th e  so lvent m olecules (e.g. w ater) c an  be  supposed  to  be in  ch em ica l 
in te r a c t io n  w ith  th e  w all o f  th e  cap illaries in  th e  glass an d  th e  M ö ssb au er 
a c tiv e  sp ec ies  [e.g. F e (II)]  h a v e  th e  sam e n e a r su rro u n d in g s (firs t c o o rd in a tio n  
sp h e re )  th e y  have in  n o rm a l liq u id  s ta te  [see F ig . 13(a)].

I n  sy stem s c h a ra c te r is tic  of th e  second g roup  all M össbauer a c tiv e  
a to m s  t r a p p e d  in  th e  c a rr ie r  a re  in  d irec t ch em ica l in te rac tio n  w ith  th e  w all

Acta Chim. Hung. 121, 1986



Acta C
him

. H
ung. 121, 1986

Table II

M össbauer parameters (m m |s) o f  the systems studied

T ra p p e d  in  t h ir s ty  glass
293 К 80 К

F ro zen  so lu tio n  
80  К

S olid  c ry s ta l 
293 К

IS* QSb c IS» Q Sb I е IS® QSb C IS* QSb

SnCl4 0.72 0 0.029 0.82 0 0.15 0.80 0 0.297
- 0 .2 0 0 0.023 — 0.02 0 0.11

0.01 M  S n l4 in CC14 - 0 .0 4 0 0.011 0.13 0 0.138 1.60 0 0.087
0.01 M  S n l4 in D M F +  CC14 — 0.10 0 0.015 0.00 0 0.149 0.76 0 0.063
0.01 M  S n l4 in 1 M  C„H50 H + C C 1 4 - 0 .1 1 0 0.036 0.02 0 0.251
5 0 - 5 0  w %  Fe(CO)5 +  C H 3OH 0.35 0.79 0.003 0.47 0.84 0.01 0.08 2.52
0.01 M  F e(d ip )3Cl2 in  H 20 0.30 0.30 0.020 0.35 0.33 0.021 0.35 0.34 0.022 0.28 0.31
0.5 M  F e (H 20 ) eS 0 4 in  H .,0 1.25 3.17 1.35 3.28
FeSO j • 7 H 20  crystals 1.25 3.20
FeSO . H ,0  crystals 1.23 2.70
FeSO 1.31 2.94

a IS =  isom er sh ift referred  to SnO , and  а -iron, respectively , rep roducib ility  ± 0 .0 1  m m /s 
b QS =  quadrupole  sp litting  
c I  =  in teg ral in ten sity
d F e S 0 4 • 7 H 20 ,  in  th is  com pound th e  F e2 + has th e  sam e h ex aaq u a  ligand sphere as in 

solution. T he com ponent w ith  0.01 M  concen tra tions were p repared  from  enriched U9Sn and 
67Fe, respectively .
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F ig . 12. T h e  M össbauer sp e c tra  o f  SnC l4 sam ples: (a) fro zen  a n d  m easu red  a t  80 K ; (b) t r a p p e d  
in  th e  p o re s  o f th irs ty  g lass, m ea su re d  a t  80 K ; (c) t r a p p e d  in  th e  pores of th ir s ty  g lass,

m ea su re d  a t  room  te m p e ra tu re

a 1 Ы c)

F ig . 13. T y p ic a l positions o f  th e  M össbauer active  m olecu les in  th e  cavities: 0  rep re se n ts  th e  
M ö ssb au er ac tiv e  ions o r m olecu le  (e .g ., 57F e I1(b ipy )3, 119S n I 4, 119SnC l4 a.s.o .) and X  re p re se n ts  

th e  so lv e n t molecules (H 20 ,  CC14 a .s .o .)

o f i ts  c av itie s  (e.g. S n l4). T h is  s itu a tio n  is fa v o u re d  w h en  th e  size of th e  m o le­
cu le  co n ta in in g  th e  M ö ssb au er active e lem ent is r e la tiv e ly  large [Fig. 13(b)].

I n  system s c h a ra c te r is tic  of group (3) o n ly  o n e  p a r t  of the  M össbauer 
a c tiv e  m olecules is in  d ire c t chem ical in te ra c tio n  w ith  th e  w all o f th e  p o re s  
in  th e  ca rrie r, th e  re m a in in g  p a r t  show M össbauer p a ra m e te rs  c h a ra c te r is tic  
o f  th e  free  species. T h is  s i tu a tio n  is realized  e.g . w h en  th e  liquid , t r a p p e d  in  
th e  p o res , consists o f o n ly  th e  M össbauer a c tiv e  m olecules [e.g. S nC l4, see 
F ig . 13(c)],

T h e  recoilless g am m a-reso n an ce  a b so rp tio n  c a n  ta k e  place in  th e  M öss­
b a u e r  ac tiv e  m olecule a d so rb e d  d irectly  on th e  w a ll o f the  cavities in  th e  
g lass c a rr ie r  due to  th e  in te ra c tio n  betw een  th e  s ilic a te  oxygen o f th e  w all 
and  th e  adsorbed  species.

O n th e  o ther h a n d , in  th e  molecules lo c a te d  in  th e  second or th ird  la y e rs  
to  th e  cap illa ry  w all th e  D e b y e — W aller fa c to r  w ill depend  on th e  d irec tio n
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o f th e  recoil. ( I t  shou ld  be m en tioned  th a t  th e re  is space on ly  fo r th e  fo rm ation  
o f  a few  layers o f  m olecules be tw een  th e  w alls o f th e  cav itie s  o f  th e  porous 
glasses.)

I t  is in te re s tin g  to  m en tio n  th a t  th e  re la tiv e  in te n s ity  o f  th e  line A in 
F ig . 12 is h igher a t  ro o m  te m p e ra tu re  due  to  th e  effect o f th e  d ire c t in te rac tio n  
b e tw een  th e  in n e r su rface  of th e  th ir s ty  glass a n d  th e  S nC l4 m olecules. A nd 
on  th e  o th e r h a n d  th e  D ebye— W aller fac to r  o f th e  b u lk  S n C l4 m olecules 
decreases co nsiderab ly  w hen  th e  te m p e ra tu re  increases from  n itro g e n  to  room  
te m p e ra tu re .

T he resu lts  p re se n te d  above rises som e hope th a t  th e  ap p lica tio n  of 
th ir s ty  glasses w ill e x te n d  th e  usefulness o f th e  M össbauer spec tro sco p y  in 
th e  fie ld  of so lu tio n  ch em is try .
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BROMINATION OF 5«-CHOLESTANE-3,6-DIONE

R u b in a  H a b i b , M u b arak  H u s a i n , M ash k o o r H u s a in  and N aseem
H asan  K u a n *

(D epartm ent o f  Chemistry, A ligarh  M u slim  U niversity , Aligarh-202 001, I n d ia )

R eceived J u ly  25 , 1984 
A ccepted  for p u b lica tio n  O c to b e r  23, 1984**

B ro m in a tio n  of 5a-cho lestane-3 ,6 -d ione  (I)  w as effected using  d if fe re n t m olar 
c o n cen tra tio n s  o f  b rom ine in  ace tic  acid. O n e  m o le  eq u iva len t of b ro m in e  g a v e  cholest- 
4-ene-3 ,6-dione (II). W ith  tw o  m ole e q u iv a le n ts  an d  excess o f b ro m in e , p ro d u c ts  I I I  
an d  IV w ere, re sp ec tive ly , o b ta in ed . T hese  p ro d u c ts  were ch aracte rized  o n  th e  basis 
o f th e ir  e lem en ta l analyses, sp ec tra l p ro p e r t ie s  an d  by com parison w ith  a u th e n tic  
sam ples w here  available.

C om pound  I on reac tio n  w ith  one m o le  eq u iv a len t of b ro m in e  in  acetic 
acid gave a p ro d u c t, m .p . 122 °C, w hich  w as  iden tified  as cho lest-4-ene-3 ,6- 
dione (И) on th e  basis o f its  id e n tity  (m .p ., m .m .p ., co-TLC an d  IR )  w ith  an 
a u th e n tic  sam ple  o f I I  [1]. T h is com pound  is p ro b ab ly  a d e h y d ro b ro m in a tio n  
p ro d u c t o f 5a-b rom ocho lestane-3 ,6 -d ione  (V).

A sim ila r t re a tm e n t of th e  t itle  c o m p o u n d  w ith  2 mole e q u iv a le n ts  of 
b rom ine affo rded  a n o th e r p ro d u c t w ith  m e ltin g  po in t 159 °C, w h ic h  h ad  a 
p ositive  B eilste in  te s t  for halogen  and  c o r re c t  analysis for C,7H 4 10 2B r (M  + 
476, 478; 1 : 1). T he UY sp ec tru m  o f th is  com p o u n d  having an  a b so rp tio n  
m ax im u m  a t  255 n m  (e 10658) suggested  th e  presence of an en ed ione  chrom o- 
phore. T he p resence of а -su b s titu te d  en e d io n e  w as fu rth e r s u p p o r te d  [2] by 
tw o ab so rp tio n  h an d s  a t  1670 an d  1700 c m -1 . T he la tte r  b and  [2] suggested  
th e  a t ta c h m e n t o f b rom ine a d ja c e n t to  o n e  o f  th e  C = 0  groups. T h e  position  
o f b rom ine  w as a sce rta in ed  from  its  N M R  sp e c tru m  w herein a b ro a d  sing let 
a t  6 4.40 in te g ra tin g  for one p ro to n  is u n d o u b te d ly  [3] due to  th e  C 7-p ro ton , 
o rien ted  equatorially (th e  D reid ing  s te re o m o d e l showed the  d ih e d ra l angle 
betw een  C7 an d  C8  p ro to n s to  be a lm o st 9 0 °). H ad  the  b rom ine b e e n  a t  C2, 
th e  signal fo r th e  C 2-proton in th e  N M R  s p e c tru m  should have b e e n  observed  
as a d o u b le t o f d o u b le t [4, 5]. A sharp  s in g le t fo r 1H  seen a t d 6.5 is a sc ribab le  
to  C4 v iny lic  p ro to n . On th e  basis o f th is  sp e c tra l evidence, th e  com p o u n d  
o f m .p . 159 °C has been considered as 7a-b rom ocho lest-4 -ene-3 ,6 -d ione  (III).

* To w hom  correspondence shou ld  be a d d re sse d . 
** In  fin a l fo rm  M ay 24, 1985.

1 * Ada Chim. Hung. 121, 1986 
Akadémiai Kiadó, Budapest
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I II

IV

W ith  an  excess of b ro m in e  com pound I  fu rn ish e d  a th ird  p ro d u c t w h ich  
m e lte d  a t  168 °C. This also show ed  positive B e ils te in  te s t  ind ica ting  th e  p re s ­
ence o f  h a lo g en  and  h ad  an a ly s is  correct for C2 7H 4 0 O 2B r2 (M + 554, 558; 1 : 1). 
T he U V  a b so rp tio m  m ax im u m  a t  242 nm  (e 11620) suggested th e  p resen ce  o f 
an  e n o n e . T h is  was fu r th e r  su b s ta n tia te d  b y  a s tro n g  b a n d  a t 1700 c m -1 , w h ic h  
is c h a ra c te r is t ic  o f а -su b s titu te d  ketones [2]. T h e  N M R  spectrum  lends f u r th e r  
s u p p o r t to  s tru c tu re  IV b y  e x h ib itin g  a b ro ad  s ig n a l a t  6 4.41 for one p ro to n  
(C 7 -p ro to n ), w hich  is equatorially o rien ted . A d o u b le t o f doublet (J 1 =  12 H z; 
J 2 =  6  H z ) a t  6 4.85 can be assigned  to  th e  p ro to n  p re se n t a t C2. T he s p l i t t in g  
c o n s ta n ts  [4] J a a =  12 H z a n d  J a e — 6  H z c o n f irm  th e  presence of b ro m in e  
a t C2 h a v in g  a -o rien ta tio n ; co n seq u en tly , th e  p ro to n  a t  th is position  is a x ia l. 
M o reo v er, th e  a -o rien ted  ( equatorial)  b rom ine a t  C2 w ould be p re fe rred , s ince  
th e  a l te rn a t iv e  s tru c tu re , w ith  /З-orien ted  b ro m in e , is less favourab le  d u e  to
1,3-d iaxia l in te rac tio n  b e tw een  th e  CIO m e th y l a n d  C2 /J-bromine. T h u s , th e  
c o m p o u n d  m elting  a t 168 °C h as  been re p re se n te d  b y  th e  s tru c tu re  IV .

Acta Chim. Hung. 121, 1986
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F u rth e rm o re , th e  b ro m in a tio n  u n d e r  sim ilar cond itions o f cholest-4- 
ene-3,6-dione (II) yield ing p ro d u c ts  I I I  a n d  IV  can  he exp la ined  v ia  th e  d ehydro - 
b ro m in a tio n  o f  th e  likely  p rim a ry  p ro d u c t V form ed from  th e  t i t le  com pound  
(I), re su ltin g  in  u n sa tu ra tio n  a t  C4.

E x p e rim en ta l

M .p.’s a re  u n co rrec ted . UV sp ec tra  w ere reco rd ed  on a P Y E -U N IC A M  P U  8800 sp ec tro ­
pho to m eter. I R  sp e c tra  were o b ta in e d  on a  P Y E -U N IC A M  SP-300 in frared  sp e c tro p h o to m ­
e ter. N M R w ere ta k e n  on a  V a rian  A60 in s t ru m e n t  using  TMS as in te rn a l s ta n d a rd . TLC  
p la tes were co a ted  w ith  silica gel G a n d  sp ra y ed  w ith  a  25%  aqueous so lu tion  of pe rch lo ric  acid.

R eac tio n  of 5a-cho les tan e-3 ,6 -d io n c(I) w ith  1 m ole equivalent of b rom ine

5a-C holestane-3 ,6-d ione I ;  (1 g) w as d isso lved  in  e th e r (30 m L). T o th is  a  so lu tio n  of 
b rom ine in  g lac ia l ace tic  acid (0.2 m L  ta k e n  u p  in  8 m L  acetic  acid) w as ad d ed  o v e r a  period  
o f 45 m in  a n d  th e  m ix tu re  was k e p t a t  ro o m  te m p e ra tu re  for 2 h  w hen th e  re ac tio n  w as com ­
plete . T he re a c tio n  m ix tu re  was e x tra c te d  w ith  e th e r  an d  th e  e therea l la y e r  w ash ed  w ith  
w a te r, dried  o v er an h y d ro u s  sodium  su lfa te  a n d  f ilte red . R em oval o f th e  so lv en t gave  a n  oily 
residue w hich w as c rysta llized  from  p e tro leu m  e th e r  to  o b ta in  II , m .p. 122 °C (rep o rte d  [1] 
m .p . 122— 123 °C); y ield  0.6 g (id en tified  as cho lest-4 -ene-3 ,6-d ione on th e  basis o f i ts  id e n tity  
in  m .p ., m .m .p ., co-TLC and IR  w ith  an  a u th e n tic  sam ple  o f II).

R eaetion  of ( I )  w ith  2 m ole eq u iva len ts o f brom ine

To a so lu tio n  o f I  (1 g) in e th e r (30 m L ) w as ad d ed  a so lu tion  of b rom ine  (0.4 m L  dissolved 
in  10 m L  o f g lac ia l ace tic  acid), d ropw ise , o v er a  p e rio d  of 45 m in  a t  0 — 5 °C. T h e  reac tio n  
m ix tu re  w as k e p t  a t  a tem p e ra tu re  o f  0 — 5 °C fo r  5 d ay s w hen  th e  re ac tio n  w as o ver; th e  
m ix tu re  w as th e n  e x tra c te d  w ith  e th e r. T h e  e th e re a l lay e r  was w ashed w ith  w a te r  a n d  dried  
over an h y d ro u s N a 2S 0 4. R em oval o f  th e  so lv en t g av e  an  oily residue w hich  w as c h ro m a to ­
g rap h ed  over silica gel to  yield 0.4 g o f a  co m p o u n d , m .p . 159 °C (o th er com p o u n d s p re se n t in  
m in u te  q u a n tit ie s  w ere  n o t iso lated) c h a ra c te riz ed  as 7a-brom ocholest-4 -ene-3 ,6-d ione (III).

UV: Amax 255 n m  (e 10658) ( C = C - C = 0 ) .
IR : vmax 1700 ( - C O - C H — B r), 1670 (C = C  C = 0 ) ,  1620 (C = C ), 640 c m - 1 ( C - B r ) .
4 I-N M R : <5 4.40 (b r, s, 1H , C7-/9H) (D re id in g  ste reom odel o f th is  co m pound  show ed th e  

d ihedra l angle b e tw ee n  C7 an d  C8 p ro to n s  to  b e  ^ -9 0 °), 6.5 (s, 1H , C 4-vinylic p ro to n ), 1.14 
(s, 3H , C10-CH3), 0.87 p p m  (s, 3H , C13-CH 3).

MS (m /e): (M  + ; 476, 478; 1 : 1).
C,7H 410 .,B r. C alcd. C 67.92; H  8.59. F o u n d  C 67.86; I I  8 .54% .

R eaction  of ( I )  w ith  a n  excess of brom ine

A so lu tion  o f  co m pound  I  (1 g) in  e th e r  (30 m L ) w as su b jected  to  reac tio n  w ith  a b ro ­
m ine  so lu tion  (2 m L  o f B r2 dissolved in  12 m L  o f  a ce tic  acid) in  a sim ilar w ay  as described  
above. T he re ac tio n  m ix tu re  was k e p t in  a  freezer fo r  7 d ay s, w hen th e  reac tio n  w as com plete . 
T h e  m ix tu re  w as th e n  w orked-up in  th e  u su a l m a n n e r . R em oval o f th e  so lv en t fu rn ish e d  an  
o ily  residue w hich  w as pu rified  on a  silica gel c o lu m n  an d  crysta llized  from  p e tro leu m  e th e r  
to  give th e  p ro d u c t  (0.7 g), m .p . 168 °C, c h a ra c te riz e d  as 2a ,7a-d ibrom ocholest-4 -ene-3 ,6- 
d ione (IV).

UV: Amax 242 n m  (e 11620).
IR : vmax 1700 (s tro n g  ban d , B r - C H - C O - C = C - C O - C H - B r ) ,  1625 (C = C ), 680, 

640 c m -1 (C— B r).

A da Chim. Hung. 121, 1986
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* H -N M R : <5 4.41 (br, s, 1H , С 7-/Ш ; th e  D re id ing  m odel show ed th e  angle b e tw een  C7 
a n d  C8 p ro to n s  as 90°), 4.85 (d d , J x =  12 H z; J 2 =  6 H z, 1H , C 2-H ; a x ia l);  6.35 (s, 1 H , 
C 4-v iny lic  H ); 1.13 (s, 3H , C10-CH 3); 0.68 p p m  (s, 3 H , C13-CH 3).

M S (m /e): (M + ; 554, 558; 1 : 1).
C27H 40O2B r2. Calcd. C 58.27; H  7.19. F o u n d  C 58.23; H  7 .25% .

T h e  a u th o rs  are g ra te fu l to  P ro f. M. S. A h m ad , C h a irm an , C hem istry  D e p a r tm e n t, 
fo r re se a rc h  facilities and  to  C S IR  (N ew  D elhi) for f in an c ia l su p p o rt (M H , M H).
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R ece iv ed  J a n u a ry  15, 1985 
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l-P h en y l-l,4 -d ih y d ro -3 (2 H )-iso q u in o lin o n e  w as f irs t  p re p a re d  b y  D eák 
e t  al. [1 ] b y  th e  cycliza tion  o f  benza ld eh y d e  an d  b en zy l cy an id e  in  acid m e­
d iu m  (polyphosphoric  acid). D u rin g  th e  k in e tic  in v e s tig a tio n  o f  th e  reaction  
i t  w as estab lished  [2 ] th a t  p h en y lace tam id e , fo rm ed  b y  h y d ra tio n  from  th e  
n itr ile  in  po lyphosphoric  acid  (fu r th e r  on: P P A ), y ields in  th e  reac tio n  w ith  
benzaldehyde b en zy lid en e-b is(p h en y lace tam id e). F ro m  th is  in te rm e d ia te  iso- 
qu inolinone is fo rm ed  by  cycliz ing  am id o a lk y la tio n , w ith  th e  c leavage o f one 
m olecule of p h en y lace tam id e  (see Schem e 1: l a ,  2a). B y  th is  m e th o d  several
l-a ry l- l,4 -d ih y d ro -3 (2 H )-iso q u in o lin o n es , s u b s ti tu te d  in  d iffe ren t positions, 
h a v e  been sy n th esized  [3].

In  th e  course  o f  fu r th e r  in v es tig a tio n s  th e  p resu m ed  in te rm e d ia te  bis- 
-am ide , w hich cou ld  be iso la ted  so fa r on ly  in  a single case (R 1 =  4 -py ridy l 
g roup , n =  1 [4]), w as p re p a re d  b y  tw o m eth o d s: s ta r t in g  fro m  n itrile  (Q: 
— C = N )  in ace tic  acid , c a ta ly z ed  b y  cone, su lfu ric  acid , a t  room  te m p e ra tu re , 
o r b y  G ilbert’s m e th o d  [5], t h a t  is, by  bo iling  th e  am ide  (Q : — C O N H 2) w ith  
to luene** , s im ila rly  using cone, su lfu ric  acid  as c a ta ly s t. T he b is-am ides ob­
ta in e d  in  th is  w ay  were c o n v e rted  in P P A  in to  th e  ex p ec ted  1,4-dihydro- 
-3(2H )-isoqu ino linones [6 ].

In  co n tin u a tio n  of th is  w o rk , we w ished to  e x te n d  o u r in v es tig a tio n s  to  
th e  syn thesis o f 1 -u n su b s titu te d  or 1 -b e n z y l-su b s titu te d  isoquinolinones, 
fu r th e r  to  th e  p re p a ra tio n  of iso indolones. T herefo re , we s tu d ie d  th e  p re p a ra ­
tio n  o f b is-am ides con ta in in g  H  o r an  a ra lk y l g roup  in s te a d  o f th e  R 1 =  a ry l 
g roup  w ith  n =  1, an d  th e ir  cyc liza tio n  in to  isoqu ino linones. R esu lts  o f the  
ex p erim en ts  p e rta in in g  to  th e  b is-am ides are  su m m arized  in  T ab le  I.

In  view  o f th e  fac t th a t  m e th y len e-b is(p h en y lace tam id e) ( lb )  could  be 
p rep a red  b y  b o th  m ethods, th e  q u estio n  arose w h e th e r th e  re a c tio n  o f phenyl-

* To w hom  correspondence sh o u ld  be adressed .
** In  general, th e  to luene  m e th o d  was used  on ly  if  th e  ace tic  acid  p rocess failed  for 

som e reason.

A c ta  C h im .  H u n g .  1 2 1 , 198 6  
A k a d é m ia i  K i a d ó , B u d a p e s t
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j j  +  R1-CH=0 R1-CH
^NH-CO-tCHsln-CeHs 

^N H -C O -IC H ,)  -C ,H ,
2  П  Ь b

Q: -C=N or-CONHj 1a , b , c , d

. ^IH-CO-(CH2)„-C6H5
R -СНГ

PPA

'NH-C0-tCH2]„-C6H5

R1

a C6 H5 1
b H 1
c C6H5CH2 1 
d СбН5 0

Scheme 1

(CH 2)n 0

NH

2 a ,  b . c .d

a c e ta m id e  or benzyl cy an id e  w ith  fo rm aldehyde could  n o t  lead  th ro u g h  lb  
d ire c tly  to  l,4 -d ih y d ro -3 (2 fi)-iso q u in o lin o n e  (2b), u n s u b s titu te d  in  position  1, 
u n d e r  th e  conditions of th e  sy n th e s is  m eth o d  genera lly  used  b y  us (see above).

S e v e ra l m ethods a re  d esc rib ed  in  th e  li te ra tu re  fo r th e  p re p a ra tio n  o f 2b, 
e.g. th e  S ch m id t reac tio n  o f 2 -in d an o n e  [9], syn th esis  from  su lfu r-co n ta in in g  
h o m o p h th a lim id e  d e riv a tiv es  b y  d esu lfu ra tio n  [1 0 , 1 1 ], th e  cyc liza tio n  of 
iV -h y d ro x y m e th y lp h en y lace tam id e  [12], an d  som e re c e n tly  p u b lish ed  J a p a ­
nese  p a te n ts  (e.g. Ref. [13]), a cco rd in g  to  w hich th e  com p o u n d  is p rep a red  b y  
th e  c y c liz a tio n  of p h e n y la c e tam id e  an d  fo rm ald eh y d e  in  acid m ed ium , th e  
ac id  b e in g  phosphoric ac id , m e th an esu lfo n ic  acid , P P A , u sing  occasionally  
to lu e n e  o r  xy lene as d ilu tin g  a g e n t.

Table I

B is-am ides Y ie ld  (% )

R 1 n T oluene  m eth o d A c e tic  a c id  m e th o d

l a  C„H5 1 75.6 75 [7]
l b  H 1 33* 8 8  [ 8 ] * *
l c  C6H 6C H 2 1 — —

Id  C„H5 0 55

* Y ie ld  of th e  crude p ro d u c t o f  good m .p .: 96 .4% , n ea rly  q u a n tita tiv e ; th e  large loss o f 
c ry s ta ll iz a tio n  is due to  th e  poor so lu b ility .

** I n  th e  lite ra tu re  process [8] no  ace tic  acid was u sed ; th e  reac tio n  w as carried  o u t by  
bo iling  in  cone, sulfuric acid in  th e  p resence  of aqueous fo rm aldehyde.

Acta Chim. Hung. 121, 1986
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T he effecting  o f th e  reac tio n s  in  po lyphosphoric  ac id  m ed ium  was 
a tte m p te d  also b y  u s; how ever, in  1 : 1 P P A *  (in w hich o u r sy n th es is  can be 
su itab ly  perfo rm ed) n e ith e r  th e  reac tio n  o f p h en y lace tam id e  w ith  form alde­
hy d e , n o r th e  h ea tin g  ’o f m eth y len e-b is(p h en y lace tam id e) ( lb )  gave the  
expec ted  isoquinolinone 2 b; u n id en tifiab le  decom position  p ro d u c ts  w ere form ed, 
from  w hich th e  req u ired  p ro d u c t could n o t be iso lated .

As a fu r th e r  cyclizing m ed iu m  a 10 : 1 m ix tu re  o f  m ethanesu lfon ic  
acid  an d  ph o sp h o ru s p en to x id e  w as in v e s tig a te d , w hich, acco rd in g  to  E a to n  
e t al. [14] m ay  rep lace  in  sev era l cases th e  o therw ise im p ra c tic a b le  poly­
phosphoric  acid in  v a rious reac tio n s. W ith  th is  reag en t, b o th  b en zy l cyanide 
(Q: — C = N ) a n d  p h en y lace tam id e  (Q : — C O N H 2), as m odel com pounds 
(Schem e 1), could  be cyclized w ith  b en za ld eh y d e  to  th e  re sp e c tiv e  1-phenyl- 
-l,4 -d ihydro -3 (2H )-isoqu ino linone  (2a) in  good yields. H ow ever, w hen  fo rm al­
dehyde was ap p lied  in s tead  of b en za ld eh y d e , th e  use o f th is  re a g e n t also failed 
in  giving th e  ex p ec ted  isoqu ino linone 2 b as an  isolable p ro d u c t.

B en-Ishai e t al. [15] o b ta in e d  th e  d e riv a tiv e  of 2b c o n ta in in g  d im ethy l 
su b s titu e n t in  p o sitio n  4 u n d e r  cond itions a c tu a lly  s im ila r to  th o se  of the  
b is-am ide p re p a ra tio n , b y  th e  re a c tio n  o f  a ,a -d im e th y lp h e n y lac e ta m id e  w ith 
fo rm aldehyde in  acetic  ac id— sulfu ric  acid  m ix tu re , w ith  1 6 -hour reflux ing , 
in  a y ield  of 8 2 % . T ik k  e t al. [16], ap p ly in g  th e  reac tio n  to  ph en y lace tam id e , 
iso la ted  2b in  a v e ry  poor y ie ld . A d e ta iled  in v es tig a tio n  o f th is  reac tio n  was 
u n d e rta k e n  w ith  th e  aim  to  e lu c id a te  th e  cause o f th e  low  y ie ld , an d  possibly 
to  optim ize th e  re a c tio n  cond itions.

Follow ing, b y  th in - la y e r  c h ro m a to g ra p h y , th e  re a c tio n  o f  p h en y lace t­
am ide w ith  fo rm ald eh y d e  in  ace tic  ac id — sulfuric  acid m ix tu re  a t  reflux  
te m p e ra tu re , th e  ex am in a tio n  o f  th e  sam ples ta k e n  each  1 0  m in u te  showed 
th a t  even a fte r re a c tio n  tim es o f  50 or 60 m in u te s  l,4 -d ih y d ro -3 (2 i/)-iso q u in o - 
linone (2b) could be  iso la ted  from  m an y  u n id en tif iab le  b y  p ro d u c ts  o n ly  in  a poor 
y ie ld , sim ilarly  to  th e  experience o f T ik k  e t al. [16]. M oreover, i t  w as found 
th a t  th e  p rim ary  p ro d u c t of th e  reac tio n  w as th e  b is-am ide lb ;  fro m  a reaction  
carried  o u t a t  95 °C th is  b is-am ide  could be iso la ted  a fte r  a re a c tio n  tim e  of 
10 m inu tes in  c rude  y e t a lread y  p u re  s ta te  in  n ea rly  50%  y ie ld . D urin g  the 
fu r th e r  reaction  o f  th e  b is-am ide p re su m ab ly  decom position  processes p redom ­
in a te , an d  these  m a y  be responsib le  fo r th e  low  y ield  o f 2b. T he iso lation  
o f lb  is a new ex am p le  th a t  th is  in te rm e d ia te  can  be s e p a ra te d  d u rin g  iso­
quinolinone sy n th es is , w hich, as m en tio n ed  above, w as ach iev ed  p rev iously  
on ly  in  a single case.

In  our fu r th e r  w ork  th e  cyc liza tio n  o f benzy lidene-b is(benzam ide) (Id) 
w as s tu d ied . H ow ever, in  P P A  m ed iu m  Id  w as n o t co n v erted  in to  th e  expected
3-pheny l-2 ,3 -d ihydro iso indo lone (3) (Schem e 2) u n d e r th e  u su a l re a c tio n  con-

* 85%  p h o sphoric  acid  (m L ); ph o sp h o ro u s p e n to x id e  (g).
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H5c64 /NRj-C0-C6H5 

R /  ''NR2-C0-C6H5

Id, R’=R2=H 3, R1 = R2= H 
5a, R1 = 0H, R2=H 
5b, R1 » OH, R2=CH3

Scheme 2

2a, R1 = R2=H 
L , R1 = H, R2 = CH3

d itio n s , a n d  only  decom position  p ro d u c ts  were d e te c te d . T h u s  th e  isoquinoli- 
none sy n th e s is  developed b y  u s  cou ld  no t be e x te n d e d  to  th e  5 -m em bered  
rin g  a n a lo g u es .

I t  sh o u ld  be m en tioned  h e re  t h a t  th e  3 -h y d ro x y  d e riv a tiv e  of iso indolone 
3* (5a) [17] an d  its iV -m ethyl an a lo g u e  (5b) [18] w as iso la ted  from  th e  o x id a ­
tio n  w i th  po tassium  p e rm a n g a n a te  of the  l-p h e n y l- l,4 -d ih y d ro -3 (2 ii) - iso -  
q u in o lin o n e s  2a and 4. T he s t ru c tu re s  of the  co m p o u n d s w ere p roved  b y  IR , 
U V , N M R  an d  m ass sp ec tro sco p y .

E xperim en ta l

M .p .’s w ere m easured w ith  a  B ü c h i T o tto li m eltin g  p o in t  d e te rm in a tin g  a p p a ra tu s  
a n d  a re  u n c o rre c te d . The IR  s p e c tra  w e re  recorded  w ith  a P e rk in  E lm e r 457 sp ec tro p h o to m ­
e te r , th e  N M R  spectra  w ith  a  J E O L  F X -1 0 0  in s tru m en t an d  th e  U V  sp e c tra  w ith  a n  O P T O N - 
D M R  21 sp ec tro p h o to m eter. T h e  m a s s  sp ec tra  were o b ta in e d  w ith  a n  A E I MS-902 ty p e  
in s t r u m e n t  (70 eV, d irect in se rtio n , 110 °C).

B en zy lid ene-b is(pheny lacc tam ide) ( l a )

P h e n y lac e ta m id e  (27.0 g; 0.2 m o l)  a n d  10.6 g (0.1 m ol) b en za ld eh y d e  w ere re flu x e d  in  
450 m L  d r y  to lu en e  in th e  p resence  o f  a  few  drops of cone, su lfu ric  acid  fo r 4 h , u sing  a w a te r  
s e p a ra to r  h eadp iece . The p ro d u c t w h ic h  sep a ra ted  w as f i lte re d  o ff  a n d  recry sta llized  from  
e th y l  a lc o h o l to  give 27.1 g (7 5 .6 % ) o f  l a ;  m .p . 228 — 230 °C, lit. [20] m .p . 231 °C.

JV,iV’-M eth y len e-b is(p h en y lacetam id e) ( l b )

P h e n y lac e ta m id e  (27.0 g; 0.2 m o l)  an d  3.3 g (0.1 m ol) fo rm ald eh y d e  w ere bo iled  in  
400 m L  a n h y d ro u s  toluene in th e  p re se n c e  o f a  few drops o f cone, su lfu ric  acid , u sing  a w a te r  
s e p a ra to r  h ead p iece , u n til w a te r  fo rm a t io n  h a d  ceased (12 - 1 3  h ). T h e  p re c ip ita te  w as f ilte red  
o ff a n d  d r ie d . R ecrysta lliza tion  fro m  e th y l  alcohol gave 9.3 g  (3 3 % ) of lb ,  m .p . 214 °C, lit.
[8] m .p .  210 °C.

B enzylidene-b is(benzam ide) ( I d )

G lac ia l acetic  acid (10 m L ) w a s  m ix e d  w ith  5.23 g (0.05 m ol) ben za ld eh y d e , th e n , u n d e r  
coo lin g  th e  m ix tu re  in ice-w ater, 1 m L  cone, sulfuric acid  w as ad d ed . A fte r 10 m in  10.3 g 
(0.1 m o l)  ben zo n itrile  was a d d ed  d ro p w ise , and  th e  re ac tio n  m ix tu re  w as allow ed to  s ta n d

* T h e  ox idation  of 1 -p h en y liso q u in o lin e  w ith  K M n 0 4 p re su m a b ly  leads also th ro u g h  
th e  3 ,4 -d io x o -l-h y d ro x y  co m p o u n d  to  5 a  [19].
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fo r 4 days. T he p re c ip ita te , w hich se p a ra te d  on  d ilu tio n  of th e  reac tio n  m ix tu re  w ith  w ater, 
w as filte red  off, w ashed w ith  w ater, th e n  w ith  cone, am m o n ia  d ilu ted  to  1 : 1, a n d  w ith  e ther, 
a n d  dried . R ecry s ta lliza tio n  from  d im e th y lfo rm am id e  gave 9.1 g (55 .2% ) o f  I d ,  m .p . 231 —233 °c.

C21H ,8N 20 2. Calcd. C 76.34; H  5.49; N  8.48. F o u n d  C 76.33; H  5.73; N  8 .4 5 % .
IR  (K B r): 1665 c m -1 (am ide I ) ,  1550 c m -1 (am ide II) .

Iso la tion  of JV,IY’-n iethy Iene-b is(pheny lace tam ide) ( l b )  
du ring  th e  p rep ara tio n  o f l,4 -d ih y d ro -3 (2 H )-iso q u in o lin o n e  (2 b )

P h en y lace tam id e  (2.7 g; 0.02 m ol), p a ra fo rm ald e h y d e  (0.7 g; 0.0232 m ol) a n d  cone. 
su lfu ric  acid  (1.6 m L ) w ere w eighed in to  32 m L  of g lacial acetic  acid. A fte r s t i r r in g  fo r 30 m in 
th e  m ix tu re  becam e hom ogeneous. I t  w as h e a ted  to  95 °C an d  s tirred  a t  th is  te m p e ra tu re  
fo r 10 m in. T he re ac tio n  m ix tu re  w as th e n  n e u tra liz ed  w ith  800 m L s a tu ra te d  N a H C 0 3 solu­
tio n . T he solid w hich  se p a ra ted  was f ilte red  o ff an d  d ried  to  o b ta in  1.4 g (4 9 .6 % ) o f  th e  p ro d ­
u c t,  m .p . 215— 216 °C (e th an o l), id en tica l w ith  th e  com pound  p rep ared  earlie r.

P re p a ra tio n  of l-p h en y l-l,4 -d ih y d ro -3 (2 H )-iso q u in o lin o n e  (2 a )  
in 10 : 1 m ethanesu lfon ic  acid -phosphorus pentoxidc reagen t

(a )  From  nitrile  (Q : —C = N )
P 20 5 (5 g) w as ad d ed  to  50 g o f  m eth an esu lfo n ic  acid , an d  th e  m ix tu re  w as stirred  

u n til  d isso lu tion  w as com ple te  (2 h). B en zy l cy an id e  (1.17 g; 0.01 m ol) w as th e n  a d d e d  and  
th e  m ix tu re  a g ita te d  a t  80 °C fo r 30 m in . B en za ld eh y d e  (1.06 g; 0.01 m ol) w as a d d e d  to  the  
re a c tio n  m ix tu re  an d  a f te r  s tirrin g  fo r 2 h  a t  80 °C, i t  w as p oured  in to  500 m L  sa tu ra te d  
N a H C 0 3 so lu tion . T he solid  was filte red  o ff  a n d  d ried  to  o b ta in  1.1 g (4 9 .3 % ) o f  th e  p ro d u c t 
m .p . 166 —168 °C (e th an o l); lit. [1] m .p . 168 °C.

(b )  From  amide (Q : —C O N H 2)
P h en y lace tam id e  (1.35 g; 0.01 m ol) a n d  1.06 g (0.01 m ol) ben za ld eh y d e  w ere  w eighed 

in to  th e  reag en t p rep ared  according to  m e th o d  ( a ) ;  c arry in g  o u t th e  re a c tio n  a s  described 
a b o v e  gave  1.15 g (51 .5% ) o f 2a m .p. 167 °C (e th a n o l); lit. [1] m .p . 168 °C.

3 -P lieny l-3-hydroxy-2 ,3-d ihydro iso iudolone (5 a )

C om pound 2a (2.23 g; 0.01 m ol) w as s tirred  in  50 m L  w ater, and , a t  70 °C, 4.1 g (0.025 
m ol) po tassiu m  p e rm a n g an a te  w as ad d ed  o v er 1 h. T he reac tio n  m ix tu re  m a in ta in e d  for 
30 m in  a t  100 °C. T he h o t m ix tu re  w as th e n  f ilte red , th e  filte r  was w ashed w ith  w a te r , and 
th e  f i l t r a te  was acid ified . A solid se p a ra te d , w hich  w as filte red  off and  d ried  to  g ive  0.5 g 
(2 2 .2 % ) o f th e  p ro d u c t, m .p . 158—160 °C (w a te r); lit. [17] m .p . 162 — 163 °C.

3 -P heny l-3-hydroxy-2-m ethy l-2 ,3 -d ihydro iso indolone  (5 b )

C om pound 4  (2.37 g; 0.01) [21] w as m ixed  w ith  50 m L  w ater, an d  4.1 g  (0.025 m ol) 
p o ta s s iu m  p e rm a n g an a te  w as added  in  sm all p o rtio n s , w hile th e  tem p e ra tu re  o f  th e  m ix tu re  
w as ra ised  to  100 °C. A fte r  s tirrin g  fo r 30 m in  th e  h o t  so lu tion  was filte red , a n d  th e  solid 
w h ich  se p a ra ted  on  cooling w as filte red  o ff a n d  w ashed  w ith  w ater. T he p ro d u c t w as t r i tu ra te d  
w ith  chloroform , th e  ch loroform  so lu tion  w as e v a p o ra te d  to  d ryness, and  th e  re s id u a l  oil was 
ru b b e d  w ith  e th e r to  o b ta in  0.55 g (2 3 % ) o f 5b, m .p . 186 188 °C (1 : 1 a c e to n e -w a te r) ;  lit.
[18] m .p . 1 8 7 -1 8 8  °C.

T h e  ag reem en t o f th e  spectroscopic  d a ta  [18] a d eq u a te ly  su p p o rted  th e  s tru c tu re s  of 
b o th  com pounds (5a, 5b).

*

T he a u th o rs ’ th a n k s  are  due to  D r. J .  H ask ó -B reu er for recording th e  I R  sp e c tra , to 
D r. G. T ó th  for reco rd ing  th e  N M R  sp e c tra  a n d  to  D r. J .  T am ás for th e  m ass sp e c tra . The 
a u th o rs  a re  g ra te fu l to  th e  a n a ly tica l te a m , h ead ed  b y  Miss M. Fodor, fo r m ic ro an a ly se s, 
a n d  to  Miss K . Ju h á sz  for excellen t tech n ica l a ssistance .
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ION EXCHANGE PROPERTIES OF A 
HUNGARIAN SEDIMENTARY MORDENITE

E l i s a b e th  C z á r á n *, E l i s a b e t h  D o m o k o s , Á g n e s  M é s z á r o s - K is s  and
J á n o s  P a p p

( Central Research In stitu te  fo r  C hem istry, H ungarian  A cadem y o f  Sciences, 
H -1525  B udapest, P .O . B o x  17)

R ece iv ed  F e b ru a ry  22, 1985 
A ccep ted  fo r  p u b lic a tio n  A pril 15, 1985

M orden ite -con ta in ing  tu f f  fro m  th e  T okaj H ills (H u n g a ry ) h as b een  stud ied . 
T he m o rd en ite  co n ten t o f th e  ro c k  has been  de te rm in ed  from  its  io n  ex ch an g e  cap ac ity  
and  has b een  found to  be a b o u t  7 8% . B ased  o n  ion exchange e x p e rim e n ts , chem ical 
and  X -ra y  m ic roanaly tical re su lts ,  th e  com position  of th e  m o rd en ite  p h ase  h as  been 
estab lished  as N a2 .07^1. 13Ca2 4[(Al8 Si40) 0 96] • 22.7H jO . T he se lec tiv ity  sequence of 
th e  o rig ina l rock  to the  c a tio n s  s tu d ie d  is: К  >  N H , >  N a >  Ca. U p o n  ion  exchange 
w ith  N a N 0 3, K N 0 3, N H 4N 0 3 a n d  CaCl2 th e  d ifferen t “ m on o ca tio n ic”  fo rm s have 
been p re p a re d  and , by  a seco n d  ion  exchange, th e  follow ing in te g ra l, se lec tiv ity  sequ­
ences hav e  b een  found for th e m :

N a - M :  N H , >  К  >  Ca 
К — M : N H 4 >  N a  >  Ca
C a - M :  N a  >  N H 4 >  К

In tro d u c tio n

In  th e  la s t  few  decades se d im e n ta ry  zeolites have  been  co n tin u o u sly  
ga in ing  in  im p o rta n c e  in sev era l fie ld s  o f  ap p lica tio n . Zeolites o f  m in era l orig in  
ca n  be successfully  used in fie ld s  w here  th e  h e te rogene ity , i.e. th e  non-zeolite  
acco m p an y in g  m ate ria ls  in  th e  sam ples do n o t in te rfe re  w ith  th e  p ro p ertie s  
to  be u tilized , e.g . in  in d u str ia l, a g r ic u ltu ra l an d  e n v iro n m en ta l use, m a in ly  
as so rben ts, ion  exchangers, c a rr ie rs , e tc . F o r a ll these  purposes th e  in v e s tig a ­
tio n  o f th e  physico-chem ical p ro p e rtie s  to  be exp lo ited  is o f p r im a ry  im p o r­
tan ce .

T here is su b s ta n tia l l i te ra tu re  on ion  exchange in zeolites, b u t  th e  m a jo r­
i ty  o f these  w orks deal w ith th e  sy n th e tic  v a r ia n ts , an d  especially  w ith  tho se  
o f  th e  fau ja s ite  ty p e , e.g. [1— 5 ]. T h e  ion  exchange p ro p ertie s  o f  m o rd en ite  
h a v e  been s tu d ied  in  detail b y  B a r re r  an d  co-w orkers [6 — 8 ], b u t  th e y  m ain ly  
focu sed  a tte n tio n  on the  so-called  la rg e  p o rt, sy n th e tic  m o rd en ite . T h e  ion 
ex ch an g e  of aq u a  a n d  am m ine co m p lex es o f  silver in to  a sy n th e tic  N a-m orde- 
n ite  h as  been described  by F le tc h e r  an d  T ow nsend  [8 ].

As to  n a tu ra l  zeolites, B a r re r  an d  T ow nsend  in v es tig a ted  th e  in tro d u c ­
tio n  o f  am m ine com plexes of t r a n s i t io n  m eta ls  in to  m o rd en ite , c lin o p tilo lite

* To w hom  correspondence shou ld  b e  ad dressed .

A c ta  C h im . H u n g .  1 2 1 , 1 9 8 6  
A k a d é m ia i  K ia d ó , B u d a p e s t
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a n d  p h illip s ite  b y  ion  ex ch an g e  [7], w hereas R ees a n d  R ao  [9] and  R ao  an d  
R ees [10] s tu d ied  th e  k in e tic s  o f  ion  exchange in to  n a tu ra l  m orden ite .

In  a review  on ion  e x ch an g e  in  zeolites [11] B a rre r  m en tio n s th e  follow ­
ing p a ra m e te rs  as in flu en c in g  fac to rs :

—  topo logy  of th e  an io n  la ttic e ,
—  shape and  size o f  th e  p a r tic ip a tin g  ca tio n s,
—  charge d en sity  in  th e  la ttic e  (Si/Al ra tio ) ,
—  v alency  of th e  c a tio n s ,
—  co n cen tra tio n  o f  th e  e lec tro ly te  in  th e  ion  exchange solution .
I n  ad d itio n  to  th e se , th e  h y d ra tio n  a b ility  o f th e  ca tions also p lay s a 

v e ry  im p o r ta n t role. I f  th e  a f f in ity  of th e  ca tio n  to  w a te r  is too  h igh, an  a d d i­
tio n a l fa c to r  is o p e ra tin g , w h ich  d im inishes th e  e x te n t  o f ion exchange, nam ely  
th e  h y d ra te  shell of th e  c a tio n  shields its  p o sitiv e  ch arg e , decreasing th e re b y  
th e  e lec tro s ta tic  a t t r a c t io n . As a re su lt, th e  s tro n g ly  h y d ra te d  ca tio n  c an n o t 
re a c h  th e  less accessible p o sitio n s. This specu la tio n  is su p p o rte d  by  th e  ex p e ri­
m e n ta l w ork  of C ough lan  [12], w ho has m easu red  th e  degree of ion exchange 
a t ta in a b le  for d iv a len t c a tio n s  in  m orden ite  as a fu n c tio n  of th e  h y d ra te d  
ion ic  ra d iu s  and found  a lin e a r  co rre la tion . E x tra p o la tio n  to  100%  ion exchange 
co rresp o n d s to  a h y d ra te d  ionic rad iu s  of 0.375 n m . T he h y d ra te d  ionic ra d ii 
o f  a lk a li m eta l ions a re  below  th is  value w ith  th e  ex cep tion  of Li, an d , in  
fa c t,  m o st alkali m e ta l ions can  be exchanged  in to  m o rd en ite  to  n ea rly  1 0 0 % . 
H o w ev er, th e  h y d ra te d  ion ic  rad ii of alkaline e a r th  m e ta l ions, and  even  m ore 
so th o se  o f th e  tra n s i t io n  m e ta l ions im pose a re s tr ic tio n  on th e  degree of 
ion  exchange.

E x p e r im e n ta l

C haracterization o f  the m ordenite-containing t u f f

A s s ta rtin g  m a te ria l,  m o rd en ite -co n ta in in g  ro c k  fro m  T o k aj H ills was used  (lo ca tio n  
B o d ro g k eresz tú r). Q u a lita tiv e  id en tif ic a tio n  of th e  zeo lite  co n ta in ed  in  th e  rock  w as p e rfo rm ed  
b y  X -ra y  pow der d iffrac tio n  a n d  tran sm iss io n  e lectron  m icroscopy . F o r i ts  q u a n tita tiv e  d e te r ­
m in a tio n  th e  adso rp tio n  c a p a c ity  fo r C 0 2 has been m easu red  [3], b u t  sa tis fac to ry  re su lts  h av e  
b e en  o b ta in ed  also by  s im p le r m e th o d s , e.g. b y  m easu rin g  th e  te m p e ra tu re  rise u p o n  w e ttin g , 
o r th e  ig n ition  loss in  a c e r ta in  te m p e ra tu re  range, m a in ly  fo r zeo lite-rich  tu ffs. U pon  c o m paring  
th e  re su lts  o b ta ined  fo r a sam p le  w ith  those  m easured  fo r a  re ference  sam ple, th e  zeolite con­
t e n t  cou ld  he de te rm in ed . T h e  re su lts  p rov ided  by  th e  d iffe re n t m eth o d s agree w ith in  5 — 8% . 
A  b e tte r  agreem ent c a n n o t b e  ex p ec ted  owing to  th e  h e te ro g en e ity  o f such  m ineralic  sam ples.
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T h e  se lec tion  o f th e  su itab le  m o rd en ite -c o n ta in in g  rock  for ion ex ch an g e  ex p erim en ts  
w as m ad e  b y  ta k in g  in to  acco u n t th a t  clay m in e ra ls , w hich  v ery  often  a c c o m p a n y  zeolites in 
se d im e n ta ry  dep o sits , a re  in te rfering  in  ion ex ch an g es . (This is due to  th e ir  la m e lla r  s tru c tu re , 
w here  th e y  also can  b in d  cations an d , in a d d itio n , a  s ig n ifican t am o u n t o f w a te r , w h ich  resu lts  
in  a  sw elling in  th e  course o f ion exchange fro m  aq u eo u s solu tions.) T he s ta r t in g  m ate ria l 
chosen is a tu f f  co n ta in in g  ab o u t 80%  of m o rd e n ite , th e  o th e r co m ponen ts b e in g  m ain ly  
vo lcan ic  glass a n d  q u a r tz  (see Fig. 1).

T h e  X -ra y  d iffrac to g ram  of th e  original tu f f  is show n in Fig. 1. F igures 2 a n d  3 rep re sen t 
th e  rep licas p re p a re d  from  th e  frac tu red  su rface  o f  th e  tu ff , ta k e n  in a  Zeiss E F  tran sm iss io n

F ig . 2. T ran sm iss io n  e lec tro n  m icrograph  of th e  rep lica  p rep ared  from  a  f ra c tu re  surface  
o f th e  rock . N eedle-like ind iv idual c ry sta ls o f  m o rd en ite . M agnification: X 10,000

Fig. 3. T ran sm iss io n  e lec tro n  m icrograph  o f th e  b lo ck  fo rm a tio n  o f m ordenite  in  th e  v o lcan ic
tuff. M agnification: X 10,000
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e lectron  m ic ro sco p e . F ro m  o u r ea rlie r experience we k n o w  t h a t  in  cases w here th e  a m o u n t 
o f m o rd e n ite  is h igh  in  th e  sam ple , besides th e  c h a ra c te ris tic  in d iv id u a l needle c ry s ta ls  o f  
m o rd en ite  (F ig . 2), also la rg e r b lo ck s o f  th e  m in eral a re  fo rm ed  during  th e  c ry s ta lliz a tio n  
p rocess , a s  is  show n  in  Fig. 3.

Io n  exchange experim ents

F o r  io n  exchange m ea su re m e n ts  th e  rock  w as g ro u n d  be low  a partic le  size o f  100 f im .  
E x p e r im e n ts  w ere  carried  o u t w ith  a ir  d ry  sam ples. F o r  io n  ex ch an g e , th e  following so lu tio n s  
w ere u se d : 2 M  an d  0.2 M  N H 4N 0 3, 2 M  and  0.2 M  N a N 0 3, 2 M  and  0.2 iVi K N 0 3, 2 M  
and  0.2 M  CaCl2 an d  0.15 M  A g N 0 3. F o r  th e  p re p a ra tio n  o f  th e  “ m onocationic”  fo rm s, 20 g 
o f th e  o r ig in a l  ro ck  was re flu x ed  3 t im e s  fo r 4 h  each , ren ew in g  every  tim e th e  200 c m 3 p o r ­
tio n s o f  th e  2 M  ion  exchange so lu tio n . A n ex cep tion  w as th e  io n  exchange w ith  A g N 0 3; in  
th is  c ase  0 .15  M  so lu tions w ere u sed  in  th e  d a rk  a t  a m b ie n t te m p e ra tu re  in  o rder to  p re v e n t  
th e  r e d u c t io n  o f  silver ions.

I n  t h e  s tu d y  of th e  ion ex change  p ro p e rtie s  o f th e  “ m o n o ca tio n ic”  sam ples, ion e x ch an g e  
w as c a r r ie d  o u t  b y  re flux ing  1 g “ m o n ocation ic”  sam p les w ith  50 cm 3 of th e  a p p ro p ria te  
so lu tio n  p o r t io n s ,  2 tim es for 3 h  each .

A f te r  io n  exchange, th e  d e r iv a tiv e s  were w ashed  w ith  d is tilled  w a ter ab o u t 8 — 10 tim e s , 
an d  d r ie d  in  a ir  a t  am b ien t te m p e ra tu re .

B o th  so lid  and  liq u id  p h ases w ere  analyzed . F o r  th e  d e te rm in a tio n  o f th e  e le m en ta l 
c o m p o s itio n  o f  th e  d ifferen t solid sam ples, th ey  h ad  to  b e  d ig es ted . This was carried  o u t  w ith  
H F  a n d  H 2S 0 4 in  a  p la tin u m  c rucib le , w ith  each p rocess re p e a te d  tw o tim es b y  e v a p o ra tin g  
th e  d ig e s tio n s  to  dryness. T he re s id u e  w as tak e n  u p  w ith  d is tilled  w ater, h e a ted  on  a  w a te r  
b a th  fo r  20 — 30 m inu tes, filled  u p  to  a know n  vo lu m e a n d  ana ly zed .

T h e  a m o u n ts  o f N a a n d  К  in  b o th  th e  d ig es tio n s a n d  ion exchange so lu tio n s w ere  
d e te rm in e d  b y  a tom ic ab so rp tio n  sp e c tro p h o to m e try  (A A S). F o r Ca, in a d d itio n  to  A A S, 
c o m p le x o m e tr ic  t i t r a tio n  w as also u sed , w hereas Ag w as o n ly  t i t r a te d .  F o r th e  AAS m e a su re ­
m en ts  a  Z eiss AA S-1N ty p e  in s tru m e n t w as app lied , N a a n d  К  w ere de term ined  in  th e  em is­
sion  m o d e  (in  an  a ir-ace ty lene  flam e), w hereas Ca in  th e  ab so rp tio n  m ode in  N aO -ace ty len e  
flam e  a t  w av e le n g th s  o f 589.0 n m  fo r N a , 766.5 n m  fo r К  a n d  422.6 nm  for Ca. F o r c a lib ra tio n , 
th e  a c tu a l  c o n cen tra tio n s  w ere a d ju s te d  in  th e  c a lib ra tin g  so lu tions in  o rder to  c o m p e n sa te  
fo r m a t r ix  e ffects, i.e. for th e  e v e n tu a l in te rferin g  effec t o f  th e  h igh  am oun ts o f ex ch a n g in g  
ca tio n s .

A s th e  w e t chem ical ana ly sis  o f  th e  rock  p ro v id es a n  o v erall chem ical co m p o sitio n  b u t  
n o t  t h a t  o f  th e  zeolite phase , th e  S i/A l ra tio  o f th e  m o rd e n ite  ph ase  h ad  to  be  d e te rm in e d  b y  
som e o th e r  m eth o d , e.g. X -ra y  m ic ro an a ly sis  p e rfo rm ed  in  th e  electron  m icroscope [13]. I n  
th is  m e th o d ,  a  m o rden ite  c ry s ta l id en tif ie d  in th e  e le c tro n  m icroscope by  its  c ry s ta l sh a p e , is 
e x c ite d  b y  th e  e lectron  b eam , p ro d u c in g  th e re b y  a  c h a ra c te ris tic  X -ray  sp ec tru m  o f th e  ele­
m e n ts  p re s e n t  in  th e  analyzed  v o lu m e of th e  sam ples. T h is  sp ec tru m  can  be ev a lu a te d  fo r  th e  
S i/A l r a t io  in  th e  crysta l. As to  th e  d e te rm in a tio n  o f th e  o th e r  com ponents (ca tio n s) in  th e  
sa m p le s , th is  m eth o d  is n o t  sen sitiv e  enough fo r N a. (T h is  e lem en t has th e  low est a to m ic  
n u m b e r  a m o n g  th e  e lem ents an a ly za b le  b y  energy  d isp e rs iv e  X -ra y  m ethod .)

R esults and D iscussion

Determination o f  the cation composition o f  the mordenite phase

F ir s t  th e  overall chem ical com position  o f  th e  rock has been d e te rm in e d  
f ro m  th e  w e t chem ical an a ly s is  o f th e  tu ff . T h e  c a tio n s  in  th is s ta r tin g  m a te r ia l  
a re  d is tr ib u te d  betw een  th e  zeo litic  an d  n o n -zeo litic  phase, b u t  on ly  th o se  in  
th e  ze o lite  phase can  he  ex ch an g ed  b y  o th e r  ca tio n s. D ue to  th is  f a c t ,  on 
io n  e x ch an g in g  th e  m o rd en ite -co n ta in in g  ro c k  w ith  d ifferen t so lu tio n s , in  
th e s e  so lu tions th e  m obile, zeolitic  ca tions e x ch an g ed  by  th is  special c a tio n  
c a n  b e  de te rm in ed . T h u s, u p o n  tre a tin g  th e  s ta r t in g  m ateria l w ith  th e  d iffe r­
e n t  so lu tio n s  m en tio n ed  in  th e  ex p e rim en ta l p a r t ,  tw o aim s can  be  ach iev ed  
a t  th e  sam e tim e:
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—  th e  p re p a ra tio n  o f th e  “ m o n o c a tio n ic ”  sam ples,
—  b y  m obilizing th e  ex ch an g ab le  ca tio n s, a possib ility  a rises  fo r th e  

s e p a ra te  d e te rm in a tio n  o f th e  zeo litic  ca tio n s.
I t  is know n from  th e  l i te ra tu re  [14] on  m ordenite t h a t  N H 4 a n d  alkali 

m e ta l ions can  be exchanged  p ra c tic a lly  q u a n tita tiv e ly  in to  th is  zeo lite . T here­
fo re , we assum ed  th a t  on ex chang ing  w ith  N H 4, N a and К  ions, th e  m ax im um  
a m o u n t o f ca tio n s leav ing  th e  m o rd e n ite  an d  appearing  in  th e  so lu tio n , can 
be  assigned  to  th e  zeolitic phase . T h u s , am o u n ts  of ca tions re p re se n tin g  the  
d ifference b e tw een  th e  ca tio n  c o n te n t in  th e  rock  as found  b y  th e  w e t chem i­
ca l analy sis  an d  th e  m ax im um  a m o u n t o f  th e  respective c a tio n s  fo u n d  in  th e  
ion  exchange so lu tions can  be re g a rd e d  as belonging to  th e  n o n -zeo litic  phase.

In  T ab le  I  th e  resu lts  o f w e t ch em ica l analysis are  g iv e n  (co lum n 2) 
to g e th e r  w ith  th e  m ax im um  a m o u n ts  o f  exchangeable c a tio n s  assigned  to  
th e  m o rd en ite  phase  (colum n 8 ) a n d , as a difference betw een  th e s e  tw o , the  
a m o u n ts  o f ca tions co n ta ined  in  th e  non -zeo litic  p a r t of th e  ro c k  (co lu m n  9 ) are 
show n. T he colum ns 3— 7 co n ta in  th e  re su lts  o f analysis o f th e  io n  exchange 
so lu tio n s a fte r  exchang ing  acco rd ing  to  th e  procedure g iven  in  th e  experi­
m e n ta l p a r t .

T he Si/Al ra tio  in  th e  m o rd en ite  p h ase  w as determ ined  b y  X - ra y  m icro­
an a ly sis . M ordenite c ry sta ls  w ere ch o sen  in  positions w here n o  o th e r  in te r­
fe rin g  pa rtic le s  w ere p resen t in  th e  an a ly z e d  volum e. P o in t an a ly se s  were 
m ad e  a t  a b o u t 10— 15 po in ts  an d  a v e rag ed . T his average ag reed  sa tis fac to rily  
w ith  th e  Si/Al ra tio  o f sy n th e tic  m o rd e n ite , i.e. 5, w ith  an  a c c u ra c y  o f  abo u t 
5— 7 % . T herefo re, we considered th is  ra t io  to  be 5. B y know in g  th is , we can 
d e te rm in e  th e  d is tr ib u tio n  o f th e  th re e  ca tio n s presen t in  th e  u n i t  cell of 
m o rd en ite , i f  we ta k e  th e  d a ta  from  T a b le  I .  As th e  analyses d id  n o t  show  the  
p resence  o f Mg, an d  from  th e  ig n itio n  loss o f  th e  sam ples th e  re a l  w a te r  con-

ТаЫе I

Cation content o f  the starting material, o f  its zeolite and non-zeolitic phases (m eq/g)

C atio n
S ta r t in g C ation  c o n te n t  o f  io n  cixchangc solutions Z e o litic N on-zeolitic
m a te ria l

2 M  N H 4NO 2 M  N a N O , 2 M  K N O ., 2 M  CaClj 0.15 M  A g N 0 3
c a tio n s ca tio n s

1 2 3 4 5 6 7 8 9

N a 0.52 0.47 0.47 0.33, 0.47 0.47 0.05
К 0.49 0.26 0.22 — 0.11 0.18 0.26 0.23
Ca 1.22, 1.05 1.05 1-08. — 0.65 1.08, 0.14

E x ch an g ed  cations in 
th e  solu tions 

S um  o f m obile cations
1.78
1.78

1.27
1.74

1.55,
1.81,

0.44,
1.53

1.30
1.30 1.81, —

D egree o f  ion 
exchange 98% 96% 100% 84% 72%
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te n t  o f  th e  rock  is also k n o w n , th e  sto ich iom etric  fo rm u la  of th is  special 
m o rd en ite  can  be given. T h is  co rresponds to  th e  fo llow ing  u n it cell com posi­
tio n :

(Ca2 4N a 2 0 7К 1Д3 ) • Al8Si4 0O% • 22.7 H 20

A s is seen from  T ab le  I ,  th e  to ta l  ion exchange c a p a c ity  of our m o rd en ite  
is 1.810 m g/g . U pon co m p arin g  th is  value w ith  th o se  ca lcu la ted  for a 100%  
p u re  m o rd e n ite  w ith  th e  sam e d is trib u tio n  o f c a tio n s  (2.31 mg/g), th e  zeo lite  
c o n te n t o f  o u r sam ple can  be  ca lcu la ted  as b e in g 7 8 % . T h is  value agrees well w ith  
those  d e te rm in e d  earlie r b y  o th e r  m ethods m en tio n ed  in  th e  In tro d u c tio n .

O n in sp ec tin g  co lum ns 8  an d  9 i t  is a p p a re n t  t h a t  w hereas th e  m a jo r  
p a r t  o f  N a  an d  Ca ions belongs to  th e  zeolite p h ase  (9 1 %  o f the N a ions an d  
89 %  o f  Ca ions), only  a b o u t one h a lf of th e  К  io n s can  be assigned to  th e  
m o rd e n ite  (52 .5% ).

I t  is also seen from  T a b le  I  th a t  on ex ch an g in g  w ith  N H 4 and  Ag ions 
n o t p re se n t in  th e  o rig inal ro ck , 98%  ion exchange  c a n  be achieved b y  N H 4 

ions, w h ereas  Ag ions can  rep lace  (however, u n d e r  th e  d ifferen t cond itions o f  
exchange) on ly  73%  o f th e  ca tio n s. In  th is case th e  to ta l  am ount o f N a, b u t  
on ly  a fra c tio n  of К  a n d  Ca (70%  and  62% , re sp e c tiv e ly )  can be exchanged  
fo r Ag.

U p o n  stu d y in g  ion  ex ch an g e  w ith  co u n te rio n s p re se n t originally in  th e  
zeolite  (N a , K , Ca), i t  c an  be seen th a t  the  sam p le  show s th e  highest se lec tiv ­
i ty  fo r К  ions, i.e. th e  ex ch an g e  of N a and Ca ions fo r  К  is p rac tica lly  co m ­
p le te  —  as is seen from  th e  w e t chem ical a n a ly s is  o f  th e  K -form  —  u n d e r  
th e  co n d itio n s  app lied . T h is  b eh av io u r corresponds to  th e  ru le observed ea rlie r 
b y  B a r re r  an d  K linovsk i [14], viz. th a t  la rg e r, le ss  h y d ra te d  cations p re fe r 
th e  zeo lite  to  th e  so lu tion .

O n exchanging  w ith  N a N 0 3, alm ost all Ca io n s , b u t  only 87%  o f th e  
К  ions c a n  be rep laced  b y  N a .

M orden ite  is th e  le a s t accessible to  th e  s tro n g ly  h y d ra ted  Ca io ns; 
u n d e r id en tica l co n d itions o f io n  exchange on ly  8 5 %  o f all cationic p o sitions 
are  o ccup ied  b y  Ca ions, i.e . th e  originally  p re s e n t 4 0 %  of (Na -f- K ) ions 
can  o n ly  be exchanged  in  6 2 %  b y  Ca.

Study o f  the “ monocationic" fo rm s

A fte r  d e te rm in in g  th e  m ax im um  a m o u n t o f  exchangeable ca tio n s in  
th e  d iffe re n t ion exch an g e  so lu tions, the  co m p o sitio n  o f th e  “ m onoca tion ic”  
m o rd en ite s  was also e x a m in e d  in  th e  solid p h ase . F o r  th is  purpose, sam ples 
o b ta in e d  in  th e  p rev ious ex p erim en ts  were d ig e s te d  an d  the cations in  th e  
d ig estio n s w ere d e te rm in ed  b y  AAS. The “ m o n o c a tio n ic ”  form s w ith  re sp e c ­
tiv e  degrees of ion ex ch an g e  o f 96, 100, 85 a n d  9 8 %  will be d esigna ted  in
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T ab le  I I

A m ounts o f  mobile and immobile cations in  “ monocationized”  m ordenite-containing rock 
(results o f w et chem ical analysis)

Sam ple
( to ta l  ion  ex ch an g e  

cap ac ity )  
[m cq/g j

N a , К  an d  Ca c o n te n t  in  m eq /g , a fte r  ion  exchange

in  th e  ro c k
in  th e  “ m onocation ized”  .

m o rd en ite  m th e  n o n -zeo lite  phase*

1 2 3 4

N a 1.74 1.70 0.05
Na-M К 0.26 0.03 0.23

(1.789) Ca 0.18 0.04 0.14
T o ta l 2.18 1.77 0.42

N a 0.05 0.05
K-M К 1.90 1.67 0.23

(1.726) Ca 0.19 0.05 0.14
T o ta l 2.14 1.73 0.42

N a 0.18 0.13 0.05
Ca-M К 0.37 0.14 0.23

(1.802) Ca l-67j 1.535 0.14
T o ta l 2 . 2 2 5 1.80s 0.42

* D a ta  from  T ab le  I.

th e  follow ing as N a— M, К — M, Ca— M a n d  N H 4— M. R esu lts  a re  sum m arized  
in  T ab le  I I .

In  co lum n 2 o f T able I I  th e  re su lts  o f  w et chem ical an a ly se s  of ion 
exchanged  rocks a re  show n. A ssum ing  ag a in  th a t  th e  im m obile  ions belong 
to  th e  non-zeo litic  phase , an d  ta k in g  th e ir  values from  T ab le  I ,  u p o n  sub­
tra c tin g  these  va lu es  from  th e  a m o u n ts  d e te rm in ed  in th e  ion  e x ch an g ed  tu ff, 
th e  co rrespond ing  am o u n ts  o f th e  d iffe re n t ca tions in  th e  m o rd e n ite  phase 
a re  o b ta in ed . T hese  d a ta  are show n in  co lum n  3, w hereas th e  c a tio n s  o f the  
non-zeo litic  p a r t  a re  seen in  co lum n 4. As is seen, th e  ag reem en t b e tw een  the  
ca lcu la ted  ion  exchange  c a p ac ity  an d  th e  to ta l  am o u n t o f ca tio n s  d e te rm in ed  
in  th e  m o rd en ite  p h ase  is sa tis fac to ry . T h e  dev ia tio n  does n o t exceed  5 %  in 
e ith e r  ca tion ic  fo rm  as re la ted  to  th e  v a lu e  corresponding  to  a 1 0 0 %  ion 
exchange w ith  th e  a p p ro p ria te  ca tio n .

Ion exchange properties o f  “ monocationic''’ mordenite

In  o rd er to  cha rac te rize  th e  ion  exch an g e  p roperties o f  th e  “ m ono­
ca tio n ic”  fo rm s, a second ion exchange w as perform ed w ith  N a — M, К — M 
an d  Ca— M m o rd en ite s . Solutions used  w ere 2M N a N 0 3, K N 0 3, CaCl2 and  
N H 4N 0 3, and  fo r com parison , ten fo ld  d ilu te d  (0.2 M ) so lu tions, as described  
in  th e  e x p e rim e n ta l p a r t .  A n o th e r a im  o f th ese  experim en ts w as to  check 
w h e th e r a re d is tr ib u tio n  o f ions occurs d u rin g  th e  f irs t exchange, as a re su lt
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of w h ic h  c a tio n s  located  ea rlie r  in  inaccessible p o sitio n s  could be exchanged  
b y  th e  se c o n d  tre a tm e n t. T h e re fo re , in  these  e x p e rim e n ts  in  th e  ion  exchange 
so lu tio n s  a f te r  exchange n o t  o n ly  th e  m ain  ions, b u t  th e  ones rem ain ing  from  
th e  f i r s t  t r e a tm e n t  an d  re m o v e d  b y  th e  second one  w ere also de te rm in ed . 
T he r e s u l ts  o f  these m e a su re m e n ts  are sum m arized  in  T ab le  I I I .  In  co lum n 2 
th e  th e o re t ic a l  ion exchange c a p a c ity  for th e  re sp e c tiv e  ion exchanged fo rm s 
c a lc u la te d  fo r  78%  zeolite  c o n te n t  are  show n, n u m b e rs  in  colum n 3 re fe r to  
th e  s te p s  o f  th e  th ree  ion  ex ch an g e  tre a tm e n ts , in  co lum ns 4, 5, 6  an d  7 th e  
a m o u n ts  o f  th e  “ m ain ”  ions rem o v ed  b y  th e  d iffe re n t so lu tions, th e n  th e  
a m o u n t o f  ca tio n s rem ain in g  in  th e  sam ple a fte r  th e  p re p a ra tio n  of th e  „m ono- 
c a tio n ic ”  fo rm , b u t rem o v ed  b y  a fu rth e r  ex ch an g e  tre a tm e n t, an d  f in a lly  
th e  su m  o f  th e se  tw o as “ to ta l”  a re  show n.

F ro m  th e  d a ta  in  T ab le  I I I  th e  follow ing conclusions can be d raw n :
—  W ith  N H 4N 0 3 as io n  exchange so lu tion  th e  sum  o f cations rem o v ed  

is h ig h e r  th a n  expected , th o u g h  th e  erro r rem a in s  m o s tly  w ith in  th e  lim it o f 
th e  a c c u ra c y  o f AAS m e a su re m e n ts  of abou t 5 % . H o w ev er, these  values allow  
th e  co n c lu s io n  th a t  on e x ch an g in g  w ith  N H 4N 0 3 (2 M  so lu tion) for th e  second

Table III

Exchangeable cations in  the different “ monocat ionic” mordeniles

T o ta l  ion 
ex ch an g e  

c a p a c i ty  for N a, 
К  a n d  Ca form s 

(m eq/g)

A m o u n ts  o f ion-exchanged c a tio n s  ( in m eq /g ) b y  exchange w ith

S a m p le

S te p 2 M  N aN O , 2 M  K N O , 2 M  N H 4N O s 2 M  C aC h

1 2 3 4 5 6 7

l 1.68 1.79 1.05
2 0.01 0.01 0.22

Na-M 1.789 3 0.01 0.01 0.09
T o ta l N a 1.70 1.81 1.36
O th er ex ch an g ed  

ions 0.09 0.04
Sum 1.79 1.85 1.36

1 1.52 1.61 0.97
2 0.13 0.07 0.15

K-M 1.726 3 0.02 0.02 0.05
T o ta l К 1.67 1.70 1.17
O th e r ex ch an g ed  

ions 0.05 0.11 0.07
Sum 1.72 1.81 1.24

1 1.37 1.31 1.33
2 0.12 0.04 0.08

Ca-M 1.802 3 0.06 0.02 0.05
T o ta l Ca 1.55 1.37 1.46
O th er ex ch an g ed  

ions 0.20 0.22 0.35
Sum 1.75 1.59 1.81
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tim e , all th e  ca tions co n ta in ed  in  th e  N a— M, К — M and  Ca— M sam p les  can 
be rem o v ed , w hich is e q u iv a len t to  com ple te  ion exchange fo r  th e  N H 4- 
form .

—  I t  is also seen from  T ab le  I I I  t h a t  Ca behaves d iffe re n tly , b o th  as 
ca tio n  in  th e  m o rd en ite  an d  as ex ch an g in g  ion. This is n o t su rp r is in g , as it  
is well know n  th a t  am ong  th e  ca tio n s s tu d ied  th e  Ca ion  h a s  th e  h ighest 
h y d ra tio n  ab ility . In  th e  aqueous ion  exchange solution i t  a lw a y s  h as  a со* 
o rd in a te d  h y d ra te  shell in  w hich  th e  ca tio n -w a te r in te ra c tio n  is  v e ry  strong. 
T he rad iu s  o f h y d ra te d  Ca ion is —  acco rd in g  to  Coughlan e t  a l. [12] —  about 
0.42— 0.45 nm , th u s  i t  is s tro n g ly  h in d e red  in  en tering  or le a v in g  th e  m orde­
n ite  channe ls. In  fa c t, i t  h ad  to  be s tr ip p e d  o f a t  least a p a r t  o f  th is  w ater 
shell, w hich  req u ires  energy . T he level o f  a tta in ab le  ion ex ch a n g e  given in 
th e  l i te ra tu re  lies a t  a b o u t 72— 8 5 % , depend ing  on th e  c o n d itio n s  of ion 
exchange. A ccording to  th e  assig n m en t o f  cations to  th e  p o s itio n s  m ade by 
M eier [15] an d  M ortim er e t al. [16], th e se  tw o  values co rrespond  to  th e  rem oval 
or in tro d u c tio n  o f Ca from  or in to  po sitio n s I  and V I an d  I ,  IY  a n d  Y I, re­
spec tive ly .

In  th e  case o f th e  n a tu ra l  H u n g a ria n  m ordenite , we sh o u ld  ta k e  into 
acco u n t t h a t  in  th e  orig inal m o rd en ite  m ore  th a n  50%  (see T a b le  I) of the 
ca tio n  positions are  occupied  b y  “ b u ilt  in ”  Ca ions, th u s  th e  a c h ie v e m en t of 
85%  ion exchange is u n d e rs ta n d a b le .

-— O n considering  th e  re sp ec tiv e  ion  co n ten ts of N a— M , К — M and 
Ca— M in th e  th ree  successive ion  exchange tre a tm e n ts , i t  c an  b e  estab lished  
th a t  u p o n  exchang ing  N a— M w ith  N H 4 N 0 3 and  K N 0 3, p ra c tic a lly  th e  to ta l 
a m o u n t rem ovab le  is co n ta in ed  in  th e  f i r s t  ion exchange so lu tio n  ( 9 9  and 
9 1 % , resp ec tiv e ly ). Io n  exchange w ith  CaCl2 is n o t so e ffec tiv e , th e  am ount 
o f p a re n t N a an d  К  ions rem oved  from  N a— M and К — M b y  th e  f i r s t  t r e a t­
m en t are  a b o u t 73 an d  56% .

In  th e  case of К — M, N H 4N 0 3 seem s to  be acting  th e  m o s t quickly 
(h a rd ly  a n y  К  in  frac tio n s  2 an d  3), b u t  N a N 0 3 is also cap ab le  o f  rem oving 
97 %  o f th e  to ta l  К  c o n te n t in  th e  th re e  step s  of exchange. O n th e  co n tra ry , 
CaCl2 rem oves 6 8 %  on ly  o f th e  to ta l  K .

F o r Ca— M, th e  to ta l  Ca rem oved  is a lm ost th e  sam e w ith  th e  three 
d iffe ren t ion  exchange so lu tions (76%  w ith  K N 0 3, 8 6 %  w ith  N a N 0 3 and 
82 %  w ith  N H 4N 0 3).

F o r com parison , som e p re lim in a ry  experim en ts w ere p e rfo rm e d  w ith 
0.2 M  N a N 0 3, K N 0 3, CaCl2 an d  N H 4N 0 3 ion exchange so lu tio n s . From  
N a— M, 0.2 M  so lu tions o f K N 0 3  an d  N H 4N 0 3 rem ove a lm o s t th e  sam e 
am o u n ts  o f  N a as th e  2 M  so lu tions, w hereas 0.2 M  CaCl2 does n o t.

F o r К — M, 0.2 M  N II 4N 0 3 an d  CaCl2 so lutions are n e a r ly  as effective 
as th e  m ore  c o n cen tra ted  so lu tions, w hile N a N 0 3 does n o t w o rk  w ell a t  this 
low er c o n cen tra tio n .
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I n  th e  case of Ca— M, 0 .2  M  K N 0 3 effects th e  re m o v a l of Ca-ions a lm o st 
to  th e  sam e ex ten t as do  th e  m ore c o n cen tra ted  so lu tions.

I n  general it  is seen t h a t  0 .2  M  N a N 0 3 is n o t  e ffec tiv e  in  ion exchang ing  
e i th e r  “ m onocation ic”  fo rm , 0.2  M  K N 0 3 is e ffec tiv e  fo r b o th  N a— M an d  
C a— M , w hereas 0.2 M  N H 4N 0 3 is efficient in  th e  io n  exchange of К  an d  
N a  f ro m  th e ir  “ m onoca tion ic”  v a r ia n ts , b u t does n o t  w o rk  well for Ca, w hereas 
0.2 M  CaCl2 is su itab le  fo r  ex ch an g in g  K, b u t  n o t  fo r  N a.

Conclusions

U p o n  ion ex chang ing  a  n a tu ra l, s e d im e n ta ry , m orden ite -co n ta in in g  
ro c k , a  com parison  of th e  z eo lite  con ten t of th e  o rig in a l rock  m easured ea rlie r 
b y  o th e r  physico-chem ical m e th o d s  and th e  r e s u lts  o f  ion  exchange show ed 
a s a tis fa c to ry  agreem ent. T h e  am ount of m o rd e n ite  de term ined  is a b o u t 
7 8 % . T h e  cation  co m p o sitio n  o f  th e  m ordenite p h a se  has been d e te rm in ed  
b a se d  on  th e  ion exchange a b i l i ty  of the  sam p le , b y  w et chem ical analy sis  
th e  com po sitio n  of th e  o r ig in a l rock has been fo u n d . C ations stud ied  w ere 
N a , К  a n d  Ca. T heir d is tr ib u tio n s  in the zeolite  a n d  non-zeolitic phases are  
d iffe re n t, a lm ost all of N a  a n d  Ca is contained  in  th e  zeolite phase, w hereas 
a s ig n if ic a n t am ount o f К  h as  to  be assigned to  th e  non -zeo litic  p art.

Io n  exchange e x p e r im e n ts  were carried o u t  w ith  2 M  N a N 0 3, K N 0 3, 
CaCL, a n d  N H 4N 0 3 so lu tio n s . T h e  selectiv ity  o f  th e  o rig inal (heterocation ic) 
m o rd e n ite  shows th e  fo llow ing  sequence:

К  >  N H 4 >  Na >  Ca

O n  transfo rm ing  th e  o rig in a l sample in to  th e  so-called  “ m onocation ic”  
N a — M, К — M and Ca— M fo rm s , and  then  ion  e x c h a n g in g  th em  fu rth e r  w ith  
th e  a b o v e  2 M solutions, th e  se lec tiv ity  sequences fo r  th e  ind iv idual “ m o n o ­
c a tio n ic ”  form s can be d e te rm in e d  as follows:

fo r  N a — M : N H 4 >  К  >  Ca

for К  — M : N H 4 >  N a >  Ca

fo r Ca— M : N a >  N H 4 >  К

T h e  b e h a v io u r  of Ca ions d iffe rs  from  th a t of th e  o th e r  ions s tud ied  due to  its  
s tro n g  h y d ra tio n  a b ility  u n d e r  th e  conditions o f  io n  ex ch an g e , w hich h in d ers  
b o th  th e  en tering  and  re m o v a l o f hyd ra ted  C a-ions in to  or from  th e  channels 
o f  m o rd e n ite .

A  s tu d y  of th e  e x c h a n g e  properties w ith  m o re  d ilu te  so lutions (an d  
e v e n tu a lly  also) a t room  te m p e ra tu re  is also p la n n e d , as these  conditions are
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m ore p rom ising  from  th e  p o in t of view  o f p ra c tic a l a p p lica tio n s  o f these  
m ateria ls .

T he a u th o rs  th a n k  D r. D . K alló  for carefu l read in g  of, a n d  his u sefu l com m ents on , 
th e  m an uscrip t.
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HYDROXYIMINOISOQUINOLIN-3(2H)-ONES, V*
S Y N T H E S IS  O F  4 -A M IN O -l,2 ,3 ,4 -T E T R A H Y D R O IS O Q U IN O L IN E S

I s tv á n  T i k k 1, G yula  D e á k 1**, G ábor T ó t h 2, Á ron S z ő l l ő s y 2 and
Jó zse f T a m á s 3

( l In stitu te  o f  E xperim en ta l M edicine, H u n g a r ia n  A cadem y o f  Sciences, 
H -1450 B udapest, P .O .B . 67., *N .M .R . Laboratory o f  the Institu te  fo r  General and  

A n a ly tica l C hem istry, Technical U niversity , H-1521 B udapest, Gellert tér 4. 
3Central Research In stitu te  o f  Chemistry, H u n g a r ia n  Academ y o f  Sciences, 

H-1525 Budapest, P .O .B . 17,)

R eceived M arch 25, 1985 
A ccep ted  fo r p u b lica tio n  A p ril 17, 1985

R ed u c tiv e  a cy la tio n  of 4 -hydro x y im in o -l,4 -d ih y d ro iso q u in o lin -3 (2 H )-o n es gave 
4 -ace ty lam in o -l ,4 -d ihydro isoqu ino lin -3 (2H )-ones w hich  were red u ced  fu r th e r ,  th en  
d e a c e ty la ted  to  y ie ld  4 -am in o -l,2 ,3 ,4 -te trah y d ro iso q u in o lin es. In  severa l cases th e  
cis a n d  Irans isom ers w ere sep a ra ted  an d  th e ir  s te ric  s tru c tu re s  e lu c id a ted .

8 -A m in o -4 -p h en y l-2 -m eth y l-l,2 ,3 ,4 -te trah y d ro iso q u in o lin e  is a know n  
an tid ep ressiv e  ag en t [2 ] o f  a novel ty p e ; o u r a im  w as to  syn thesize  a new  skel­
e ta l isom er of th is  co m p o u n d , 4 -am in o -l-p h e n y l-2 -m eth y l- l,2 ,3 ,4 -te tra h y d ro - 
isoqu ino line , s ta r tin g  fro m  l,4 -d ihydro iso q u in o lin -3 (2 ff)-o n e .

In  th e  f ir s t  series o f  experim en ts th e  p re p a ra tio n  of 4 -n itro -l,4 -d ih y d ro - 
iso q u in o lin -3 (2 i/)-o n e  w as a tte m p te d  h y  n itra t io n , b u t  only  th e  a ro m a tic  
rings becam e n itr a te d  or th e  decom position  o f th e  isoquinolinone skele ton  
occurred . As i t  is k n o w n  [3] th a t  in  m an y  cases th e  iso n itro sa tio n  o f a m e th y ­
lene g roup  a d ja c e n t to  a ca rb o n y l group  y ie ld s  oxim es, th is  m e th o d  w as used ; 
n -b u ty l n i tr i te  in  th e  p resence of p o ta ss iu m  t-b u to x id  gave th e  4 -(h y d ro x y - 
im ino) d e riv a tiv e s  in  sa tis fac to ry  yields a t  0 °C [4].

S ince p u rif ic a tio n  of th e  4 -am ino -l,4 -d ih y d ro iso q u in o lin -3 (2 U )-o n es 
(Schem e 1) o b ta in ed  b y  chem ical red u c tio n  o f  th e  oxim es (8 — 12) [5] an d  th e  
red u c tio n  o f th e  3-oxo g roup  p resen ted  d ifficu ltie s , and  ca ta ly tic  red u c tio n  
y ie lded  5 ,6 ,7 ,8 -te trah y d ro iso q u in o lin e  d e riv a tiv e s  (13), red u c tiv e  acy la tio n  
(Schem e 2) w as em ployed  to  p repare  th e  4 -ace ty lam in o  d e riv a tiv es  (15— 19) 
an d  th e  s te ric  s tru c tu re s  o f these  com pounds w ere determ ined . A ccord ing  to  
th e  1H  n .m .r . sp ec tra  in  th e  m ix tu re  of th e  cis an d  trans isom ers th e  la t te r  
w ere p red o m in a tin g . T he cis-trans m ix tu re  o b ta in e d  b y  red u c tiv e  a cy la tio n  
o f 6 ,7 -d im eth o x y -l-p h en y l-4 -(h y d ro x y im in o )-2 -m eth y l-l,4 -d ih y d ro iso q u in o lin - 
3 (2H )-one 12 could  be sep a ra ted  in to  th e  hom ogeneous co m p o n en ts , an d  
th e ir  s tru c tu re s  w ere de te rm in ed .

* P a r t  IV : See R ef. [1].
** T o w hom  co rrespondence  should  he ad dressed .
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R e a g e n t s  I,  H N O s  , H 2S 0 4 j i i ,  T o l u e n e ,  К,» B u O ,  / 7 - B u N 0 2 i 

i i i , P t 0 2 o r  P d / C  i i v ; Z n ; A c O H

Schem e 1

I n  th e  course of o u r  ea rlie r e x am in a tio n s  [6 , 7] i t  w as show n t h a t  in 
th e  ca se  o f  th e  analogous 4 -b en zy l d e riv a tiv e s  th e  chem ical sh ift o f th e  H - l  
p ro to n  h a d  a sign ifican t d e v ia tio n  if  th e  p o sitio n  o f  th e  1 -pheny l g roup  w as 
quasiaxia l (5.64 p .p .m .) o r quasiequatorial (4.48 p .p .m .). In  th e  1H  n .m .r . 
(T a b le  I I )  spectra  of 19-cis a n d  19-traras, th e  chem ical sh ifts o f th e  H - l  p ro to n  
(5 .36  a n d  5.42 p .p .m .) in d ic a te  th a t  in  b o th  com pounds th e  1 -p h en y l su b ­
s t i t u e n t  occupies quasiaxial p o sitio n , s im ila rly  to  th e  case o f 4 -h y d ro x y -l,4 -  
d ih y d ro iso q u in o lin -3 (2 H )-o n es  [1]. I t  follow s th a t  19-cis an d  19 -trans are
4 -e p im e rs .

F u r th e r  th e  se lec tive  re d u c tio n  of th e  la c ta m  ca rbony l g roup  (in  15— 19) 
w as  in v es tig a ted . A lth o u g h  th e  te trah y d ro iso q u in o lin e  d e rv ia tiv es  ca n  be 
o b ta in e d  by  m eans o f so d iu m  ethox ide , s a tis fa c to ry  y ields o f 20— 24 are 
a t ta in e d  only  by th e  use o f  l ith iu m  alu m in iu m  h y d rid e .

T h e  steric  s tru c tu re s  o f  th e  new  com pounds 20— 24 were in v e s tig a te d  b y  
n .m .r .  spectroscopy (S chem e 3). The s te ric  p o sitio n  of th e  C-4 s u b s titu e n t
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Ac
NOH NH

20 - 2 4 25 -29

R1 R2 R

15 i 20 , 25 H Me H
16 21 , 26 Ph H H
17 22 i 27 Ph Me H
18 23 i 28 4' Cl Ph Me H
19 24 : 29 Ph Me MeO

Reagents: i.Zn.AcOH , Ac 2Э , 1 i , LiAIH4 ,TH F, III HCI-

S ch em e 2

AcI

trans- e,e — 
22)23

trans-a, a
21/24 t 20 R1-H

cis e, a 
24 c

R eagen t : I , L í AIH4

S chem e 3

Acta Chim. Hung. 121, 1986



258 TIKK et al.: HYDROXYIMINOISOQUINOLIN-3(2H)-ONES, V

Table I

A nalytical and i.r. data o f  the i-acelylam ino- and  4-am ino-l,2,3,4- 
tetrahydroisoquinolines (1 5 —29)

C o m p o u n d
(fo rm u la ) M . w .

Y ie ld
(%)

M .p. (°C)
(so lvent)

F o u n d  (% ) /  (R e q u ire d , % ) 

С H  N  Cl
tm a i  (K B r) , c m - 1

15 218.2 71 176 — 177 6 6 .0 6.5 12.8 1670, 1638
( c 12h 14n 2o 2) (C H 2C12) 66 .2 6.4 12.8 (am ide I)

16 276.3 80 1 9 5 -1 9 6 72.8 5.7 10.0 1692,1675, 1650
(c 17h 16n 2o 2) (M ellO ) 72.9 5.8 9.8 (am ide I)

17 294.3 81 1 8 9 -1 9 0 73.4 6.2 9.5 1675,1640
(C i8h 18n 2o 2) (C H 2C12) 73.4 6.3 9.7 (am ide I)

18 328.8 76 1 6 5 -1 6 7 65.7 5.2 8.5 10.8 1635 (am ide I)
(C18H 17N 20 2C1) ( E t20 ) 65.5 5.4 8.2 10.5

19 trans 72 2 1 7 -2 2 0 67.8 6.3 7.9 1665,1630
( С 2оН 22 ^ 20 4) 354.4 (Me2CO) 67.8 6.3 8.0 (am ide I)

19 cis 9 2 2 7 -2 2 9 67.8 6.3 7.9 1655,1635
(Me2CO) 67.9 6.2 8.2 (am ide I)

20 204.3 70 137— 139 70.6 7.9 13.7 1632 (am ide I)
(C12H 16N 20 ) (E tO A c) 70.4 8.2 13.7

21 266.3 58 1 5 8 -1 6 0 76.6 6.8 10.5 1625 (am ide  I )
(C17H 18N 20 ) ( E t20 ) 76.5 6.7 10.6

22 280.4 78 2 2 3 -2 2 6 77.1 7.2 10.0 1640 (am ide  I)
C18H 20N 2O ) ( t '-P rO H -

E t20 ) 77.3 7.4 10.3

23 314.8 81 2 3 7 -2 3 9 68.7 6.1 8.9 11.3 1628 (am ide  I)
(C18H 19N 20C1) (C H 2C12) 68.7 6.1 9.0 11.4

24  trans 50 1 9 0 -1 9 2 70.6 7.1 8.2 1634
(E tO A c) 70.8 7.2 8.3

( ^ 2 0 ^ 2 4 ^ 2 ^ 3 ) 340.4
24 cis 26 1 6 5 -1 6 7 70.6 7.1 8.2

(E tO A c) 70.9 7.4 8.5

25 162.2 46 2 2 3 -2 2 5 51.1 6.9 11.9 30.1
(C10H 14N 2 • 2HC1) (E tO H ) 51.1 6.9 11.9 29.9

26 224.3 49 1 3 0 -1 3 3 80.3 7.2 12.5 3340, 3255 (N H 2)
(C15H 16N 2) (E tO A c—

M eOH) 80.1 7.3 12.6

27 238.3 64 1 5 6 -1 5 8 61.3 5.6 5.9
(C,ftH 1RN 9 • d im ale- (E tO H ) 61.3 5.9 5.8

a te )

28 273.7 89 1 1 0 -1 1 1 70.5 6.3 10.3 13.0 3370, 3300 (N H 2)
(C18H ,8N2C1) (E tO H ) 70.9 6.4 10.3 12.9

29 tra n s 298.4 40 2 1 8 -2 2 0 57.5 7.2 6.7 17.0
(C18H 22N 20 2 ■ 2HC1 (E tO H ) 57.3 7.3 6.9 17.0

+  E tO H )
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Tabic II

4 1  n.m .r. data o f  the l-acvtylam ino-1 A-dihydroisnquinolin-'.)('2n)-ones (15—19) in  CDC13 
(<5-s are given in  p .p .m ., J  in  Hz)

Com pound M eCO N — M e MeO Cj— H C 4—H •/CH.NH Három. N H

15 2 2 . 2 3.08 4.13 5.36 7.0 7 .0 — 7.3
4.64

16 2 . 1 2 — — 5.62 5.42 8.0 6 .8 — 7.6 7 .80 ; 8 .66  ( N j - H )
17 2 . 2 1 3.19 — 5.49 5.46 7 .0 — 7.3
18 2.17 3.08 — 5.41 5 .44 9.0 7 .0 — 7.3 6.92
19 trans 2.23 3.13 3.83 5.36 5.47 7.5 7 .1— 7.3 6.77

3.86 6 .68 ; 6.73
19 cis 2.17 2.85 3.62 5.42 5.60 7.5 7.2 — 7.4 6.42

3.83 6.18; 6.81

can  be e s tab lish ed  on th e  basis o f th e  v ic in a l coupling  c o n s ta n ts  o f th e  H-4 
p ro to n s. A cco rd ing ly , in  com pound 20 th e  p red o m in a tin g  con fo rm er co n ta in s 
th e  ace ty lam in o  g roup  in  quasiaxial p o sitio n . T he position  o f th e  C -l su b s ti­
tu e n t  can  be dec id ed  on ly  in  th e  case o f  cis-trans pa irs of isom ers. T herefo re , 
th e  red u c tio n  o f  19-cis an d  19-trans w as also effected  an d  th e  sp e c tra l d a ta  
o f 24-cis an d  2 4 -trans were com pared  (T ab le  I I I ) .  In  th e  24-cis com pound , 
th e  axial p o s itio n  o f  th e  4 -ace ty lam ino  g ro u p  is confirm ed  b y  th e  v ic ina l 
coupling  c o n s ta n ts , w hile th e  chem ical sh if t fo r H - l  (4.11 p .p .m .) is low er b y  
a b o u t 0.4 p .p .m . th a n  in  24-trans 4.48 p .p .m . U sing  th e  em pirica l ru le  6 H -e >  
>  őH -a g en era lly  ho lds for cyclohexane d e riv a tiv e s , th is  difference can  serve 
as a proof t h a t  H - l  is quasiaxial in  24-cis w hile  i t  is quasicquatorial in  24-irans 
in  th e  p re d o m in a n t conform ations. C on seq u en tly , th e  p red o m in a tin g  confor­
m atio n s are cis e, a an d  trans a, a in  th e  cis a n d  trans com pounds, resp ec tiv e ly . 
T h e  axial p o s itio n  o f  th e  4 -am inoacety l g ro u p  in  te trah y d ro iso q u in o lin e s  is 
in  ag reem en t w ith  th e  d a ta  observed  b y  B orossi e t al. [8 ], fo r 4 -h y d ro x y -l-  
m e th y l- l,2 ,3 ,4 -te trah y d ro iso q u in o lin es  w here  th e  O H  group  occupies th e  
quasiaxial p o s itio n  in  b o th  th e  cis an d  th e  trans isom ers.

F in a lly , th e  ace ty lam in o  d e riv a tiv e s  20— 24 w ere d e a c e ty la te d  to  o b ta in  
th e  4 -a m in o -l,2 ,3 ,4 -te trah y d ro iso q u in o lin es  25— 29, am ong th em  th e  req u ired  
sk e le ta l isom er 27. In v es tig a tio n s  o f th e  s te ric  s tru c tu re s  of th e se  com pounds 
show ed th a t  th e  p red o m in a tin g  con fo rm er w as th e  trans e, e in  each  o f th e
1 ,4 -d isu b stitu ted  1 ,2 ,3 ,4 -te trah y d ro  d e riv a tiv e s  [9], how ever, in  th e  4-m ono- 
su b s titu te d  co m p o u n d  25 th e  coupling  c o n s ta n ts  in d ica te  th e  con fo rm er con­
ta in in g  th e  4 -am in o  g roup  in  quasiaxial p o s itio n  to  he p red o m in a tin g .
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Table II I

!H  n.m .r. data o f  the 4-acetylamino- and 4-am ino-l,2 ,3 ,4‘tetrahydroisoquinolines (20 — 29) ő in  CDC13 p .p .m ., ( J  in  Hz)

n h 2 MeCO MeO Me C ,— H SJ  4 C*— H C4— H JCH.NH C5H N H H ar.

20 1.96 2.38 2.50 3.0; 12.0 3.20 5.12 9.0 6.52
2.85 2.5 3.58

21 _ 1.98 — — 2.79 5.0; 12.5 5.00 5.18 9.0 6.29 6.42 6 .9 5 -7 .4 0
3.29 3.5

22 — 2.07 — 2.22 2.46 8.0; 12.0 4.50 5.49 9.0 6.08 6.7 - 7 . 5
3.30 5.0

23 — 2.04 — 2.18 2.40 8.0; 11.5 4.40 5.45 6.62 5.85 6 .9 0 -7 .4 0
3.25 5.0

24, — 2.01 3.58 2.19 2.40 5.0; 12.5 4.48 5.32 9.0 6.09 6.9 — 7.3; 6.12;
3.82 3.18 4.0 6.80

24 c — 2.08 3.59 2.23 2.83 3.0; 12.0 4.11 5.20 9.0 7.02 7.3 — 7.50; 6.10
3.90 3.08 3.0

25 2.63 4.0 3.36 3.90
4.0 3.62

26 1.82 — — — 2.77 7.0; 13.0 5.08 4.02 6.72 6 .8 5 -7 .5 0
3.31 5.0

27 — — — 2.18 2.34 9.5; 11.0 4.25 4.26 7.50 6 .8 5 -7 .3 0
3.19 4.5

28 1.62 ___ — 2.20 2.39 9.0; 11.5 4.30 4.30 6.62 6 .9 5 -7 .3 0 ;
3.23 5.0 7.18; 7.32

29 3.56 2.19 2.35 9.5; 11.0 4.23 4.22 7.0—7.3
3.87 3.18 4.5

T
IK

K
 et al.: H

Y
D

R
O

X
Y

IM
IN

O
ISO

Q
U

IN
O

L
IN

-3(2H
)-O

N
E

S, V



TIKK et ml.: HYDROXYIMINOISOQUINOLIN-3(2H)-ONES, V 261

E xperim en ta l

M .p.’s w ere d e te rm in ed  w ith  a  B iich i—T o tto li  a p p a ra tu s  and  are u n c o rre c te d . T h e  i.r. 
sp e c tra  w ere reco rd ed  in  K B r pelle ts (P erk in  E lm e r M odel 457). The *H n .m .r . sp e c tra  w ere 
reco rd ed  on a JE O L  F X -100  sp ec tro m ete r an d  ch em ica l sh ifts  are given in  p .p .m . re la tiv e  
to  te tra m e th y ls ila n e  used  as in te rn a l s tan d ard .

Nitration of l - ( 2 ’,6 ’-d ichlorophenyl)-l,4-d ihydroisoquinolin -3(2//)-one

l - (2 ’,6’-D ich lo ro p h en y l)-l,4 -d ih y d ro iso q u in o lin -3 (2 H )- one (1.15 g 4 m m ol) w as d issolved 
in  c o n ce n tra ted  su lfu ric  acid  (6.0 m L) and  m ixed acid  (12 m L ) w as added  w hile m a in ta in in g  
th e  te m p e ra tu re  below  5 °C. T h e  so lu tion  was p o u re d  in to  w a te r , th e  p ro d u c t (1 .15 g 76% ) 
w as filte red  off an d  p u rif ied  b y  recry sta lliza tio n  from  a ce to n itr ile , m .p. 251 — 253 °C.

CI5H 9N 3C120 5 (382.2); req u ires  C, 47.1; H , 2 .3 ; N , 11.0; Cl, 18.5%  F o u n d : C, 47.0; 
H , 2.8; N , 11.1; Cl, 18 .6% .

I .R . (K B r) 3180, 3060, 2930, 1670, 1530, 1352 c m " 1.
*H n .m .r. (DM SO-de): 3.85 (2H , s, C4-H ); 6.28 (1 H , m , C ,-H ); 7.05 (1H , d , C„-H); 7 . 0 -  

8.2 (5 H , m , H ar); 8.50 (1H , m , N H ) p .p .m .

4-A m ino-3-hydroxy-l-phenyl-5,6,7,8-tetrahydroisoquinoline (1 3 )

P la tin iu m (IV ) ox ide (2.3 g) w as w e tted  w ith  99%  ace tic  acid (60 m L ) in a  g lass h y d ro ­
g e n a tio n  vessel, an d  a so lu tion  o f 4 -(h y d ro x y im in o )-l-p h en y l-l,4 -d ih y d ro iso q u in o lin -3 (2 H )- 
one 9, (10 g 40 m m ol) in  ace tic  acid (200 m L) w as ad d ed  to  th e  ca ta ly st. T he re d u c tio n  w ith  
h y d ro g en  w as effected  a t  room  tem p e ra tu re  and c o n tin u e d  u n til  th e  ab so rp tion  o f  th e  gas had 
s to p p ed . T h e  c a ta ly s t  w as f ilte red  off, th e  so lu tion  e v a p o ra te d  to  dryness a n d  th e  residual 
oil ru b b e d  w ith  w a te r  to  o b ta in  th e  crude  p ro d u c t (2.1 g 2 2 % ), w hich was rec ry s ta llize d  from  
e th a n o l (200 m L) to  y ield  13 (1.5 g 15 .7% ) m .p. 258— 260 °C.

C15H 16N 20  (M: 240.3); requ ires C, 74.98; H  6 .71 ; N , 11.65% . F o u n d : C 74.81; H , 
6 .82; N , 11.47.

I .R . (K B r): 3450, 3340, 2920, 2842, 1630, 1585, 1450, 1432, 762, 695 c m - 1.
'H  n .m .r. (DM SO-de): 1.40 -1 .9 5  (4H , m , C H 2); 2 .3 5 -2 .7 0  (4H , m , C5-H 2, C8-H 2); 4.70 

(2H , m , N H 2); 7.39 (5 H , s, H ar); 11.05 (1H , s, O H ) p .p .m .

4 -A n iin o -2 -m eth y l-l-(4 ’-chlorophenyl)-l,4-d ihydroisoquinolin-3(2H )-one (1 4 )

4 -(H y d ro x y im in o )-2 -m eth y l-l-(4 ’-ch lo ro p h en y l)-l,4 -d ih y d ro iso q u in o lin -3 (2 fi)-o n e  11 
(2.0 g) w as dissolved in ace tic  acid  (50 m L ), zinc p o w d e r (4.8 g) w as added  an d  th e  m ix tu re  
was s tirred  a t  55 — 60 °C fo r 30 m inu tes. A fte r f i ltra tio n  th e  so lu tion  was e v ap o ra ted  to  d ry n ess  
u n d e r red u ced  pressure . T h e  oily  residue w as ru b b e d  w ith  e th e r  to  o b ta in  th e  c ru d e  p ro d u c t 
as a solid w hich  was w ashed  w ith  w a te r to  give p u re  14 (1.1 g 57 .8% ) m .p. 110 114 °C.

C ,6H 15N20C1 (M: 286.5); requ ires C, 67.02; H , 5 .27; N , 9,77; Cl, 12.36% . F o u n d : C, 
66.68; H , 5 .33; N, 9 .72; Cl, 12.80.

I .R . (K B r): 3380, 3305, 3050, 2920, 2810, 1660, 1555, 1488, 1450, 1400, 1310, 1188, 
1010, 885, 800, 755 c m - 1.

*H n .m .r . (CDC13): 2.10 (2 H , s, N H 2); 3.17 (3 H , s, N M e); 4.35 (1H , s, C4-H ); 5.46 (1H , 
s, C j-H ); 7 .0 — 7.5 (7H , m , H ar); 7.70 (1H , m , C5-H ) p .p .m .

General procedures
Reductive acetylation

4 -(H y d ro x y im in o )-l,4 -d ih y d ro iso q u in o lin -3 (2 H )-o n e  8 12 (15 m m ol) w as d isso lved
in a m ix tu re  o f  96%  ace tic  acid  (140 m L) and  ace tic  a n h y d rid e  (28 m L) and  zinc p o w d er 
(10 g) w as ad d ed  to  th e  so lu tion  a t  room  tem p e ra tu re . I t  w as h e a ted  to  70 °C, w ith  s tir r in g , 
filte red , an d  th e  f i ltra te  w as e v ap o ra te d  to  d ryness. T h e  p ro d u c t sep ara ted  on t r e a tm e n t  o f 
th e  residue w ith  e ther.
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R eduction  o f  the lactam  carbonyl group

4 -A ce ty lam in o -l,4 -d ih y d ro iso q u in o lin -3 (2 H )-o n e  (10 m m ol) 15—19 w as d isso lved  in  
a n h y d ro u s  te tra h y d ro fu ra n  (120 m L ) a n d  th e  so lu tion  w as a d d e d  to  a suspension o f l ith iu m  
a lu m in iu m  h y d r id e  (2.4 g) in  a n h y d ro u s  te tra h y d ro fu ra n  (60 m L ), w ith  cooling a n d  v igo rous 
s tirr in g , w h ile  k eep ing  th e  te m p e ra tu re  o f  th e  m ix tu re  be low  10 °C. I t  w as s tirred  u n t i l  co m ­
p le te  r e a c t io n  h a d  occured, th e n  th e  com plex  w as d eco m p o sed  b y  th e  dropw ise a d d itio n  of 
e th y l a c e ta te  a n d  w a ter, also decom posing  th e  excess o f re a g e n t. T he p re c ip ita te  w as re m o v e d  
by f i l t r a t io n ,  th e  m o th er liq u o r e v a p o ra te d  to  d ry n ess a n d  th e  resu lting  oil t r e a te d  w ith  
e th e r to  g iv e  th e  crysta lline  p ro d u c t 2 0 —24.

D eacetylation

4 -A c e ty lam in o -l,2 ,3 ,4 -te trah y d ro iso q u in o lin e  (2 0 — 24) (7.1 m m ol) w as d isso lved  in  
d ilu te  (1 : 1) hydroch lo ric  acid  (40 m L ), re flu x ed  fo r 4 h  a n d  p o ured  on to  ice. T h e  m ix tu re  
w as m a d e  a lk a lin e  (p H  10) w ith  6n  so d iu m  h y d ro x id e  so lu tio n . A fter e x tra c tio n  w ith  ch lo ro ­
fo rm , th e  o rg a n ic  phase  w as e v a p o ra te d  to  d ryness. C o m p o u n d s 26 an d  28 are  c ry s ta llin e  
also in  th e  b a se  fo rm , th e  o th e rs  a re  o ily  p ro d u c ts . T h e  l a t t e r  w ere crysta llized  in  th e  fo rm  
of m a le a te s  o r  hydroch lo rides 25—29.

*

T h e  a u th o rs  g ra te fu lly  acknow ledge th e  su p p o rt o f  th is  w ork  by  th e  E G IS  P h a rm a ­
c eu tica ls , B u d a p e s t.
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H-1521 Budapest, M űegyetem  rkp . 3 .)

R eceived J a n u a r y  4, 1985 
A ccepted  for p u b lic a tio n  A p ril 18, 1985

iV-M ethyl analogues o f several l,4 -d ih y d ro -3 (2 H )-iso q u in o lin o n e  d e riv a tiv e s 
hav e  been  p re p a re d  v ia  m e th y la tio n  w ith  d im e th y l su lfa te ; in  som e e x p e rim e n ts  th e
O -m ethyl la c tim  e th e rs  have  also been  iso la te d . T h e  inco rpora tion  o f  l i th iu m  in to  th e  
IV-m ethyl co m p o u n d s w as exam ined  b y  lab e llin g  w ith  d eu te riu m  a n d  i t  w as found 
th a t ,  p re fe ra b ly  w hen  using  n -b u ty lli th iu m , th e  lith iu m  was in c o rp o ra te d  in  th e  C-4 
m eth y len e  g ro u p  o f th e  com pounds. T h e  in co rp o ra tio n  of lith iu m  c o u ld  be  u tilized  
on ly  in  th e  re ac tio n  w ith  4 -n itro b e n za ld eh y d e ; l-p h en y l-2 -m ethy l-4 -(4 ’-n itro b en zy li- 
den e)-l,4 -d ih y d ro -3 (2 H )-iso q u in o lin o n e  (8) w as succesfully p re p are d . I n  th e  o th er 
cases th e  re ag e n ts  em ployed  d id  n o t y ie ld  iso lab le  p roducts.

O rg an o lith iu m  com pounds, p a r t ic u la r ly  lith iu m  alkyls a re  w ell-know n 
a n d  w idely  em ployed  reagen ts in  p re p a ra t iv e  organic c h e m is try ; th e y  are 
u sefu l fo r in tro d u c in g  su b s titu e n ts  in to  g iven  sites of a m olecule  in  such  a 
w ay  w hich o therw ise  w ould  be im p ra c tic a b le  or very  co m p lica ted  (see co rre­
spond ing  en tries  in  R efs. [1— 2]). T h is w as th e  reason w hy we se lec ted  these 
com pounds to  a t te m p t  th e  in tro d u c tio n  o f  carboxy l, fo rm yl, h y d ro x y a lk y l, 
e tc ., su b s titu e n ts  in to  th e  C-4 m e th y le n e  group of l-p h e n y l- l ,4 -d ih y d ro -  
-3(2H )-isoqu ino linone ( la ) ,  a co m p o u n d  p rep a red  b y  us e a rlie r  [3]. In  th e  
a tte m p te d  re a c tio n  o f l a  w ith  b u ty lli th iu m , how ever, a f te r  p o u rin g  th e  reac­
tio n  m ix tu re  o n to  d ry  ice, th e  ex p e c te d  4 -carb o x y  d e riv a tiv e  co u ld  n o t be 
iso la ted  from  am ong  th e  several u n id e n tif ia b le  decom position  p ro d u c ts . 
A lth o u g h  i t  has b een  described in  th e  l i te r a tu r e  [4] th a t  an  a c tiv e  m eth y len e  
g roup  a d ja c e n t to  an  ac id  am ide can  b e  a lk y la te d  on tr e a tm e n t  w ith  b u ty l- 
lith iu m , we a t t r ib u te d  th e  failure o f th e  ab o v e  reaction  to  th e  n o n -p ro te c te d  
la c ta m  n itro g en  a to m . Therefore, th e  possib ilities of th e  in c o rp o ra tio n  of 
lith iu m  w ere ex am in ed  in  iV -substitu ted  de riv a tiv es . In  view  o f th e  fa c t th a t ,  
accord ing  to  o u r ea rlie r experience [5], th e  acy la ted  lac tam  is v e ry  sensitive 
to  hyd ro lysis  a n d  o th e r effects, th e  e x p e rim e n ts  were m ade w ith  iV -m ethyl

* To w hom  correspondence should be ad d ressed .

3 A c ta  C h im .  H u n g .  1 2 1 , 1 986  
A k a d é m i a i  K i a d ó , B u d a p e s t
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c o m p o u n d s  (Schem e 1 ).C om pounds l b —4b h a v e  a lre a d y  been described  in  th e  
l i te r a tu r e  (e.g. [6 , 17]), b u t  i t  seem ed to  be p ra c tic a l  to  synthesize th e  c o rre ­
sp o n d in g  jV -m ethylisoquinolinones b y  d irec t m e th y la tio n  of the  read ily  a v a il­
ab le  la c ta m s  in  one s tep , in s te a d  of using th e  r a th e r  cum bersom e c y c liz a tio n

1 a
1 b 
2a
2 b 
3a 
3b 
4 a 
4b

H
CH3
H

CH3
H

CH3
H

cm.

H
H
H
H

no2
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H
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OCH3
OCH3

H
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OCH3

H
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0CH3
OCH3

H
H

OCH3
OCH3

3 c 
4c

CH3
CH3

no2
NO,

H
OCH3

H
0CH3

Scheme 1

m e th o d s . T h u s , th e  fo llow ing conversions w ere  successfully  realized  u s in g  
d im e th y l  su lfa te  in  th e  p resence  o f a p h a se -tra n sfe r  c a ta ly s t:

l a  [3] ib  [6 ]

2 a  [3] «н. 2b [6 ]

3 a  [7] ^  3b [17] +  3c 

4 a  [8 ] 4b [17] +  4c

w here  Q =  d im eth y l su lfa te .
T h e  reac tions w ere e ffec ted  in  b en zen e-w ate r m ed ium  in th e  p resence  

of so d iu m  h y d ro x id e  a t ro o m  te m p e ra tu re , w ith  v igo ro u s stirring . I t  is n o te ­
w o r th y  t h a t  in  th e  case o f n i tro  d e riva tives, la c t im  e th e rs  (3c, 4c) could  also  
be iso la te d , even  if  in  only  low  y ie ld s . T his in d ica te s  t h a t  in  th e  m esom eric an io n  
fo rm ed  b y  th e  ac tion  of a lka li, th e  cen tre  of th e  n e g a tiv e  charge is n o t loca lized  
e x c lu s iv e ly  a t  th e  n itro g en  a to m , owing to  th e  s tro n g  e lec tron -w ithd raw ing  
effect o f  th e  n itro p h en y l g ro u p .

T h e  correspond ing  u n s a tu ra te d  3 (2 iJ)-isoqu ino linones, in  w hich ta u to -  
m erism  w a s  stu d ied  in  d e ta il p rev io u sly  [9], co u ld  be  tran sfo rm ed  in to  la c tim  
e th e rs  o n ly  b y  tre a tm e n t w ith  tr ie th y lo x o n iu m  te tra f lu o ro b o ra te  [1 0 ]; th e  
use o f  co n v e n tio n a l a lk y la tin g  agen ts y ielded  in  th e  m ain  m ixed N - a n d

Acta Chim. Hung. 121, 1986



HAZAI et a!.: LITHIATION OF 1,4-DIUYDRO-3(2H)-ISOQUINOUNONES 265

O -alkyl p ro d u c ts  (see, e.g. R ef. [11]). U sing  m eth y l iodide*, th e  possib ility  
o f  a lk y la tio n  o f  th e  u n sa tu ra te d  d e r iv a tiv e , 4 -b en zy l-l-p h en y l-3 (2 /i)-iso - 
qu inolinone 5 h as  also been  exam ined  b y  u s , an d  th e  o-quinoidal s tru c tu re  of 
th e  iV -m ethyl d e riv a tiv e  6 , iso la ted  in  4 4 .6 %  yield , was co n firm ed  v ia  th e

Scheme 2

fo rm a tio n  o f  a D iels-A lder a d d u c t (7) (S chem e 2). The presence  o f lac tim  
e th e r  could  n o t be d e tec ted  in  th e  e n d -p ro d u c t.

A fte r h av in g  syn thesized  th e  re q u ire d  IV-m ethyl d e riv a tiv e s , th e  m ost 
su itab le  o f th e  reag en ts  capab le  o f in tro d u c in g  lith iu m  w as to  be decided, 
an d  also th e  p ro b lem  h a d  to  be solved w h ich  o f th e  carbon  a to m s in  th e  iso- 
qu ino linone w ill b in d  th e  lith iu m  w hen  em ploy ing  th e  d iffe ren t reagen ts. 
T he la t te r  p ro b lem  w as in v es tig a ted  b y  d e u te riu m  labelling  [12]; a f te r  th e  
t re a tm e n t w ith  a lk y llith iu m , d eu te riu m  ox ide  was added  to  th e  reac tio n  
m ix tu re  an d  th e  s ite  an d  e x te n t o f th e  in c o rp o ra tio n  o f d eu te riu m  w as d e tec ted  
b y  N M R  spec tro sco p y .

F irs t th e  re a c tio n  of m etallic  l ith iu m  w as exam ined ; th is  gave  highly  
c o n ta m in a te d  lb ,  y e t  con ta in in g  d e u te riu m  a t  s ite  4. A s im ila r re su lt was 
o b ta in ed  w ith  p h e n y llith iu m : th e  in c o rp o ra tio n  of d eu te rium  w as a b o u t 25% , 
h u t  th e  p ro d u c t w as v e ry  c o n ta m in a te d . E ffec tive  in tro d u c tio n  o f  lith iu m  
could  be ach ieved  b y  th e  use of b u ty lli th iu m ; here 4-2 H -lb  w as o b ta in ed  as 
a pu re  com pound , in co rp o ra tio n  w as h ig h er th a n  70% ; th u s  th is  re a g e n t seem ed 
to  be th e  m o st su itab le  fo r m ed ia ting  th e  in tro d u c tio n  of v a rious su b s titu e n ts . 
T he 6 ,7 -d im eth o x y  com pound  (2b), to o , w as exam ined . Also in  th is  case one

* C om pound l a  re a c te d  w ith  m eth y l iod ide  on ly  in  th e  presence o f  so d iu m  h y d rid e , 
a n d  th e  e n d -p ro d u c t w as n o t  hom ogeneous, ow ing to  reac tio n s tak in g  p lace  also o n  th e  C-4 
m eth y len e  group .
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h y d ro g e n  a to m  was e x ch an g ed  fo r d eu te riu m  in  th e  C-4 m ethy lene  g ro u p . 
T h e  in c o rp o ra tio n  of d e u te r iu m  w as also co n firm ed  b y  N M R sp ec tro sco p y .

V ario u s  reagen ts w ere  th e n  ad d ed  to  co m p o u n d s  of ty p e  b w h ich  h a d  
b een  m a d e  to  reac t w ith  b u ty ll i th iu m ; such re a g e n ts  w ere d ry  ice (in d iffe re n t 
so lv e n ts ) , d im eth y lfo rm am id e  a n d  p a ra fo rm a ld eh y d e , u n d e r various re a c tio n  
c o n d itio n s . H ow ever, no  hom ogeneous com pound  could  be iso la ted  fro m  
am o n g  th e  decom position  p ro d u c ts , a lthough  th e  in co rp o ra tio n  of l ith iu m  h a d  
b een  co n firm e d  prev iously . I t  w as on ly  th e  re a c tio n  o f  l b  w ith  4 -n itro b en za l- 
d e h y d e  w h ich  gave 4-(4’-n itro b en zy lid en e) iso qu ino linone  (8 ). In  th is  case,

l i te r a tu r e  references describe  th e  fo rm atio n  of c a rb in o l [13], yield ing th e  a lky l- 
id e n e  d e r iv a tiv e  on t r e a tm e n t  w ith  d e h y d ra tin g  ag en ts . In  th e  con v ersio n  
lb  —► 8 , th e  presence o f th e  ca rb in o l d e riv a tiv e  cou ld  n o t be d e te c te d ; th e  
fo rm a tio n  o f  com pound 8  is in te re s tin g , since c a rb o n y l condensation  re a c tio n s  
co u ld  b e  effected  up to  now  o n ly  w ith  isoqu ino linones ca rry in g  no n itro g en - 
s u b s t i tu e n t  [10]. C om pound 8  p ro v e d  to  be th e  hom ogeneous JE-isomer, s im ila r 
to  th e  d e riv a tiv e s  p rep a red  in  th e  presence o f sod iu m  h ydride  [1 0 ].

E xperim en ta l

M .p .’s w ere m easured  w ith  a  B iichi —T o tto li m e ltin g  p o in t d e term in ing  a p p a ra tu s  
a n d  a re  u n c o rre c te d . The I R  sp e c tra  w ere  reco rd ed  w ith  a P e rk in  E lm e r 457 sp e c tro p h o to m e te r; 
th e  N M R  sp e c tra  were o b ta in e d  on  a  JE O L -F X -1 0 0  in s tru m e n t.

1 -P hen y l-2 -m eth y l- l ,l-d ih y d ro -3 (2 //) - iso q u in o lin o n c  ( lb )

T o  a  vigorously  s tirred  su sp en s io n  of 1-p h e n y l-l,4 -d ih y d ro -3 (2 if)-iso q u in o lin o n e  ( l a )  
(6 .7  g ; 0 .03 m ol) in  benzene (50 m L ) w ere  ad d ed  50%  N a O H  so lu tio n  (8 g), 4 d rops o f  A liq u a t-  
-336 (tr ic ap ry lm e th y lam m o n iu m  ch lo rid e) a n d  d im eth y l su lfa te  (4.5 m L). T he te m p e ra tu re  
rose  to  30 °C; th is  was reduced  to  ro o m  te m p e ra tu re  b y  cooling in  ice-w ater, th e n  th e  re a c tio n  
m ix tu re  w as  s tirred  a t  th is  te m p e ra tu re  fo r 3 h . T he solid w as rem o v ed  b y  f i ltra tio n , th e  tw o  
p h ases  w e re  sep a ra ted , th e  ben zen e  f ra c t io n  w as dried  o v er N a2S 0 4 a n d  e v ap o ra ted  to  d ry n ess. 
T h e  re s id u a l  yellow  solid was w ash ed  w ith  p e tro leu m  e th e r  a n d  su b jec ted  to  ch ro m a to g rap h ic  
p u r if ic a t io n  o n  a colum n p ack ed  w ith  A120 3. T he hom ogeneous frac tio n s w ere co m bined , th e  
so lv e n t (CHC13) was e v ap o ra ted  a n d  th e  residue ru b b ed  w ith  p e tro leu m  e th e r to  o b ta in  th e  
p ro d u c t  (3 .8  g ; 53.5% ), m .p . 93 °C, lit. [6] m .p . 93 — 94 °C.

I R  (K B r):  r C = 0  1635 c m - 1.
4 T -N M R  (CDC13): NM e 3.02 s (3), H 2-4 3.72 b ro a d  s (2), H - l  5.42 s (1), A rH  7 . 0 -  

7 .3  m  (9).
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6 ,7-D im cthoxy-l-phenyl-2-m ethyl-l,4-d ihydro-3(2I/)-isoquinoIinone (2b )

6 ,7 -D im e th o x y -l-p h en y l-l,4 -d ih y d ro -3 (2 H )-iso q u in o lin o n e  (2a) (8.5 g; 0.03 m ol) was 
suspended  in  benzene (80 m L ) an d  50%  N aO H  so lu tio n  (8 g), 4 drops o f A liq u at-3 3 6  and 
d im eth y l su lfa te  (4.5 m L ) w ere ad d ed , w ith  s tir r in g , a n d  th e  m ix tu re  w as s tir re d  fo r 6.5 h. 
A fter th e  a d d itio n  o f a n o th e r  p o rtio n  o f d im eth y l su lfa te  (2 m L ) and  stirring  fo r 8.5 h , th e  solid 
was f ilte red  off, th e  benzene  frac tio n  w as dried  o v e r N a 2S 0 4 an d  ev ap o ra ted  to  d ry n ess . T h e  
residue w as ru b b e d  w ith  e th e r  to  o b ta in  th e  p ro d u c t  (3.2 g; 36% ), m .p . 139 °C (e th an o l- 
-pe tro leum  e th e r) , lit. [6] m .p . 140 °C.

I R  (K B r): v C = 0  1640 c m - 1.
'H -N M R  (CDC13): NM e 3.00 s (3), OMe 3.78 s (3), 3.84 s (3), H - l  5.31 (1), 3.60 d  (1), 

3.77 d (1); Jgcm =  20 H z, A rH  7 .1 -  7.4 m  (7), H -5 ,8  6.51 s (1) and  6.53 s (1).

2 -M eth y l-l-(4 ’-n itrophenyl)-l,4-d iliydro-3(2H )-isoquinolinone (3b )  
and 3 -m eth o x y -l-(4 ’-nitrophenyl)-l,4-dihydroisoquiiioline (3 c )

l- (4 ’-N itro p h en y l)- l,4 -d ih y d ro -3 (2 i/)- iso q u in o lin o n e  (3a) (8.04 g; 0.03 m ol) w as sus­
pen d ed  in  benzene  (50 m L ), a n d  50%  N aO H  so lu tio n  (8 g), A liquat-336  (2 d rops) a n d  d im e th y l 
su lfa te  (4.5 m L ) w ere ad d ed . T h e  tem p e ra tu re  o f th e  re a c tio n  m ix tu re  rose to  36 °C; i t  was 
cooled in  ice -w a te r to  ro o m  te m p e ra tu re , th e n  th e  m ix tu re  w as s tirred  a t  ro o m  te m p e ra tu re  
fo r 2 h. T h e  red  suspension  w as filte red , th e  benzene  p h a se  w as dried  over N a2S 0 4 a n d  ev ap o ­
ra te d  to  d ry n ess. T h e  resid u e  w as tr i tu ra te d  f irs t  w ith  e th a n o l th en  w ith  p e tro leu m  e th e r  and  
th e  re su ltin g  solid w as su b je c ted  to  ch ro m a to g rap h ic  se p a ra tio n  on a  co lum n p a c k e d  w ith  
AljOg. T h e  frac tio n s  e lu te d  w ith  chloroform  w ere e x am in ed  b y  TLC, com bined  on  th e  basis 
o f th e  R j  v a lu es, e v ap o ra te d  to  d ryness an d  th e  re s id u e  w as ru b b ed  w ith  e th e r; th e  so lid  was 
filte red  o ff a n d  dried  u n d e r  a n  in frared  lam p.

3 b (3.1 g; 3 6 .9% ), m .p . 1 7 6 1 7 8  °C (e th a n o l-p e tro le u m  e th e r) ,lit. [1 7 ]m .p .  176 — 177 °C.
C,eH 14N 20 3. Calcd. C 68.08; If  5.00; N 9.92. F o u n d  C 68.18; H  5.23; N 10 .17% .
I R  (K B r): v C = 0  1645 c m - 1, N 0 2 1530, 1350 c m “ 1.
3c (0 .2  g; 2 .5 % ), m .p . 1 5 3 - 1 5 6  °C.
CleI I 14N 20 3. Calcd. C 68.08; H  5.00; N  9.92. F o u n d  C 68.26; H  4.93; N  10.11%
I R  (K B r): v C = N  1625, v N 0 2 1520, 1350 c m ’ 1.

6 ,7 -D im eth o x y -2 -m eth y l-l-(4 ’-n itroplienyl)-l,4-d ihydro-3(2i/)-isoqu inolinone (4b )  
and l - ( 4 ’-nitrophenyl)-3,6,7-trim ethoxy-l,4-dihydroisoquinoIine (4 c )

6 ,7 -D im e th o x y -l-(4 ’-n itro p h en y l)- l,4 -d ih y d ro -3 (2 ii)- iso q u in o lin o n e  (4a) (9.85 g; 0.03 
m ol) was su sp en d ed  in  benzene  (50 m L ) and  50%  N a O H  so lu tio n  (8 g), A liquat-336  (4 drops) 
an d  d im e th y l su lfa te  (4.5 m L ) w ere ad d ed  to  th e  su sp en sio n . A fte r stirrin g  a t  ro o m  te m p e ra ­
tu re  for 5.5 h , a n o th e r  p o rtio n  o f d im eth y l su lfa te  (2 .0  m L ) w as added , an d  th e  re a c tio n  m ix tu re  
w as s tirred  fo r 6 h m ore. T h e  m ix tu re  was th en  f i lte re d , th e  benzene phase  s e p a ra te d , dried  
over N a2S 0 4 a n d  e v ap o ra te d  to  d ryness. T he residue w as su b jec ted  to  ch ro m a to g rap h ic  sep a ra ­
tio n  on a  co lum n p ack ed  w ith  A120 3. T he a p p ro p ria te  frac tio n s  were com bined a n d  e v ap o ra te d  
to  d ryness; th e  residue w as ru b b e d  w ith  e th e r, f ilte red  o ff  a n d  dried  u n d e r an  in fra re d  lam p .

4b (4.8 g; 46 .7 % ), m .p . 195— 197 °C (e th a n o l-p e tro le u m  e th e r), lit. [17] m . p . 203 °C.
C18H 18N 20 5. Calcd. C 63.15; H  5.30; N 8.18. F o u n d  C 63.09; H 5.50; N 8 .11% .
I R  (K B r): r C = 0  1645, N 0 2 1520, 1350 c m - ' .
4c (0.2 g; 1 .95% ), m .p . 2 1 8 - 2 2 0  °C.
C18H 18N 20 6. Calcd. C 63.15; H  5.30; N 8.18. F o u n d  C 63.37; H  5.48; N  8 .0 0 % .
IR  (K B r): v C = N  1625, N 0 2 1510, 1340 c m - 1.

4-B cnzyl-2-m ethyl-l-phenyl-3(2H )-isoquinolinone (6 )

4-B enzy l-l-p h en y l-3 (2 H )-iso q u in o lin o n e  (5) (3.11 g; 0.01 m ol) [14] w as su sp en d ed  in 
a n h y d ro u s benzene  (100 m L ) a n d  a so lu tion  of so d iu m  e th o x id e , p rep ared  fro m  m eta llic  
sodium  (0.23 g ; 0.01 g -a to m ) a n d  an h y d ro u s e th an o l (10 m L ), w as ad d ed  to  i t  d ropw ise . In  
a  few m in u te s  th e  o range  suspension  tu rn ed  in to  a g reen ish-yellow  so lu tion ; th e n  i t  w as ev ap o ­
ra te d  to  d ry n ess. T he re sid u al solid  was dissolved in  a n h y d ro u s  acetone (50 m L ), m e th y l iodide 
(0.69 m L ; 1.56 g ; 0.011 m ol) w as ad d ed , and  th e  m ix tu re  w as s tirred  a t  40 °C fo r 5 h. T he
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re su ltin g  so lid  w as filte red  off to  o b ta in  th e  p ro d u c t (1.45 g ; 44 .6 % ), m .p. 203—205 °C (a c e to ­
n itrile).

C23H I9N O . Calcd. C 84.89; H  5 .88; N  4.30. F o u n d  C 85.15; H  6.28; N 4 .50% .
I R  (K B r) :  r C = 0  1635 c m - 1.

l-B en zy l-4 ,7 -d ip h en y l-1 0 -m eth y l-4 ,1 0 ,d iazab en zo - [8 ,9 ] -tricyclo[2 ,2 ,0 ,3] -8- 
-u n d e c e n e -3 ,5 ,l l- tr io n e  (7 )

C o m p o u n d  6 (0.5 g; 1.54 m m ol) w as d issolved in  d ry  xy len e  (25 m L ), IV -phenylm alei- 
m ide (0 .29  g , 1.7 m m ol) was ad d ed , a n d  th e  m ix tu re  w as re flu x e d  fo r 1 h, w hen re a c tio n  o f th e  
s ta r tin g  m a te r ia ls  w as com plete. T h e  m ix tu re  was e v a p o ra te d  to  d ryness an d  th e  re s id u a l 
oil ru b b e d  w ith  e th e r  to  o b ta in  th e  p ro d u c t  (0.15 g; 19 .7 % ), m .p . 260—262 °C.

C33H 26N 20 3. Calcd. C 79.50; H  5.26; N  5.62. F o u n d  C 79.76; H  5.22; N 5 .63% .
I R  (K B r) :  v C = 0  1780, 1715, 1670 cm “ 1.

Investiga tions o f th e  in co rp o ra tio n  of lith iu m  in  com pound lb

R eaction  w ith  m etallic lith ium

A  so lu tio n  o f l b  (0.5 g; 2.11 m m ol) in  T H F  (5 m L ) w as ad d ed  dropw ise to  a  su sp en s io n  
of m e ta ll ic  l ith iu m  (0.15 g, 21.1 m g -a to m ) in  te tra h y d ro fu ra n  (5 m L). T he m ix tu re  w as s tirred  
a t  ro o m  te m p e ra tu re  for 8 h , th e n  cooled  to  below  10 °C, a n d  d e u te riu m  oxide (1.8 m L ) d isso lved  
in  T H F  (5 m L ) w as added , a n d  s tir r in g  w as co n tin u ed  fo r 1.5 h . T he reac tio n  m ix tu re  w as 
ac id ified  w ith  2 N  hydroch loric  acid  a n d  e x tra c te d  w ith  chloroform . T he o rgan ic  p h a se  w as 
d ried  o v e r  N a 2S 0 4 an d  e v ap o ra ted  to  d ry n ess to  o b ta in  a n  oil (0.5 g), w hich could n o t  be c ry s ta l­
lized. T h e  in te g ra te d  in ten sity  o f th e  1H -N M R  (CDC13) sp e c tra  in d ica ted  th a t  in co rp o ra tio n  of 
d e u te r iu m  a t  site  4, h ad  occurred , how ever, th e  e x te n t o f  in co rp o ra tio n  could n o t be estab lish ed  
e x a c tly  b e ca u se  of th e  h igh  c o n ce n tra tio n  o f co n ta m in a n ts .

R eaction  w ith  phenyllith ium

A  so lu tio n  of p h en y llith iu m  [15] p rep ared  fro m  b rom obenzene  (0.53 m L ; 0.785 g; 
5 m m o l) a n d  m eta llic  lith iu m  (0.086 g; 12.3 m g -ato m ) in  e th e r  (8 m L) was ad d ed  d ropw ise  
to  a  s o lu tio n  o f l b  (0.5 g; 2.11 m m ol) in  T H F  (7 m L ) a t  ro o m  tem p e ra tu re . T he m ix tu re  w as 
s tir re d  fo r  3 h  a n d  allowed th e n  to  re a c t  w ith  d e u te riu m  oxide  in  th e  m an n er d escribed  above. 
A fte r  p ro c ess in g , th e  oil o b ta in e d  (0.5 g) w as ex am in ed  b y  1H -N M R  sp ec troscopy , w h ich  
sh o w ed  t h a t  one of th e  h y d ro g en  a to m s in  th e  C-4 m e th y len e  group of th e  v e ry  s tro n g ly  
c o n ta m in a te d  m ate ria l h a d  been  ex ch an g ed  for d e u te r iu m  to  a n  e x te n t o f a b o u t 20 — 2 5 % .

R eaction  w ith  butyllith ium

A  so lu tio n  o f b u ty llith iu m  [16] p re p are d  from  b u ty l  b ro m id e  (0.54 m L , 0.685 g; 5 m m ol) 
a n d  m e ta ll ic  lith iu m  (0.086 g; 12.3 m g -a to m ) in  e th e r (7 m L ) w as added  dropw ise to  a  so lu tio n  
o f l b  (0 .5  g ; 2.11 m m ol) in  T H F  (7 m L ) a t  room  te m p e ra tu re . T h e  m ix tu re  was th e n  s tir re d  for 
8 h . D e u te r iu m  oxide (3 m L) d ilu te d  w ith  T H F  (3 m L ) w as ad d ed  dropw ise a t  10 °C, th e  m ix tu re  
w as a c id if ie d  a n d  ex trac ted  w ith  CHC13. T he organic p h a se  w as dried  over N a2S 0 4 a n d  ev ap o ­
r a te d  to  d ry n e ss . T he N M R  sp e c tra , based  on  th e  FI-1 sig n a l, in d ica ted  th a t  th e  in te n s i ty  o f 
H -4  w as  e q u a l to  1.3 II, im p ly ing  t h a t  th e  in co rp o ra tio n  o f d e u te riu m  was a t  le a s t a b o u t  7 0% .

Investiga tion  of th e  in co rp o ra tio n  of l ith iu m  in to  com pound 2b

T h e  lith iu m  d eriv a tiv e  w as p re p a re d  from  b u ty ll i th iu m  (th e  a m o u n t g iv en  ab o v e) 
a n d  fro m  2b  (0.6 g; 2.11 m m ol) in  T H F  (5 m L ). I t  w as th e n  allow ed to  re ac t w ith  d e u te r iu m  
ox id e  a s  d e sc rib ed  above. T he p ro d u c t  w as exam in ed  b y  th e  JH -N M R  an d  2H -N M R  te c h ­
n iq u es ; in  th e  d eu te riu m  resonance  sp e c tru m  th e re  w as a single signal a t  3.7 p p m , in d ic a tin g  
t h a t  in c o rp o ra tio n  h ad  occurred  a t  s ite  4 in  th is  case, to o . A ccord ing  to  th e  in te g ra te d  in te n s itie s  
o f  th e  'H -N M R  spectrum , one d e u te r iu m  a to m  w as in co rp o ra te d .
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l-P h en yI-2-m eth yI-4-(4’-n itrobenzylidene)-l,4-d ihydro-3(2H )-isoqum olm one (8 )

T h e  re q u ire d  l ith iu m  com pound w as sy n th es ized  from  b u ty lli th iu m  p re p a re d  from  
b u ty l b ro m id e  (1.1 m L ; 1.37 g; 0.01 m ol) a n d  m e ta llic  lith iu m  (0.17 g; 0.0246 g -a to m ) in  e th e r 
(14 m L ); th is  w as allow ed to  reac t w ith  lb  (1 .0  g; 4.22 m m ol) dissolved in  T H F  (14 m L). 
T h e  re ac tio n  w as e ffec ted  a t  room  te m p e ra tu re  fo r 8 h . A fter cooling to  — 50 °C, a  so lu tion  
o f 4 -n itro b en za ld eh y d e  (0.95 g; 6.33 m m ol) in  T H F  (7 m L ) was added  d ro p w ise  to  th e  so lu tion  
o f  th e  l ith iu m  co m p o u n d . T h e  reac tion  m ix tu re  w as s tirred  a t  —50 °C fo r 30 m in , a t  — 8 °C 
fo r 30 m in  a n d  a t  room  te m p e ra tu re  for 4 h . I t  w as th e n  poured  in to  w a te r  (60 m L ). T he oil 
w h ich  se p a ra ted  w as e x tra c te d  w ith  CHC13, th e  o rg an ic  phase  was d ried  a n d  e v ap o ra te d  to 
d ry n ess. T he re s id u a l oil gave several sp o ts  in  T L C . I t  was su b jected  to  ch ro m a to g rap h ic  
p u rif ic a tio n  on  a  co lu m n  p ack ed  w ith  A120 3. T h e  id en tif ie d  fractions w ere co m b in e d , th e  sol­
v e n t  w as e v a p o ra te d  a n d  th e  residue ru b b e d  in  e th e r  to  give th e  p ro d u c t (0 .3  g ; 19 .2 % ), m .p. 
207— 208 °C (e th an o l).

C23H 18N 20 3. C alcd. C 74.38; H  4.90; N  7.56. F o u n d  C 74.71; H  4 .92; N  7 .4 5 % .
I R  (K B r): v C = C  1615, r C = 0  1655, N 0 2 1510 an d  1345 cm -* .
'H -N M R  (CDC13): NM e 3.13 s (3), H - l  5.41 s (1), =  CH 7.82 s (1), A rH  6 .9 5 — 7.4 (9), 

p - N 0 2- C 6H 4-  7.46 d (2), 8.09 d (2) ty p e  A A ’B B ’).

T he a u th o rs ’ th a n k s  are  due to  Mrs. G. K a lász  fo r recording th e  I R  sp e c tra  an d  for 
th e  m ic ro an a ly ses, a n d  to  Miss É . D raskóczy  fo r ex ce llen t technical a ss is tan ce .
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T h e  in frared  a n d  R a m a n  sp e c tra  o f 2 ,4 ,6 -trim e th y lace to p h en o n e , 2 ,4 ,6-tri- 
h y d ro x y ace to p h en o n e , 3 ,4 ,5 -trim e th o x y ace to p h en o n e  an d  2 ,3 ,4 -tr im e tlio x y ace to p h e - 
none  w ere reco rded . T h e  fa r  in fra re d  sp e c tra  o f th e  tw o solids — 2 ,4 ,6 -trih y d ro x y - 
ace to phenone  an d  3 ,4 ,5 - tr im e th o x y ace to p h en o n e  — w ere also reco rd ed . A ssum ing 
Cs sy m m etry  for all th e  m olecules th e  v ib ra tio n a l analysis is re p o rte d .

T he v ib ra tio n a l sp ec tra  o f ace to p h en o n e  and a n u m b e r o f  m ono- and 
d isu b s titu te d  acetophenones h av e  b een  s tu d ie d  earlier [1— 13]. H ow ever, only 
fo r a few tr i-  an d  o th e r p o ly su b s titu te d  acetophenones th e se  sp e c tra l s tud ies 
h av e  been  ex ten d ed  so fa r  [4, 13— 16]. T he p resen t co m m u n ica tio n  deals 
w ith  th e  reco rd ing  an d  analysis o f th e  in fra red  and  R am an  sp e c tra  o f  a few 
tr is u b s ti tu te d  acetophenones —  2 ,4 ,6 -trim e th y lace to p h en o n e  (A), 2 ,4 ,6 -tri- 
h y d ro x y ace to p h en o n e  (B), 3 ,4 ,5 -trim e th o x y ace to p h en o n e  (C) an d  2 ,3 ,4-tri- 
m eth o x y ace to p h en o n e  (D ). T he e x p e rim e n ta l details are th e  sam e as described  
earlie r [17]. T he sp ec tra  are  show n in  F igs 1— 10.

T he observed  frequencies (in c m -1 ), th e ir  v isual in te n s itie s  a n d  p robab le  
ass ig n m en ts  are  show n in T ab le  I. A ll th e  fo u r m olecules are assu m ed  to  belong 
to  Cs p o in t g roup . U n d e r th is  sy m m e try  th e  72 v ib ra tio n s  o f  m olecule A  
d iv ide am ong th em selves as 4 9 a ' 2 3 a "  w hereas m olecule В gives rise  to
54 v ib ra tio n s  w hich can  be classified  as 3 7 a ' -)- 1 7 a" . M olecules C a n d  D have 
81 n o rm al m odes as 55a ’ -f- 2 6 a " . B o th  th e  species are allow ed in  th e  in fra red  
an d  R am an  sp ec tra . T he v ib ra tio n a l an a ly sis  is carried  o u t fo llow ing  th e  classi­
fic a tio n  o f m olecules [4, 18] for th e  id e n tif ic a tio n  of th e  v ib ra tio n a l frequencies 
o f  benzene d e riv a tiv e s  an d  a co m p ariso n  w ith  th e  sp ec tra  o f  s im ila r and  
re la te d  m olecules [4, 19— 38]. M olecules A , В and  C belong to  th e  1,2,3,5- 
te tr a l ig h t  su b s ti tu te d  class o f benzenes w hereas m olecule D com es u n d er
1 ,2 ,3 ,4 -te tra lig h t ty p e  based  on th e  above  classification . As th e  m olecules 
A , В an d  C belong  to  th e  1 ,2 ,3 ,5 -te tra lig h t su b s titu te d  benzenes, a closer 
com parison  o f th e  sp ec tra  of m olecules A , В and  C w ith  th o se  o f 44 such 
m olecules, re p o rte d  b y  V arsán y i e t a l. [15] is ta k e n  in to  c o n s id e ra tio n  in  
id e n tify in g  th e  30 benzene-like m odes. A com parison  of th e  sp e c tra  o f m ole-

* P re se n t address: D e p a rtm e n t o f P h y s ic s , M rs. A .V .N . College, V isa k h a p a tn a m  — 
530.001, In d ia
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Table I

In frared and Ram an frequencies observed fo r  2,1,6-trimethylacetophenone; 2,4,6-trihydroxy acetophenone; 
3,i,5-trimethoxyacetophenone and 2,3A -trim ethoxy acetophenone and their probable assignments

2 ,4 ,6 -tr im e th y lace to p h e - 2 ,4 ,6 -tr ih y d ro x y - 3 ,4 ,5 -tr im e th o x y ace to p h c - 2 ,3 ,4 -tr im e th o x y ace to p h e -
n o n e  (A) a ce to p h en o n e  (B) n o n e(C ) none (D ) P ro b a b le  assig n m en ts

Infrared
(cm-1)

(i)

Raman
(cm“1)

(2)

Infrared
(cm~l)

(3)

Raman
(cm-1)

№

Infrared
(cm-')

(5)

(Raman)
(cm-1

(6)

Infrared
(cm-1)

(7)

Raman
(cm-1)

(8)

Species

(9)

Mode No. 
§(10)

Description

(ii)

3545 sh _ _ _ _ _ a ' _ x O - H
— — 3474 s — — — — — a ' — x O - H

3388 w — — — — — — — A ' — 2 x 1 1 7 0  +  1041
— — 3133 sh — — — — — a ' — x O - H
— — — — 3107 vw — — — A ' — 1594 +  1510

3037 sh 3020 mw 3100 sh — 3031 w — — 3096 msp a ' 20a,76 x C - H
3005 w w — — — 3012 m w 3012 mw 3008 sh — a ' 206 x C - H
2979 sh — — — 2975 ms — 2979 w 2985 vw a — vas CH3
2960 w — — — 2950 ms — 2950 s 2935 sp a ' xsC H 3
2926 vs 2923 w s p 2933 w — 2925 vw — 2916 sh — a ' —
2866 w 2865 sh — — 2867 w tv — 2887 w w — A ' — 2 x  1433;

2841 ms 2849 m s 2848 sp a '

1459+ 1416;
1467+ 1416
xsCH3(OCH3)

2741 mw 2745 m wp — — — — — — A ' — 1385+ 1358
— — 2625 vw — — — — — A ' — 1372 +  1258

2408 w — — — — — — — A ' — 1358 +  1066
2304 w — — — — — — — A " — 1258 +  1041
2033 vw — — — — — — — A ' — 1066+ 970

— — — — — — 2000 w w b — A ' — 1024+ 975
1966 mw — — — — — 1937 vw — A ' — 1 3 58+ 596 ;

1925 wb A '
1296+ 640

970 + 9 5 2
— — — — — — 1892 vw — A " — 1217 +  675
— — — — — — 1800 vw — A ' — 1100+ 709
— — — — — — 1774 w w — A " — 1100+ 675

1716 w s — — — — — — — a ' — x C = 0 ;  2 x 8 6 3
1699 w s

1703 sp 1637 w s 1685 w s 1677 ms 1683 vs 1678 w s p a ' _ x C = 0
— — — — — — 1641 vw — A ' — 932+ 7 0 9

1618 w s 1617 sp 1575 ms — 1594 w s 1582 m s 1598 w s 1591 w s p a ' 8a x C -C

272 
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1582 w 1585 w
— 1487 w

1468 sh —

1458 w s b 1455 wb

1433 w s b _
1385 ms 1388 vsp
1358 w s —

1304 ms 1300 w s p

1258 w s 1258 msp

1184 sh 

1170 w s 1170 m wp

1066 w s 1065 vsp
1041 s —

1000 w w —

970 s —

952 ms 953 sp

933 sh —

891 w —

872 sh —

863 w s —

*845.8

745 s —

672 s 678 vsp
620 w 630 w
596 w s 580 w s p

1541 m s 
1479 ms 
1462 sh

1420 ms 
1372 s

1292 vs 1293 ms

1320 s 
1258 s 
1214 ms

1175 vs

1096 m w
1071 vs 1075 m w

1029 ms 1023 ms

968 s 973 w

820 sh

835 s 
*814.3 
771 m wb 
750 w
717 w 713 w
658 m wb
612 m w 613 mw

**615 ms

1510 vs —

1467 sh —

1459 w s —

1441 m w 1432 ms
1416 w s —

1365 w s —

1340 w s 1325 s
1229 w s 1215 w

1252 s —

1237 sh —

1183 vs _
1139 w s b —

llOOw 1092 ms
1041 mw 1034 w
1033 w —
1002 vs 1000 w

987 ms 986 w
894 s 894 vw

782 s _

868 sh —

864 vs —

833 s 
840.3

—

— —

756 ms 756 vw
673 w —

655 s —

610 vs 
610 s

615 vw

— — a ' 86 vC—C
1501 vs 1500 m wp a ' 19a v C -C
1467 vs 1468 sp a ' — ^as ^ H 3

— — a ' — ^as CH3
1440 sh — a ' — (5as CH3
1416 vs — a ' 196 r C - C
1366 vs 1364 m w a — <5SCH3

— 1332 vw a ' — <5SCH3
1296 w s b 1291 w s p a ' 2 v C -C O C H 3

1217 vs 1215 m sp a ' 14

(A, B, D) 
t - C - 0 C H 3(C)
v C -C

— — a ' — < 5 0 -H
— — a ' — á O - H
— — A ' — 2 x 6 1 0

1241 mw 1240 w w a ' 1 8 6 ,18a ß C - H
1179 ms 1193 m sp a ' — vO—CH3
1100 w s 1098 m sp a ' 13 j>C— CH3(A);

A "

vC—OH (B); 
v C -O C H 3(C, D) 

575+ 5 2 5
1133 vs 1133 m sp a ' 18a, 9a /? C - H

— — a" — (5a3CH3
1024 vs 1020 m sp a" — <5asCH3

— — a" — áasCH3
975 s 973 vsp a ' — v C -C (C O C H 3)
932 ms 928 msp a ' 76, 7a rC  —CH3(A);

883 ms 880 m sp a ' 7 a ,2 0 a
vC—OCH3(C, D) 
vC—CH3(A);

a" 17a

v C -O H (B ); 
vC—COCH3(C); 
vC—OCH3(D) 
Ф С - Н

866 sh — a ' — <5C=0
815 vs 812 vw o ' 11,176 Ф С - Н

*773.6
a* y O - H

709 ms 708 sp a ' 12 /З С - С - С
675 m w b 680 msp a" 4 Ф С -С
618 m w 620 m sp a0 — y C = 0
640 mw 645 sp a ' 1 v C - C
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Table I (contd.) У

2,4,6-trimethylacetophe- 2,4,6-trihydroxy- 3,4,5-trimethoxyacetophe- 2,3,4-trimethoxyacetophe- hable assi e ts
none (A) acetophenone (B) none (C) none (D) г0 ь n

Infrared
(cm-1)
(1)

Raman
(cm-1)

(2)

Infrared
(cm-1)

(3)

Raman
(cm-1)

(4)

Infrared
(cm-1)

(5)

Raman
(cm-1)

(6)

Infrared
(cm-1)

(7)

Raman
(cm-1)

(8)

Species

(9)

Mode No. 
§

(10)

Description

(и)

529 vs 520 sdp 575 s 
**578 ms

— 537 w 
**545 ms

— 551 ms — a" 166 Ф С -С

512 vvw 505 sh 525 ms 
**525 ms

— 512 mw 
**510 ms

— 538 s 540 msp a ' 66 ßC -C -C

466 vvw 465 vvw 450 mw 
**440 ms

— **460 w — 500 vw 508 mwp a" 16a Ф С -С

— 443 wp **395 w — **445 w — 433 vw 430 vw a ' 6 a ßC -C -C
345 sp **362 mw **352 s 328 msp a ' 3 /?С—CH3; /?С—OH ; 

/?С—0 C H 3; 
/? С -О С Н 3

— — — — **390 vw 382 ms 408 m w 413 mwp a ' — < 5 0 -C H 3
— — — — — — — 385 wp a ' — dO -- CHg
— — **316w — **335 m s — — — a" 106 Ф С -О Н ;

Ф С -О С Н 3
— 283 m wp — — **295 mw — — 283 mw a ' 96,186 /?С—СН3(А); 

^ С - О С Н 3(С, D)
— — **258 mw — — — — — a ' 9 a /1 С -О Н

231 sp **230 ms **235 s 236 vw a" 10 a ФС—СН3(А); 
Ф С -О Н (В ); 
Ф С -О С Н 3(С)

183 w dp? * *185s 193 m wp a" 5, 11 ФС—СН3(А); 
Ф С -О Н (В ); 
® C -O C H 3(D)

— — **172 w — — — — — — — г-C O ...H
— — **140 ms — — — — — a" 176 Ф С -С О С Н 3

§ F irs t nu m b er refers to  m olecules А, В, C; second refers to  m olecule D ; a single nu m b er refers to  A—D.
* C alculated frequencies.

** B ands observed in  th e  fa r in frared  spectra .
v — S tre tch ing ; ß  — in-plane ring  bending ; Ф — out-of-p lane ring bending.
<5as — asym m etric  deform ation  of th e  su b s titu en t group; ős — sym m etric  deform ation  of th e  su b s titu en t g roup; <5  ̂ — rocking o f th e  

su b s titu en t group; <5 — in-plane bending  of th e  su b s titu en t group; у  — out-of-p lane bending  of th e  su b s titu en t group, 
s — strong; v  — v ery ; m  — m edium ; w  — w eak; sh — shoulder; b — b ro ad ; p  — polarised; dp  — depolarised.
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cule D w ith  its  isom er, m olecule C is also a tte m p te d  to  a rriv e  a t  som e sign if­
ic a n t  fac to rs w hich  m a y  be a t t r ib u ta b le  to  th e  sp e c tra  o f  isom eric m olecules.

In  ad d itio n  to  th e  id e n tif ic a tio n  of m ost o f th e  fu n d a m e n ta l frequenc ies 
in  a ll th e  four m olecules, th e  fo llow ing  are a few  sig n if ican t re su lts  w o r th y  to  
m en tio n . The ca lcu la ted  values o f  th e  C— H  o u t-o f-p lan e  bend in g  m ode 11 in

Wavenumber (cm'1)
Fig. 1. In f ra re d  ab so rp tio n  sp e c tru m  of 2 ,4 ,6 -trim e th y lace to p h cn o n e

Fig. 2. In f ra re d  ab so rp tio n  sp e c tru m  of 2 ,4 ,6 -trih y d ro x y ace to p h en o n e

Wavenumber (cm 1)
Fig. 4. In f ra re d  ab so rp tio n  sp e c tru m  of 2 ,3 ,4 -trim e th o x y ace to p h en o n e

Acta Chim. Hung, 121, 1986
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200 и х Г  600 6A0
Wavenumber (cm1) .

F ig. 5. F a r  in fra re d  ab so rp tio n  sp ec tru m  o f  2 ,4 ,6 -trih y d ro x y ace to p h en o n e

F ig. 6. F a r  in fra re d  a b so rp tio n  sp ec tru m  o f 3 ,4 ,5 -trim e th o x y ace to p h en o n e

Acta Chim. Hung. 121, 1986
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2 ,4 ,6 -trim eth y lace to p h en o n e , 2 ,4 ,6 -trih y d ro x y ace to p h en o n e  an d  3 ,4 ,5 -trim e- 
th o x y ace to p h en o n e  and  m ode 176 in  2 ,3 ,4 -trim e th o x y ace to p h en o n e , using 
spectroscopic  m o m en ts  [14, 32] a re  w ell co m p arab le  w ith  th e  a ss ig n m en ts  
m ad e  in  th e  p re se n t w ork. F e rm i resonance  betw een  th e  C =  0  s tre tc h in g  
m ode and  th e  f i r s t  overtone of C— H  ou t-o f-p lane  bend ing  m ode 11, is be lieved  
to  be p resen t in  2 ,4 ,6 -trim e th y lace to p h en o n e . In te r-  and  in tra m o le c u la r  
hyd ro g en  b o n d in g s could be e s ta b lish e d  from  th e  position  and  n a tu re  o f  O H  
s tre tch in g  an d  ou t-o l-p lane  b e n d in g  m odes in  2 ,4 ,6 -trih y d ro x y ace to p h en o n e .

A c ta  C h im . H u n g .  1 2 1 % 1 9 8 6

F ig . 7. L aser R am an  s p e c tru m  o f 2 ,4 ,6 -trim e th y lace to p h en o n e

F ig . 8. L aser R am an  sp e c tru m  o f 2 ,4 ,6 -trih y d ro x y ace to p h en o n e
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4000 3600 3200 2800 2400 2000 ~ 1600 1200 800 " 400" Ю0
Raman shift(Acm‘')

Fig. 9. L a se r  R a m a n  spectrum  o f 3 ,4 ,5 -tr im e th o x y ace to p h en o n e

T h e  decrease in  th e  c a rb o n y l stre tch ing  fre q u e n c y  in  th is  m olecule is due to  
th e  in tram o lecu la r h y d ro g e n  bonding be tw een  th e  carbony l oxygen  a to m  an d  
th e  hyd rogen  a tom  o f th e  ad jacen t h y d ro x y l g ro u p .

*

T h e  a u th o r w ishes to  acknow ledge w ith  g ra ti tu d e  P ro f. J .  R am ak rish n a , D r. A. Sel- 
v a r a ja n  an d  Mr. A. G a n esan  o f  th e  I. I. Sc., B an galo re  fo r  th e ir  help  in  reco rd ing  th e  in frared  
sp e c tra . T he a u th o r is th a n k f u l  to  Prof. B. N. B h a tta c h a ry a ,  P rof. G. T h y ag a ra ja n  an d  D r. T . 
K . G u n d u  R ao of th e  R . S . I .  С., I. I. T ., B om bay  fo r p ro v id in g  th e  facilities to  reco rd  th e  
L ase r R a m a n  spec tra . T h e  a u th o r  is gratefu l to  th e  H e a d , R .S .I.C ., I .I .T .,  M adras a n d  in  
p a r tic u la r  to  Mr. M. M y la ra ja n  fo r runn ing  th e  L ase r R a m a n  a n d  fa r in fra red  sp ec tra . F in a n ­
c ia l assistance  from  th e  U .G .C ., N ew  Delhi is g ra te fu lly  acknow ledged . T h e  a u th o r  is deep ly  
in d e b te d  to  Prof. (M rs.) C. S a n th a m m a , for h e r v a lu a b le  gu id an ce  du rin g  th e  course o f th e  
p re se n t investiga tion .
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p -D im eth y lam in o - and  p -d ie th y lam in o -a n ils  o f 2 -th iopheneg lyoxal fo rm  stab le  
d a rk  co lou red  chelates w ith  C r( I I I ) ,  M n (II) , F e ( I I I ) ,  C o(II), N i(II) , C u (II) , Z n (II) , 
C d(II), H g ( I I )  a n d  A u (III) , w h ich  h av e  b een  ch arac te rized  by  an alysis, m o la r  co n d u c­
tan ce , m ag n e tic  su scep tib ility , I R  a n d  e lec tro n ic  spectroscopy.

Introduction

K eto an ils , p rep a red  from  a ro m a tic  g lyoxals and  p a ra s u b s titu te d  p r i­
m a ry  am ines, an d  coo rd in a tin g  th ro u g h  azo m eth in e  and  ca rb o n y l g roups of 
qu inono id  s tru c tu re s , have n ove l lig an d  p ro p e rtie s  [1— 3], fo rm in g  com plexes 
o f  genera lly  u n u su a l s te reochem istries a n d  isom eric com positions. C oord ina­
tio n  ch em istry  o f  ke toan ils  o b ta in e d  fro m  2 -th iopheneg lyoxal a n d  p a ra su b ­
s t i tu te d  p r im a ry  a ro m atic  am ines has n o t  been  described as y e t,  th o u g h , a 
few  references [4, 5] dealing w ith  b o n d in g  a n d  s tru c tu re  of m e ta l ch e la tes  of 
S ch iff’s bases o b ta in e d  b y  condensing  2 -th io p h en ea ld eh y d e  w ith  a lk y lam in es 
are  av ailab le . W e now  re p o rt th e  sy n th e s is , p roperties an d  s tru c tu re s  of 
C r(I I I ) , M n(II), F e ( I I I ) ,  C o(II), N i(II) , C u (II) , Z n (II), C d (II) , H g (II)  and  
A u (II I )  com plexes con ta in ing  p -d im e tliy la m in o - and p -d ie th y la m in o -a n ils  
o f 2 -th io p h en eg ly o x a l (ab b rev ia ted  as D M A TG  and  D E A T G , resp ec tiv e ly ) 
lig an d s w ith  th re e  donor sites.

Experim ental

P reparation o f  ketoanils and their complexes

DM ATG a n d  D E A T G  [6] w ere p re c ip ita te d  on  m ixing solu tions o f  2 -th io p h en eg ly o x a l 
(1 m ol) an d  th e  co rrespond ing  am ine (1 m ol) in  e th e r . T he brow n p re c ip ita te s  w ashed  w ith  
e th e r  w ere rec ry s ta llize d  from  benzene or ace to n e .

F o r th e  p re p a ra tio n  of com plexes, lig an d  a n d  m eta l chloride so lu tio n s  in  ace tone  
(AuCl3 in  95%  e th a n o l)  m ixed in  s to ich io m etric  p ro p o rtio n s  (ligand in  s lig h t excess) w ere 
re flu x ed , c o n ce n tra ted  and  crysta llized . C ry sta llin e  p ro d u c ts  w ashed w ith  e th e r  a n d  recrys-

* To w hom  correspondence sh o u ld  be ad d ressed .

4* A c ta  C h im . H u n g .  1 2 1 , 1 9 8 6  
A k a d é m ia i  K i a d ó , B u d a p e s t
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ta lliz ed  f ro m  m e th y l cyan ide, ch loroform , d io x an e  o r e th an o l-H C l (9 : 1, v/v) a n d  f in a lly  
w ashed  w ith  e th e r , were d ried  u n d e r red u ced  pressure .

I n  th e  p re p a ra tiv e  w ork  la b o ra to ry  re ag e n ts  o b ta in e d  fro m  B D H  and  Jo h n so n  M a tth e y  
(L o n d o n ) w ere  u sed  as supplied .

A n a ly s is  a n d  p h ysica l measurements

F o r  c a rb o n , h y d rogen  an d  n itro g e n  co n ten ts  sam p les w ere analysed  m ic ro an a ly tic a lly , 
w hereas c h lo rin e  w as e s tim a te d  as AgCl g ra v im etrica lly . C on d u c tan ce  w as m easu red  o n  a 
T o sh n iw a l c o n d u c tiv ity  b ridge using  a  d ip -ty p e  cell w ith  a  cell co n stan t o f 0.61. In f ra re d  
sp e c tra  w e re  reco rd ed  in  N u jo l on  a  P e rk in  E lm er-577  sp e c tro p h o to m ete r. A b so rb an ce  of 
co m plex  so lu tio n s  w as m easu red  on a  B eck m an n  D U -2 sp e c tro p h o to m ete r. M agnetic  su scep ­
tib il ity  m e a su re m e n ts  on pow dered  solids w ere done w ith  a  G ouy balance a t  room  te m p e ra ­
tu re  u s in g  C oH g(SC N )4 ca lib ran t.

R esults and D iscussion

T h e  co lou r, m .p . an d  a n a ly tic a l re su lts , w h ich  agree w ith  th e  p ro p o sed  
s to ic h io m e tr ie s  o f th e  com plexes are  lis te d  in  T ab le  I . S ilver n itra te  te s t  an d  
m o lar c o n d u c ta n c e  d a ta  (T able I I )  rev ea l t h a t  ex cep t F e (I I I )  an d  A u (I I I )  
co m p lex es a ll are  n o n -e lec tro ly tes . Low  Л М  v a lu es  o b ta in ed  genera lly  m a y  
be a t t r ib u te d  to  large cations.

I R  s p e c tra  of DM ATG, D E A T G  an d  th e ir  com plexes reveal co n siderab le  
low erin g  in  th e  s tre tch in g  frequencies a n d /o r in te n s itie s  an d  changes o f b a n d  
shapes c o rre sp o n d in g  to  C = 0 ,  C— S, 1 : 4 d isu b s titu tio n  and  C =  C (a ro m a tic ) 
g roups o f  lig a n d s  on co m p lexa tion . T his in d ica te s  t h a t  b o th  ligands are  co o rd i­
n a te d  w ith  m e ta l ions in  q u in ono id  s tru c tu re s  th ro u g h  th e ir  ca rbony l o x y g en  
and  h e te ro c y c lic  su lp h u r a to m s; new  low  fre q u e n c y  peaks co rrespond ing  to  
M— О a n d  M— S stre tch in g  in  th e  sp ec tra  o f com plexes su p p o rt th e  p a r t ic ip a ­
tio n  o f  C =  0  an d  C— S (heterocyclic) g roups in  coo rd in a tio n . U n d is tu rb e d  
p o s itio n  o f  th e  azom eth ine  b a n d  ev id en tly  show s th a t ,  p ro b ab ly  due to  its  
rem o te  p o s it io n  from  th e  c o o rd in a tin g  g roups, i t  is p rev en ted  from  c o o rd in a ­
tion .

S ix  co o rd in a tio n  species o f  th e  ty p e  M L 2X 2 (w here L  an d  X  are b id e n ta te  
lig an d  a n d  m o n o d en ta te  ha lide , resp ec tiv e ly ) a re  capab le  of ex h ib itin g  cis- 
and  iran s-iso m erism  [7] in  o c ta h e d ra l g eo m etry . I n  th e  cis- isom er o f  C,Zv 
sy m m e try  w ith  halides in  axial positio n s, one w ould  expec t tw o IR -a c tiv e  
te rm in a l M— X  stre tch in g  m odes, w hereas in  th e  ircm s-isom er of Dxh sy m m e try  
only  o n e  n o rm a l m ode is ex p ec ted . T hese co n sid e ra tio n s  lead  us to  su g g est 
th a t  o n ly  th e  c£s-configuration is o b ta in ed  w ith  th e  com plexes of M n (II) , 
F e ( I I I ) ,  N i( I I )  an d  C d(II). In  som e cases th e  d o u b le t s tru c tu re  o f M— X  
peaks c o u ld  be a t tr ib u te d  to  in co m p le te  d eg en eracy  o f  th e  tw o n o rm al m odes.

In  se v e ra l com plexes one or tw o s tro n g , b ro a d  IR  bands in  th e  3320—  
—3440 c m - 1  ran g e , an d  th e  a n a ly tic a l d a ta  in d ic a te  w a te r  m olecules w h ich , 
how ever, do  n o t seem  to  be co o rd in a ted  to  m e ta l ions as ad d itio n a l M— О 
b an d s  a re  a b se n t from  th e  IR  sp ec tra .

Acta Chirn. Hung. 121, 1986
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Table I

Colour, m .p m o l a r  conductance and analytical data fo r  the complexes

C om plex Colour
M elting

p o in t
(°c)

M olar c o n d u c tiv ity , 
Л М

(Í2 -1 c m 2 m o l-1 )

F ou n d  (Calcd.) %

C H N CI

Cr(DM ATG)Cl3 • 4 H 20 G ray 195 14.8 34.45 4.33 5.79 21.65
brow n (CI1C13) (34.38) (4.50) (5 .73) (21.80)

C r(DEATG)Cl3 • 411.,0 B lack 210 18.3 37.08 5.10 5.38 21.00
(CHC13) (37.20) (5.03) (5.42) (20.64)

Mn(DMATG).,Cl, • 2H „0  G ray 250 21.9 49.38 4.60 8.38 10.12
brow n (MeCN) (49.55) (4.71) (8.25) (10.47)

Mn(DEATG).,CL • 2II..0 B lack 22.4 52.40 5.60 7.45 10.00
(Me,CO) (52.31) (5.44) (7.62) ( 9.67)

Fe(DMATG).,Cl3 D ark 250 107.6 49.78 4.24 8.49 16.02
brow n (Me,CO) (49.53) (4.12) (8.24) (15.70)

F e(D E A T C ),C l3 B row n 178 89.5" 52.45 5.06 7.62 14.75
black (Me2CO) (52.29) (4.90) (7 .62) (14.50)

Co(DM ATG)Cl, • 2H jO b ra y 198 26.6" 40.15 4.11 6.72 16.54
Brown (MeCN) (39.62) (4.24) (6.60) (16.75)

Co(DEATG)Cl., Black 190 25.4 46.06 4.70 6.58 16.78
(Me2CO) (46.16) (4.34) (6.73) (17.07)

Ni(DM ATG)2Cl2 D ark 192 16.9" 52.14 4.29 8.75 10.82
brow n (MeCN) (52.04) (4.32) (8.67) (11.00)

Ni(DEATG)„Cl„ Black 195 22.9 54.88 5.06 7.86 9.88
(CHC13) (54.73) (5.13) (7.98) (10.12)

Cu,(DM ATG)Cl, • 8H..O B row n 280 5.0 24.86 4.51 4.12 20.00
(D ioxane) (25.02) (4.47) (4.17) (21.15)

Cu(D EA TG )(O H )Cl Brown 285 2.2 48.74 4.73 6.96 8.83
black (D ioxane) (49.80) (4.67) (7.27) (9.21)

Zn(DM ATG)Cl, Black 170 19.2 42.98 3.85 7.15 17.88
(Mc,CO) (42.60) (3.54) (7.09) (18.00)

Zn(DEATG)CL, • 211,0 D ark 168 14.0" 42.78 4.79 5.30 15.32
brow n (Me,CO) (41.89) (4.79) (5.27) (15.49)

Cd(DM ATG)2Cl, • 2H „0 G ray 195 — 46.60 4.32 7.77 9.62
brow n (46.83) (4.46) (7.81) (9.90)

C d(D EA TG )2Cl„ D ark 215 18.4 50.98 5.08 7.72 9.28
brow n (Ме„СО) (50.83) (4.77) (7.41) (9.40)

Au(DM ATG)Cl3 • H 20 G ray 232 79.5" 27.52 2.82 4.85 18.60
brow n (E tO Il  H Cl, (27.26) (2.76) (4.83) (18.38)

6 : 1, v/v)
A u(D EA TG )C l3 • 311,0 Black 230 72.3 30.83 3.40 4.68 17.42

(E tO H  -  H Cl, (31.10) (3.29) (4.60) (17.52)
6 : 1, v/v)

Hg(D M ATG)Cl, • 311,0 Brown — — 29.00 3.35 4.90 12.00
(28.81) (3.42) (4.80) (12.17)

Ilg (D E A T G )C l, • 11,0 Black — 21.1 33.27 3.53 4.92 12.18
(Me2CO) (33.35) (3.47) (4.86) (12.33)

O n th e  basis o f an a ly tica l an d  m o la r co n d u ctan ce  dat;a, a n d o f  th e
abcence o f w a te r  m olecule(s) in  th e  c o o rd in a tio n  sphere C r(III)  co m p lex es 
can be p ro p o sed  to  be ch lo ride-b ridged  d im e rs , a lthough , th e  Gr— Cl— Cr 
s tre tc h in g  b an d s  in  th e ir  IR  sp ec tra  could  n o t  he iden tified , p ro b a b ly  due 
to  its  m ix ing  w ith  ligand  bands or ro ta tio n a l oscillations of la t t ic e  w a te r  
occu rrin g  in  th e  sam e frequency  reg ion . S im ila rly , in the  h a lid e -b rid g e d  
cq u are  p la n a r  Cu2 (DMTAG)C14 • 8H 2 0 ,  d im er i.e . Cu— Cl— Cu s tre tc h in g  b a n d s

Acta Chim. Hung. 121, 1986
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Table II

P rincipal infrared bands (cm -1) fo r  the ligands and their complexes

8

C om pound v ( C = 0 ) v (C = N )  • r (C = C )
a ro m atic

1 : 4
D isu b s ti­

tu tio n
c(C— S) v(M— O) t>(M— S) v(M—Cl)

DMATG 1650 s, sh 1610 s 1565 s, 1540 m , 1515 s 830 s, d 860 s, 645 m _ _ —
DEA TG 1660 s, sh 1610 s 1520 s, d , 1470 s, 1450 s 820 s, d 850 s, 665 m — — —

Cr(DM ATG) Cl3 • 4 H 20 1640 s 1610 s 1515 s 825 s 850 m , sh, 665m 535 m 210 m 335 m
Cr(DEATG)Cl3 • 4H „0 1650 s, sh 1610 s 1515 s, 1470 s 835 s — 560 s 205 m 370 m
Mn(DMATG)..Cl2 ■ 2H 20 1640 s, sh 1610 s 1518 s 830 s 650 m 540 m 215 m 285 s, d
M n(D EA TG )2Cl2 • 2H 20 1645 s, sh 1610 s 1520 s, 1465 s 825 m 855 m , sh 575 m — 295 w, 235 m
F  e(DMATG)2Cl3 1630 s, sh 1610 s 1510 s 830 s 675 s — 215 s 285 s, d
F c(D EA TG )2C13 1650 s, sh 1610 s 1510 s, 1470 s 840 s — 560 m — 380 m , 295 m
Co(DMATG)Cl„ ■ 2H 20 1640 s 1610 s 1515 s 825 s 850 s, sh 535 m 210 m 310 w
Co(DEATG)Cl„ 1650 s 1610 s 1515 s, 1470 s 825 m — 560 m 210 m 315 m
Ni(DM ATG)2CÍ2 1635 s 1610 s 1512 s 820 s 850 s, sh, 660 m 530 m — 370 m , 240 m
N i(D EA TG )2Cl2 1640 s, sh 1610 m 1510 s 820 m 845 m ,s h 550 m 205 w 260 w , 240 w
Cu2(DMATG)C14 ■ 8H 20 1625 s, b 1610 s 1535 m , 1515 m 840 m , b 855 m , 660 m 510 w 205 w 320 m
Cu(DEATG)(0H)C1 1650 s 1610 s 1510 s 835 s — 535 s 210 s 380 m
Zn(DMATG)Cl2 1640 s 1610 s 1510 s 820 s 850 m ,s h ,650 m 530 m — 280 s, 250 s
Zn(DEATG)Cl2 • 2II..0 1645 m ,s h 1610 s 1520 s, 1460 m 840 m — 560 m 210 m 300 m , 230 m
Cd(DMATG)2Cl2 • 2H 20 1620 s, b 1620 s, b 1590 s, 1495 s 810 s 840 m ,s h 550 m — 275 s, sh, 250 s
Cd(DEATG)„Cl2 1625 s, sh 1610 s 1495 s 810 s — 520 s 250 s 275 s, 250 s
Au(DM ATG)Cl3 • H 20 1625 s 1610 s 1590 s, 1485 s 810 s — 550 s 225 s 275 s, 250 s
A u(D EA TG )C l3 • 3H 20 1620 s, sh 1610 s 1590 s 820 s — 545 s — 290 s, 250 s
Hg(DM ATG)Cl2 • 3H 20 1625 m , b 1610 m ,b — 815 m 840 m 557 m , b — 280 s, 270 s
Hg(D EA TG )Cl2 • H 20 1590 s 1610 s, sh — 820 s 545 s 225 s 280 s, 250 s

s — strong ; m  — m edium ; w — w eak; sh  — shoulder; b  — broad.
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cou ld  n o t be id en tified . I n  b o th  C o(II) co m p o u n d s a b an d  a t  ca. 313 c m - 1  

a ttr ib u ta b le  to  Co— Cl s tre tc h in g , reveals m onom eric  s tru c tu res  fo r  th e  four- 
co o rd in a te  species.

T he m agnetic  m om en ts  o f C r(III)  com plexes indeed  co rrespond  to  th ree  
u n p a ire d  electrons, b u t  th e y  are  considerab ly  low er th a n  the  sp in -free  value 
(3.87 B .M .). F o r ligands t h a t  a re  n o rm al m olecules w ith  no large n u m b e rs  of 
low  ly in g  e lectron ic  s ta te s , one w ould  ex p ec t sm all co n trib u tio n s o f  sp in -o rb it 
coup ling  an d  (1— 4A/10Hg) to  th e  low ering o f  m agnetic  m o m en ts  o f  com ­
p lexes. As in  m an y  in stan ces [8 ] p o ly m eriza tio n  cou ld  considerab ly  re d u c e  th e  
m ag n e tic  m om en ts, in  th e  p re sen t co m pounds m a jo r c o n tr ib u tio n s  to  th e  
o b serv ed  low ering could be  a t tr ib u te d  to  d im eriza tio n . B and sp lit t in g  p a t te rn  
in  th e  ab so rp tio n  sp ec tra  is co n sis ten t w ith  th e  o c tah ed ra l g eo m e try  o f  th e  
com plexes. L igand  fie ld  p a ra m e te rs  have  b een  ca lcu la ted  b y  s ta n d a rd  m eth o d s
[9]. T he observed  НШд va lu es  are low er as co m p ared  w ith  th a t  for [C r(N H 3)6]3+, 
2200 c m -1 . T herefo re, i t  is reasonab le  to  a ssum e th a t  ligands are  lo w er th a n  
am m o n ia  in  th e  spec trochem ica l series. T he В  va lu es  are 60— 6 2 %  o f th e  
free ion  va lu e  in  th e  com plexes, suggesting  a h ig h ly  covalen t n a tu re  o f  m eta l- 
lig an d  bonds.

C om plexes of M n(II) an d  F e ( I I I )  are sim ple  p aram agnetics. T h e  o b served  
m ag n e tic  m om en ts fa lling  in  th e  range o f v a lu es  rep o rted  for co m p o u n d s 
invo lv in g  h igh  sp in  d 5 co n fig u ra tio n  in d ica te  th e  presence of th is  c o n fig u ra ­
tio n  in  th e se  com plexes. E lec tro n ic  sp ec tra  a re  also  cha rac teris tic  o f  h ig h  sp in  
d 5 o c ta h e d ra l s te reo ch em istry . In  these  com plexes a b an d  co rresp o n d in g  to  
*Aig(G) -  °A lg tra n s itio n  could  n o t he id e n tif ie d  on account o f  i ts  m ix ing  
w ith  th e  closely spaced  b a n d  o f  4Eg(G) *— eA lg. T he  energy o f 4E g(G) and  
4A lg(G) d egenera te  s ta te s , w hich  are in d e p e n d e n t o f  Dq, do n o t ch an g e  m uch  
re la tiv e  to  th e  g ro u n d  te rm  eA lg as Dq changes a n d , therefo re , th e ir  b a n d s  in  
th e  sp e c tra  are n o t ap p rec iab ly  b ro ad en ed  e ith e r  b y  vibronic co u p lin g  or b y  
sp in -o rb it coupling  [10]. C onsequen tly , b o th  o f  th e se  b ands g en era lly  rem ain  
u n reso lv ed . T he ß  values revea l th e  co v a len t n a tu re  o f coo rd inate  b o n d s  in  
th e  com plexes. H ow ever, F e ( I I I )  com plexes in v o lv in g  sufficient m e ta l- lig a n d  
o rb ita l overlap , as in d ica ted  b y  a s trong  re d u c tio n  o f В  re la tive  to  th e  free 
ion  v a lu e  are m ore co v a len t th a n  M n(II) com plexes.

T he m agnetic  m o m en t o f Co(DMATG)C12 • 2 H 20  seems to  fa ll in  the  
ran g e  of C o(II) com plexes d isp lay ing  an om alous behav iou r. In  sp in -p a ired  
sq u a re  p la n a r  com plexes o f  d iv a len t co b a lt, th e  to ta l  m agnetic  m o m en t 
in c lu d in g  o rb ita l c o n tr ib u tio n  is expected  to  be 1.9 B.M . and  a n y  h ig h  value 
w ill lead  to  th e  presence o f  sp in-free o c tah ed ra l com plexes along w ith  a sq u are  
p la n a r  com pound , w hereas low values w ill lead  to  low -spin square  p la n a r  ^  
o c ta h e d ra l co n fig u ra tio n a l equ ilib rium . T he o b serv ed  m om ent o f 2 .24  B.M . 
cou ld  be accoun ted  for b y  considering  sp in -p a ired  square  p lan a r ^  sp in -free  
o c ta h e d ra l co n fig u ra tio n a l equ ilib rium . Such com plexes are n o t u n co m m o n
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Table III

M agnetic and  electronic spectral data fo r  the complexes

C o m p le x

M agnet­
ic

m o m en t
(m i )

(B .M .)

W a v e
n u m b e r
(c m -1 )

B an d  a ssignm ent
1 0 D q

( c m -1 )
R acah ’s

p a ram e te rs
(cm -1 )

N ep h e-
la u x e tic

r a t io
(ß )

L F S E
(c m -1 )

C r(D M A T G )C l3 • 
• 4 H 20

3.61 16,289
16,667
19,417
21,978
25,316

Ъ  - M 2g( F )
2 T  .  K 

1  IP
4T 4 (F )  -
2T  ,1 2g

-

19,417 B =  551.8 
C =  2041.6

0.60 23,300

C r(D E A T G )C l3 • 
• 4 H ,0

3.55 14,286
16,000
18,692
24,691
27,027

Ъ  * -  4a 4 ( f )
4T2g(F )  -  
4T lg(F )  -

18,692 B  =  666.9 
C =  2097.5

0.62 22,430

M n(D M A T G )2Cl2 • 
• 2 H 20

5.64 17,397
19,048
20,619
32,258
45,455

4T lg(G) ~ * A 4  
>T2 (G) -

Ъ ( С )  -

M Charge tran sfe r

9,971 

—  L

B =  724.6 
C =  2536.0

0.76

M n (D E A T G )2Cl2 • 
■ 2 H 20

5.73 16,129
18,519
19,608
20,833
22,727d
24.390
27.390 
29,850

4T lg(G) ^ ° A lg  

4T2 (G) -
4F g ( G )  -
4T2g(D) -  
4E g(D) -  

4T[g(P )  -
44 s ( F )  -
4T lg(F )  -

7,393 B  =  672.0 
C =  2352.0

0.70

F  e(D M  A T G )2C13 5.78 18,692
19,418
20,619
27,778
29,851

4Fig(G) ~ eA Ig 
4T2g(G) *- 
4E g(G) -  
4T 4 (P ) -  
4A 2\ ( F )  -

8,567 B =  778.8 0.60

F e (D E A T G )2Cl3 5.65 17,391
18,349
19,048
23,529
24,691
28,169
30,030

4T lg(G) +-*Alg 
4T 2g(G) -  
4E g(G) *- 
4T;e(D) -  
4E g(D) -
4T lg(P )  -  
4A 4 (F )  -

7,971 B =  724.6 0.56

Co(DM ATG)C12 ■ 
• 2 H 20

2.24 12,195
16,667
19,048
24,096sh
26,6671
37 ,037 /

*F'g(F )  ■*- 4T lg(F )
44 g(F ) *■
4T lg(P )  -

M — L
Charge transfer

9,093 B =  866.0 
C =  3377.4

0.89 5,456

Co(D E A T G )C 12 4.40 12,821
16,109
19,048
24,691
27,0271
3 7 ,0 3 7 /

*Fg(F ) ~ * T lg(F )
44 g( P )  -
4F ig(P )  -  

M <- L
Charge tran sfer

8,593 В  =  840.6 
C =  3278.3

0.87 5,156
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T ab le  I I I  (contd .)

Com plex

M a g n e t­
ic] W av e  

m o m e n t n u m b er  
(.«*«.) ( c m -1 ) 

(B .M .)

„  , 10 Do
B an d  a s s ig n m en t (c m -1 )

R a c a h ’s
p a ra m e te rs

(cm -1 )

N ephe-
lau x e tic

r a t io
W)

L F S E
(cm -1 )

Ni(DM ATG)2Cl2 2.15 11,765 
17,544 
24,096 
26,316 
36,364

3T4 (F )  ~ - M ,  11,765 
3K ( F )  -  
lE e(D) -  
3T 4 (P )  -
M Charge tra n s fe r  L

B =  571.0 
C =  2569.5

0.55 14,118

N i(D EA TG )2Cl2 2.67 10,989 
16,807 
22,478 
25,641 
36,364

3T2J F )  - M 2c 10,989 
3< ( F )  -  
xE e{D) -
3Г ,г(P ) -
M Charge tra n s fe r  L

B =  632.0 
C  =  2844.0

0.61 13,187

Cu„(I)MATG)Cl, • 
• 8H 20

1.84 16,667 
17,857 
18,692sh 
32,787

2Ач  - 2 в ч2E  4 -

M Charge tra n s fe r  ■+- L

Cu(DEATG)(0H)C1 1.92 15,625 
17,241 
18,868 
20,408 
32,787

2Aig -  2B lg
2E  —g

M Charge tran s fe r  L

Au(DM ATG)Cl3 • 
• H 20

D iam ag . 17,544 
19,231 
23,809 
25,974 
31,428 
42,735

3A 4  * ~ 'A ig —
i a 4  -  

— a 4

U 2u * .
XE U -

A u(D EA TG )C ls • 
• 3H 20

D iam ag . 16,260 
20,408b 
25,000 
26,667 
32,258 
44,444

\А ч  ~ ' A 4
I B 4 Z
1A,u -
'E u -

d doublet; sh  — sh lou lder; b> — broad.

[11— 14]. M agnetic m o m e n t o f Co(DEATG)C12 is ty p ic a l o f C o(II) com pounds 
w ith  te tra h e d ra l sy m m e try . T he assum ed te t r a h e d ra l  geo m etry  o f th e  com plex 
is, o f course, a s im p lif ic a tio n , how ever, i t  seem s ju s tif ie d  to  assum e te tra h e -  
d ra l o c tah ed ra l co n fig u ra tio n a l equ ilib riu m  on acco u n t o f th e  yueff. value 
h ig h er th a n  th e  sp in -o n ly  value  of 3.87 B.M . A lth o u g h  values, w hich  are 
co n sis ten t w ith  I R  a n d  a n a ly tic a l resu lts , in d ic a te  anom alous b eh av io u r o f th e  
solid  com plexes, th e  e lec tron ic  spectra  o f th e ir  so lu tions are  ch a rac te ris tic  
[11— 15] of an  o c ta h e d ra l C o(II) ion. A ssig n m en t o f b an d s an d  ligand  fie ld  
p a ram e te rs  as c a lc u la ted  b y  K onig’s e q u a tio n s  [9], are  n o ted  in  T ab le  I I I .
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F o r  h ig h -sp in  te tra h e d ra l o r te tra g o n a lly  d is to r te d  o c tah ed ra l n ic k e l(II)  
co m p lex es , th e  m agnetic m o m en ts , in  genera l, a re  h igher ( >  3.4 B.M .) th a n  
tho se  fo r  h ig h -sp in  o c tah ed ra l co m p o u n d s  ( <  3.4 B.M .); square  p la n a r  co m ­
plexes a re  d iam ag n etic . In  com plexes e x h ib itin g  m om ents be tw een  zero  a n d  
2.8 B .M ., m o s t p robab ly , sp in -free  ^  sp in -p a ired  equ ilib rium  occurs in v o lv in g  
e ith e r  s q u a re  p lan a r-o c tah ed ra l o r sq u a re  p la n a r- te tra h e d ra l g eom etries. 
T he low  m a g n e tic  m om ent v a lu es , v iz . 2.15 B.M . an d  2.67 B.M. a re  c o n s is te n t 
w ith  lo w -sp in  square p la n a r  ^  h ig h -sp in  o c tah ed ra l equ ilib riu m  in  b o th  
N i(D M A T G )2 Cl2 and N i(D E A T G )2 Cl2. A lth o u g h , m agnetic  re su lts  in d ic a te  
b o th  so lid s  to  be equilib rium  m ix tu re s  o f o c tah ed ra l an d  square  p la n a r  fo rm s, 
e le c tro n ic  sp e c tra  d isp lay  p a t te rn s  c h a ra c te r is tic  [11, 16, 17] o f  o c ta h e d ra l 
n ic k e l( I I ) .  E lec tro n ic  sp ec tra l re su lts  a re  co rro b o ra ted  b y  m olar co n d u c tan ce  
d a ta . R a c a h ’s in tere lec tron ic  re p u ls io n  p a ra m e te rs  an d  n ep h e lau x e tic  ra tio s  
c a lc u la te d  b y  s tan d a rd  m e th o d s  [9] rev ea l a h igh ly  cov a len t c h a ra c te r  of 
n ic k e l- lig a n d  bonds in  th e  o c ta h e d ra l com plexes.

F o r  p e rfec tly  te tra h e d ra l c o p p e r(II)  com pounds hav ing  a d eg en era te  
g ro u n d  s ta te ,  c ry sta l field  th e o ry  p red ic ts  la rge  o rb ita l co n trib u tio n s  to  th e  
sp in -o n ly  v a lu e  and  th e  m ag n e tic  m o m e n t shou ld  be ab o u t 2.20 B .M ., w h ereas  
d is to r te d  te tra h e d ra l  com plexes sh o u ld  h av e  low er values of (2.00 B .M .). 
H o w e v e r, in  p lan a r com plexes w h ich  do n o t h av e  a degenera te  g ro u n d  s ta te , 
th e  v a lu e s  are close to  th e  sp in -o n ly  va lue . T he m agnetic  m o m en ts  o f th e  
p re s e n t  com plexes ind ica te  [16] th e ir  sq u are  p la n a r geom etry . In  e lec tron ic  
s p e c tra  o f  th e  com plexes, th e  f i r s t  tw o  b an d s , co rrespond ing  to  c h a ra c te r is tic  
c ry s ta l  f ie ld  tran sitio n s [18-—20] o f  a sq u are  p la n a r geom etry , in d ica te  th is  
c o n f ig u ra tio n  in  them .

T h e  d iam agnetism  e x h ib ite d  b y  A u (I I I )  com plexes is in d ic a tiv e  o f  
th e ir  lo w -sp in  square p lan a r c o n fig u ra tio n  as u sual. S p littin g  p a tte rn s  o f  th e  
f i r s t  f o u r  b a n d s  in  the  electron ic  sp e c tra  confirm s square  p la n a r s te reo ch em is try  
o f  b o th  th e  com plexes. B ased  on  th e  fa c t t h a t  in  square  p la n a r com plexes 
o f d 8 c o n fig u ra tio n  invo lv ing  lig a n d s  h av in g  no n  o rb ita ls , tw o lig an d  —*- m e ta l 
c h a rg e  tr a n s fe r  bands are  sp aced  a t  en erg y  difference o f 1 0 , 0 0 0  c m -1 , th e  
la s t  tw o  b a n d s  of high in te n s i ty  can  be assigned  [2 1 ] to  sp in-allow ed ch arg e  
t r a n s f e r  tra n s itio n s  1A 2u ■*— 1A lg a n d  1E ll ч— 1A lg, respective ly .

W e  a re  g ratefu l to D r. G. S. V a sh ish th a , P rin c ip a l, N .R .E .C . College, K h u r ja , fo r  p ro ­
v id in g  fa c ili t ie s  needed in th is  w ork . O n e  o f u s  (K .R .)  ex ten d s th a n k s  to  C .S .I.R ., N ew  D elh i, 
fo r th e  a w a rd  o f J .R .F .
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INVESTIG ATIO NS ON T H E  THERM AL  
P R O P E R T IE S  OF TWO N E W  PLANT-PRO TECTING  

AGENTS OF D IF F E R E N T  TYPES

T eréz F l ó r a

(Research In stitu te  fo r  H eavy Chemical In d u str ie s , H -8201 Veszprém, W artha V. и. 1 — 3.)

R ece iv ed  O c to b er 3 , 1984 
A ccep ted  fo r p u b lic a tio n  M ay 22, 1985

D e riv a to g rap h ic  in v es tig a tio n s  w ere c a rried  o u t on p la n t-p ro te c tin g  a g en ts  of 
d iffe ren t ty p es  developed  in  N E V IK I, such  as p h osm ethy lane  (0 ,0 -d im eth y l-S -(iV -2 - 
ch lo ro p h e n y lp ro p a n e -l-c a rb o x y lam id o m e th y l)d ith io p h o sp h a te )  w ith  in se c tic id e  a c tiv ­
i ty ,  h a v in g  th e  com m ercial n am e N evifosz, a n d  IV -phenylph thalam in ic  a c id  w ith  ho r­
m one a c t iv ity  (com m ercial n am e: N eviro l). B y  analyzing  th e  d eco m p o sitio n  p ro d u c ts  
( IR  sp e c tra , e lem en tal an alysis, d e te rm in a tio n  o f th e  m elting  p o in t)  th e  th e rm a l  p roc­
esses ta k in g  p lace w ere e lu c id a ted . T h e  k in e tic  p a ram ete rs  o f th e rm a l d issoc ia tion  
(E , n , Tj/j) w ere ca lcu la ted  an d  d e te rm in ed  fo r b o th  com pounds from  th e  d a ta  o f curves 
reco rd ed  w ith  con tin u o u s h e a tin g  a n d  u n d e r  iso th erm a l conditions. T he c u rv es  reco rded  
fo r p h o sm e th y la n e  u n d e r  iso th e rm a l co n d itio n s show  th a t  th e  h e a t  l ib e ra te d  du ring  
th e  p o ly m eriza tio n  process o v erlap p in g  th e rm a l dissociation , affec ts th e  te m p e ra tu re s  
p ro d u ced  b y  th e  h e a tin g  an d  th u s  th e  a c tiv a tio n  energy calcu la ted  fro m  th e  te m p e ra ­
tu re  d a ta .

In tro d u c tio n

Successful ap p lica tio n  o f th e rm a l an a ly s is  in  th e  c h e m is try  o f  p lan t-  
p ro te c tin g  ag en ts  has been  re p o rte d  in  sev era l papers. T h erm al a n a ly s is  has 
been  em ployed  w ith  good re su lts  in  re sea rch  aim ing  a t the  sy n th e s is  o f  p lan t-  
p ro te c tin g  ag en ts , fo r q u a lita tiv e  an d  q u a n ti ta t iv e  analysis o f th e  p ro d u c ts , 
fo r s tu d y in g  th e  reac tio n s ta k in g  p lace be tw een  th e  in d iv id u a l co m p o n en ts  
u n d e r  h e a tin g  an d  for th e  d e te rm in a tio n  o f  so lu b ility  [1 — I I ] .

I t  is im p o r ta n t to  know  th e  m ech an ism  o f th e  th e rm a l d eco m p o sitio n  
o f p la n t-p ro te c tin g  agen ts. O n one h a n d , new , effective p la n t-p ro te c tin g  agen ts 
can  be o b ta in e d  on th e rm a l t r e a tm e n t;  on th e  o th e r han d , th e  p ro te c tio n  of 
e n v iro n m e n t also d em an d s th e  know ledge o f  th e  s ta b ility  o f p la n t-p ro te c tin g  
ag en ts , th e ir  im p o r ta n t decom position  re a c tio n s , th e  persistency  [1 2 ], th e  tim e  
re q u ire d  fo r th e ir  decom position  an d  th e  n a tu re  o f th e  decom position  p ro d u c ts .

In  th e  p re sen t p ap e r, th e  th e rm a l decom position  and  th e  k in e tic s  o f  de­
co m position  o f tw o new  p la n t-p ro te c tin g  ag en ts  developed in  o u r in s t i tu te  will 
be d iscussed ; th ese  are N -p h e n y lp h th a la m in ic  acid (com m ercial n a m e : N eviro l) 
w ith  ho rm one  a c tiv ity , an d  a p h o sp h o ric  e s te r insecticide 0 , 0 -d im e th y l-
S -(7 V -2 -ch lo ro p h en y lp ro p an e-l-carb o x y lam id o m eth y l)-d ith io p h o sp h a te  (p ro ­
posed  com m on  nam e o f th e  ac tiv e  in g re d ie n t is p hosm ethy lane , th e  p ro d u c t 
co n ta in in g  th is  su b stan ce  has th e  com m erc ia l nam e Nevifosz).

A c ta  C h im . H u n g .  1 2 1 , 1 9 8 6  
A k a d é m ia i  K i a d ó , B u d a p e s t
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L iteratu re  review

T h erm al iso m eriza tio n  o f  alkyl th io p h o sp h a te s  o f th e  phosphoric  e s te r  
ty p e  h as  been know n fo r  a lo n g  tim e. In  1911, E m m e tt  an d  Jones [13] describ ed  
th e  isom eriza tion  o f 0 , 0 , 0 - tr im e th y l th io p h o sp h a te  an d  th e  co rrespond ing  
t r ie th y l  esters:

К О — l '= S  К О —  P = 0

КО K O ^

S c h ra d e r  [14] re p o rte d  a s im ila r  reaction  in  th e  case  o f p a ra th io n  (0 ,0 -d ie th y l-  
0 -(4 -n itro p h e n y l)- th io -p h o sp h a te ) , which o ccu rred  on  h ea tin g  of th e  in sec tic id e  
to  130— 140 °C. T he sam e  reac tio n  was th e  b as is  o f th e  p a te n t c la im ed  b y  
M orril [15], dealing w ith  th e  p rep ara tio n  o f th e  S -e th y l isom er of p a ra th io n , 
h a v in g  a h igh in sec tic ide  a c t iv i ty , the  p ro ced u re  in c lu d e d  heating  of p a ra th io n  
a t  160— 170 °C for 10 h . M e tca lf and M arch [16] h e a te d  a p a ra th io n  m e th y l 
hom ologue a t 150 °C fo r  3.5  h  to  obtain  a ye llow  v isco u s liqu id  w ith  a m ercap - 
ta n - lik e  odour. W hen  h e a tin g  w as effected fo r 24 h , tw o  phases were o b ta in e d : 
a  v e ry  vo la tile  m obile l iq u id  an d  a solid f ra c tio n . S im ila r phases a p p ea red  on 
h e a tin g  o f th e  iso p ro p y l hom ologue of p a ra th io n  a t  150 °C for 3 h. D u rin g  th e  
th e rm a l tre a tm e n t o f  p u r if ie d  p a ra th ion  a t  150 °C fo r 24 h , the  presence  of 
e ig h t com pounds cou ld  be  d e tec ted  c h ro m a to g ra p h ica lly : five of th e m  could  
be id en tif ied :

( 1 ) 0 -e thy l-0 , 0 -b is(p -n itro p h en y l th io p h o sp a te )
(2) 0 ,0 -d ie th y l-0 -(4 -n itro p h en y l)  th io p h o s p h a te  (para th ion )
(3) 0 ,S -d ie th y l-0 -(4 -n itro p h en y l)  th io p h o s p h a te
(4) d ie th y l-4 -n itro p h e n y l phosphate
(5) p -n itro p h en o l

M cP h u sin  e t al. [17] s ta te d  th a t  the  decom position  o f  th e  m ethy l hom ologue of 
p a ra th io n  takes p lace in  tw o  steps, th e  f irs t o f  th e m  resu lts  in  th e  fo rm a tio n  of 
a m ix tu re  of d im e th y l su lf id e , sulfur d iox ide a n d  m ixed  po lyary l m e ta p h o s ­
p h a te s .

In  our In s t i tu te ,  th e rm a l  decom position  o f  sev e ra l effective su b stan ces  
o f  th e  phosphoric  e s te r  ty p e  has been s tu d ie d . T h e rm a l p roperties o f fo sm et 
(S -(iV -p h th a lim id o m eth y l) 0 , 0 -d im e th y ld ith io p h o sp h a te )  have been in v e s t i­
g a te d  on  a d e r iv a to g ra p h y  [ 8 ]. I t  was s ta te d  t h a t  th e  decom position  process 
s ta r ts  w ith  isom eriza tion . T h is  is followed b y  th e  sp lit-o ff  of th e  m e th y l g roups 
a n d  s im u ltaneous p o ly m e riz a tio n  a t 2 1 0  °C , w h ile  a polym eric com p o u n d  
c o n ta in in g  S— S an d  P — О — P  bonds is fo rm ed . F u r th e r  decom position , a f te r  
th e  cleavage, of th e  S— S, P — S and C— N  b o n d s  (a t ab o u t 310 °C) y ie ld s 
p h th a lim id e  and p o ly p h o sp h o ric  acid. The o th e r  c o m p o u n d  exam ined  [18] w as
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d ita lim p h o s  (0 ,0 -d ie th y lth io p h o sp h o rie  p h th a lim id e) b e ing  m ore  s tab le  th a n  
fo sm et: in  the  f i r s t  p rocess ch a rac te rized  b y  th e  p e a k  te m p e ra tu re  260 °C, 
th e  sp lit-o ff of th e  e th y l  g roups ta k e s  place s im u ltan eo u sly  w ith  th e  cleavage 
o f  th e  P — N  bond. T h e  decom p o sitio n  o f th is  com pound  re su lts  in  th e  fo rm atio n  
o f  po lyphosphoric  ac id s a n d  p h th a lim id e . P h th a lim id e  a n d  th e  po lyphosphoric  
acids re a c t w ith  each  o th e r , y ie ld ing  new  com pounds a t  a te m p e ra tu re  n early  
id en tica l w ith  t h a t  o f  th e  decom position .

B eyond th e  co m p o u n d s  o f  phosphoric  e s te r ty p e  l is te d  ab o v e , th e  th e rm a l 
decom position  an d  i ts  k in e tic s  h av e  been in v es tig a ted  in  th e  case o f trich lo ro - 
p h o n  (0 ,0 -d im e th y l- l-h y d ro x y -2 ,2 ,2 - tr ic h lo ro e th y l p h o sp h o n a te ) , too . The 
com p o u n d  m elts a t  a b o u t 80 °C, a fte r  m elting , decom p o sitio n  s ta r ts  and  
consists o f  tw o s tep s . A ccord ing  to  l ite ra tu re  d a ta  [21], in  th e  f ir s t  s tep  the  
decom position  y ie ld s d ich lo rophos (0 , 0 -d im eth y l-2 ,2 -d ich lo ro v in y l phosphate) 
v ia  th e  release of h y d ro ch lo ric  acid . In  connection  w ith  th e  th e rm a l properties 
o f  com pounds of th e  p h o sp h o ric  acid ty p e , le t  us m en tio n  th e  re su lts  o b ta ined  
in  s tu d ies  on th e  th e rm a l decom position  of th e  e ffec tive  a g en t g lyphosate  
(iV -phosphonom ethylg lycine, reg is te red  nam es: N ito so rg  or G lialka) [10, 11]: 
d u rin g  hea tin g  o f th e  su b stan ce , p o lycondensation  y ie ld in g  p o ly p h o sp h a te  and  
in te rn a l sa lt fo rm a tio n  ta k e  p lace.

T he th e rm a l p ro p e rtie s  o f iV -m eia-to ly lphthalic  ac id  (A kpero l, in  o ther 
co u n trie s , i t  is th e  a c tiv e  in g red ien t in  D u rase t o r S o lan ase t p rep ara tio n s) 
h av in g  a s tru c tu re  s im ila r to  iV -pheny lph thalam in ic  ac id  (ac tiv e  in g red ien t in 
th e  p rep a ra tio n  N ev iro l) h av e  also been in v es tig a ted  in  th is  In s t i tu te  [22]. 
In  th e  f irs t  th e rm a l s te p  (D TG  p eak  a t  133— 164 °C, d ep en d in g  on th e  experi­
m e n ta l conditions) th e  decom position  p ro d u c t w as ex am in ed  b y  th e  IR  
tech n iq u e  and  i t  w as show n th a t  iV -m eio-to ly lphthalam inic  acid  released  one 
m olecule of w a te r to  y ie ld  iV -m eio-to ly lphthalim ide. T he w eig h t loss (8 .8 — 
1 2 .8 % ) during  th e  decom p o sitio n  is som ew hat h ig h er th a n  th e  theo re tica l 
v a lu e  (7.05% ) c a lc u la ted  for th e  loss of one m olecule o f  w a te r , since the  
com p o u n d  m elts s im u lta n e o u s ly  w ith  th e  decom position  (u n d e r m icroscope 
w ith  a hea ted  o b jec tiv e  p la te  th e  m .p . was found  to  be 159 °C), and  slow 
e v a p o ra tio n  s ta r ts . T h e  processes, v iz. m elting , e v a p o ra tio n  an d  decom position  
o v erlap  each o th e r. T h e  decom position  p ro d u c t (iV -m eta-to ly lphthalim ide) is 
again  a solid, m e ltin g  a t  169 °C w hen m easured  u n d e r  m icroscope hav ing  a 
h e a te d  objective p la te . T h is m elting  process p roduces a d e fin ite , sep a ra te  peak 
on th e  DTA curve .

Experimental

T he d e riv a to g ram s w ere reco rd ed  w ith  a d e riv a to g rap h  o f  MOM ty p e  [23] u n d e r various 
e x p erim en ta l cond itions, em ploy ing  d iffe ren t h ea tin g  ra te s , in  a  s tre a m  o f n itro g en  gas o r of 
a ir , in  a  crucible eq u ip p ed  w ith  a p la tin u m  to p  (w hen em ploy ing  a s tre am  o f n itrogen). Phos- 
m c th y lan  was s tu d ied  in  a  th e rm o ce ram  crucib le , too . T he sam p le  m ass w as 100 mg in all 
cases, a f te r  a p p ro p ria te  pu lv eriz in g . T h e  d e riv a to g ram s w ere tran s fo rm e d  in to  lin ea r tem p era ­
tu re  scale by  th e  P a u lik — P a u lik  m eth o d  [24].
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T h e  k inetics o f d eco m p o sitio n  w as d e term ined  from  th e  cu rv es o b ta in e d  u n d e r con­
t in u o u s  h e a tin g  by  th e  F re e m a n — C arro l m eth o d  [25] m odified  b y  u s , th e  ha lf-tim e  of th e  
d e c o m p o s itio n  w as calcu la ted  a t  d if fe re n t  tem p e ra tu re s  b y  th e  co rre la tio n  ho ld ing  for p rim a ry  
r e a c tio n s  [26]. The k inetics o f d e co m p o sitio n  w as d e te rm in ed  u n d e r  iso th e rm a l cond itions, too .

T h e  iso therm al cu rves w ere  re c o rd e d  w ith  a P a u lik — P a u lik  —E rd e y  d e riv a to g ra p h  of 
M OM  ty p e  equ ipped  w ith  a te m p e ra tu re  reg u la to r [23], u sing  a C r—A1 therm o co u p le  an d  
a d ju s t in g  th e  tem p e ra tu re  co n tro l sw itc h  to  th e  te m p e ra tu re  desired . T h e  oven  w as h ea ted  
f i r s t  w i th o u t  th e  sam ple b y  a  h e a tin g  p ro g ra m  w hich ensu red  re ach in g  o f th e  desired  co n stan t 
t e m p e ra tu r e  in  a  sho rt tim e. W h e n  re ac h in g  th e  s tab le  te m p e ra tu re  desired , th e  oven  w as 
l if te d  a n d  th e  p la tin u m  c rucib le  c o n ta in in g  th e  sam ple  w as p lac ed  o n to  th e  th erm ocoup le  
h o ld in g  th e  sam ple. Now th e  o v en  w as ra p id ly  p laced  hack . Q u a rtz  b e ak e rs  w ere n o t used . 
T h e  sa m p le  reach ed  th e  te m p e ra tu re  g iv en  in  ab o u t 20—25 m in u te s . T h e  a p p a ra tu s  s im u lta ­
n e o u s ly  reco rd ed  th e  w eigh t losses o c cu rrin g  a t  th e  g iven  te m p e ra tu re  fo r d iffe ren t periods 
(T G  c u rv e )  a n d  th e  te m p e ra tu re  d iffe ren ce  observed  in  th e  “ D T A ”  c irc u it (F ig . 3). T he calcu­
la t io n s  o n  th e  d a ta  o f th e  iso th e rm a l cu rv es  hav e  a lread y  been  desc rib ed  in  d e ta il earlier [27].

T h e  I R  spec tra  w ere re c o rd e d  w ith  a  Carl Zeiss U R -10  sp e c tro p h o to m e te r.
S u lfu r  w as d e term ined  b y  c o m b u s tio n  in  a  G ro te— K rek e le r  a p p a ra tu s ,  p re c ip ita tio n  

in  th e  fo rm  of B aS 0 4 and  g ra v im e tr ic  m easu rem en t.

R e su lts  an d  D iscussion

a . S tu d ie s  o n  therm al p roperties o f  phosm ethylane

P h o sm e th y lan e

p ro d u c e d  d e riva tog ram s b o th  in  th e  presence o f a ir an d  in  a s tre a m  of n itrogen  
s im ila r  in  shape , th u s  in  F ig . 1 o n ly  th e  d e riv a to g ram s re co rd ed  in  th e  presence 
o f  a ir  (u s in g  d ifferen t h e a tin g  ra te s )  are p resen ted . A ccord ing  to  th e  deriva- 
to g ra p h ic  D T A  curves, th e  m e ltin g  o f th e  com pound  to o k  p lace a t  a b o u t 50 °C, 
fo llo w ed  b y  a step  invo lv ing  e v o lu tio n  of h ea t (ex o th erm ic  D T A  peak) an d  loss 
o f  w e ig h t (D T G  peak te m p e ra tu re s  ap p eared  a t  a b o u t 160— 180 °C, depend ing  
on  th e  r a te  o f heating). S ta r t in g  te m p e ra tu re  o f w eig h t loss w as 80— 140 °C. 
I n  o rd e r  to  e lucidate th e  th e rm a l  processes ta k in g  p lace in  th e  f i r s t  s tep , a t  th e  
en d  o f  th e  s tep  (abou t 15%  loss in  w eight) th e  h ea tin g  w as s to p p e d  an d  th e  IR  
s p e c tru m  o f th e  hea tin g  re s id u e  w as recorded  (F ig . 2). I t  cou ld  be estab lished  
t h a t  d u r in g  heating  th e  C H 2— C H 2— C H 3 frag m en t rem a in ed  u n a lte re d  (a li­
p h a t ic  c h a in , 732 c m - 1  an d  2935 c m -1 , <5SC H 3 a t  1302 c m -1 ). I n  th e  sp ec tru m  
o f th e  resid u e  of h ea tin g , th e  b a n d  ch a rac te ris tic  o f seco n d ary  am ides

О
s

(— C— N H — ) appeared  a t  1520 c m -1 , while th e  b an d s  c h a ra c te r is tic  o f th e
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F ig . 1. D eriv a to g ram s reco rd ed  fo r p h o sm e th y lan e  in  th e  p resence of a ir, a t  d iffe re n t h eatin g  
ra te s .  C urve 1: h ea tin g  r a te :  10 °C /m in; C urve 2: h e a tin g  ra te :  5 °C /m in; C urve  3: heating

ra te :  2.6 °C /m in

О
У

te r t ia r y  am ide ( N — C) (1650 c m -1) a n d  th e  N — CHa— b o n d  (1410 c m -1)
\

d isa p p e a re d  from  th e  sp ec tru m . On th e  basis  o f  th e se  o bserva tions, th e  sp littin g  
to o k  place p ro b ab ly  a t  th e  — N — CH 2 b o n d  (see th e  m olecular fo rm u la ). The 
b a n d s  in d ica tin g  th e  p resence of o r th o -su b s titu te d  a rom atic  r in g  could  be 
id en tified  (1060, 1110, 1267 c m -1). A ccord ing  to  th is , on deco m p o sitio n  o f th e  
m olecule , a com p o u n d  w ith  th e  fo rm u la

О 
II

NH—С— СН,—CHj—CH,

Cl
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w a s  fo rm e d . This com p o u n d  w as  available a n d  i ts  I R  spectrum  w as also  know n. 
T h e  c h a ra c te r is tic  IR  b a n d s  co u ld  he recognized  in  th e  spec trum  o f th e  h ea tin g  
r e s id u e  a n d  th is also c o n firm e d  our hy p o th esis .

T h e  o th e r p a r t o f  th e  m olecule  co n ta in ed  p h o sp h o ru s: here iso m eriza tio n  
to o k  p la c e  betw een th e  — O C H 3 groups c o n ta in in g  oxygen an d  th e  su lfu r 
a to m :  th e  b an d  c h a ra c te r is tic  o f  th e  P = S  b o n d  (650 c m -1) d isap p ea red  from

IIII
3200 3000 1800 1400 1200 XXX) 800 700 600 500 400cm

F ig. 2. In fra red  s p e c tru m  of th e  heating  re s id u e  o f phosm ethy lane

Fig. 3. T G  a n d  D TA  curves o f p h o sm e th y la n e  recorded u n d e r  iso th erm a l conditions. S am p le :
100 mg
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th e  sp ec tru m  o f th e  re s id u e  of heating  an d  a b a n d  ch arac te ris tic  o f  th e  P = 0  
bond  ap p ea red  a t  1150 c m -1 .

T he su lfu r c o n te n t o f  th e  heating  re s id u e  w as determ ined , i t  w as 13 .69%  
in  th e  residue  o b ta in e d  a t  14 .45%  loss o f w e ig h t. A ccord ing  to  th is , tw o  su lfu r 
a tom s are re leased  fro m  th re e  m olecules o f  th e  com pound . The ex o th e rm ic  
peak  accom pany ing  th e  loss of w eight also in d ic a te s  p o lym eriza tion . O n th e  
basis o f th e  su lfu r c o n te n t, po lym eriza tion  can  be  assum ed as fo llow s:

C H 3S

CH3S о
о - с н ; C H - S - P ^  

II \  
о

SCH3

OCH3
: c n - s - /

i \

SCH3

оси .

S C H 3 SC 1I3 S C H ,

S H — P  — О  — P — О  — P  — O H  +  3 C H ^  +  2 C .H ,=  +  CHj" +  2 S
II II II .------ _ --------------------------------------------
О О О V olatile  fraction

A ccord ing  to  th is , a p o lyphospha te  w o u ld  be  fo rm ed , w hich, on  th e  basis 
o f ou r ea rlie r s tu d ies  on phosphoric  esters  [18], seem ed to  be v e ry  p ro b ab le . 
F o rm a tio n  o f  m ercap to  g roups is also su p p o r te d  b y  th e  odour o f th e  residue  
ch a ra c te ris tic  o f m ercap tan es .

T he loss o f  w iegh t ca lcu la ted  on th e  b as is  o f  th e  equa tion  g iven  is 13 .2% , 
w hich , ow ing to  th e  s lig h t ev ap o ra tio n  of th e  m e lt is som ew hat low er th a n  th e  
w eigh t loss o b ta in e d  (15% ).

T he k in e tic  p a ra m e te rs  ob ta ined  fo r th e  f i r s t  s tep  of the  decom position  
o b ta in ed  fro m  th e  cu rv es recorded  u n d e r c o n tin u o u s  heating  are  show n in 
T ab le  I .

Tabic I

K inetic  param eters obtained fo r  phosmelhylane fr o m  the curves recorded under continuous
heating

H eating ra te Activation energy (E ) Reaction
order

Ы
(°C/min)

(kcal/mol) (k j/m ol)

- 3 2 . 4 —  1 3 5 .5 1.0
1 0

- 3 2 . 7

(th e rm o ce ram
crucib le)

—  1 3 6 .6 1.0
- 2 6 . 4 —  1 1 0 .4 0 .7

5 - 4 1 . 7 —  1 7 4 .6 0 .2

M ean value - 3 3 . 3 - 1 3 9 . 3

2 .6 - 1 4 . 6 —  6 1 .1 - 0 . 6
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F ig . 4. K in e tic  cu rve  o b ta ined  fro m  th e  d a ta  fro m  iso th e rm a l m easu rem en ts (p h o s m e th y la n e  
a) u s in g  th e  tem p era tu re  v a lu es m easu red , b ) u sin g  th e  tem p era tu re  v a lu es c a lcu la te d

I n  th e  discussion o f th e  m echan ism  o f th e rm a l decom position  i t  w as 
e s ta b lis h e d  t h a t  in  th e  f ir s t  s te p  th e rm a l d isso c ia tio n , th e  process o f  p o ly m e ri­
z a tio n  a n d ,  o f  course, d iffusion , o v erlap  each  o th e r . K inetically , th e  processes 
can  h e  s e p a ra te d  best a t  th e  h ig h e s t h ea tin g  ra te  (10 °C/m in), w here  th e rm a l 
d is so c ia tio n  is p red o m in a tin g : th is  is in d ic a te d  b y  th e  p rim ary  re a c tio n  o rd e r 
o b ta in e d  b y  th e  m ethods su g g ested  b y  F re e m a n — C arroll [28]. V a ry in g  v a lu es  
w ere o b ta in e d  for th e  a c tiv a tio n  en erg y  b y  v a ry in g  th e  h ea tin g  ra te ,  as  w as 
o b se rv e d  in  earlie r research  [26], to o . I t  w as also  s ta te d  th a t  th e  a c t iv a tio n  
e n e rg y  m o s t  cha rac teris tic  o f  th e rm a l d isso c ia tio n  (also c o n sid e rin g  th e  
p h e n o m e n o n  o f diffusion) can  h e  o b ta in e d  a t  re la tiv e ly  high ra te s  o f  h e a tin g . 
T h e re fo re , in  th e  follow ing ca lcu la tio n s  a im ed  a t  d e te rm in a tio n  o f  h a lf-liv es , 
we u se d  th e  ac tiv a tio n  energy  o b ta in e d  in  a p la tin u m  crucible, a n d  a t  a 10 °C/ 
m in  h e a t in g  ra te . E  =  — 32.65 k ca l/m o l, a n d  th e  resu lts  w ere in  good  a g ree ­
m e n t w i th  th o se  ob ta ined  in  th e rm o c e ra m  cru c ib les , too . Owing to  th e  e x p e r i­
m e n ta l  e r ro r s , th ere  are d e v ia tin g  re su lts , to o  (T able  I), b u t  w hen  a v e rag in g  
th e  r e s u l ts  o f  th e  f irs t fo u r m easu rem en ts , a v a lu e  n ea r th e  a c tiv a tio n  en e rg y  
ch o sen  (— 33.28 kcal/m ol) is o b ta in e d .

T h e  th e rm a l curves o b ta in e d  in  th e  iso th e rm a l m easu rem en ts “ D T A ” * 
an d  T G  a re  show n in Fig. 3. As show n  b y  th e  “ D T A ” * curves, o f th e  o v e rla p p in g  
p ro cesses , th e rm a l d issociation  p red o m in a te s  m o s t s trong ly  in  e x p e rim e n ts  a t  
th e  lo w e s t te m p e ra tu re  (122 °C), since in  th e  m easu rem en ts  a t  th is  te m p e ra tu re  
th e  e x o th e rm ic  peak  d isap p ea red  co m p le te ly  on  th e  “ D TA ” * c u rv e . W ith  
in c re a s in g  te m p e ra tu re , g ra d u a lly  increasing  “ D T A ” * peaks a re  o b ta in e d , 
ow ing  to  in c ip ie n t po ly m eriza tio n . T he k in e tic  cu rv e  o b ta ined  fro m  th e  d a ta

* T h e  tem p e ra tu re  d ifference o b se rv ed  in  th e  “ D T A ”  circuit.
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of iso th e rm a l m easu rem en ts is show n in  F ig . 4 (curve “ a” ), th e  ac tiv a tio n  
en e rg y  o b ta in ed  from  its  slope (10 .09k ca l/m o l an d  42 .24k j/m o l)  is s ign ifican tly  
low er th a n  th a t  o b ta in ed  from  an y  o f  th e  h ea tin g  curves w ith  con tinuous 
h e a tin g  (T able I). T h is is due  to  th e  fa c t th a t  in  th e  m easu rem en ts  effected 
a t  d iffe re n t te m p e ra tu re s  th e  ex o th e rm ic  reac tio n  is effec tive  to  d ifferen t 
e x te n ts  (F ig . 3): th e  te m p e ra tu re  o bserved  in  th e  iso therm al m e a su re m e n t is 
u su a lly  h ig h er, ow ing to  th e  occurrence o f  th e  po lym eriza tion  p rocess, th a n  
th a t  p ro d u ced  in  th e  presence of th e rm a l d issociation  only , a n d  th is  falsifies 
th e  1 /T  va lu es  ch a rac te ris tic  o f th e rm a l d issocia tion  used in  c o n s tru c tin g  the  
iso th e rm a l k in e tic  cu rve  (4 “ a”  curve) a n d  th u s  th e  slope o f th e  cu rv e , too. 
T h e  te m p e ra tu re s  o rig in a tin g  from  h e a tin g  (tak in g  in to  acco u n t th e  increase 
in  te m p e ra tu re  caused  b y  th e  ex o th e rm ic  reac tio n ) can be c a lc u la te d  in  th e  
know ledge o f th e  a c tiv a tio n  energy  (E ) a ccep ted  as rea listic  (136.61 k j/m o l)  
o b ta in e d  from  th e  co n tin u o u s h ea tin g  cu rv es.

1. W h en  using  th e  co rrec t a c tiv a tio n  en erg y  (E ), th e  iso th e rm a l k inetic  
cu rv e  ex p ec ted  for th e  th e rm a l d issocia tion , in  accordance w ith  th e  k inetic  
eq u a tio n s , w ill h av e  th e  slope

E  - 1 3 6 .6 1  
tg<X== 19.134 ~  1 9 .1 З4 Т

— 7.1387

H ere  th e  va lu e  19.134 is a c o n s ta n t o b ta in e d  from  th e  u n iv e rsa l gas constan t 
(R  =  1.986 • 10 ~ 3), th e  conversion  fa c to r  in to  n a tu ra l lo g a rith m  (2.303) and 
fro m  k ca l in to  k J  (4.184).

2. U sing  th e  slope o b ta in ed  (F ig . 4 , cu rv e  b) a s tra ig h t line  w as d raw n  in 
F ig . 4 across th e  p o in t e s tab lish ed  a t  th e  lo w est tem p e ra tu re  m e asu red  f 122 °C, 
w h ich  corresponds to  2.53 (1 /T )-1 0 3), a t  w h ich  tem p e ra tu re  th e  exo therm ic  
e ffec t is th e  w eakest as show n b y  th e  “ D T A ”  curve  in  F ig . 3.

3. I n  F ig . 4b , th e  iso th e rm a l te m p e ra tu re  belonging to  v a r io u s  lg  к va lues 
ca lc u la ted  earlie r due to  th e  h ea tin g  o f th e  sam ple  only (the lg  к v a lu e  w as no t 
a ffec ted  b y  th is  con d itio n , since in  th e  ca lcu la tio n  of th e  ra te  c o n s ta n ts , the  
te m p e ra tu re  had no role). T he co rre la ted  lg  к (1/T) • 103, T  (K) (an d  t (°C)) values 
are  su m m arized  in  T ab le  I I ,  ta k in g  in to  ac c o u n t th e  rise in  te m p e ra tu re  due 
to  th e  ex o th e rm a l reac tio n  (m easu red  v a lu es) a n d  w ith o u t ta k in g  in to  accoun t 
th is  re a c tio n  (ca lcu la ted  values).

F in a lly , th e  half-lives o b ta in ed  fo r th e rm a l d issociation  a t  d ifferen t 
te m p e ra tu re s  from  th e  a c tiv a tio n  en erg y  (131.61 k j/m o l)  w hich  w as o b ta in ed  
from  th e  con tin u o u s h ea tin g  curves an d  accep ted  as co rrect ( th e  ca lcu la tion  
m e th o d  is given in  R ef. [26]), w ere co m p ared  w ith  th e  half-lives re a d  from  the  
iso th e rm a l cu rves (F ig . 3) a t  c e rta in  te m p e ra tu re s  and  p resen ted  in  T ab le  I I I .

A ccord ing  to  th e  T ab le , th e  half-lives ca lcu la ted  from  th e  c u rv e  o b ta in ed  
b y  co n tin u o u s  h ea tin g  show  sa tis fa c to ry  ag reem en t w ith  th e  v a lu e s  re a d  from  
th e  iso th e rm a l curves.
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Table П

Tem perature values in  the isothermal experim ents  
(ca lcu la ted  a n d  m easured) (ph o sm eth y lan e)

log  fc 1 IT • 103 
fo u n d

1 / Т  • 103 
ca lcd .

T ( K )
fo u n d

T ( K )
ca lcd .

<(°C)
found

<(°C)
calcd .

— 1.0544 2.53 2.53 395.26 395.26 122.00 122.00
— 0.8323 2.48 2.51 403.23 399.04 130.00 126.04

(2.45)* (407.00) (134.00)

— 0.6770 2.41 2.48 414.93 402.90 142.00 129.90
(2.39) (418.24) (145.24)

— 0.6055 2.36 2.47 425.53 404.53 153.00 131.53
(2.36) (424.09) (151.09)

* T h e  v a lu es in  p a ren th eses a re  th e  theo re tical v a lu es fa llin g  on  th e  curve co n stru c ted  
from  th e  av erag e  of th e  experim en ta l p o in ts .

T able: I I I

H alf-life  (Tj/2) o f  the decomposition o f  phosm ethylan  
at different temperatures

T e m p e ra tu re
(°C)

r x/j» c a lc u la te d  fro m  th e  
c o n tin u o u s  h e a tin g  cu rve

T j/t o b ta in e d  f ro m  th e  
iso th e rm a l  c u rv e

20 6.48 • 102 years
50 3.50 years
75 33.80 days

100 46.60 h
122 2.95 h 2.23 h
130 1.22 h 1.12 h
140 22.76 m in 39.00 m in
153 8.21 m in 28.00 m in

b. Studies on thermal properties o f the Nevirol active ingredient

T h e  ac tiv e  in g re d ie n t in  N ev iro l is N -p h en y lp h th a lam in ic  acid

0

Ш 

H

is a lo n g -k n o w n  com pound . H ow ever, only  th e  b io log ica l experim en ts su p p o rte d  
b y  N E V IK I  revealed  i ts  ex ce llen t horm one a c tiv i ty  [29] and , u n d er H u n g a ria n  
co n d itio n s , i t  can  be p ro d u c e d  m uch  m ore c h e a p ly  th a n  th e  ac tive  a g e n t in  
A k p ero l, iV -m eia-to ly l-ph thalam in ic  acid, h a v in g  s im ila r p la n t-p ro te c tin g  
effects.
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F o r th e  sake o f sim p lic ity , o f th e  d e riv a to g ram s reco rded  in  iV -phenyl- 
p h th a la m in ic  acid  u n d e r v a rious e x p e rim e n ta l conditions, on ly  th e  co rrec ted  
d e riv a to g ra m  reco rd ed  a t  a h e a tin g  r a te  o f  9.9 °C /m in in  a s tre a m  o f n itro g e n  
is p re se n te d  here  (F ig . 5), w hich  is q u ite  id e n tic a l w ith  th e  d e riv a to g ra m  o f th e  
a c tiv e  ag en t in  A kpero l, th u s  th e  d e ta ils  o f  th e  decom position  process w ill n o t 
he  d iscussed  here . F ro m  stu d ies  on  th e  decom position  of th e  ac tiv e  su b s ta n c e  
in  A k p ero l [22], i t  can  be s ta te d  th a t ,  acco rd in g  to  th e  d a te  o f th e  c u rv e  d is­
cussed , th e  decom position  o f th e  ac tiv e  in g re d ie n t in  N evirol s ta r ts  a t  a b o u t 
100 °C an d  ta k e s  p lace a t  m ax im u m  r a te  a t  145 °C, accom pan ied  b y  th e  m e ltin g  
o f th e  sam ple. D u rin g  th e  d ecom position  process, one m olecule o f  w a te r  is 
re leased  to  produce  IV -pheny lph thalim ide , w hile th e  m olten  su b s ta n c e  slow ly 
u n d erg o es e v ap o ra tio n . T he o v erlap p in g  p rocesses o f ev ap o ra tio n  a n d  deco m ­
p o sitio n  are  also show n b y  sp littin g  o f th e  p e a k  in  th e  D TG  curve  (140— 150 °C). 
A ccord ing  to  th e  D TA  cu rve , iV -pheny lph thalim ide  is fo rm ed  d u rin g  th e  
d ecom position  a n d  being  a solid i t  m e lts  a t  205 °C. This is fo llow ed b y  th e  
su b lim a tio n  an d  decom position  o f iV -pheny lph thalim ide , b u t  fu r th e r  e lucida-

F ig . 5 . D e riv a to g ram  o f JV -phenylph thalam in ic  ac id  (in  a  s tream  of n itro g en , h e a tin g  ra te
9.9 °C /m in)
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Table TV

K in etic  data obtained fo r  N -phenylph tha lam in ic  acid fro m  
the continuous heating curve

H e a tin g  r a te  
(°C  m in ) E  (kcal/m ol) E  ( k j/m o l) n

9.9 — 33.7 — 140.9 1
6.6 — 30.4 — 127.2 1
5.3 - 3 2 .1 — 134.4 1

M ean v a lu e - 3 3 .9 — 134.2

Table V

H a lf-life  (tj/2) o f  the decomposition o f  the active 
ingrid ient in  Nevirol, at different temperature

T e m p era tu re  (°C) H a lf- life

20 47.3 y ears
50 10.6 w eeks
75 1.7 d ay s

100 1.5 h
120 8.6 m in
130 3 m in

t io n  o f th is  p rocess w as beyond  th e  scope o f  th e  p re se n t w ork. T he fu r th e r  
course o f  th e  d e r iv a to g ra m  show s, how ever, t h a t  th e  D T A  an d  D TG  curves are 
n o t c o n c e rte d : th e re  are  com plex p rocesses in v o lv in g  changes in  w e ig h t, 
acco m p an ied  p a r t ly  b y  en do therm ic , p a r t ly  b y  ex o th e rm ic  effects. W h en  
com bin ing  th e m  i t  c a n  be  s ta te d  th a t ,  fo r ex am p le , o n ly  a v e ry  sligh t e n d o th e r­
m ic e ffec t belongs to  th e  decom position  process ta k in g  place a t  m ax im u m  r a te  
430 °C (F ig . 5, D T A  cu rv e), w hile a t 370 °C th e  D T A  curve  ind ica tes a p h y sica l 
change n o t  acco m p an ied  b y  a change in  w e ig h t.

T h e  k in e tic  d a ta  reg a rd in g  th e  d eco m p o sitio n  o f th e  ac tive  ag en t in  
N ev iro l o b ta in e d  fro m  th e  con tinuous h e a tin g  cu rv es  (ac tiv a tio n  energy  an d  
re a c tio n  o rder) are show n in  T able IV .

I n  o rd e r to  check  th e  values of a c tiv a tio n  en e rg y  ob ta in ed  u n d e r c o n tin ­
uous h e a tin g , th e  a c tiv a tio n  energy w as also  d e te rm in ed  from  th e  iso th e rm a l 
cu rves. T h e  iso th e rm a l m easu rem en ts  re q u ire d  in  th e  d e te rm in a tio n  o f th e  r a te  
c o n s ta n ts  w ere ca rr ied  o u t a t  tw o te m p e ra tu re s , 120 an d  130 °C only , in  th e  
presence  o f  a ir, fo r o r ie n ta tio n  purposes. T h e  iso th e rm a l curve y ie lded  30.71 
kcal/m o l fo r th e  a c tiv a tio n  energy  of th e  deco m p o sitio n  w hich —  in view  of th e  
low  n u m b e r  o f  p o in ts  reco rd ed  —  can  be co n sid e red  as to  be in  s a tis fa c to ry  
a g reem en t w ith  th e  re su lts  o b ta in ed  from  th e  c o n tin u o u s  h ea tin g  cu rves. In
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th e  n e x t  s tep , th e  half-life in  th e  deco m p o sitio n  o f th e  com pound w as ca lcu la ted  
u sing  th e  a c tiv a tio n  energies (m ean) o b ta in e d  from  th e  c o n tin u o u s  h ea tin g  
cu rv es. T he half-lives fo r th e  d iffe ren t te m p e ra tu re s  are show n in  T ab le  Y.
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A ccep ted  fo r p u b lic a tio n  M ay  22, 1985

T i0 2-sam ples w ith  ad m ix tu res  o f m e ta llic  iro n , cobalt an d  n icke l w ere  p re p are d  
b y  th e  re d u c tio n  o f F e 2Oa, Co30 4 a n d  N iO -doped  sam ples in  h y d ro g e n  a t  h igher 
te m p e ra tu re s . Som e o f th e  c a ta ly s ts  w ere s tu d ie d  b y  m eans of X -ra y  d iffra c tio n  an d  
specific  su rface  a rea s w ere m easu red . C o m position  stud ies show in co m p le te  re d u c tio n  
o f  iron , c o b a lt an d  n ickel to  m eta ls . T h e  a c t iv i ty  o f  th e  sam ples in  h y d ro g e n  p h o to ­
g en era tio n  from  0.01 M  E D T A  increases in  th e  o rd er C o/Ti02 <  F e /T i0 2 <  N i/T i0 2.

A possib le  ex p la n a tio n  o f  th e  d ifferen ce  in  a c tiv ity  is given. T h e  in flu en ce  of 
p H  of re ac tio n  m ed ium  an d  o f v a rio u s e le c tro ly te  solutions on H 2 p h o to g en e ra tio n  
w as also s tu d ied .

In tro d u c tio n

A  g re a t n u m b e r o f p ap ers  has been  d ev o ted  to  p ro p erties  o f  m eta llic  
p la tin u m  su p p o rte d  on  v a rio u s sem ico n d u c to rs  in  th e  reaction  o f p h o to a ss is te d  
h y d ro g en  ev o lu tio n  from  w ate r. R efs. [1— 10] rep resen t som e exam ples. 
O th e r noble  m e ta ls  h av e  also been  s tu d ie d  as c a ta ly s ts  for th e  a b o v e  process 
[11— 15]. O nly  a few  p ap ers , how ever, d ea l w ith  th e  ap p lic a tio n  o f  o th e r 
tra n s i t io n  m e ta ls , w h ich  could rep lace  th e  v e ry  expensive noble m e ta ls  as th e  
c a ta ly s ts  fo r h y d ro g en  evo lu tion . S a k a ta  a n d  K aw ai [16] o b serv ed  h y d ro g en  
p h o to e v o lu tio n  from  a m ix tu re  o f  e th a n o l a n d  w a te r  on N i/T i0 2. T h e  a c tiv ity  
o f  th is  c a ta ly s t  w as a b o u t six  tim es  low er th a n  th a t  o f P t /T i0 2. A  sy s te m a tic  
s tu d y  o f  p h o to ass is ted  h y drogen  ev o lu tio n  fro m  a lipha tic  alcohols on  N i/T i0 2 

w as ca rried  o u t b y  P ra h o v  e t al. [17]. T h e  a u th o rs  estab lished  th e  in fluence  
o f  n ick e l c o n te n t a n d  degree o f m e ta l re d u c tio n  on the  r a te  o f  h y d ro g en  
p ro d u c tio n . L eh n  e t al. [11] observed  slow h y d ro g en  and  oxygen e v o lu tio n  from  
ir ra d ia te d  s lu rry  o f C o /S rT i0 2 in  w a te r. M oreover, m etallic  iron  on  t i ta n ia  has 
been  used  as a  c a ta ly s t  fo r am m onia  p h o to p ro d u c tio n  from  w a te r  a n d  n itro ­
gen [18— 21].

T h e  p re se n t p a p e r deals w ith  th e  in flu en ce  o f m etallic iro n , c o b a lt and  
n ick e l a d m ix tu re s  on th e  ra te  o f  h y d ro g en  ev o lu tio n  on T i0 2 fro m  an  illu m i­
n a te d  o f  0.01 M  E D T A  so lu tion  in  w a te r.

* T o w hom  correspondence  should  be ad d ressed .

A c ta  C h im . H u n g .  1 2 1 , 1 9 8 6  
A k a d é m ia i  K i a d ó ,  B u d a p e s t
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E xperim en ta l

M etal-co v ercd  T i0 2 w as p re p a re d  b y  red u ctio n  o f F e 20 3, Co30 4, and N iO -doped sam ples 
( p re p a ra t io n  o f w hich  w as d escribed  in  P a r t  I  o f th is  a r tic le  [22]) in  a s tream  o f h y d ro g e n  
a t  e le v a te d  te m p e ra tu re s  fo r 6 h o u rs . T he te m p e ra tu re s  w ere : 673 К  for N i/T i0 2 a n d  773 К  
fo r F e /T i0 2 a n d  C o/T i02.

M e th o d s  of ch ara c te riz a tio n  o f  th e  sam ples: specific  su rface  area m easu rem en ts , X -ra y  
d if f ra c tio n  an alysis, a com position  s tu d y  an d  h y d ro g en  ev o lu tio n  experim ents w ere desc rib ed  
p re v io u s ly  [22].

T h e  in c id e n t lig h t f lu x , m easu red  b y  o x a la te -u ra n y l ac tin o m e try  [23] w as a ssu m ed  
to  b e  7 .2 X  1 0 ” 2 jitmol o f q u a n ta  p e r  second  for th e  366 n m  w av elen g th  and  11.5 x  1 0 -2  /«mol 
o f q u a n ta  p e r  second for th e  w hole sp ec tru m  of a  m ed iu m  p re ssu re  m ercury  lam p .

R esu lts  and  D iscussion

Catalysts characterization

A s i t  w as m en tio n ed  in  th e  E x p e rim e n ta l, th re e  series of m e ta l-co v ered  
T i0 2 w e re  used  for th is  s tu d y : F e /T i0 2, C o /T i0 2 a n d  N i/T i0 2. The a m o u n ts  
o f d o p a n ts  are  lis ted  in  T ab le  I .  These v a lu es  a re  re la te d  to  th e  a m o u n t o f 
o x ides o f  iron , co b a lt an d  n ickel before re d u c tio n  of th e  sam ples. P rec ise  
a m o u n t o f  iron , co b a lt an d  n icke l are n o t k n o w n  ow ing to  th e  on ly  p a r t ia l  
re d u c tio n  o f  th e  a p p ro p ria te  ox ide  (see below ). T h e  use o f various te m p e ra tu re s  
fo r sa m p le  red u c tio n  (viz. 673 К  for N i/T i0 2, 773 К  for F e /T i0 2 an d  C o /T i0 2) 
w as d u e  to  th e  im possib ility  o f  th e  red u c tio n  o f  Co3 0 4 /T i0 2 and  F e 20 3 /T i0 2 a t  
673 K . S pecific  surface a reas o f  m eta l-covered  t i t a n ia  (see T able I) a re  a l i t t le  
low er t h a n  th a t  of p u re  T i0 2  an d  decrease w ith  in c reas in g  redu c tio n  te m p e ra ­
tu re . X - r a y  d iffrac tion  sp e c tra  o f th e  sam ples w ith  th e  h ighest m e ta l lo ad in g  
show  o n ly  lines ch a rac te ris tic  o f  an a tase , s im ila rly  as i t  is in  th e  case o f sam p les  
d o p ed  w ith  th e  a p p ro p ria te  ox ide  [22]. A co m p o sitio n  s tu d y  (d isso lu tion  in  a 
b o ilin g , co n c e n tra ted  HC1 follow ed by  a to m ic  spectro scopy  m easu rem en ts)

Table I

Data on the samples investigated and their photoactivity in hydrogen 
evolution from water

C a ta ly s t

A m o u n t 
o f  d o p a n t 

(w t.% )
XX

S o lu b ility  
o f  d o p a n t  

(%)

S p . surface 
area  

( m 2 g - 1)

R a te  o f hydrogen 
ev o lu tion

(/xm ol s - 1  x 1 0 * )  (cm 3 h - 1  x 1 0 3)

Q u a n tu m
eff ic ie n c y

<%)

TiO„ 128 1.8 14.7 0.50
F e /T i0 2 (1) 0.5 X 90 3.1 25.0 0.86
F e /T i0 2 (2) 1.0 58 85 3.8 30.5 1.06
Fe/TiO„ (3) 2.0 X 88 4.4 35.5 1.23
Со/ТЮ 2 (2) 1.0 72 82 1.3 10.9 0.38
Со/ТЮ 2 (3) 2.0 X 82 2.4 19.3 0.69
N i/T iO , (1) 0.5 X 106 16.2 130.6 4.50
N i/T i0 2 (2) 1.0 54 112 25.1 101.4 7.00
Ni/TiO„ (3) 2.0 X 107 22.0 177.4 6.10

x  — th e  solubility  o f d o p a n t w as n o t m easured , 
x x  — th is  value is referred  to  th e  am o u n t o f m e ta l ox ide  before reduction  of th e  sam ples.
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p erfo rm ed  for th e  sam ples o f  F e /T i0 2 (2), C o /T i0 2 (2) and  N i/T i0 2 (2) revealed  
th a t  on ly  a frac tio n  o f  F e 20 3, Co30 4 a n d  NiO has been tra n s fo rm e d  to  the  
co rrespond ing  m eta l d u rin g  h e a tin g  in  hyd rogen . The co lour o f  th e  residue 
a f te r  d isso lu tion  in  h y d ro ch lo ric  acid  w as sim ilar to  th a t  o f F e 2 0 3, Co3 0 4 and 
N iO -doped  t i ta n ia , w h ich  a d d itio n a lly  confirm s th a t  only  a p a r t  o f  in tro d u c e d  
fo re ign  oxide u n d e rw en t red u c tio n . H ow ever, th e  so lu b ility  o f  d o p a n ts  is 
so m ew h at h igher th a n  in  th e  case o f  ox ide-doped  T i0 2 [22]. T h is  in d ica tes  
t h a t  d u rin g  annealing  in  h y d ro g en  n o t o n ly  th e  “ islands”  o f fo re ig n  oxides 
b u t  a p a r t  o f F e 20 3, Co3 0 4  an d  N iO , w hich  reac ted  w ith  T i0 2 (p ro b a b ly  on the  
su rface  or n ea r th e  su rface  o f  th e  la s t) , w ere also reduced  to  m e ta ls . T h e  above 
re su lts  allow  us to  s ta te  th a t ,  a lth o u g h  th e re  is no d irect ev idence , o u r  sam ples 
co nsist o f T i0 2 g rains w ith  a th in  la y e r  o f a so lu tion  of F e 20 3, Co30 4 a n d  N iO  on 
o r n e a r th e  surface o f t i ta n ia  an d  o f a la y e r  o f m etallic  iron , c o b a lt a n d  nickel, 
re sp ec tiv e ly , on th e  su rface .

Hydrogen evolution from  a solution o f  E D T A  in water

A c tiv ity  o f th e  m e ta l-co v ered  sam p les  w as stud ied  in  a p h o to -a c c o m p a ­
n ied  reac tio n  o f h y d ro g en  p ro d u c tio n  fro m  0.01 M  E D T A  so lu tio n  in  w ater. 
T h e  m easu rem en ts  w ere p erfo rm ed  a t  298 К  in  flow ing argon  (o x y g en  free) and 
u n d e r illu m in a tio n  w ith  l ig h t o f  366 n m  w avelength . R a te s  o f  hyd rogen  
p ro d u c tio n  an d  q u a n tu m  efficiencies on m eta l-covered  T i0 2 an d , fo r com parison , 
on  p u re  T i0 .2 are  lis ted  in  T ab le  I . T hese  va lu es  correspond to  th e  s te a d y  s ta te  
o f  th e  p h o to reac tio n , i.e . p roceed ing  a f te r  th e  in itia l s tep  (see F ig s  1 an d  3).

F ig . 1. L ig h t induced  w a te r  d ecom position . V olum e o f H , produced  on  N i/T i0 2(2) in  0.01 M  
E D T A  as a  fu n c tio n  o f  irrad ia tio n  tim e

Acta Chim. Hung. 121, 1986



3 0 8 ZIELINSKI, SOBCZYNSKI: PHOTOEVOLUTION OE HYDROGEN

T h e d a ta  g iven in  T a b le  I  show th a t  th e  p resence  of m etallic  n ickel 
d is tin c tly  im proves th e  p h o to a c tiv ity  of t i ta n ia .  M eta llic  iron  increases th e  
a c t iv i ty  of T i0 2 to  a m u c h  sm alle r ex ten t; th e  in flu e n c e  o f cobalt is negligible. 
W e shou ld  add  here  t h a t  th e  ac tiv ity  of P t /T i0 2, w h ich  is th e  m ost w ide ly  
u se d  as a p h o to c a ta ly s t fo r  w a te r  sp litting , is a b o u t  fo u r tim es h igher th a n  
t h a t  o f  th e  m ost ac tiv e  N i /T i0 2 (2) sam ple u n d e r  th e  sam e conditions (0.01 M

Vacuum 
I------------

-3

— -u
mcо
t> -5  о J

TiOj
(Anatase)
шиши CB

VC
Ш 7777

Ep(Fe)
EpICo)
EplNII
EplPt)

F ig . 2. W o rk  functions o f  m e ta ll ic  iro n , cobalt, n ickel a n d  p la t in u m , b an d  edges an d  F e rm i 
lev e l o f  T i0 2-anatase  u n d e r i llu m in a tio n

F ig . 3 L ig h t induced w a te r  deco m p o sitio n . Volum e o f  H 2 p ro d u c ed  on  N i/T i0 2(2) in  1.0 M  
N a O H  a s  a  function  of ir ra d ia t io n  tim e
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E D T A , 366 n m  w av e len g th ) [24]. T he q u e s tio n  is w hy  various m e ta ls  have 
v e ry  d iffe ren t e ffec ts  on hydrogen  g en e ra tio n . L e t us consider th e  in flu en ce  
o f som e fac to rs  on  th e  p h o to a c tiv ity  of M e /T i0 2. A n a ta se -T i0 2 is a n  n-sem icon- 
d u c to r  w ith  a b a n d  gap  o f 3.2 eV. T he e lec tro n  a f f in ity  o f t ita n ia  is a b o u t  4 .0  eV 
an d  its  F e rm i lev e l u n d e r  illu m in a tio n  a m o u n ts  to  a b o u t 4.6 eV in  v a c u u m  [25]. 
W ork  fu n c tio n s o f  pow dered  m eta ls: P t ,  F e , Co a n d  N i are 5.65, 4 .5 , 5.0  and  
5.15 eV, re sp e c tiv e ly  [26]. F igure  2 show s th e  w ork  functions a n d  e lec tro n  
a ff in ity  fo r th e  d iscussed  m eta l— sem ico n d u c to r ju n c tio n s  (a u th o rs  o m itte d  
a b a n d  b en d in g  o f  t i ta n ia  in  c o n ta c t w ith  e lec tro ly te ). I t  is c lear t h a t  w hen  
P t ,  Co or N i a re  in  c o n ta c t w ith  T i0 2, e lec trons flow  from  th e  n -sem ico n d u c to r 
to  th e  m e ta l ( th e  F e rm i level in  T i0 2 before  th e  c o n ta c t is h igher th a n  t h a t  in  
th e  m etal) [27]. S uch  system s (m e ta l/T i0 2) can  b e  considered as sh o rt-c irc u ite d  
p h o to e lec tro ch em ica l cells in  w hich sm all is le ts  o f  m e ta l p lay  th e  ro le  o f a 
ca th o d e  [28]. W h en  such  n-sem iconducto rs a re  illu m in a ted  in  th e  p re sen ce  of 
w a te r  w ith  a lig h t o f  en erg y  equal to  or h ig h er th a n  th e  b an d  gap o f  T i 0 2, h y d ro ­
gen is evo lved  on  th e  m e ta l. W e can  see fro m  F ig . 2 th a t  P t ,  Co a n d  N i can 
p lay  role o f th e  ca th o d e  i f  th e y  are co n n ec ted  w ith  T i0 2. In  th e  case  o f  iron , 
how ever, th e  p o s itio n  o f  th e  F erm i level is s im ila r  to  th a t  o f T i0 2 a n d  i t  is n o t 
c lear in  w h a t d ire c tio n  th e  electrons flow .

To s u p p o r t o u r considera tions we can  a d d  th a t ,  according to  l i te ra tu re  
d a ta  th e  th re e  m e ta ls  reg a rd ed  here  (Co, N i, P t )  a re  in  SM SJ s ta te  i f  th e y  are 
deposited  o n to  T i0 2  p a rtic le s  in  a w ay  s im ila r to  t h a t  described in  th e  E x p e r i­
m e n ta l [2, 29, 30]. Such  s tro n g  m e ta l-su p p o rt in te ra c tio n  leads to  a  n e g a tiv e  
charge  on th e  m e ta l [2, 30, 31] an d  ch an g es th e  adso rp tive  a n d  c a ta ly tic  
p ro p ertie s  o f th e  su p p o rte d  m eta ls  [32— 35]. V e ry  d is tin c t SM SJ e ffe c t was 
found  for N i/T i0 2 [30, 33— 35] an d  P t /T i0 2 [2 , 30, 31]. In  th e  case o f  iro n  on 
T i0 2  th e  ex is ten ce  o f  SM SJ is lim ited  to  sam p les  reduced  in  h y d ro g en  a t  h igh 
te m p e ra tu re  (ab o v e  770 K ). M oreover, th e  S M S J be tw een  iron an d  T i 0 2 c an  be 
p a r tia lly  d e s tro y e d  b y  exposing  th e  sam ple to  a ir  a t  room  te m p e ra tu re  [36, 37].

L e t us reca ll h ere  t h a t  for our c a ta ly s ts  th e  p h o to a c tiv ity  in c rea se s  in  th e  
o rd er Co <  F e  ^  N i ( ^  I^t), a t  th e  sam e tim e  th e  w ork fu n c tio n s  o f  th e  
m e ta ls  change in  th e  o rd e r F e <  Co <  N i (<^ P t .) .

T he second  fa c to r  w hich can  in flu en ce  th e  a c tiv ity  of m e ta ls  in  th is  
reac tio n  is th e  o v e rv o ltag e  of hydrogen  ev o lu tio n . A lthough  th is  f a c to r  seem s 
to  be th e  m o st im p o r ta n t  in  th e  process o f  h y d ro g en  evo lu tion , th e  o v er­
v o ltages fo r F e , Co an d  N i are v e ry  close [38] ( th e  hydrogen  o v e rv o lta g e  of 
P t ,  w hich is th e  b e s t c a ta ly s t for hyd rogen  ev o lu tio n , is very  sm all in d eed ) and  
shou ld  n o t h av e  m u ch  influence  on th e  a c t iv i ty  o f  o u r supported  m e ta l  c a ta ly s t .

T he th i rd  fa c to r  re su lts  from  th e  n a tu re  o f  o u r ca ta ly sts . A s w as  m en­
tio n ed  above, o n ly  p a r t  o f  th e  d o p a n t ox ide  (i.e . F e 20 3, Co30 4 a n d  N iO ) was 
reduced  to  th e  m e ta l. T h e  re s t form s solid so lu tio n s  or some co m p o u n d s  w ith  
th e  T i0 2 su p p o r t. I t  seem s to  be likely  th a t  th e  solid  solu tion  of iro n , c o b a lt or
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n ic k e l o x id es  in  T i0 2 (o r a n y  new  phase) r e ta rd s  th e  ac tiv ity , s im ila rly  as was 
o b s e rv e d  fo r F e 20 3 /T i0 2, Co3 0 4 /T i0 2 an d  N iO /T i0 2 [22].

T h e  influence o f N i2+ ions on th e  p ro p e r tie s  o f T i0 2 has b een  s tu d ie d  
[39, 4 0 , 41 ]. I t  was fo u n d  t h a t  nickel a d d itiv e s  caused  th e  d rop  o f  e le c tr ic a l 
c o n d u c t iv i ty  [39] an d  lo w ered  th e  q u a n tu m  e ffic ien cy  of p h o to c u rre n t an d  
w a te r  p h o to d eco m p o sitio n  [40, 41]. The a u th o rs  a scribed  th e  above ch an g es  to  
th e  d e fe c ts  induced  b y  d o p in g  w hich ac ted  as reco m b in a tio n  cen te rs  in  T i0 2.

W e can  see from  F ig s  1 and  3 th a t  a f te r  rem oving  th e  l ig h t sou rce , 
h y d ro g e n  stopped  to  ev o lv e . W hen  th e  s lu rry  w as  ir ra d ia te d  again , th e  r a te  of 
h y d ro g e n  evo lu tion  ach iev ed  th e  sam e v a lu es  a s  before. Careful o b se rv a tio n s  
o f  th e  c u rv e  shapes show  t h a t  a f te r  a d a rk  p e r io d  o f  th e  reac tio n , th e  r a te  o f 
H 2  p ro d u c tio n  a tta in s  a m a x im u m  m uch ea rlie r th a n  for fresh c a ta ly s ts . I n  our 
o p in io n  th e  difference re su lts  from  th e  m ig ra tio n  o f  p h o to g en era ted  h y d ro g en  
a to m s  f ro m  th e  m eta l to  th e  su p p o rt (sp illover effec t) followed b y  su b se q u e n t 
r e d u c t io n  o f some su rface  T i4 + according to  th e  reac tio n

w h ere  Mes— H  -f- Og_ -f- T i4+ —► M es -|- O H j" T i3 +

s -d e n o te s  th e  surface.
T h e  hydrogen  u p ta k e  o n  p la tin ized  T i0 2 u n d e r  illum ination  has b e e n  d e ­

sc r ib e d . D isd ier e t al. [25], b a sed  on th e ir  p h o to a c tiv i ty  stud ies, a sc rib ed  th is  
p h e n o m e n o n  to  a m ig ra tio n  o f  adsorbed  h y d ro g e n  a tom s from  P t  to  T i 0 2 (h y ­
d ro g e n  sp illover), w here th e y  fo rm  O H -  ions. A sp n es  an d  H eller [42] o b se rv ed  
h y d ro g e n  u p ta k e  in  th e  in i t ia l  stage  of w a te r  p h o to d eco m p o sitio n  on  P t /T i0 2. 
A c c o rd in g  to  th e  a u th o rs , th e  ca ta ly zed  h y d ro g e n  evo lu tion  can n o t ta k e  p lace 
u n le ss  p a r t  o f th e  c a ta ly s t  is h y d ro g e n -sa tu ra te d  because of th e  b a r r ie r  w h ich  
p re v e n ts  e lec tron  flow  fro m  th e  sem iconducto r to  th e  m etal. W e can  a d d  here  
t h a t  th e  hyd ro g en  a d so rp tio n  on  T i0 2 in  th e  in i t ia l  s tep  of th e  p h o to re a c tio n  
o f  w a te r  sp littin g  w as o b se rv e d  prev iously  b y  u s  fo r  pure T i0 2 an d  fo r  F e 20 3, 
Co3 0 4  a n d  NiO doped t i t a n ia  [22]. H ence m e ta l dep o sitio n  is n o t n e c e ssa ry  fo r 
h y d ro g e n  p h o to u p ta k e  on  T i 0 2 (i.e. for T i0 2  p h o to red u c tio n ).

Hydrogen photogeneration fro m  aqueous N a O H  solution

T h is  exp erim en t w as p erfo rm ed  in  a q u a r tz  reac tio n  cell using  th e  w hole 
s p e c tru m  o f a m edium  p re ssu re  m ercury  la m p  (180 V) for ir ra d ia tio n  o f  th e  
r e a c tio n  m ix tu re . The h y d ro g e n  p rodu c tio n  r a te  w as  ab o u t 55 /.iL h - 1  w h en  th e  
c a ta ly s t  N i/T i0 2 (2) w as im m ersed  in  1.0 M  a q u e o u s  N aO H  solution  (see F ig . 2). 
I r r a d ia t io n  of th e  c a ta ly s t  in  n e u tra l or less b a s ic  m edia did n o t g ive a n y  
a m o u n t  o f  hydrogen . T h e  s im ila r  effect of p H  h a s  been  discussed in  th e  l i te r a ­
tu r e  [1, 6 , 12, 14].
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Table II

R a te s  o f  h yd ro g en  p ro d u c tio n  d u r in g  ir r a d ia tio n  o f  Ni/TiO., (2) in  
0.01 M  ED TA  a q u eo u s so lu tio n  in  th e p re sen ce  o f  v a r io u s e lec tro ly te s

E lec tro ly te
Cone, o f 

e le c tro ly te  
(m ol dm  3)

R a te  o f  hyd ro g en  
e v o lu tio n

(/Limol s _1 x 104) (cm 3 h  *xl03)

Q u a n tu m  
efficiency  

<%> '

KCl 0.1 22.8 183.9 6.35
KCl 1.0 21.1 193.9 6.70
BaCl, 1.0 18.3 147.6 5.10
N aO H 0.0001 18.6 149.9 5.18
NaOH 0.001 23.0 185.5 6.41
N aO H 0.1 1.3 10.5 0.36
N aO H 1.0 1.6 12.6 0.46

Influence o f some salts and p H  o f the medium on hydrogen evolution fro m  0.01 M  
E D T A  solution

I t  is well know n th a t  sem ico n d u c to r pa rtic le s  im m ersed in  a n  e lec tro ly te  
so lu tio n  adso rb  som e ions on th e  so lid -liqu id  in terface. Som e w o rk s  on the  
ad so rp tio n  of various ions on p u re  T i0 2 [43] an d  on P t /T i0 2 [44] h a v e  been 
done. T ab le  I I  show s th e  in flu en ce  o f m ono- ( K +) and  d iv a len t ( B a 2+) ions on 
th e  H 2 p ro d u c tio n . A d is tin c t e ffect, n am ely  th e  decrease of h y d ro g e n  p ro d u c ­
tio n  ra te  was observed  on ly  fo r 1 . 0  M  B aC l2 so lu tion . KC1 so lu tio n s  (0.1 and 
1.0 M )  d id  no t change th e  ra te  o f I I 2 p h o to g en era tio n . We m u st a d d  h ere  th a t  
acco rd ing  to  th e  above m en tio n ed  a u th o rs  [43], B a2+ ions sh o w  specific 
ad so rp tio n  on T i0 2, w hich causes a change in  th e  electronic s ta te  o f  th e  surface. 
C o n tra ry  to  B a 2 + , th e  a d so rp tio n  o f  m o n o v a len t ions (N a +) does n o t  in fluence  
th e  su rface p ro p erties  o f T i0 2.

T he effect o f pH  on I I 2 p ro d u c tio n  from  0.01 M  E D T A  so lu tio n  in  w 'ater 
is opposite  to  th a t  observed  fo r a s lu rry  o f N i/T i0 2 in pure w a te r (see above) — 
here th e  rise in p H  causes a decrease in  h y d ro g en  evolution . T he s tro n g  r e ta r ­
d a tio n  o f hydrogen  p h o to p ro d u c tio n  in  0.1 M  and  1.0 M  N aO H  so lu tio n s  is 
su rp ris in g . U n fo rtu n a te ly , th e  ex p la n a tio n  o f  th is  phenom enon is n o t  possible 
on th e  g rounds o f our e x p e rim e n ta l d a ta .

C onclusions

A m ong th e  th ree  m eta ls  w hich  w ere su b jec ted  to  the  e x a m in a tio n , nickel 
seem s to  be prom ising  as a c a ta ly s t  for h y d ro g en  evolution . T he a d v a n ta g e  of 
n ickel over noble m eta ls is its  m uch  low er p rice ; the  d isad v an tag es  a re  low er 
a c tiv ity  and  im p ossib ility  o f  use in  an  acid ic  m edium . T he p re s e n t w ork 
shou ld  be considered as a c o n tr ib u tio n  to  th e  s tu d y  of m ainly  Ni/TiO,2. I t  shows 
th e  possib ility  o f w a te r sp littin g  on th is  c a ta ly s t  and  the  in fluence  o f  various 
fac to rs , like pH  or som e e lec tro ly te  so lu tions on H 2 p h o to p ro d u c tio n . I t  in d i­
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c a te s  th e  necessity  o f c o m p le te  NiO red u c tio n  in  acco rdance  w ith  re c e n ty l 
p u b lish e d  paper of P ra h o v  e t  a l. [17]. We th in k  t h a t  fu r th e r  s tu d y  on n ickel 
on t i t a n ia  (or o th e r sem ico n d u c to rs) can g ive, in  th e  fu tu re , efficient p h o to ­
c a ta ly s ts  for w a te r s p li t t in g .
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(D e p a r tm e n t  o f  C h e m is tr y ,  B a n a r a s  H in d u  U n iv e r s i ty ,  V a r a n a s i-2 2 1 ,0 0 5 , I n d i a )
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P y rid in e-2 -carb o x a ld eh y d e  th io iso n ico tin o y l hydrazone (2 -P T IN H )  gav e  adducts 
w ith  C o(II), N i(II) , C u (II) an d  Z n (II)  ch lo rid e , brom ide, iodide a n d  th io c y a n a te  and 
a n  orange d iam ag n etic  com plex  C u (2 -P T IN ) (NCS) which shows a d -d  t r a n s it io n  band 
a t  20,000 c m -1 c h a ra c te ris tic  o f d im eric  C u (II)  species. M agnetic, e le c tro n ic  an d  E SR  
sp ec tra l s tud ies suggested  h igh -sp in  o c ta h e d ra l geom etry  for a ll N i ( I I )  a n d  Co(II) 
ch loride an d  b ro m id e  a d d u c ts , te tra h e d ra l  g eo m etry  for C o(II) io d id e  a n d  th io cy an ate  
com plexes and  d is to r te d  o c tah ed ra l g e o m e try  fo r C u(II) halide a n d  th io c y a n a te  com­
plexes. In fra red  sp ec tra l s tu d ies show ed n e u tra l  b id en ta te  b e h av io u r o f  th e  ligand in 
all th e  ad d u c ts  ex cep t C u(2 -P T IN ) (NCS), w here  i t  acted  as an  u n in e g a tiv e  b id en ta te  
ligand , th e  bonding  s ites being  th e  th io n e /th io l su lfur and a zo m eth in e  n itro g e n . ESR  
sp ec tra l stud ies suggested  m onom eric n a tu re  fo r C u(2-PT IN H )2C b a n d  d im eric  n a tn re  
fo r  C u(2-PTIN )(N C S) a n d  th e  presence o f  u n p a ire d  electron in dx*_,,' o rb i ta l  o f  C u(II). 
A n tib ac te ria l a c tiv itie s  o f  2 -P T IN H  a n d  th e ir  (Co(II), N i(II) , C u ( I I )  a n d  Z n(II) 
com plexes te s ted  a g a in s t K le b s ie l la  p n e u m o n ia e ,  E . co li and  V. c h o le r a e  show ed th a t  
th e  m eta l com plexes are  good a n tib a c te r ia l  agen ts.

Introduction

T here  are a few p ap ers  on th e  tra n s i t io n  m etal com plexes o f  S ch iff  bases 
deriv ed  from  th e  co n d en sa tio n  o f d ith io c a rb a z a te  and  th io se m ic a rb a z id e  w ith 
p y rid in e -2 -ca rb o x a ld eh y d e  [1]. D o m ag k  rep o rted  [2] th e  a n titu b e rc u la r  
a c tiv ity  of th io sem icarb azo n e . R ecen tly , som e f irs t row  tr a n s i t io n  m etal 
com plexes of a-iV -heterocyclic ca rb o x a ld eh y d e  th io sem icarb azo n es h a v e  been 
show n to  possess v e ry  sig n ifican t a n tib a c te r ia l  [3] and a n tin e o p la s tic  [4] ac­
tiv itie s . I ro n (II)  an d  co p p e r(II)  com plexes o f 5 -su b stitu ted -2 -fo rm y lp y rid in e  
th io sem icarbazone h av e  b o th  in  v itro  a n d  in  vivo activ ities a g a in s t  tu m o u r 
cells [4— 6 ], w hich is th o u g h t to  be due to  th e ir  ab ility  to  c h e la te  tr a c e  m etals.

* To w hom  correspondence  should  be ad d ressed .
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S ince  th io sem icarbazones a re  s tru c tu ra lly  v e ry  s im ila r  to  th iohydrazones in  
h a v in g  su lfu r  and n itro g en  as d o n o r  atom s, th e  3 d -m e ta l com plexes of p y rid in e  
c a rb o x a ld e h y d e  th io h y d ra z o n e s  are  also expected  to  show  sim ilar in te re s tin g  
b io lo g ica l and  ligational b e h a v io u r  because of th e  p re sen ce  of as m any  as five 
p o te n t ia l  donor sites an d  a p o ss ib ility  of th io n e -th io l ta u to m e rism  w hich m a y  
le a d  to  v a ried  bonding a n d  stereochem ical b e h a v io u r  in  th e  com plexes. T h e  
p re s e n t  p a p e r describes th e  sy n th es is , s tru c tu ra l c h a ra c te r iz a tio n  and  a n t i ­
b a c te r ia l  screening of p y r id in e - 2 -carboxaldehyde th io iso n ico tin o y l h y d razo n e  
(2 -P T IN H , a) and its  3 d -m e ta l  complexes.

Experimental

Preparation of ligand

I N H  was obtained fro m  S ig m a  Chem. Co., U .S.A . A ll. o th e r  chem icals used w ere o f 
a n a ly t ic a l  o r equivalent q u a lity .

P y rid in e-2 -carb o x a ld eh y d e  th io ison ico tinoyl h y d ra z o n e  w as prepared  follow ing th e  
p ro c e d u re  described by E n g e lb e r t  e t  a l. [7] for the  p y rid in e -4 -ca rb o x a ld eh y d e  th io ison ico tinoyl 
h y d ra z o n e . T hus, a m ix tu re  o f I N H ,  2-picoline and su lfu r p o w d e r  w as heated  in 1 : 1 : 2 m o la r 
r a t io  a t  130— 140 °C for ^ 1 0  h  o r  t il l  th e  evolution o f H 2S a lm o s t ceased, th en  a b o u t one  
e q u iv a le n t  o f acetonitrile  w as a d d e d  to  th e  warm  m ix tu re , co o led , filte red  and th e  p ro d u c t 
w as re c ry s ta lliz e d  from D M F, m .p . 190 °C.

A n a ly sis  (C12H 10N4S). F o u n d  C 59.10, H 3.58, N  22 .28 a n d  S 14.20; Calcd. C 59.51, 
H  4 .1 3 , N  23.14 and S 13.22% .

Preparation of complexes

M e ta l(II)  halide and  th io c y a n a te  complexes [M (2 -P T IN H )X 2] [M(1I) =  Ni for X  =  Cl, 
B r a n d  Co for NCS] and [M (2 -P T IN H )2X 2] [M (II) =  Co, C u, Z n "fo r X =  Cl, B r, I a n d  N i 
fo r X  =  I  a n d  NCS] were p re p a re d  b y  m ixing together a n  e th a n o lic  so lu tion  of th e  a p p ro p ria te  
m e ta l ( I I )  sa lt and the  ligand  in  a  1 : 1 m olar ratio . [C u (2 -P T IN H )2(NCS)2] was o b ta in e d  b y  
a d d in g  a h o t DMSO so lu tion  o f th e  lig an d  to  Cu(NCS)2 in  th e  sam e  solvent in a 1 : 2 m o la r 
r a t io ,  w h e rea s  the  sequence o f a d d it io n  was reversed in  th e  case  o f  Cu(2-PTIN )(N CS).

A ll th e  complexes w h ich  p re c ip ita te d  on s tirrin g  a n d  d ig es tin g  the  above re ac tio n  
m ix tu r e  on  a w ater b a th  fo r ^ 3 0  m in u te s , were suc tion  f i l te re d ,  w ashed w ith  h o t e th a n o l 
a n d  d r ie d  in  vacuum .

T h e  com plexes th u s  o b ta in e d  w ere  analyzed for th e ir  m e ta l,  h a lo g en /th iocyanate  a n d  
su lfu r  c o n te n ts  em ploying s ta n d a r d  l ite ra tu re  procedures [8]. T h e  m eta l con ten ts w ere e s t i­
m a te d  a f te r  destroying th e  o rg a n ic  m a t te r  first w ith  a q u a  re g ia  a n d  then  w ith cone. H 2S 0 4.

Physical measurements

T h e  m ethods and a p p a r a tu s  em ployed for s tu d y in g  m o la r  conductance, m ag n e tic  
su sc e p tib i l i ty ,  electronic an d  in f r a re d  spec tra  and th e  p ro c e d u re s  fo r calculating th e  lig an d - 
f ie ld  p a ra m e te rs  were th e  sam e a s  described  elsewhere [9]. T h e  p e r tin e n t experim ental d a ta  
a re  g iv e n  in  Tables I and I I .

A c t a  C h i m .  H u n g .  1 2 1 ,  1 9G 6
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E S R  sp ec tra  of [C u (2 -P T IN H )2C12] doped in th e  d iam ag n etic  host la tt ic e  o f [Zn(2- 
P T IN H )2C12] an d  C u (2 -P T IN ) (NCS) as p o ly cry s ta llin e  sam ple  were reco rded  a t  L N T  on 
a V arian  E-112 sp e c tro m e te r u sing  T C N E  (g 2.00277) as a s ta n d a rd .

F a r-in fra red  sp e c tra  o f N i(II)  ch loride and b ro m id e  ad d u c ts  were recorded  on a P o ly tec  
F IR -3 0  F o u rie r F a r- in fra re d  sp ec trom eter.

T he a n tib a c te ria l a c t iv ity  o f th e  com pounds u n d e r  in v es tig a tio n  was s tu d ied  in  v itro  
ag a in s t th ree  b ac te ria  species viz. V . cholerae, E . coli a n d  K lebsiella pneum oniae  in  D M F a t 
th e  co n cen tra tio n s o f 10, 5 a n d  1 m g/m L  by  p ap er disc m eth o d  using p ep tone  w a te r  fo r m ak in g  
inocu lum  and th e  re su lts  a re  given in T able  I I I .

Table I

A nalytical data , colour, molar conductance and magnetic mom ent o f  2 -P T IN H  complexes

C om plex
F o u n d  (C alcd .) % /lM (o h m -1 Meff.

M etal X /SC N s N
cm 2 m ol 1) (B .M .)

1 2 3 4 5 6 7 8

C o(2-PTI \ H ) 2C12 L ight
v io le t

9.15
(9.61)

12.00
(11.54)

10.50
(10.43)

17.85
(18.24)

53.44 5.20

N i(2-PT IM I)C 12 G reen 15.40
(15.80)

18.85
(19.08)

8.65
(8.61)

14.95
(15.08)

— 3.07

Cu(2 -P T I\H )X 1 2 Green 10.45
(10.28)

11.50
(11.47)

10.42
(10.35)

18.50
(18.10)

— 1.85

Zn(2-PT I N H )2C12 W hite 10.45
(10.54)

11.25
(11.43)

10.35
(10.32)

18.35
(18.05)

9.53 D iam ag ­
ne tic

C o(2-PT IN H )2B r, L ight
pink

8.25
(8.39)

22.65
(22.75)

9.15
(9.11)

15.55
(15.94)

55.22 5.31

N i(2 -P T IN H )B r2 L ig h t
green

12.68
(12.75)

34.50
(34.59)

7.01
(6.95)

12.15
(12.16)

— 2.99

Cu(2-PTI N H )2B r2 Green 8.85
(8.99)

22.55
(22.59)

9.10
(9.05)

15.27
(15.83)

— 1.84

Z n(2 -P T IN H )2Br2 W hite 9.20
(9.22)

21.59
(22.53)

9.10
(9.02)

15.50
(15.79)

16.03 D iam ag­
netic

C o (2 -P T L \H ),I2 Yellow 7.25
(7.39)

31.85
(31.88)

8.15
(8.03)

13.95
(14.06)

136.30 4.61

N i(2-PT IN 'H )2I 2 R ed 7.36
(7.41)

31.86
(31.88)

8.10
(8.04)

13.95
(14.06)

— 3.27

Z n(2 -P T IN H )2I 2 W hite 8.10
(8.14)

31.50
(31.62)

7.98
(7.96)

13.85
(13.94)

59.00 D iam ag ­
n e tic

C o(2-PT IN H )(N C S), Yellow 14.10
(14.14)

27.75
(27.83)

22.95
(23.03)

20.12
(20.15)

54.30 4.53

N i(2-PT IN H )j(N C S), Green 8.80
(8.91)

17.25 
(17.61)

19.25
(19.44)

21.35
(21.24)

54.22 3.06

C u (2 -P T Ii\H )2(NCS)2 Yellowii
green

sh 9.55 
(9.57)

17.50
(17.49)

19.35
(19.30)

20.84
(21.10)

41.14 1.97

C u(2-PTIN H )(N C S) O range 17.26
(17.47)

15.68
(15.95)

17.25
(17.61)

19.16
(19.26)

— D iam ag­
netic
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Table II

Electronic spectral data and ligand-field parameters o f  the complexes

C om plex B an d  m ax im a
K 1)

A ssignm ents D q
(cm - 1 )

В
(c m - 1 ) ß ß°

(% )
L F S E

(k j/m o l)

1 2 3 4 5 6 7 8

Co(2 -P T IN H )2C12 9090, 19,050, 20,180 *Tlg( F ) +  4T2g(F )(i'j); 
M 2g( F ) ( r 2); 4F lg(P )(i'3)

1077 718 0.74 26 103.00

C o(2-PT IN II)2B r2 8700, 18,870 4r ig( F ) - .  4T2g(F)(pj); 
l T ls(P )(v3)

979 753 0.77 23 93.70

Co(2 -P T IN H )2I 2 9090, 14,810, 22,220 M 2( F ) - v 4T ,(F )( r2); 4 \ ( P ) ( r :t) 561 467 0.48 52 53.69

C o(2-PT IN II)(N C S), 10,000, 15,665 4-42( F )  -*■ 4Г ,(F )(v2); 4T ,(P )(p3) 652 408 0.42 58 62.38

Ni(2-PTINH )C1, 10,200, 15,750, 25,000 M 2g( F ) ^  3T2g(F )(,.1); 
2T ,g( F ) ( ,2); 3T lg(P)(,>3)

1020 714 0.67 33 146.40

N i(2 -P T IN H )B r2 9615, 16,000, 25,640 M 2g( F ) -  3P 2g( F )(i’i); 
3Tig(F)(v2); 3T lg(P )(i’3)

1013 750 0.71 29 145.40

N i(2 -PT IN H )2I 2 8620, 17,860, 22,220 3^ 2g ( F ) —  sT2g(F )(v l); 
3r , g(F )(,.2); :1T 1(,(P )(r:1)

862 124.00

N i(2 -PT IN H )2(NCS)2 10,000, 16,130, 26,670 3A 4 (F )-+  3T2g(F )(v 1);
3T lg(F)0-2)

990 861 0.82 18 142.10

C u(2-PT IN H )2C12 14,290 2B lg-  2F g; 2ß ,g and 2/ l lg 1429 102.60

C u(2-PT IN H )2Br2 14,280, 22,220 2ß lg^  2F g; 2ß 2g and 2-4 Ig 1428 102.50

C u(2-PT IN H )2(NCS), 15,380, 22,220 2ß Ig-  2E g; 2ß 2g and  M lg 1538 110.40

Cu(2-PTIN)(N CS) 18,180, 20,000 E nvelope of 1818

2ß , g -  2A ,g; 2ß 2g anc* 2£g
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Tabic III

A ntim icrobial activity  o f  pyridine-2-carboxaldehyde thioisonicotinoyl 
hydrazone and their m e ta l( I I )  complexes 

In c u b a tio n  tem p . =  37 °C 
In c u b a tio n  tim e  =  24 h

C om pound
In h ib ito ry M icrobial species

co n cen tra tio n
(mg/mL) K le b s ie lla

p n e u m o n ia e E .  co li V .  cho lerae

2 -P T IN H 10 + + +
5 + + +
1 + + +

C o(2-P T IN H )2Cl2 10 - f +
5 + + +
1 + + +

Cu(2 -P T IN H )2(NCS)2 10 + - f +
5 + + +
1 + + +

N i(2-PTIN H )C 12 10
5 _ — —

Zn(2-PTINH).,C1,

1
10
5
1 _ — —

= Inh ib ition . 
+  =  G row th.

R esu lts an d  D iscussion

2 -P T IN H  has been found  to  fo rm  1 : 1  or 1 : 2  ad d u c ts  w ith  C o(II), 
N i(II) , C u(II) and  Z n (II)  halides an d  th io c y a n a te  and  also gives a d e p ro to n a te d  
com plex  C u(2-PT IN )(N C S) w ith  c o p p e r(II)  th io cy an a te . All th e  com plexes 
h av e  h igh  m elting  or decom position  te m p e ra tu re s  (ab o u t 300 °C) excep t 
[C u(2-PT IN II),C 12] w hich m elts a t  ~  294 °C, and are genera lly  in so lub le  in 
w a te r , e th an o l and  m eth an o l b u t  som e of th e m  are  sligh tly  so luble  in  c o o rd in a t­
ing  so lven ts like D M F an d  DM SO.

T he m olar co n d u c tan ce  va lu es  o f th e  so luble  com plexes in  D M F  a t  1 0 - 3  M 
show  th a t  th e y  are  n o n -e lec tro ly tes  ex cep t C o(2-PT IN H )2 I 2, w h ich  is a 2 : 1 
e le c tro ly te  [10]. T he s lig h tly  h igh v alues fo r th e  non-electro ly tic  n a tu re  o f  some 
com plexes m ay be due to  solvolysis as show n below:

[M (2-P T IN II)xX ,] +  D M F ^  [M (2-P T IN H )xX  • D M F ]+ +  X" 

Magnetic moments

T he m agnetic  m o m en t d a ta  given in  T ab le  I  suggest o c ta h e d ra l geo m etry  
for all th e  N i(II) com plexes. T he /jeff va lu es  o f  th e  Co(II) ch loride a n d  brom ide 
a d d u c ts  suggest th em  to  be o c tah ed ra l w hile  those  of th e  C o(II) io d id e  and
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th io c y a n a te  com plexes a re  in d ic a tiv e  of a te t r a h e d ra l  geo m etry  a round  C o (II). 
T he m a g n e tic  m om ents o f  C u (II)  com plexes a re  n o rm a l (except [C u(2-P T IN ) 
(N CS)] w h ich  is d iam ag n e tic ) a n d  correspond to  th e  presence of one u n p a ire d  
e lec tro n .

Electronic spectra

T h e  electron ic s p e c tra  o f  [Co(2 -P T IN H )2C12] a n d  [C o(2-P T IN H ),B r2] show  
tw o  b a n d s  in  th e  8700— 9090 and  18870— 19050 c m - 1  regions assigned to  
4 T lg( F )  -I- 4 T2g(F )( r1); —► *Tlg(P)(v3) tran s itio n s , re sp ec tiv e ly , in an o c ta h e d ra l 
e n v iro n m e n t of c o b a lt( I I )  [11]. The bands o ccu rrin g  in  th e  9090— 10000 a n d  
14810— 15665 c m - 1  reg ions in  th e  spectra  of C o (2 -P T IN H ) 2 I 2 and  C o(2 -P T IN H ) 
(N C S ) 2  m a y  be assigned to  L4.2 (F )  -*• 4 T 1(F)(r.2) a n d  —>- ^ T ^ P ) ^ )  tra n s itio n s , 
re sp e c tiv e ly , in  te tr a h e d ra l  geo m etry  of th e  co m p lex es [ 1 1 ].

A ll th e  N i(II) com plexes exh ib it th ree  b a n d s  in  8620— 10,200, 15 ,750— 
17,860 a n d  22,220—26,670 c m - 1  regions a t t r ib u te d  to  3A 2g(F ) —* 3T2g(F )(v1); 
— 3T lg(F)(v2) an d  —► 3T lg(P )(v3) tran s itio n s , re sp ec tiv e ly , in  o c ta h e d ra l 
g e o m e try  a ro u n d  N i(II)  [12].

T b e  sp ec tra  o f C u (II)  com plexes show a b ro a d  b a n d  in  14,280— 15,380 
c m - 1  reg io n  assigned to  th e  envelope of 2B ig —*■ 2F g; 2B.,g and  2A lg tra n s it io n s  
in  d is to r te d  o c tah ed ra l g e o m e try  of C u(II) [13]. T h e  sp ec tru m  of th e  o ran g e , 
d ia m a g n e tic  com plex, C u(2-PT IN )(N C S), h o w ev er, show s tw o b an d s , a t  
18,180 a n d  20,000 c m -1 . T h e  f ir s t  one m ay  be a t t r ib u te d  to  d-d tra n s it io n  in  
sq u a re -p la n a r  geo m etry  a n d  th e  second one to  th e  d im eric C u(II) species 
[14, 15]. T he d iam ag n e tism  o f th is  com plex in d ic a te s  s trong  sp in -sp in  in te r ­
a c tio n  b e tw een  tw o c u p ric  ions [15].

E S R  spectra

T h e  E S R  sp ec tru m  o f  th e  doped sam ple o f  [C u(2-PT 1N H )2C12] a t  L N T  
show s a h ig h  field  tra n s i t io n  a t  ~  3200 G (Ams =  1) w ith  th e  paralle l, p e rp e n ­
d ic u la r  a n d  average g v a lu e s  o f  2.25, 2.03 a n d  2.11 respective ly . T he t r e n d  
g|l >  g ± >  ge (free-ion v a lu e , 2.0023) shows t h a t  th e  u n p a ired  electron is in  th e  
d x ! _ y2 o rb ita l  o f C u (II) [16]. The and  g± v a lu es  in  th e  com plex d e v ia te  
c o n s id e ra b ly  from  th e  fre e -sp in  value and  a re  close to  those  rep o rted  fo r a 
n u m b e r  o f  d is to rted  o c ta h e d ra l Cu(II) com plexes [17]. The E S R  p o w d er 
sp e c tru m  o f C u(2-PT IN )(N C S) a t  LN T shows fo u r p eak s on th e  low fie ld  side 
o f  th e  p a ra lle l region an d  th e  analysis o f th e  sp e c tru m  gives g|, =  2.10, g± =  2.04 
andgav . =  2.06. The p resen ce  o f  a weak ha lf-fie ld  s ig n a l a t  abou t 1600 G in d i­
ca tes  i ts  d im eric n a tu re  [16].

Acta Chim. Hung. 121, 1986



SINGH et al.: Co(II), Ni(II), Cu(II) AND Zn(II) COMPLEXES 319

Infrared spectra

The in fra red  sp ec tru m  o f 2 -P T IN H  in  n u jo l/K B r show s a b a n d  a t  3180 
c m " " 1 assigned to  r(N — H ) w hich rem ains p ra c tic a lly  u n ch an g ed  in  adduc ts 
b u t  d isappears in  C u(2-P T IN ) (NCS) p re su m a b ly  v ia  th io en o liza tio n . The 
b an d s  occurring  a t  1620 an d  985 c m - 1  in  th e  lig an d  due  to  r (C = N )  and 
r(N — N) m odes, re sp ec tiv e ly , show  a n eg a tiv e  an d  p o sitive  sh ifts  o f 10—20 
an d  20— 30 c m -1 , re sp ec tiv e ly , in  th e  com plex  in d ica tin g  th a t  azom eth ine 
n itro g en  is invo lved  in  bon d in g  [18]. T h io am id e  b a n d  I  (/1NH -f- vCN) and  
th io am id e  b a n d  I I  (rC N  +  /?NH) occurring  a t  1410 an d  1310 c m -1 , respective ly , 
in  th e  ligand  undergo  po sitiv e  sh ifts of 25— 40 c m - 1  in  th e  com plexes ind ica ting

\ \
\

\
X X

[N i(2 - P T IN H )X 2] 
(X = C 1 , B r)

a

M =  Со (II), X  =  C1, B r ;  
Ni ( II), X = I ,  NCS;

Z n(II), X = C 1 , B r, I
C u(II), X = C 1 , B r , NCS;

b
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t h a t  th e  su lfu r  of th e  th io a m id e  g ro u p  is invo lved  in  bon d in g  [19]. T h e  th io - 
am id e  b a n d  I ,  m ain ly  due to  r ( C = S ) ,  observed a t  845 c m " 1 in  th e  lig an d  is 
sh if te d  to  790— 825 c m - 1  in  th e  a d d u c ts  suggesting b o n d in g  th ro u g h  su lp h u r  of 
^ C  =  S g ro u p . This b an d , h o w ev e r d isappears in  C u(2P T IN ) (NCS) a n d  a new  
b a n d  a t  720 c m - 1  due to  v(C— S) is observed, in d ic a tin g  th a t  th e  enolized

e [C u (2 -P T IN )(N C S )]
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fo rm  o f i’C = S  is invo lved  in bond ing  [2 0 ] .T he py rid ine  ring  v ib ra tio n s  rem ain  
p rac tica lly  u n ch an g ed  in all th e  C o(II), N i( I I ) ,  C u(II) and  Z n (II)  a d d u c ts , in d i­
ca tin g  n o n -in v o lv em en t of p y rid ine  n itro g e n  in  bonding.

In  th e  th io c y a n a te  com plexes o f  C o (II), N i(II) and  C u (II) , th e  b an d s 
ap p earin g  a t  ~  2080 c m - 1  (iq), 470— 480 c m - 1  (v2) and  760— 780 c m - 1  (v3) 
due to  v(C==N), ő(NCS) and  p (C = S ) m odes, respective ly , c learly  in d ic a te  th e  
p resence o f m o n o d en ta te  and  N -bonded  th io c y a n a te  group in  th e se  com plexes. 
T he v (C = N ) h a n d  is, how ever, observed  a t  a h igher frequency  a t  2115 c m - 1  in  
C u(2-P T IN ) (NCS) suggesting  th e  p resence  o f bridg ing  th io c y a n a te  g roup  [21].

T he fa r- in fra red  sp ec tra  o f N i(II)  ch lo ride  an d  b rom ide com plexes show 
non-lig an d  b an d s  a t  170 and 184 an d  128 a n d  140 c m -1, re sp ec tiv e ly , w hich 
m ay  be assigned  to  vb(Ni— Cl) an d  vb(N i— Br) m odes, re sp ec tiv e ly , c learly  
in d ica tin g  th e  h alide  b ridg ing  in th ese  com plexes [22]. T he n o n -lig an d  bands 
due to  r(M — S) an d  r(M — N) observed  in  a ll th e  com plexes a t  360 ^  10 and  
310 ^  10 c m - 1  reg ions fu r th e r  su p p o rt co o rd in a tio n  th ro u g h  th io n e /th io la to  
su lfu r an d  azo m eth in e  n itrogen  [2 0 ].

Antibacterial activity

T he re su lts  o f  a n tib a c te ria l a c tiv ity  g iven  in  T able I I I  show  th a t  2 -P T IN H  
an d  its  C o(II) an d  C u(II) com plexes show  no in h ib ition  a t  a n y  o f  th e  con­
c e n tra tio n s  s tu d ie d  ag a in s t th e  th re e  b a c te r ia  species v iz., V. cholerae, E . coli 
an d  Klebsiella pneumoniae. H ow ever, a n  im pressive  increase in  a n tib a c te r ia l 
a c tiv ity  is observed  in  th e  case o f N i( I I )  an d  Z n(II) com plexes fo r w hich 
a lm o st com plete  in h ib itio n  of b a c te ria l g ro w th  a t  all th e  th re e  c o n cen tra tio n s  
o f  th e  com pounds ag a in s t all b a c te r ia  h a v e  been observed. T h u s  th e  above 
re su lt show s th a t  th e se  m eta l com plexes a re  effective a n tib a c te r ia l ag en ts  [23].

B ased  on th e  an a ly tica l d a ta  a n d  physico-chem ical s tu d ie s  described  
above, th e  s tru c tu re s  o f  th e  com plexes a re  show n in Figs a —  e.

•

A u th o rs’ th a n k s  are  due to  P rofessor P .C . S en , H ead  of M icrobiology S ec tio n , In s t i tu te  
o f  M edical Sciences, B .H .U .; th e  Inch arg es o f R eg io n a l S oph istica ted  In s tru m e n ta t io n  C entre , 
I .I .T .,  M adras a n d  B o m b ay , for th e ir  k in d  h e lp  in  s tu d y in g  th e  a n tib a c te r ia l  a c tiv ity , far- 
in fra red  an d  E S R  sp ec tra , respec tive ly . One o f th e  a u th o rs  (N .A .) is also th a n k fu l  to  C SIR , 
N ew  D elhi fo r th e  a w ard  o f a Ju n io r  R esearch  F ellow ship .
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STRUCTURE-ACTIVITY ST U D IE S ON N E W  
IN H IB IT O R Y  ANALOGS OF L H -R H

A nikó H o r v á t h 1* , D a v id  H . C o y 2, M ary  У. N e k o l a 2, E s th e r  J .  C o y 2, 

Sim on J .  H o c a r t 2, G yörgy  K é r i 1 a n d  I s tv á n  T e p l á n 1

( 4 s t  In stitu te  o f  B iochem istry, Sem m elw eis U niversity  M edical School,
H -1444 B udapest P .O .É . 260, and  2D epartm ent o f  M ed ic in e ,

Tulane U niversity  School o f  M edicine, N ew  Orleans, L A  70112 U .S .A .)

R eceived O c to b er 10, 1984 
A ccep ted  fo r p u b lica tio n  M ay 24, 1985

T he effect o f  d iffe ren t su b s titu tio n s  in  positions 2, 3, 8 a n d  10 on inh ib ito ry  
analogs o f  L H -R H  has been  in v es tig a ted  in  th e  series o f D-Arg6-a n ta g o n is t  analogs. 
S ix teen  analogs h a v e  b een  syn thesized  a n d  te s te d  for a n tio v u la to ry  a c t iv ity .  T he potency 
of th e  analogs w as co m p ared  w ith  Ac-D -p-Cl-Plie1’2, D -Trp3, D -A rg6, D -A la10-L H -R H  
w hich show s 78%  in h ib itio n  o f o v u la tio n  in  a dose of 3 /tg /ra t. In se r t io n  o f D-hom oPhe 
or D-Arg in  p o sitio n  2 a n d  3 resu lted  in low er biological a c tiv ity . T h e  analogs ex h ib it­
ing h igh a n tio v u la to ry  a c tiv ity  w ith  D-Ala su b s titu tio n  in  p o s itio n  10 h a d  reduced 
a c tiv ity  w hen  D-Ala w as changed  for Gly. T he D -p-B r-Phe or D -p -F -P h e  su b stitu tio n s 
b o th  in  positions 1 a n d  2 h a d  th e  sam e effect as th e  co rresp o n d in g  c o u n te rp a r ts  had 
in  position  1. A c-D -p-B r-P he1’2, D-Trp-, D-Arg-, D-Ala,0-L H -R H  e x h ib ite d  full blockade 
o f ovu la tio n  a t  a  dose of 3 pg  per an im al. T he d ifferen t su b s ti tu tio n s  in  position 8 
expressed th e  im p o rta n ce  of a  basic am ino  acid  in  th is  position .

In tro d u c tio n

D uring  th e  p a s t few  y ea rs  considerab le  progress h as  b een  m ade in  the 
developm ent o f h ig h ly  p o te n t in h ib ito ry  analogs of th e  L H -R H  decapeptide 
(p G lu -H is-T rp -S er-T yr-G ly -L eu-A rg -P ro -G lyN H j). The p u rp o se  o f  these  s tu d ­
ies was to  achieve a th e ra p e u tic a lly  usefu l level by  s.c. ro u te  a n d  even oral 
a c tiv ity , too. W hile th e  f irs t  L H -R H  an tag o n is ts  com ple te ly  in h ib ite d  ovula­
tio n  in  ra ts  a t  a single s.c. in jec tio n  o f a b o u t 1  m g/per r a t ,  re c e n tly  th e  m ost 
p o te n t an tag o n is ts  cause  fu ll b lockade o f o v u la tio n  a t  th e  [Щ ra n g e  p er anim al. 
F o r in stance , (A c-D -p-C l-Phe1’2, D -Trp3, D -Phee, D-Ala1 0) -L H -R H  [1] (Ac- 
d eh y d ro P ro 1, D -p-C l-Phe2, D -Trp3'0, JV-Me-Leu7)-L H -R H  [2] a n d  (Ac-Gly1, 
D -p-C l-Phe2, D -T rp 3 ’°)-L H -R H  [3] are  fu lly  ac tiv e  in doses o f  10— 20 fig.

F u rth e r  s tu d ies  on th e  re la tio n sh ip  betw een  s tru c tu re  a n d  a c tiv ity  of 
L H -R H  an tag o n is ts  h av e  led to  th e  p re p a ra tio n  o f a new ty p e  o f  th e se  peptides. 
In co rp o ra tio n  of a basic  D-am ino acid in  th e  six-position  re su lte d  in  a large 
increase in  a n tio v u la to ry  a c tiv ity  in  a ce rta in  co m b in a tio n  o f  su b stitu tio n s. 
(А с-D-p-Cl-Phe1,2, D -Trp3, D-Arg°, D-Ala10)-L H -R II  [4] n o t o n ly  has 78%

*To w hom  co rrespondence  should  be addressed .

A c ta  C h im .  H u n g .  1 2 1 , 1986  
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Table I

A m in o  acid  analyses and R j values o f  pep tides

C o m p o u n d Ser P ro G ly Ala L eu T y r Ьуз

I 0.83 0.91 1.00 1.00 0 .90
П 0.84 0.84 0 .9 9 1.00 0.93

h i 0.87 0.96 1.00 1.02 1.00
IV 0.72 0 .94 1.02 1.04 1.00
V 0.85 0.90 1.00 1.01 1.00

V I 0.88 1.05 0.98 1.00 1.00
V II 0.84 1.00 1.05 0.94 0.90

v n i 0.90 1.07 1.00 1.00 1.00
IX 0.86 1.00 1.05 1.04 1.03
X 1.02 0 .99 1.00 1.01 0.99

X I 0.80 0.95 0.97 1.01 1.00 1.02
X II 0.98 0.96 0.97 1.02 1.00 1.02

X III* * * — — — — — —

X IV 1.00 0.78 1.08 1.14 1.07
XV 0.90 1.00 1.00 1.03 1.06

XVI 0.80 0.92 1.00 1.07 1.06

* A m ino acids were n o t  c a lcu la te d  except Glu.
A  ra-BuOH : AcOH : H 20  — 4 : 1 : 1 .
В  E tO A c : Pyridine : A cO H  : H 20  — 10 : 5 : 1 : 3. 
C n-B uO H  : AcOH : H 20  : E tO A c  — 1 : 1 :1  :1 .

in h ib i to ry  po tency  a t s.c. in je c tio n  o f 3 ng per ra t ,  b u t  also  ora l ad m in is tra tio n  
o f 2 m g  com pletely  b locked  o v u la tio n  [5]. Our p u rp o se  w as to  c la rify  s tru c tu ra l 
r e q u ire m e n ts  a t d ifferen t p o s itio n s  in  com bination  w ith  D-Arg6. As a p a r t  o f 
th is  s tu d y  we have found t h a t  b u lk y  arom atic  s u b s ti tu e n ts  in  position  1 im prove 
a n t io v u la to ry  ac tiv ity . (Ac-D-yd-Nal1 or A c-D -p-B r-Phe1, D -p-C l-Phe2, D -Trp3, 
D -A rg6, D -A la10)-L H -R H  h a v e  100%  activ ity  a t 3 p g  dose levels [6]. In  th is  
p a p e r  w e rep o rt fu r th e r  d e ta ils  a b o u t the  d iffe ren t su b s ti tu tio n s  in  th e  series 
o f  D -A rg6 an tagon ist ana lo g s.

M a te ria ls  and  M ethods
S y n th e sis

T h e  desired  p ro tec ted  p e p tid e s  w ere  synthesized  b y  a s ta n d a rd  solid phase  m eth o d  [7] 
o n  a  B e c k m a n  990 A u tom atic  P e p t id e  S ynthesizer, using b e n zh y d ry lam in e  resin. HC1 (0.49 
m eq /g ) (B eck m an ). The in d iv id u a l a m in o  acids were coupled  to  th e  resin  as th e ir  N -x-tert- 
b u ty lo x y c a rb o n y l (Boc) d e r iv a tiv e s  u s in g  three-fo ld  excess o f  each . R eac tiv e  side chains o f 
th e  a m in o  acids were p ro tec ted  as fo llo w s: A rg, JVG-tosyl; Ser, O -benzy l; T y r was in co rp o ra ted  
w ith o u t  O H  pro tec tion  [8]; H is, iVlm-d in itro p h en y l; p -N H 2-P h e , ]Vp-benzy loxycarbonyI. All 
am in o  a c id s  w ere coupled u sin g  IV.lV’-d iisopropylcarbodiim ide (A ld rich ). T he com pleteness o f  
th e  c o u p lin g  reac tion  was m ea su re d  b y  n in h y d rin  tes t [9]. I f  th e  te s t  w as p o sitive , th e  coupling  
w as re p e a te d . The du ra tio n  o f th e  co u p lin g  changed be tw een  1 a n d  16 h ours, depend ing  on 
th e  a m in o  acid . The ace ty la tio n s w e re  c a rried  ou t on th e  p ro te c te d  p ep tid e -re sin  u sing  5%  
ace tic  a n h y d r id e  in CH2C12 fo r 60 m in .

T h e  pep tid es were c leaved  fro m  th e  resin  w ith  sim u ltan eo u s d e p ro te c tio n  by  an h y d ro u s  
h y d ro g e n  flu o rid e  [10]. T he p ro te c te d  p ep tide-resin  (0.5 m m ol) w as tre a te d  w ith  30 m L  of 
re d is ti l le d  H F  in  the  presence o f  1 0 %  an iso le  and 100 m g d ith io th re i to l  for 60 m in  a t  0 °C.
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T r p Arg C pa x +
A В С D E

__ * 1.97 1.06 /9-Nal** 0.27 0.59 0.62 0.78 0.55
— 2.05 1.05 0.35 0.30 0.55 0.72 0.56

0.92 2.11 1.06 Phe(C H 3)4 0.36 0.27 0.69 0.81 0.57
— 2.07 1.18 0.24 0.07 0.62 0.71 0.36
— 2.03 p -F -P h e 0.30 0.44 0.61 0.87 0.59

0.80 2.00 p -B r-P h e 0.38 0.41 0.64 0.82 0.60
0.98 1.74 0.97 hom o-Phe 0.36 0.32 0.58 0.73 0.59
0.98 2.91

2.84
1.06
2.00

0.28
0.18

0.14
0.19

0.57
0.64

0.71
0.57

0.43
0.41

1.96 2.19 hom o-Phe 0.40 0.32 0.66 0.78 0.62
— 0.97 2.19 0.34 0.34 0.56 0.76 0.56

0.90 0.99 1.09 /3-Nal 0.33 0.47 0.58 0.79 0.55
— — — — — — — — —

0.84 0.96 1.75 0.38 0.42 0.67 0.86 0.59
— 1.03 1.80 p -N H 2-Phe 0.47 0.55 0.71 0.93 0.72
0.90 1.05 2.30 Glu (1.00) 0.46 0.70 0.70 0.87 0.69

D E tO A c : P y rid in e  : A eO H  : H 20  — 5 : 5 : 1 : 3. 
E  2-P rO H  : 1 N  A cO H  — 2 : 1 .
** ß- N apht liy lalanine.

*** Ref. [11].

T he h y drogen  fluo ride  w as e lim in a ted  in  d ry  n itro g e n  gas s tream . T he resin  w as th e n  su spended  
in  ab so lu te  e th e r  a n d  f ilte re d  off. T he solid re sid u e  w as w ashed  w ith  50%  a ce tic  ac id , th e n  
th e  so lu tio n  w as e v a p o ra te d  in  v acu u m  a t  37 °C. I n  th e  case o f H is-co n tain in g  p e p tid e s , to  
rem ove th e  d in itro p h en y l p ro tec tin g  group, th e  p e p tid e -re s in  was stirred  in  D M F co n ta in in g  
a few  d rops o f  p ro p y lam in e  fo r 60 m in. T h en  th e  p ep tid e -re s in  was filte red  o ff  a n d  tre a te d  
w ith  hy d ro g en  fluo ride  in  th e  u su a l m anner.

P urifica tions

C rude p ep tid e s  o b ta in e d  a f te r  H F  cleavage w ere p u rified  f irs t on  a  co lu m n  o f  S ep h ad ex  
G-25 (2.5 X 100 cm ) in  50%  ace tic  acid. T he se p a ra tio n  w as m on ito red  b y  UV a b so rp tio n  a t  
280 n m  an d  b y  TLC. F ra c tio n s , sep a ra ted  fro m  sh o rte r  frag m en ts , w ere co llected  a n d  lyo- 
ph ilized ; y ields: 65 — 8 5% . Y ields a re  based  on  th e  am in e  co n te n t (su b s titu tio n )  p e r  g ram  of 
s ta r tin g  resin .

Gel f i ltra tio n  w as follow ed b y  rev ersed -p h ase  C |8-bo n d ed  silica gel L R P -1  (13 — 24 pm ) 
(W h atm a n ) p re p a ra tiv e  H P L C  colum n (2 .5 x 4 5  cm ) e lu te d  w ith  a n -P rO II  — 2 0 %  A cO H  
lin ea r g ra d ie n t so lv en t sy s tem  (10 -6 0 %  n -P rO H ) a t  a  p ressu re  o f 3 a tm  a n d  a  flow  ra te  
2 m L /m in . T he c o n te n ts  o f th e  frac tio n s w ere m ea su re d  b y  UV a b so rp tio n  a t  280 n m  and  
b y  TLC. F ra c tio n s  w ere pooled  to  fav o r p u r ity  r a th e r  th a n  q u a n tity ;  y ields: 15— 2 9 % . T he 
p u r ity  o f th e  p ep tid es w as te s te d  b y  TLC in five  so lv e n t system s and by  am ino  acid  analysis 
(T able I). P ep tid e  c o n te n ts  (based  on  am ino acid  analy sis): 90 — 98% .

Biological assay

A n tio v u la to ry  te s ts  [12] were carried  o u t  to  d e te rm in e  th e  biological a c t iv ity  o f th e  
p ep tid es. T he analogs w ere dissolved in  40%  p ro p y len e  glycol saline, a n d  s.c. in jec tio n s 
w ere given a t  noo n  on  th e  p ro estro u s d ay  to  a d u lt  C harles R iver CD ra ts  show ing  reg u la r 
4 -day  cycles. On th e  m o rn ing  o f e stru s  th e  n u m b er o f  ova  w as counted  from  iso la ted  o v id u cts . 
T ab les I I  — IV  express th e  re su lts  o f these  assays as th e  percen tage  b lockade  o f  o v u la tio n . 
I t  was ca lcu la ted  from  th e  ra tio  o f ra ts  w hich d id  n o t  o v u la te  to  th e  to ta l  n u m b e r  o f ra ts  
tre a te d  w ith  a g iven  dose o f analog . A n average  o f  e ig h t an im als were te s te d  p e r  g ro u p .
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Table I I

Antiovulatory activities o f  L R -R H  analogs w ith  G ly or D-Ala in  position  10

P e p tid e D ose
f ig /ra t

G ly

%  B lockade 
o f  o vu lation

D -A la

D ose %  B lo ck ad e  
jUg/rat o f  o v u la tio n

I Ac-D-/?-Nall, D -p-Cl-Phe2, D -T rp3, 7.5 100 3 100
D-A rg6-L H -R H 1 0 l 77

I I А с-D -Trp1'3, D-p-Cl-Phe2, D-A rgG-L H -R H 5 33 3 91
I I I A c-D -Phe-(C H 3)J, D -p-C l-Phe2, D-Trp3, 

D-A rg6-L H -R H 15 10
IV A c-D -H is1, D-p-Cl-Phe2, D -T rp3, 

D-A rge-L H -R H 15 0 5 20

Table I I I

A ntiovulatory activities o f  L R -R H  antagonists m odified  in  positions 2 an d  3

D ose %  B lo c k a d e
/x g /ra t o f  o v u la t io n

* R 1 А с-D-p-Cl-Phe1»2, D -Trp3, D-Arg6, D-Ala10-L H -R H 3 78
1.5 10

V A c-D -p-F-Phe1’2, D -Trp3, D-Arg6, D-Ala10-L H -R H 5 40
V I A c-D -p-B r-Phe1»2, D -T rp3, D-Arg6, D-Ala10-L H -R H 3 100

1 10
V II А с-D-p-Cl-Phe1, D -hom oPlie2, D-Trp3, D-Arg6, D-Ala10-L I i-R II 15 0

V III А с-D-p-Cl-Phe1, D-Arg2’6, D -T rp3, D-Ala10-L H -R H 15 12.5
IX А с-D-p-Cl-Phe1’2, D-Arg3»6, D-Ala10-L H -R H 15 12
X А с-D-p-Cl-Phe1’2, D -hom oPhe3, D-Arg6, D-Ala10-L H -R H 7.5 0

* R : R eference com pounds.

Table IV

Antiovulatory activities o f  L R -R H  antagonists m odified  in  position  8

P e p tid e
D ose

f tg /ra t
%  B lo c k a d e  
o f  o v u la t io n

* R 1 А с-D-p-Cl-Phe1’2, D -Trp3, D-Arg6, D-Ala10-L I I-R II 3 78
X I А с-D-p-Cl-Phe1’2, D -T rp3, D-Arg6, Lys8, D-Ala10-L H -R H 3 50

* R 2 А с-D-p-Cl-Phe1’2, D -T rp3, D -Lys6, D-Ala10-L H -R H 3 50
* R 3 Ac-D-/S-NaP, D -p-C l-Phe2, D-Arg6, D-Trp3 D-Ala10-L H -R H 3 1 0 0

1 77
X II Ac-D-/?-NaP, D -p-C l-Phe2, D -T rp3, D-Arg6, L ys8, D-AIa10-L H -R H 3 1 0 0

1 50
X III А с-D-p-Cl-Phe1’2, D -Trp3, D-Arg6, D ab8, D-Ala10-L H -R H 3 18
X IV А с-D-p-Cl-Phe1’2, D -T rp3, D-Arg6, H is8, D-Ala10-L H -R H 7.5 15
XV А с-D-p-Cl-Phe1’2, D -Trp3, D-Arg6, p -N H 2-P he8, D-Ala10-L H -R H 7.5 2 0

XVI А с-D-p-Cl-Phe1’2, D -Trp3, D-Arg6, Gin8, D-Ala10-L H -R H 15 0

* R : R eference com pounds.
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R esults an d  D iscussion

P rev ious re su lts  h av e  show n th e  s t r ic t  s te ric  re s tra in ts  in  p o sitio n  10 [1] 
an d  th e  favo rab le  m od ifica tions in  positio n  1 b y  large arom atic  su b s ti tu e n ts  [6]. 
T herefo re  we syn th esized  som e new  analogs b y  com bining th e  ab o v e  re q u ire ­
m en ts  in se rtin g  G ly in  position  10 an d  d iffe ren t arom atic  am in o  acids in  
p o sitio n  1, such as D -/?-naplithy lalan ine, D -tryp tophan , D -p en tam eth y l- 
p h en y la lan in e  an d  D -histid ine. T ab le  I I  show s th e  an tio v u la to ry  a c tiv itie s  of 
th e se  pep tid es  com pared  w ith  th e  co rresp o n d in g  D-Ala10 analogs [6]. T h e  size 
a n d  th e  h y d ro p h o b ic ity  o f th e  side-chain  o f  th e  f irs t  am ino acid  p rese rv ed  its  
e ffect on th e  a c tiv ity . T he la rg est s u b s ti tu e n t (D -/?-naphthylalan ine, p ep tid e  I) 
e x h ib its  th e  h ighest a c tiv ity , w hile th e  m ore  p o la r  and  sm allest D -H is-con ta in - 
in g  p ep tid e  (IV) rep re sen ts  th e  least p o te n t  a n ta g o n is t in  th is  series. H ow ever, 
a ll o f th e  new  pep tid es  (I— IV w ith  G ly in  p o sitio n  10) have re d u ced  a c tiv ity  
co m p ared  to  th e  p a re n t pep tid es  su ggesting  th a t  th e  side-chain  a n d /o r  th e  
o p tica l a c tiv ity  of D-Ala have  an  im p o r ta n t  ro le in  position 10.

S y stem atica lly  chang ing  th e  s u b s titu e n ts  in  th e  L H -R H  a n tag o n is t 
m olecule, we in co rp o ra ted  new  am ino  ac ids in  positions 2 a n d  3 as well 
(T able I I I ) .  T he p h en y l rin g  su b s titu e n ts  (F , Cl, Br) on D-Phe [6] show ed the  
se n s itiv ity  o f th e  position  1 side-chain  to  th e  size of th e  halogen a to m . A  sim ilar 
s tra te g y  also in  positio n  2 revealed  a s im ila r tre n d .

(A c-D -p-F-Phe1, D -p-C l-Phe2, D -T rp3, D-Arge, D-Ala10)-L H -R H  w as less 
ac tiv e  (33% , 3 pg) th a n  th e  D -p-C l-Phe1,2-p ep tid e  (R 1, 78% , 3 pg), w hile th e  
D -p -B r-P he1 su b s titu tio n  resu lted  in  an  im p ro v ed  ac tiv ity  (1 0 0 % , 3 fig). The 
sam e co rre la tion  ex is ts  in  position  2. T h e  D -p -F -P he1,2 analog (p e p tid e  V) was 
p a r tia lly  ac tiv e  even  a t  a 5-pg dose, w hile  th e  D -p-B r-Phe1,2 an a lo g  p reserved  
its  h ig h ly  p o te n t a c tiv ity .

In  th e  case o f th e  D -hom oPhe2 an a lo g  (VII) th e  absence o f  a h a lo -su b s tit­
u e n t  an d  th e  ex ten sio n  o f th e  am ino ac id  side-chain  by  one C H 2 g ro u p  resu lted  
in  severe ly  reduced  a c tiv ity . The p ep tid e  w as n o t active a t 15 p g  dose. S u rp ris­
in g ly , th e  exchange o f th e  h a lo g e n -su b s titu te d  arom atic  s id e -ch a in  for an  
a lip h a tic  basic  one (p ep tid e  V III) d id  show  som e ac tiv ity  a t  15 pg  dose level.

A nalogs o b ta in ed  b y  th e  in c o rp o ra tio n  o f these tw o am in o  acids in 
p o sitio n  3 (pep tid es  IX  an d  X) w ere a b o u t as ac tive  as th e  tw o ab o v e  p ep tides 
(V II and  V III) an d  b o th  o f th e m  h ad  d ecreased  a c tiv ity  as c o m p ared  w ith  th e  
D -T rp3 p a re n t p ep tid e .

T he su b s titu tio n  o f a ro m atic  am ino  ac ids in  position  6 b y  D-Arg yielded 
an  im p ro v em en t in  th e  hyd roph ilic  c h a ra c te r  o f th e  whole m olecule . I t  was 
reaso n ab le  to  te s t  w h e th e r th e  role o f th e  o rig in a l Arg in  position  8 w as still so 
im p o r ta n t. F u rth e rm o re , th e  fa c t th a t  th e  n a tiv e  chicken L H -R H  s tru c tu ra lly  
d iffers  from  th e  m am m alian  p ep tid e  b y  th e  su b s titu tio n  o f G in  fo r A rg in  
p o sitio n  8 [13] su p p o rted  our aim  to  check  th e  v a riab ility  o f  p o s itio n  8. We
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sy n th e s iz e d  new  analogs w ith  d iffe ren t basic am ino  acids and  Gin in  p o sitio n  8 
(T able IV ). T h e  m ost re m a rk a b le  su b s titu tio n  w as th e  in co rpo ra tion  o f  L y s. 
C o m p ariso n  o f  p ep tid e  X II to  i ts  co rrespond ing  A rg8 co u n te rp a rts  (R 3) show s 
a l i t t le  d o se -d ep en d en t d ifference, b u t  b o th  o f  th e m  have 100%  a c tiv i ty  a t  
3 pg. I n  th e  case o f th e  R 1 ana lo g  th e  in se rtio n  o f  L ys in to  position  8 (X I) 
re su lte d  in  som e decrease in  th e  p ercen tage  o f  th e  b lockade of o v u la tio n , b u t  
i t  has th e  sam e  a c tiv ity  as th e  D -Lyse (R 2) ana log . A  h igh ly  active in h ib ito r  o f 
L H -R H  [(A c-D -T rp1,3, D -p-C l-Phe2, D-Lys6, D -A la10)-L H -R H ] was p u b lish ed  
re c e n tly  [14]. T he p ep tid e  w as fo u n d  to  co m p le te ly  in h ib it ovu la tio n  a t  an  
e x tre m e ly  low  d a ily  dose (5 p g /ra t)  in  th e  case o f  lo n g -te rm  app lica tion . I n  th is  
p e p tid e  th e  A rg  w as changed  fo r L ys in  p o sitio n  6. Considering th e  ab o v e  
re su lts , i t  is  im p o r ta n t to  p o in t o u t th a t  L ys can  be  a su itab le  su b s ti tu tio n , 
or c e r ta in  sequences m ore fav o u rab le  th a n  A rg  in  p o sitio n  8, too . A ll o f  th e  
o th e r b a s ic  am ino  acids severe ly  reduced  th e  a c t iv i ty  of th e  p ep tid es  (X II, 
X III, X IV , XV) w hich suggests th a t  th e  s tru c tu re  an d  th e  b asic ity  o f  th e  
am ino a c id  side-chain  have  an  im p o r ta n t ro le in  th e  biological a c tiv ity . T he 
case o f  G in  (XVI) also seem s to  su p p o rt th is  v iew . T h e  p ep tide  lost its  a c t iv i ty  
even a t  a  dose  of 15 pg. I t  is in  keeping  w ith  th e  fa c t th a t  n a tu ra l ch icken  
L H -R H  h a s  a p p ro x im a te ly  1%  o f th e  p o ten cy  o f m am m alian  L H -R H  s t im u la t­
ing L H  re le a se  from  cu ltu red  ov ine  an te rio r p i tu i ta r y  cells [15].
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Stucture and Bonding, Vol. 57

Springer-V erlag , B erlin , H eidelberg , N ew  Y o rk , T o k y o , 1984

R . D. E rn s t:  S tru c tu re  a n d  B ond ing  in M eta l-P en tad ien y l a n d  R e la te d  C om pounds
(p p . 1 — 53);

B. J .  H a th aw a y : A  N ew  L ook a t  th e  S tereo ch em istry  a n d  E le c tro n ic  P ro p ertie s of 
C om plexes of th e  C o p p c r(II) Io n  (pp . 55— 118);

K . D. W arren : C a lcu la tio n s o f th e  Jah n -T e lle r  C oupling C o n sta n ts  fo r d x System s in 
O c tah ed ra l S y m m etry  v ia  th e  A n g u la r O verlap  M odel (pp . 119— 145);

J .  E m sley : T h e  C om position , S tru c tu re  an d  H yd ro g en  B o n d in g  o f  th e  /9-diketones 
(p p . 1 4 7 -1 9 1 ) .

(1) M etal com plexes o f th e  ally 1 (C3H 5) a n d  cy c lo p en tad ien y l (C5H 5) ligands have 
p lay e d  a  m ajo r ro le in  th e  d ev elo p m en t o f  inorgan ic  and  o rg an o m e ta llic  ch em istry . M etal 
a lly l com plexes a re  well k n o w n  fo r th e  m an y  o rgan ic  tran s fo rm a tio n s  w h ich  th e y  m ay  m ediate, 
w hile m eta l cy c lo p en tad ien y l com plexes possess v e ry  h igh s ta b ilitie s  b u t  o n ly  v e ry  lim ited  
c a ta ly t ic  chem istry . A lth o u g h  th e  f ir s t  tra n s it io n  m eta l-p en tad ien y l co m p o u n d , Fe(C5H 7) 
(C O )JC IO j\ was re p o rte d  in  1962, th is  lig an d  has been  g rea tly  n eg lec ted  in  co m p ariso n  to  the  
cyclo p en tad ien y l an d  a lly l ligands. O nly  recen tly  has i t  becom e c lear t h a t  p e n ta d ie n y l ligands 
offer su b s ta n tia l p rom ise  fo r th e  fu tu re  o f  inorgan ic  an d  o rg an o m en ta llic  ch em istry . The 
c h em istry  o f th e  p e n ta d ien y l lig an d  has sim ilarities to  th e  ch em istry  o f  b o th  th e  allyl and 
cy clo p en tad ien y l ligands, a n d  i t  h as now  been  d e m o n s tra ted  t h a t  m e ta l p e n ta d ie n y l complexes 
posses n o t only th e rm a l s ta b ili ty  b u t  also chem ical an d  c a ta ly tic  re ac tiv itie s .

I t  is th e  p u rpose  o f  th is  a rtic le  to  p re se n t a perspec tiv ic  v iew  o f som e o f th e  m ore im por­
t a n t  physical, s tru c tu ra l,  a n d  chem ical a sp ec ts  o f p en tad ien y l an d  m e ta l-p e n ta d ie n y l chem istry. 
P a r tic u la r  em phasis is g iven  to  th e  b is(p en tad ien y l)m e ta l com plexes, w h ich  h av e  been referred 
to  as th e  “ open m eta llo cen es”  (271 references).

(2) Like all t r a n s it io n  m eta l ions th e  co p p er(II)  ion is c h a ra c te riz ed  b y  a n  ab ility  to 
fo rm  coord in a tio n  com plexes w ith  a  w ide ran g e  o f ligands, e x h ib itin g  a  v a r ie ty  o f  stereochem ­
istrie s. I t  is less ty p ic a l in  t h a t  th ese  s te reochem istries a re  d o m in a ted  b y  th e  fo rm ation  of 
n o n reg u la r s tru c tu re s , in v o lv in g  s ig n ifican t bo n d  len g th  a n d  b o n d  an g le  d is to rtio n s  from  
th e  reg u la r o c tah ed ra l, te tra h e d ra l  a n d  sq u are  co p lan ar geom etries as a  consequence of the 
non-spherica l sy m m etry  o f th e  c o p p er(II)  ion , d 9 co n fig u ra tio n , a n d  o f  th e  in fluence  of the  
J a h n  T eller, a n d  pseudo  J a h n  — T eller effect on  s ix -coord ina te  g eo m etrie s. H ow ever, there  
a re  secondary  consequences o f th e  J a h n —T eller effect th a t  m u s t also be  co n sid ered : (1) The 
P la s tic ity  E ffec t; (2) C ooperative  J a h n  T eller E ffec t; (3) Second O rd er J a h n  T eller E ffects; 
(4) F lux ional C o p p er(II) S te reochem istries.

A n earlier a t te m p t  to  estab lish  a co rre la tio n  o f th e  s tru c tu ra l d a ta  w ith  th e  electronic 
p ro p e rtie s  (such as e lec tro n ic  an d  E S R  sp ec tra ) w as lim ited  to  th e  m ore re g u la r  stereochem is­
tr ie s  o f  co p p er(II) ions, b u t  th is  p ic tu re  is now  su ffic ien tly  o u t  o f  d a te  to  ju s t ify  a new look 
a t  th e  re la tio n sh ip  in  q u estio n . T his review  is an  a tte m p t to do th is . I n  o rd e r  to  keep th e  article  
to  a  reasonab le  len g th , a n d  as th e  l ite ra tu re  on  th e  co p p er(II)  ion  is n ow  v e ry  ex tensive , th is 
reap p ra isa l is carried  o u t  w ith  p a r tic u la r  em phasis on  tb e  a u th o rs ’ ow n  fie ld s  of in te res t 
(98 references).

(3) R ecen tly  B acci d e m o n s tra ted  th a t  th e  J a h n  T eller coup ling  c o n s ta n ts , h itherto  
on ly  accessible th eo re tic a lly  w ith  considerab le  d ifficu lty , could be  d e riv e d  in  a  rem arkab ly  
sim ple m an n er using  th e  fram ew o rk  o f th e  a n g u la r  O verlap  M odel. H e  gav e  th e  resu lts for

7* A c t a  C h im .  H u n g .  1 2 1 , 1986  
A k a d é m i a i  K i a d ó , B u d a p e t t



3 3 0 BOOK REVIEWS

d 1 ( a n d  eq u iv a len t)  system s b o th  fo r  M Lfi0 4 species and  fo r a  n u m b e r  o f low er sym m etries 
a n d  m o re  recen tly  has lis ted  h is f in d in g s  fo r various o th e r d x g ro u n d  s ta te s  in O/j sy m m etry . 
T h ese  l a t t e r  calculations w ere c a r r ie d  o u t  only in th e  s tro n g  fie ld  basis a n d  neg lected  th e  
e ffec ts  o f  sp in -o rb it coupling. A lth o u g h  th e  strong field fo rm alism  len d s its e lf  m ost read ily  to  
th e  e v a lu a tio n  of the  J a h n —T eller c o u p lin g  constan ts, th e re  m a y  still arise s itu a tio n s  in w hich 
a  w e ak  f ie ld  approx im ation  m ig h t  be  m ore  ap p ropria te . T h e  a r tic le  in  q u estio n  therefo re  
p re s e n ts  re su lts  for all th e  d x g ro u n d  s ta te s  of ML60 4 sy s tem s in  b o th  th e  w eak and  strong  
fie ld  b a se s  a n d  considers spec ifica lly  th e  consequences of sp in -o rb it coup ling  in  e ith e r form alism  
(20 re fe ren ces).

(4) /9-Dicarbonyl c o m p o u n d s h a v e  been  of considerab le  in te re s t  to  organic, inorganic  
a n d  p h y s ic a l  chem ists over th e  y e a rs . T h e  review  in  q u estio n  co n ce n tra te s  p rin cip ally  on 
/? -d ik e to n es an d  /9-ketoaldehydes, th e i r  tau to m eric  com position , s tru c tu re  an d  bonding . As is 
w ell k n o w n , p ro to n  tran sfer a n d  h y d ro g e n  bonding are tw o a sp e c ts  o f  th e  ch em istry  o f h y d ro ­
gen t h a t ,  respectively , govern  th e  b e h a v io u r  and s tru c tu re  o f  m a n y  m olecules, b o th  sim ple 
a n d  c o m p le x . The /hd icarbony ls e x h ib i t  b o th  o f these fea tu res , a n d  in  w ays w hich  hav e  singled 
th e m  o u t  fo r  detailed s tu d y  fo r m a n y  y e a rs . T hey  provide th e  b e s t k n o w n  exam ples o f keto /eno l 
p ro to n  tr a n s fe r  and high c o n c e n tra t io n  o f th e  enol tau to m ers  in  m o st cases. R esearch  involv ing  
s t r u c tu r a l ,  spectroscopic an d  c o m p u ta tio n a l  techniques h as d eep en ed  o u r u n d e rs tan d in g  of 
th e se  co m p o u n d s and changed o u r  p ic tu re  of them . T he h y d ro g e n  bon d in g  is surprising ly  
s tro n g , su rp ris in g  since i t  is n e ith e r  c e n te re d , nor linear, n o r in v o lv e d  in  th e  r in g ’s delocalized 
b o n d in g , a lth o u g h  it is c e rta in ly  c o u p le d  to  it. The review  deals w ith  co n troversies th a t  have  
su rro u n d e d  th e  /9-dicarbonyls (156 re fe ren ces).

V e sz p rém  U niv ersity  of C hem ical E n g in e e r in g , S ándor P a p p

D e p a r tm e n t  o f General and In o rg a n ic  C hem istry ,
V e sz p rém

I. U gi, J . D ugundji, R . K o p p , D . M arquarding: Perspectives in  Theoretical
Stereochemistry

Springer-V erlag , B erlin — H e id e lb e rg  New Y o rk —T o k y o  1984, pp . 247 - f  X V II

T h e  knowledge in s te re o c h e m is try  is expanding en o rm o u sly , ow ing to  th e  rap id  devel­
o p m e n t in  th e  NM R, IR , O R D , C D , MS techniques an d  th e  ch ro m a to g ra p h ic  sep a ra tio n  
te c h n iq u e s , w hich in form ation  c a n n o t  be  processed and classified co n sis ten tly  b y  th e  “ classical” 
s te re o c h e m ic try  based on g eo m e tric  a n d  energetical concep ts. T h e  u til iz a tio n  of com puters 
h a s  b e co m e  unavoidab le  an d  d e s irab le  in  th is  discipline, too . T h e  p io neers o f th is  d irec tion  are 
th e  a u th o r s  o f th e  p resen t w o rk , th e y  sum m arized  here th e  re su lts  o f  a decade-long research  
m a in ly  p u b lish ed  in various jo u rn a ls , w hile  considering th e  p o in ts  o f v iew  o f n on-experts, 
to o , c o m p le tin g  i t  w ith  basic p r in c ip le s  in  stereochem istry  a n d  th e  th e o ry  of sets.

A f te r  th e  In tro d u c tio n  (p a g es  V I  — X I I I )  reasoning fo r th e  dev elo p m en t o f a  new  
s te reo c h em ica l theory  d e tach ed  fro m  th e  geom etric  aspect, th e  a u th o rs  describe th e ir  th eo ry  
b a se d  o n  p e rm u ta tio n a l a p p ro x im a tio n  in  P a r ts  I, I I  and I I I  d iv id ed  in to  fu r th e r  su b ch ap te rs.

P a r t  I  is devoted to  th e  in tro d u c t io n  of th e  m ain  c o n cep ts  an d  princip les , th u s  in 
C h a p te r  I th e y  described th e  s tr ik in g  deficiencies o f th e  classical th e o ry  in  th e  case o f flexib le 
m o d e ls , th e  definitions of ch em ica l id e n t i ty ,  stereoisom erism , c h ira li ty  a re  given in new  or 
so m e w h a t reco n stru c ted  form s, c o rre sp o n d in g  to  th e  pu rp o ses o f p e rm u ta tio n a l form alism . 
A c co rd in g  to  th e  definition, tw o  m o lecu le s  a re  iden tical, w h en  th e y  belong  to  th e  sam e com ­
p o u n d , t h a t  is, th ey  can n o t be  s e p a ra te d  from  each o th e r b y  ch em ica l m eth o d s. A lthough  
th e  d e f in i t io n  is based pu re ly  on  e m p ir ic a l fun d am en ta ls an d  con sis ts  no geom etrical or en er­
g e tica l co n d itio n s , ju s t  owing to  i ts  e m p ir ic a l character, i t  is a  fu n c tio n  of th e  ac tu a l technical 
k n o w led g e , is open in its m ean ing  a n d  can  change in tim e. Since in  th e  fo rm alism  in tro d u ced  
th e  a lm o s t  on ly  fundam en ta l new  c o n c e p t is th e  id en tity  g ro u p  (C h a p te r  I I )  re flecting  th e  
ch em ica l id e n ti ty , the  n o t sh a rp ly  o u tlin e d  defin ition  in d ica tes  n o n -fin a l s ta te  o f th e  th eo ry . 
In  C h a p te r  I I I  th ey  discuss th e  g e o m e tric a l in te rp re ta tio n  o f th e  “ a sy m m e tric  carbon  a to m ” 
s ta tin g  t h a t  th e  p e rm u ta tio n al fo rm a lism  does no t d em an d  th e  sy m m e try  of th e  skeleton  
(v a len ce  b o n d s) th a t  can be  d esc rib e d  b y  a Td po in t group. T h is  a b s tra c tio n  is, how ever, n o t 
im p lic a te d  b y  th e  geom etrical c o n c e p t, e ith e r, th u s th is c a h p te r  can  be  reg ard ed  as a “ finger- 
w o rk ”  a t ta c h e d  to  the new th eo ry .

P a r t  I I  contains a d e ta iled  fo rm u la t io n  of th e  m a th e m a tic a l th eo ry  of th e  chem ical 
id e n t i ty  g ro u p . The u n d e rs tan d in g  o f  C h a p te rs  IV —V I req u ires  a m o re  p ro fo u n d  know ledge in 
th e  th e o r y  o f  groups th an  th a t  u su a l fo r  stereochem ists in  th e  p ra c tic e , th ere fo re  i t  is adv isab le
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to  s tu d y  th e  co n cep ts  in  th e  th eo ry  of g ro u p s, th e  n o ta tio n s  and  te rm in o lo g y  sum m arized  
in  th e  A pp en d ix  before  read ing  P a r t  I I ;  due  to  th e  rep e tito riu m  ch arac te r o f  th is  sum m ary , 
g re a t persistence  is re q u ire d  for doing it  b y  b eg in n e rs . T he fam ilies o f th e  p e rm u ta tio n a l 
isom ers (C h ap te r IV ), analysis of th e  iso m eriza tio n  schem es (C hapter V), th e  d iscu ssio n  on  the 
s tru c tu re  o f th e  id e n ti ty  group  (C hap ter V I) a re  th e  follow ing topics, how ever, in  th e se  chap ters  
severa l m a th e m a tic a lly  defined  defin itions, a x io m as, th eo rem as, p ropositions c ry s ta ll iz e  in the 
fo rm  of co ro llarium s, w hich , being iso lated  fro m  re a l ity  to  be reflected  seem  r a th e r  to  be the  
ap p lic a tio n  o f th e  th e o ry  o f sets th a n  to  a  new  ste reo ch em ica l theory .

C h ap te r V I I  in  P a r t  I I I ,  p resen ts th e  a p p lic a tio n  o f p e rm u ta tio n al fo rm a lism  to  actu al 
s te reochem ica l p ro b lem s b y  th e  d e te rm in a tio n  o f  th e  stereoisom ers o f p e n ta c o o rd in a te d  
a rsen ic  co m pounds, allene d eriva tives, c y c lo b u tan e  d e riv a tiv e s and  tr ih y d ro x y g lu ta r ic  acid. 
T h e  w idesp read  a n a ly tic a l efficiency of th e  m e th o d  is p resen ted  by  th e  in te rp re ta t io n  of the  
p se u d o ro ta tio n  o f p en ta co o rd in a te d  m olecules, o f  th e  sigm atropic 1 ,5 -h y d ro g en  m ig ra tion  
exam in ed  in  th e  case o f  an  octadiene d e riv a tiv e , a s  w ell as o f th e  Cope re a r ra n g e m e n t o f  bull- 
va len e  an d  th e  S^2 processes. S tereochem ists in te re s te d  n o t  in  th e  m a th e m a tic a l re la tio n sh ip s 
can  ju d g e  a n d  s tu d y  th e  perspectives an d  lim its  o f  th e  th eo ry  in  th is  c h a p te r , w h ile  o m ittin g  
P a r t  I I .  C h ap te r V I I I  co n ta in s th e  d esc rip tion  o f  a  u n ifo rm  nom enclature  a n d  d o c u m e n ta tio n  
sy s tem  serv ing  co m p u te rized  d a ta  processing. T h e  C A N O N  procedure developed  b y  th e  au th o rs  
a n d  th e  m eth o d  o f p e rm u ta tio n a l groups w as co u p led  to  provide an  a l te rn a t iv e  possib ility  
fo r th is .

T he tit le  o f th e  book  is a b it too p ro m isin g  as co m p ared  to its c o n ten t, s ince  i t  is lim ited  
to  th e  d escrip tion  o f p e rm u ta tio n a l form alism , o m itt in g  o th e r  developing p e rsp ec tiv e s  o f  th eo re t­
ica l s te reo ch em istry . I t s  sty le  is som etim es ta lk a t iv e ,  som etim es laconic, r a th e r  e le g an t th an  
easy  to  u n d e rs ta n d . T h e  w ay  of p re sen ta tio n  seem s to  be u n se ttled  d id ac tica lly , w h ich  can  be 
a tt r ib u te d  to  th e  p io n eer n a tu re  o f th e  w ork. I t  c an  be recom m ended  to  ex p erts  d e e p ly  involved 
in  s te reo ch em istry  o r to  th o se  w orking on th e  a p p lic a tio n  of com puters.

Central Research In s titu te  fo r  Chemistry, I s tv á n  T ömösközi
H u n g a ria n  A ca d em y  o f  Sciences,
B udapest
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RECENT DEVELOPMENTS IN THE 
CHEMISTRY OF NATURAL CARBON 

COMPOUNDS
Vol. 10.

E d ite d  b y

R . B o g n á r  an d  Cs. S z á n t a y

I n  E nglish . 1984. 303 pages. 198 figures. 24 tab le s . 1 5 x 2 3  cm  
H a rd co v e r $ 18.00/DM  4 4 ,—/£  9.90 
IS B N  963 05 3255 7

T w o in te re s tin g  g roups o f b io log ica lly  ac tiv e  n a tu ra l  p ro d u c ts  a re  discussed 
in  th e  p resen t vo lum e.

I .  N inom iya  and  T. Naito  give a su rv e y  o f recen t re su lts  in  th e  re sea rch  of 
b en zo /c /p h en an th rid in e  alkalo ids. S y n th e tic  m eth o d s, g rouped  in  a w ell a r­
ran g e d  sy s tem , c o n s titu te  th e  m a in  p a r t ,  follow ed b y  d esc rip tio n s o f  th e  syn ­
th eses  o f p ro m in en t re p re se n ta tiv e s  o f  th e  group , such  as n itid in e , a  com pound  
w ith  a n titu m o u r a c tiv ity .

T h e  a u th e n tic ity  o f  th e  re p o rt o n  v an co m y cin  an tib io tic s  b y  F . Sztaricskai 
a n d  R . Bognár is g u a ra n te e d  b y  th e  a u th o rs ’ ow n ach iev em en ts  in  th e  p e r ta in ­
in g  research . The iso la tio n , a c tiv ity , d e ta ils  o f s tru c tu ra l s tu d ies  a n d  syn theses 
o f th ese  g lycopep tide  an tib io tic s  a re  su rveyed  an d  th e ir  uses (m ed ica l, ag ri­
c u ltu ra l o r d iagnostic) are  also m e n tio n e d .

T h e  volum e is o f p r im a ry  in te re s t to  researchers, o rganic  an d  p h a rm a c e u tic a l 
ch em ists , b iochem ists  an d  p h arm aco lo g is ts .

A K A D É M IA I K IA D Ó  
P ub lish ing  H o u se  of th e  H u n g a rian  

A c ad e m y  of Sciences 
B u d a p e s t



PROCEEDINGS OF THE FIFTH TIHANY 
SYMPOSIUM ON RADIATION CHEMISTRY

E d ited  b y :  J .  D o b ó , P. H e d v i g , R . S c h il l e r

I n  tw o  vo lum es. 1983. 1188 p a g es . N u m ero u s figures. 17 X 25 cm . H a rd co v e r. $ 75.00/DM  165 ,— 
IS B N  963 05 3429 0

T h e se  vo lum es co n ta in  th e  p a p e rs  and discussions o f  th e  F if th  T ih a n y  S ym po­
s iu m  o n  R ad ia tio n  C h e m is try  held  tra d itio n a lly  a t  L ak e  B a la to n , H u n g ary . 
S im ila r ly  to  its  p red ecesso rs , th e  f irs t of w h ich  w as in  1962, all im p o r ta n t 
a sp e c ts  o f  th e  rad io lysis o f  aq u e o u s  solutions, o rg an ic  a n d  in o rgan ic  m ateria ls , 
a n d  po ly m ers  were d iscu ssed . P ap e rs  dealing w ith  b io logical aspec ts  w ere also 
in c lu d e d . I t  is rew ard ing  to  see  how  new fie ld s , su c h  as th e  physics o f exotic 
a to m s , i.e . m uonium  a n d  p o s itro n iu m  ch em is try , is being  in co rp o ra ted  in to  
th e  tra d it io n a l  area o f  r a d ia t io n  research. B esides s tu d ies  o f  basic  processes, 
v a r io u s  problem s of a p p lic a tio n s  were p resen ted  a n d  d iscussed  b y  som e 170 
p a r t ic ip a n ts .

T h e  v o lu m es provide a n  u p - to -d a te  overview  o f th e  p re se n t s ta te  o f th is  rap id ly  
d e v e lo p in g  field.
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Text
T h e  te x t  o f  th e  p a p e r shou ld  b e  concise. T h e  descrip tion  o f  n e w  com pounds (in  th e  

E x p e rim e n ta l)  m u s t include  th e  co m p le te  a n a ly tic a l d a ta . Special a tte n tio n  m u st b e  p a id  
to  s tru c tu ra l fo rm u las given w ith in  th e  te x t .  C om plicated  (n o n -lin ea r)  fo rm ulas sh o u ld  be  
d ra w n  on  sep a ra te  sh ee ts  o f  p a p e r  a n d  th e ir  p o s itio n  in th e  te x t  sh o u ld  be clearly  m a rk e d . 
T h e  n u m b erin g  o f fo rm u las an d  e q u a tio n s  (in p a ren th ese s  on th e  r ig h t-h a n d  side) is o n ly  
n e ed e d  if  th ey  a re  re fe rred  to  in th e  t e x t .  U n its  sh o u ld  conform  to  th e  In te rn a tio n a l S y s tem  
o f  U n its  (SI). In  n o m en c la tu re  th e  ru le s  o f  th e  I .U .P .A .C . are a cc ep te d  as s ta n d a rd . S ym bols 
fo r  p h y sica l q u a n tit ie s  a re  p r in te d  in i ta lic  ty p e  a n d  should, th e re fo re , be underlined  in  th e  
m an u sc r ip t.

R eferences
R eferences sho u ld  be n u m b ered  in  o rd er o f ap p ea ran ce  in th e  t e x t  (w here th e  re fe ren ce  

n u m b e r  ap p ears in  b ra ck e ts )  an d  lis te d  a t  th e  end  o f  th e  paper. T h e  re fe ren ce  lis t, too , sh o u ld  
b y  ty p e d  doub le-spaced . Jo u rn a l t i t le s  are  to  b e  a b b rev ia ted  as d e f in e d  by th e  C hem ical 
A b s tra c ts  Service Source  Index .

E x am p les :
[1 ] B rossi, A ., L in d la r , H ., W alte r , M ., S chneider, O .: H clv. Chim. A c ta ,  41, 119 (1958)
[2 ] P a r r ,  R . G .: Q u a n tu m  T h eo ry  o f M olecu lar E lec tro n ic  S tru c tu re , B en jam in , N ew  Y o rk

1964
[3 ] W arshel, A .: in  M odern T h eo re tica l C h em istry , Vol. 7, P a r t  A ( E d . G. A. Segal), P le n u m

Press, N ew  Y o rk  1977

T ables
E ach  tab le  sho u ld  be g iven  a  R o m a n  n u m b e r  an d  a b rief in fo rm a tiv e  title . S tru c tu ra l  

fo rm u la s  should n o t  be  used  in c o lu m n  head in g s o r in  th e  body o f ta b le s .

F ig u res
F igures sh o u ld  b e  n u m b ered  c o n secu tiv e ly  w ith  A rabic n u m e ra ls . T heir a p p ro x im a te  

p lace  should  be in d ic a te d  in  th e  t e x t  o n  th e  m arg in . A llfigures m u s t b e  id en tified  on th e  b a ck  
b y  th e  a u th o r’s n a m e  an d  th e  f ig u re  n u m b er in  pencil. S ta n d a rd  sy m b o ls  (such as c irc les, 
tr ia n g le s , squares) a re  to  be used  on  lin e -d raw in g s to  denote th e  p o in ts  d e term ined  e x p e ri­
m en ta lly . L ine-d raw ings m u st n o t  c o n ta in  s t ru c tu ra l  form ulas a n d  com m ents . S p e c tra  o r 
re le v a n t  segm ents th ereo f, c h ro m a to g ra m s, a n d  X -ra y  d iffraction  p a t t e r n s  will be re p ro d u c e d  
o n ly  i f  concise n u m erica l sum m aries a re  in a d e q u a te  to  replace th e m . D raw ings and  g ra p h s  
sh o u ld  be p rep ared  in  b lack  ink  on  g o o d -q u a lity  w h ite  or trac ing  p a p e r .  P h o to g rap h s sh o u ld  
b e  su b m itte d  on glossy p ap er as h ig h -c o n tra s t  copies. X erox or s im ila r  copies are n o t su ita b le  
fo r  rep ro d u c tio n , b u t  m ay  be used  fo r  d u p lic a te  copies.

R edraw n  illu s tra tio n s  will be s e n t  to  th e  a u th o rs  for checking. N o corrections o f  f ig u res  
w ill, th erefo re , be  accep ted  in th e  p roofs.

Subm ission  of m an u scrip t
A fter h av in g  com pleted  th e  c o rrec tio n s  su g g ested  by  th e  re fe re e s  an d  ed ito rs, th e  f in a l 

m a n u sc r ip t should  be  su b m itted  in  d u p lic a te , in  a  fo rm  ready  for p u b lic a tio n . I f  th e  co rre c te d  
m an u sc rip t is n o t  re tu rn e d  to th e  e d ito ts  w ith in  s ix  weeks, th e  in te n d e d  p u b lica tion  o f  th e  
p a p e r  will be reg ard ed  as w ith d raw n  b y  th e  a u th o rs .

Page charge  will n o t be assessed  for th e  p u b lica tio n , h o w ev er, a u th o rs  from  o v e rseas 
co u n trie s  m u st c o n tr ib u te  to  th e  p o s ta g e  of correspondence by  se n d in g , to g e th e r w ith  th e  
m an u scrip t, in te rn a tio n a l p o sta l co u p o n s to  th e  v a lu e  of U.S. $ 1 0 .—

P roofs and rep rin ts
A se t o f p roofs will be se n t to  th e  su b m itt in g  au tho r. T h e  p ro o fs  m u st be re tu rn e d  

w ith in  48 hours o f rece ip t. L a te  r e tu r n  m ay  cau se  a delay in th e  p u b lic a tio n  o f th e  p a p e r . 
100 re p rin ts  will be supplied  to  th e  a u th o rs  free o f  charge.
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SYNTHESES WITH AROMATIC NITRAMINES, VI*
S U B S T IT U E N T  E F F E C T  IN  T H E  P H O T O L Y T IC  R E A R R A N G E M E N T  O F  

N IT R A M IN O P Y R ID IN E S

Jad w ig a  S e p i o l  an d  P io tr  T o m a s i k **

( D e p a r tm e n t  o f  C h e m is try  a n d  P h y s i c s ,  T h e  H u g ó n  K o l la ta j  A c a d e m y  o f  A g r ic u l tu r e ,
3 0 0 5 9  C ra co w , P o la n d )

R ece iv ed  D ecem b er 17, 1984 
A ccepted  fo r p u b lic a tio n  M ay 24, 1985

All isom eric r in g -su b s titu te d  m eth y l-2 -n itram in o p y rid in es, b o th  3 -n itro -  an d  
5 -n itro -2 -n itram in o p y rid in es , 5-ch loro- a n d  3 -carb o x y -2 -n itram in o p y rid in es, as well 
as 3 ,5 -d ib ro m o -2 -n itram in o p y rid in e  w ere p h o to ly z e d  in  m ethanol b y  i r r a d ia t io n  w ith  
a low -pressu re  m ercu ry  lam p (253.7  nm ). P re fe ren ce  w as generally  n o ted  fo r  th e  m ig ra ­
tio n  o f th e  side-chain  n itro  g ro u p  to  th e  v ic in a l /?-position. 3 ,5 -D ib rom o-2-n itram ino- 
p y rid in e  gav e  b o th  2 -am ino -3 ,5 -d ib ro m o p y rid in e  a n d  3 ,5 -d ib ro m o [lH ]p y rid in e -2 -o n e . 
T h e  ra tio  o f th e  p re p ara tiv e  a n d  q u a n tu m  y ie ld s o f th e  tw o  products w ere  2.5 a n d  3.0, 
re spec tive ly .

In tro d u c tio n

2 -N itram in o p y rid in e  y ields in  ac id -ca ta ly zed  rea rran g em en t a  m ix tu re  
o f 2 -am ino-3 -n itro - and  2 -am in o -5 -n itro p y rid in es  w ith  an  isom er ra t io  of 
a b o u t 1 : 4, an d  th is  is a lm ost in d e p e n d e n t o f  th e  reac tio n  cond itions [1]. T his 
ra tio  o f th e  isom ers is reversed  in  th e  free ra d ic a l (ph o to ly tic ) re a rra n g e m e n t [2 ]. 
T he s u b s titu e n t effect observed  in  th e  ac id -ca ta ly zed  rea rran g em en t is  d u e  to  
th e  electron ic  effect o f th e  g iven  g ro u p , b u t  also th e  size and  th e  p o s itio n  of 
such  a g roup  in  th e  ring  p lay  a n  essen tia l ro le .

I t  h as  been  rep o rted  t h a t  in  th e  a c id -ca ta ly zed  process 3 - s u b s titu te d
2- n itra m in o p y rid in e s  rea rran g e  m ore  read ily  in to  th e  5-position  th a n  5-sub- 
s t i tu te d  isom ers do i t  in to  th e  3 -p o sitio n  (see [3] an d  references c ited  th e re in ) . 
O ur re c e n t s tu d ies  [4] have show n  th a t  i t  is n o t so; on th e  o th e r h a n d  th e  
re su lts  p u b lish ed  b y  D eady  e t a l. [5] m ay  c a s t  d o u b ts  on our p o in t o f  v iew . 
In  th e  p re se n t p a p e r  th e  s u b s titu e n t effect in  th e  p h o to ly tic  re a r ra n g e m e n t is 
p resen ted  b ased  on th e  d e te rm in a tio n  o f th e  q u a n tu m  yields o f  d e c a y  o f 
n itra m in o p y rid in e s , as well as th e  p re p a ra tiv e  an d  q u an tu m  y ie ld s  o f  th e  
fo rm a tio n  o f  th e  rea rran g em en t p ro d u c ts  a re  g iven . T he photo lysis re a c tio n s  
o f a ll isom eric  rin g  su b s titu te d  m e th y l-2 -n itram in o p y rid in es , 5 -ch lo ro - an d
3- carb o x y -2 -n itram in o p y rid in es  a n d  3 ,5 -d ib ro m o -2 -n itram in o p y rid in e  w ere 
s tu d ied .

* P reced in g  p a p e r  o f th is  series: J .  Sepiol, P . T o m asik , T h is Jo u rn a l, 113, 159 (1983)
** T o w hom  correspondence sh o u ld  be addressed

1* Acta Chim. Hung. 121, 1986 
Akadémiai Kiadó, Budapest
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Results and D iscussion

T a b le  I  shows th e  re su lts  o f th e  ir ra d ia tio n  o f  p a r tic u la r  2 -n itram in o p y ri-  
d ine  d e r iv a tiv e s , to g e th e r  w ith  th e  p re p a ra tiv e  y ie ld s  o f th e  p ro d u c ts .

T a b le  I I  p resen ts  th e  d ecay  of th e  n itra m in e s  as a function  o f th e  ir r a d ia ­
tio n  t im e  a n d  th e  c o n c e n tra tio n  increase o f th e  p ro d u c ts . The q u a n tu m  y ie lds 
o f  th e s e  processes su p p le m e n te d  b y  som e e x p e rim e n ta l details a re  l is te d  in  
T ab le  I I I .

Table I

Results o f the irradiation of 2-nitraminopyridines

S u b s tra te

In itia l
c o n cen tratio n  

x lO - 3 
m ol • d m -3

I r r a d ia t io n  
t im e ,  s

C hom atograph ic  d ev e lo p in g  
so lv e n t

3 -M eth y l-2 -n itram in o p y rid in e  [6] 5.524 1800 chloroform : acetone, 1 : 1
4 -M eth y l-2 -n itram in o p y rid in e  [6] 1.949 15C0 chloroform : acetone, 1 : 1

5 -M eth y l-2 -n itram inopyrid ine  [6] 3.918 2400 chloroform  : acetone, 1 : 1
6 -M e th y l-2 -n itram inopyrid ine  [6] 6.597 4800 chloroform  : ace tone , 1 : 1
3 -N itro -2 -n itram in o p y rid in e  [7] 4.432 21600 chloroform : ace tone , 1 : 1
5 -N itro -2 -n itram in o p y rid in e  [8] 4.237 2700 chloroform  : ace tone , 1 : 1
5-C hloro-2 -n itram inopyrid ine  [9] 6.388 2400 chloroform
3 ,5 -D ib rom o-2-n itram inopyrid ine  [10] 9.388 7200 chloroform

2 -N itram in o n ico tin ic  acid  [11] 0.915 1200 ethanol

a M .p.s. agree w ith  th o se  rep o rted  in th e  l ite ra tu re  (see Refs.).
b T h e  p ro d u c t w as c ry sta llized  from  aqueous e th an o l.
c T h e  isom ers were se p a ra te d  b y  steam  d is tilla tio n  [12], followed by c ry s ta lliz a tio n  from  

aqueous ethanol.
d T h e  products w ere se p a ra ted  by  sublim ation , fo llow ed b y  crystallization  from  aqueous 

e thanol.
e T h e  crude p ro d u c t w as d issolved in d ilu te  so d iu m  hydrox ide  solution an d  p re c ip ita te d  

w ith  hydrochloric  acid  ad d ed  to  p H  5 [11].

P ro d u c ts
M . p .,a

°c
E le m e n ta l analysis Y ie ld ,

%% N  Calcd. % N  F o u n d

3-M ethy l-5 -n itro -2 -am inopyrid ineb 255 27.44 27.24 19.4
4-M ethyl-3-n itro -2-am inopyrid ine° 135 27.44 27.53 4.2
4 -M ethy l-5 -n itro -2 -am inopyrid inec 220 27.44 27.33 26.6
5-M ethy l-3 -n itro -2 -am inopyrid ineb 190 27.44 27.29 28.2
6 -M ethy l-3 -n itro -2 -am inopyrid ineb 141 27.44 27.55 7.2
3 ,5 -D in itro -2 -am inopyrid ineb 191 30.43 30.31 17.6
3 ,5 -D in itro -2 -am inopyrid ineb 191 30.43 30.35 12.8
5-C h lo ro-3-n itro -2-am inopyrid ineb 195 24.21 24.38 8.5
3 ,5-D ibrom o-2-am inopyrid ined 105 11.12 11.09 22.3
lJJ-3 ,5 -D ib rom opyrid ine-2 -oned 208 5.54 5.38 8.9
2 -A m ino-5-n itron ico tin ic  acid6 318 22.95 23.10 14.1
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I t  can  be  seen  from  T ab les I  and  I I I  t h a t  th e  p re p a ra tiv e  y ields ro u g h ly  
para lle l th e  q u a n tu m  yields o f  th e  p ro d u c t fo rm a tio n . S ignificant d ifferences 
an d  th e  in crease  o f  th e  co n cen tra tio n s  o f th e  ir ra d ia te d  su b stra te s  a n d  th e  
p ro d u c ts  fo rm ed , respective ly , a re  due to  th e  fo rm a tio n  o f ta r ry  b y -p ro d u c ts . 
In  th e  case o f  a ll 3-, 4- an d  5 -m e th y l-2 -n itram in o p y rid in es  a p p ro x im a te ly  
one o f each tw o  m olecules y ie ld s  am in o n itro p y rid in es , w hereas in  th e  case of 
th e  m a jo rity  o f  th e  o th e r n itra m in o  d e riv a tiv e s  o n ly  one o f each five m olecules 
is converted  in to  th e  am in o n itro  p ro d u c t. T h ese  re su lts  are b e tte r  th a n  th o se  
fo r u n su b s titu te d  2 -n itram in o p y rid in e  [2] w h ere  on ly  3 o f each 25 m olecu les 
gave am in o n itro p y rid in es . Fo llow ing  th e  o b se rv a tio n  o f D eady  e t al. [5], 
reac tio n  m ix tu re  o b ta ined  on  th e  ir ra d ia tio n  o f  3-n itro - and  5 -n itro -2 -n i- 
tram in o p y rid in es  w ere exam ined  fo r th e  c o n te n t o f  th e  corresponding /S-nitro-2- 
pyridones. T h e y  w ere absen t am o n g  th e  p ro d u c ts . T he low yield  is n o t  n eces­
sa rily  due to  decom position  o f  th e  am in o -n itro  p ro d u c ts . As we h av e  show n 
prev iously , 2 -am in o -/J-n itropy rid ines are  s ta b le  u n d e r  th e  cond itions o f  th e  
irrad ia tio n  ap p lied .

I t  can  b e  seen th a t  th e  d e cay  o f n itra m in e s  does n o t too  c learly  d ep en d  
on th e  e lec trica l effects of th e  su b s titu e n ts . P e rh a p s  th e  su b s titu e n t e ffec t 
observed is d u e  to  an  in flu en ce  also on th e  ta u to m e ric  equ ilib rium . 2-N i- 
tra m in o p y rid in e  an d  its  m e th y l d e riv a tiv e s  ta k e  th e  fo rm  of lH - 2 -n itrim in o p y ri-  
dine [13, 14] w h e reas  3-nitro- a n d  5 -n itro -2 -n itram in o p y rid in es  ta k e  th e  n i­
tram in o  fo rm  [15]. S im u ltaneously , th e  e ffec t o f  su b s titu e n ts  on th e  p K a of 
n itra m in o p y rid in e s  should also  b e  ta k e n  in to  a cco u n t. F rom  a com parison  of 
th e  q u a n tu m  y ie ld s  of the  d ecay  o f th e  isom eric  m e th y l- 2 -n itram in o p y rid in es  
an d  isom eric n i tro - 2 -n itram in o p y rid in es  one m a y  conclude th a t  a p re fe ren ce  
ex ists for th e  m ig ra tio n  of th e  side-chain  n itro  g roup  to  th e  v icinal 3 -p o sitio n  
ra th e r  th a n  to  th e  5-position. I t  is th e  o p p o site  ten d e n c y  to  th a t  o b se rv ed  in  
th e  ac id -ca ta ly zed  process [3], an d  i t  s im u lta n e o u s ly  confirm s o u r re c e n t 
observa tion  [2 ] in  the  p h o to ly tic  re a rra n g e m e n t o f u n su b s titu te d  2 -n i­
tra m in o p y rid in e . T he re a rra n g em e n t o f 4 -m e th y l-2 -n itram in o p y rid in e  does n o t  
follow th is  ru le , perh ap s fo r s te ric  reasons. T h e  v a ry in g  proneness o f th e  iso ­
m eric ß -m o n o su b s titu te d  n itra m in o p y rid in e s  to  rea rra n g em e n t m ay  be  d u e  to  
differences in  th e  electrical e ffec t o f a given s u b s ti tu e n t  exerted  on th e  n itra m in o  
group from  th e  3- o r 5 -position . I t  has been  show n  th a t  th e  e lec tron  d o n a tin g  
effect from  th e  2 -m eth y l g roup  to  th e  re a c tio n  s ite  in  th e  3-position  is s tro n g e r  
th a n  th e  e ffec t tra n sm itte d  across th e  r in g  to  th e  5-position [16]. H ence
6 -m eth y l-2 -n itram in o p y rid in e  rea rran g es  so lely  in to  6 -m ethy l-3 -n itro -2 -am ino- 
pyrid ine  b ecau se  th e  energy o f  loca liza tion  o f  th e  u n p a ired  elec tron  is low er 
in  th e  3 -p o sitio n . The s u b s ti tu e n t  c o n s ta n ts  fo r th e  N H N 0 2 an d  NN O ^- 
groups c lea rly  suggest [17] t h a t  th e  lo ca liza tio n  o f th e  u n p a ired  e lec tro n  
should be p re fe rre d  in  the  3 -p o sition  ra th e r  th a n  in  th e  5-position. O u r s tu d ies  
on th e  c o n fo rm a tio n  and ta u to m e r ic  eq u ilib ria  in  2 -n itram in o p y rid in e  a n d  its
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Table I I

D e c a y  o f  n itr a m in o p y r id in e s  a n d  the fo r m a tio n  o f  p r o d u c ts  (all in  mol • d m -3) a s  the f u n c t io n  o f  the
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x lO - 3 x lO -4 x lO - 3 x lO -4 x lO -4 x lO - 3 x lO - 4 x lO “ 3 x lO -4
0 5.524 1.949 3.918 6.597

180
300 5.654 2.940
360 1.280 0.348 2.879
600 1.010 0.554 3.852 2.974 5.467 5.238 3.060
900 4.248 6.654 0.845 0.729 4.649

1200 3.956 7.754 2.624 7.852
1500 3.766 8.643 0.680 0.827 5.189
1800 3.646 10.695 2.180 9.912
2400 2.040 11.053 3.800 4.030
2700
3600 3.445 4.340
4800 3.360 4.740
5400
7200

10800
14400
21600

d e r iv a tiv e s  [13— 15] suggest th a t  w ith in  p a irs  o f  isom ers th e  in flu e n c e  o f a 
/5 -su b s titu en t is less e ssen tia l on b o th  th e se  p ro p erties .

In  3 ,5 -d isu b s titu ted  2 -n itra m in o p y rid in e s  rearran g ed  in  acid ic m ed ia , 
th e  n itra m in o  group is rep laced  b y  a h y d ro x y l group [18]. N ow  th e  p a r tia l  
co n v e rs io n  o f th e  n itra m in o  g roup  to  am ino  g ro u p  has been show n. T h is  seem s 
to  b e  a novel fea tu re  o f th e  r e a c tiv ity  o f th is  su b s titu e n t.

Experim ental

M eth an o lic  so lu tions o f th e  a n a ly tic a lly  p u re  n itram in o p y rid in es  w ere ir ra d ia te d  u n d e r 
n itro g e n  b e tw een  tw o low -pressure  P h illip s T U V  30 W  (253.7 nm ) m ercu ry  lam p s. T h e  course 
o f th e  re a c tio n  was m o n ito red  on  T L C  silica gel 60 ®254 covered  (0.25 m m ) shee ts . T h e  id e n ti ty  
o f th e  re su ltin g  p ro d u c ts  w ith  a u th e n tic  sam ples (see R efs in  T able  I) w as c o n firm ed  by  
c o m p a riso n  o f th e ir  I R  (K B r) sp e c tra , e lem en tal an a ly se s, as well as b y  m ixed  m .p . d e te rm in a ­
tio n s . R eferences to  th e  p re p a ra tio n  m eth o d s of th e  n itra m in e s  an d  e x p erim en ta l d e ta ils  are 
g iv en  in  T ab le  I and  fo o tn o tes  to  i t .

T h e  q u a n tu m  yields w ere c a lcu la ted  based  on  d e te rm in a tio n s  o f th e  decay  o f n i tra m in o ­
p y rid in e s  a n d  fo rm atio n  o f th e  p ro d u c ts  as a  fu n c tio n  o f th e  irrad ia tio n  tim e  (T ab le  I I ) . 
T h ese  d e te rm in a tio n s  as well as th e  p ro ced u re  o f th e  d e te rm in a tio n  of th e  q u a n tu m  yields 
w ere  fo llow ed  as described in  o u r p reced in g  p a p e r  [2]. T h e  ex p erim en ta l de ta ils  n ece ssa ry  for 
th is  p u rp o se  are  show n in  T ab le  I I I .
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irradiation time
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3.135 2.130 3.440 3.535

0.549
2.930 4.513

2.436 4.542 7.230 1.584 4.342
3.093 3.733

2.019 5.409
2.120 5.451 6.665 1.699 5.258

5.685 1.962 7.634
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1.362 5.326
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Table I I I

Q uantum  yields o f  photochemical rearrangement o f  nitram inopyridines

C om pounds
I r r a d ia t io n  in te n s ity , 

10 - e E  • d m -3  • e _1

Q u a n tu m  y ield , m ol • E -1

su b s tra te  p ro d u c t 
d ecay  form ation®

E x tin c tio n  coeffic ien t, 
d m 2 • m ol

C h ro m ato g rap h ic  co lum n 
a n d  tem p e ra tu re ^ , °C

3-M ethyl-2-nitram inopyrid ine 5.90 0.634 e276=  722.7
3-M ethyl-5-nitro-2-am inopyridine 0.329 (0.52) £275== 27.5 3%  SE-30, 260°
4-M ethyl-2-nitram inopyrid ine 12.52 0.768 e270 =  1781.1
4-M ethyl-3-nitro-2-am inopyridine 0.047] (0.48) £27o =  214.4 3%  ОУ-17, 1 3 0 -2 5 0 '
4 -M ethyl-5-n itro -2-am inopyrid ine 0.320J e270 =  93.0 3%  OV-17, 1 3 0 -2 5 0 '
5-M ethyl-2-nitram inopyrid ine 5.90 0.741 £275 =  773.3
5-M ethyl-3-nitro-2-am inopyridine 0.434 (0.59) £27g ~~ 165.6 3%  SE-30, 210°
6-M ethyl-2-nitram inopyrid ine 5.90 0.886 e276=  610.2
6-M ethyl-3-nitro-2-am inopyridine 0.172 (0.19) s27S== 258.3 3%  SE-30, 1 1 0 -2 3 0 '
3-]\Titro -2-n itram inopyrid ine 5.90 0.251 £266 =  622.7
3,5-D initro-2-am inopyrid ine 0.056 (0.22) £26e =  181.5 3%  ОУ-17, 210°
5-N itro-2-n itram inopyrid ine 5.90 0.382 e3io =  1396.2
3,5-D initro-2-am inopyrid ine 0.083 (0.22) «310= 169.0 3%  OV-17, 210°
5-C hloro-2-nitram inopyridine 12.52 0.887 «292= 1169.0
5-Chloro-3-nitro-2-am inopyridine 0.115 (0.13) 2̂92 =  ^9.6 3%  OV-17, 1 3 0 -2 5 0 '
3,5-D ibrom o-2-nitram inopyrid ine 5.90 0.309 628.5
3,5-D ihrom o-2-am inopyridine 0.1751 (0.76) е28б =  95.3 3%  OV-17, 1 1 0 -2 3 0 '
1 f/-3 ,5-I)ibrom opyrid ine-2-one 0.059J f 285=  168.6 3%  OV-17, 110— 230'
2-N itram inonico tin ic  acid 12.52 0.728 «285 =  1847.0
2-A m ino-5-nitronicotinic acid 0.095 (0.13) «285 =  64.8 3%  SE-30, 330°

a T he ra tio  o f th e  q u an tu m  yields o f th e  su b stra te  decay an d  p ro d u c t fo rm ation  is given in  paren theses. 
b I f  th e  range of tem p era tu re  is given, th e  tem p era tu re  increase w as program m ed.
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GAS CHROM ATOGRAPHIC D E T E R M IN A T IO N  OF 
Cx- C 4 NORM AL PR IM A R Y  A M IN ES AS T H E  
SC H IFF BASES O F F U R F U R A L  A N D  T H E  

C O R R ESPO N D IN G  SE C O N D A R Y  A N D  T E R T IA R Y  
AM INES A S F R E E  A M INES

L ász ló  M a r o s

(In stitu te  o f  Inorganic and A n a ly tic a l Chemistry, Eötvös Loránd  U niversity , 
H -1088, M ú ze u m  krt. 4 /B , B udapest)

R eceived  J a n u a ry  30, 1985 
A ccepted  fo r p u b lic a tio n  M ay 24, 1985

A gas ch ro m a to g rap h ic  m e th o d  w as developed  for th e  q u a n ti ta t iv e  d e te rm in a tio n  
o f C ,— C4 n o rm al a lip h a tic  p r im a ry  a n d  th e  co rrespond ing  seco n d ary  a n d  te r t ia ry  
am ines. P r im a ry  am ines were se p a ra te d  as th e  S ch iff bases o f  fu rfu ra l, seco n d ary  and  
te r t ia ry  am ines w ere sep a ra ted  s im u ltan eo u s ly  in  th e  free fo rm  on a  p o ta s s iu m  h y d ro x ­
id e -trea ted  PE G -20M  p acked  co lu m n .

In tro d u c tio n

F o r th e  se p a ra tio n  o f m ix tu re s  o f  am ines b y  gas c h ro m a to g ra p h y  P E G - 
20M -j- K O H  [1, 2 ], te tra h y d ro x y e th y len e d ia m in e  an d  te tra e th y le n e p e n ta m in e  
[3 ], tr ie th an o lam in e  [4], A m ine 220 -f- K O H  [5], P e n n w a lt -f- K O H  [6 ], 
C hrom osorb  103 +  K O H  [7], T E N A X -G C  [8 ] an d  GHP-1 +  K O H  [9] packed  
co lum ns have  been  used.

P rim a ry  am ines can  be d e riv a tiz e d  w ith  ca rb o n y l co m p o u n d s to  form  
Schiff bases [10]. H o sh ik a  [11] u sed  benza ld eh y d e  to  fo rm  S ch iff b ases w ith  
low er p rim ary  a lip h a tic  am ines. T h e  m ix tu re  o f  th e  S ch iff b ases a n d  th e  free 
seco n d ary  and  te r t ia r y  am ines w ere  sep a ra te d  b y  a T E N A X -G C  packed  
co lum n b y  te m p e ra tu re  p ro g ram m ed  gas c h ro m a to g rap h y . T a v a k k o l and  
D ru ck er [12] fo u n d  th a t  for th e  gas c h ro m a to g rap h ic  se p a ra tio n  o f  b ac te ria l 
p r im a ry  am ines th e  ben za ld eh y d e  S ch iff bases w ere th e  m o st su ita b le , using 
co lum ns o f ОУ-17 on C hrom osorb  W . H ow ever, secondary  an d  te r t ia r y  am ines 
c a n n o t be se p a ra te d  on th is  co lu m n .

In  th is  s tu d y , to  achieve se p a ra tio n s  o f free  p rim a ry , seco n d a ry , te r t ia ry  
am ines and  th e  fu rfu ra l Schiff b a se  d e riv a tes  o f  th e  p r im a ry  am in es, th e y  
w ere ch ro m a to g rap h ed  using a co lu m n  o f PE G -20M  w ith  p o ta ss iu m  h y d ro x id e  
on  C hrom osorb G. I t  w ill be show n t h a t  th e  fu rfu ra l Schiff bases o f  m e th y lam in e  
a n d  e th y lam in e  can  be  sep a ra te d  fro m  th e  re a g e n t fu rfu ra l, w hile  th e  benz­
a ld eh y d e  Schiff b ases o f these  am in es  an d  th e  re a g e n t b en za ld eh y d e  overlap .

A c ta  C h im .  H u n g .  1 2 1 , 198 6  
A k a d é m ia i  K ia d ó , B u d a p e s t
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E xperim en tal

R ea g en ts and materials

T h e  am ines used  w ere  o b ta in e d  from  F lu k a  (B u ch s, S w itzerlan d ). A  200-m L  aqueous 
a m in e  hydroch lo ride  s to c k  so lu tio n  w as p rep ared  fro m  a cc u ra te ly  w eighed m eth y lam in e  
h y d ro c h lo r id e  (1.000 g), d im e th y la m in e  hydroch lo ride  (0.993 g), tr im e th y lam in e  (1.00 m L  
2 1 ,3 %  aq u eo u s solu tion), e th y la m in e  hydroch lo ride  (1.001 g), d ie th y lam in e  (1.00 m L ), tr i-  
e th y la m in e  (1.00 m L), ra -p ropy lam ine  (1.00 m L ), d i-n -p ro p y lam in e  (2.00 m L ) tri-re-propylam ine 
(0 .50  m L ), re-butylam ine (1.00 m L ), d i-re-butylam ine (1.00 m L ) a n d  tri-re -bu ty lam ine  (0.50 m L) 
b y  a c id ify in g  w ith  c o n c e n tra te d  h y d ro ch lo ric  acid in  th e  p resen ce  o f 10 d ro p s  o f 0 .2%  aqueous 
T h y m o l B lue ind ica to r so lu tio n  u n t i l  th e  red  colour a p p ea red , a n d  b y  d ilu tin g  w ith  d istilled  
w a te r .  S ec-bu ty l alcohol w as u se d  as a  so lven t, w h ich  c o n ta in s  1.00%  (v /v ) m esity len e  as 
in te r n a l  s ta n d a rd . R ed is tilled  fu r fu ra l  w as used  fo r d e r iv a tiz a tio n . T he so lv en t a n d  all o th er 
r e a g e n ts  u sed  were g u a ra n te e d  o r re a g e n t grade chem icals f ro m  R ean a l (B u d a p es t, H u n g ary ).

A p p a ra tu s

A  C hrom atron  M odel G C H F -4  (B erlin , G D R ) gas c h ro m a to g ra p h  w ith  flam e ion iza tion  
d e te c to r ,  a n d  a Chinoin M odel D ig in t  34 p  (B u d ap est, H u n g a ry )  e lectron ic  in te g ra to r  w as used 
fo r  sa m p le  analysis. T he c o lu m n  u se d  w as a 6 m  4 m m  i.d . s ta in le ss  steel co lum n p ack ed  w ith  
5 %  P E G -2 0 M  and 2%  p o ta s s iu m  h y d ro x id e  on  C hrom osorb  G W A W  (80-100  m esh). N itrogen  
w as u se d  as carrier gas a t  a  flow  r a te  o f  45 m L /m in . In je c to r  a n d  d e te c to r  te m p e ra tu re s  were 
s e t  a t  250 °C. The colum n w as p re co n d itio n e d  a t  210 °C fo r  12 h o u rs  in  a  s tre am  o f n itrogen .

T em p era tu re  p ro g ram m ed  gas ch ro m ato g rap h ic  d e te rm in a tio n s  w ere pe rfo rm ed  for 
th e  a n a ly s is :  10 m in a t  80 °C, p ro g ram m ed  to  180 °C b y  a  48 °C /m in r a te ,  a n d  20 m in  a t  
180 °C.

P rocedure

T o  a n  aliquot p o rtio n  (0 .100 o r 1.00 m L) o f th e  a q u eo u s  am ine h y d ro ch lo rid e  so lu tion  
1 d ro p  o f  T hym ol Blue in d ic a to r  so lu tio n  an d  1 drop  o f cone, h y d roch lo ric  acid  w as given. T he 
so lu t io n  w as evapora ted  to  d ry n e ss  in  vacu u m  a t  60 —70 °C. T h e  residue  w as dissolved in  
1.00 m L  o f  sec-butyl a lcohol (c o n ta in in g  th e  in te rn a l s ta n d a rd  m esity lene). T h e  so lu tion  was 
t r a n s fe r r e d  to  a small g la s s-s to p p e red  te s t  tu b e  an d  m ad e  a lk a lin e  w ith  1— 3 d rops o f aqueous 
2 0 %  so d iu m  hydroxide so lu tio n  t il l  th e  app earan ce  o f th e  b lu e  colour. (S o lu tions m u st be 
s h a k e n  w ell to  observe th e  p o in t  o f  change  of colour).

A  1- ,uL aliquot w as in je c te d  to  th e  colum n. A fte r  th e  GC analysis o f  th e  free am ines, 
10 —40 p i .  fu rfu ra l was ad d ed  to  th e  so lu tio n  (10 p P  to  th e  0.100 m L , a n d  40 p P  to  th e  1.00 m L  
o rig in a lly  u sed  stock so lu tion ). A f te r  30 m in  reac tio n  tim e  a  1- p P  a liq u o t w as in je c te d  to  th e  
c o lu m n  fo r  analysis o f th e  free  sec o n d ary , te r t ia ry  am ines, a n d  th e  Schiff bases fo rm ed  from  
th e  p r im a r y  amines.

R esu lts  an d  D iscussion

I n  gas ch ro m ato g rap h ic  am ine  sep ara tio n s p o ta ss iu m  h y d ro x id e -tre a ted  
P E G -2 0 M  colum ns are  c o m m o n ly  used. On th e se  co lum ns th e  m e th y l- and  
d im e th y la m in e , re-buty lam ine an d  d i-n -p ro p y lam in e  peaks o v erlap , b u t  in  th e  
fo rm  o f  Schiff bases p r im a ry  am ines can be w ell s e p a ra te d  from  th e  secondary  
a n d  te r t i a r y  am ines.

T h e  gas ch ro m a to g ram s o f th e  free am ine  m ix tu re s  an d  o f th e  fu rfu ra l 
S c h iff  b a se s  of p rim ary  a m in es  w ith  th e  free se c o n d a ry  an d  te r t ia ry  am ines 
a re  sh o w n  in Figs l a  a n d  l b .  C om parison o f th e  gas ch ro m ato g ram s o f th e  
b e n z a ld e h y d e  Schiff b ases  o f  p r im a ry  am ines (F ig . lc )  w ith  th e se  o f  th e  fu rfu ra l 
d e r iv a tiv e s  shows th a t  th e  m e th y la m in e  and  e th y la m in e  Schiff bases o f fu rfu ra l
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F ig . 1/c.
F ig . 1 . G as chrom atogram  fo r C ,— C4 n o rm a l a liphatic  p r im a ry  am in es a n d  th e  co rresponding  
s e c o n d a ry  a n d  te r tia ry  am ines; a  — F re e  am ines; b — F re e  se c o n d a ry  a n d  te r t ia ry  am ines a n d  
th e  f u r fu ra l  Schiff bases o f p r im a ry  am in e s; c — Free se c o n d a ry  a n d  te r t ia ry  am ines an d  th e  
b e z a ld e h y d e  Schiff bases o f  p r im a r y  am ines.
1 — tr im e th y la m in e , 2 — d im e th y la m in e , 3 — d ie thy lam ine, 4 — tr ie th y la m in e , 5 — d ip ro p y l­
a m in e , 6 — trip ropy lam ine, 7 — d ib u ty la m in e , 8 - t r ib u ty la m in e , 9 — m e th y lam in e , 10 — 

e th y la m in e , 11 — p ro p y la m in e , 12 — b u ty lam ine , S — m es ity len e , F  — fu rfu ra l,
В  — benzaldehyde

a re  b e t t e r  separa ted  on th e  p o ta ss iu m  h y d ro x id e - tre a te d  PEG -20M  colum n, 
t h a n  th e  Schiff bases o f  b e n za ld eh y d e .

I n  alcoholic so lu tions S c h if f  base fo rm atio n  w ith  fu rfu ra l is as ra p id  as 
w ith  b en za ld eh y d e. A 50— 1 0 0 %  m olar excess o f  fu r fu ra l is su ffic ien t to  
a c h ie v e  q u a n tita tiv e  re a c tio n s . Slow and  in co m p le te  reac tio n s  were found  in  
d io x a n  a n d  in aqueous so lu tio n s . Some of th e  C4 — C4 alcohols and  som e o f 
th e se  am in es  overlap in  th e  g as  ch ro m ato g rap h ic  se p a ra tio n , w ith  th e  excep­
tio n  o f  sec-buty l alcohol, w h ic h  w as found to  be a good  so lv en t for b o th  th e  
a m in e s  a n d  Schiff bases. F u r f u r a l  for Schiff base  fo rm a tio n  w as in tro d u ced  
d ire c t ly  in  th e  sam ples a f te r  m a k in g  th e  so lu tions a lk a lin e . T his was done to  
a v o id  ac id -ca ta ly zed  a c e ta l fo rm a tio n  of the  a ld eh y d e  w ith  alcohols, especially  
in  th e  presence  of am m o n iu m  ch lo ride , w hich is an  effec tive  c a ta ly s t o f th is  
re a c tio n . F u rfu ra l reac ts  w ith  am m o n ia  sim ilarly  to  b en za ld eh y d e  [13], and  on 
th e  g as  ch rom atog ram  a  p e a k  ap p ears  closely fo llow ing  th e  fu rfu ra l peak . 
T h is  v o la ti le  reaction  p ro d u c t, p ro b a b ly  fu rfu rim ide , OC4H 3 -C H :N H , how ever, 
does n o t  seem  to  be s tab le . T h e  am o u n t of th is  re a c tio n  p ro d u c t decreases in
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th e  solu tion  a f te r  a longer re a c tio n  tim e  fo rm in g  th e  h igh-boiling  fu rfu ra m id e , 
0 C 4H 3 -C H (N :C H -C 4 H 3 0 )2, w h ich  does n o t give th e  co rresp o n d in g  p e a k  in  
th e  ch ro m ato g ram .

T he C anizzaro  reac tion  o f  fu r fu ra l gives fu rfu ry l alcohol, w h ich  is e lu ted  
a f te r  th e  S ch iff base of n -b u ty la m in e , an d  does n o t in te rfe re  in  th e  gas 
ch ro m a to g rap h ic  am ine an a ly sis . B row n co louring  o f  th e  a lk a lin e  am ine 
so lu tio n  occurs on  add ing  fu rfu ra l to  th e  m ix tu re . T his does n o t in te rfe re  in  
th e  analysis w h en  gas ch ro m a to g rap h ic  m easu rem en ts  are p e rfo rm ed  w ith in  
a tim e  in te rv a l o f  0.5— 10 hours. A  5— 10%  decrease o f th e  a m o u n t o f  d im e th y l-  
a n d  d ie th y lam in e  w as found o n ly  a f te r  36 hours.

Table I

A nalytical data o f  determ inations o f  free amines

A m ine m g/m L i?a R S D b% R ° m

T rim ethy lam ine 1.07 0.796 3.3 0.318
0.107 0.080 5.6

M ethylam ine 2.30 0.830 0.081
0.230 0.082

D im ethylam ine 2.75 1.66 2.1 0.196
0.275 0.158 8.8

E th y lam in e 2.77 1.72 0.202
0.277 0.161

D iethy lam ine 3.56 2.91 1.5 0.430
0.356 0.281 4.2

T rie thy lam ine 3.65 3.62 2.3 0.724
0.365 0.335 3.2

ra-Propylam ine 3.59 2.45 0.290
0.359 0.225

n-B u ty lam ine 3.70 2.88 0.410
0.370 0.287

D i-n-propylam ine 7.39 6.88 1.2 0.678
0.739 0.672 5.8

T ri-n-propylam ine 1.89 2.05 1.6 1.118
0.189 0.208 10.7

D i-n-bu ty lam ine 3.84 3.28 2.5 0.795
0.384 0.241 8.3

T  ri-n -bu ty lam ine 1.95 1.88 1.4 1.29
0.195 0.184 4.4

a R atio  o f p e a k  area of the  am ine a n d  th a t  o f th e in te rn a l s ta n d a rd  m esity len e  (0.865
m g/m L ).

b R e la tiv e  s ta n d a rd  dev ia tion  o f R  (ca lcu la ted  fro m  5 m easu rem en ts) 
c Molar response ra tio : (response/m ol) am ine/(response/m ol) m esity lene
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In co m p le te  re so lu tio n  o f  isopropy lam ine  a n d  e th y lam in e  w as fo u n d  in  
b o th  th e  free and  th e  S ch iff  base form . Iso b u ty la m in e  an d  sec-hu ty lam ine  
w ere w ell sep a ra ted  fro m  th e  o th e r am ines in  th e  free fo rm , b u t  th e  sec-butyl- 
am in e  p e a k  p a r tia lly  o v e rla p p e d  th e  S ch iff b a se  p eak  o f isop ropy lam ine . 
A n a ly tica l resu lts  o f  th e  gas ch ro m ato g rap h ic  an a lysis  o f th e  free am ines 
e x a m in e d  are su m m arized  in  T ab le  I ,  and  th o se  o f  th e  Schiff bases in  T ab le  I I .

Table I I

A n aly tica l data o f  determ inations o f  prim ary am ines as the S c h if f  bases o f  fu r fu ra l

A m ine m g /m L R * R S D b% Rjf°

M ethy lam ine 2.30 5.54 1.2 0.539
0.230 0.550 2.7

E th y la m in e 2.77 5.39 1.2 0.632
0.277 0.536 2.6

n -P ro p y lam in e 3.59 6.16 1.5 0.730
0.359 0.561 4.5

n -B u ty la m in e 3.70 5.42 1.5 0.772
0.370 0.508 4.6

“ R a tio  o f th e  p eak  a rea  o f th e  Schiff base an d  t h a t  o f th e  in te rn a l s tan d ard  m esity lene 
(0.865 m g/m L ).

b R ela tive  s ta n d a rd  d e v ia tio n  of R  (calculated  fro m  5 m easurem ents). 
c M olar response ra tio :  (response/m ol) Sch. b ase  /(response/m ol) m esity lene
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INTERFACIAL RHEOLOGICAL PROPERTIES OF 
CRUDE OIL-WATER SYSTEMS, I
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In v e stig a tio n s  were carried  o u t  w ith  H u n g a ria n  crude oils o f d iffe re n t c h a ra c te r, 
u sing  d istilled  w a te r, sodium  ch loride  so lu tio n  a n d  fo rm ation  w a te r  a s  a q u eo u s  phase . 
In te rfa c ia l  v iscosity  w as d e te rm in e d  w ith  C o n trav es Low Shear 30 v isc o m e te r in 
ro ta tio n a l m ode o f o p era tio n  a t  303 К  in  th e  sh ea r ra te  range be tw een  10 ~ 3 a n d  10* s -1 .

O n th e  basis of ex p erim en ta l re su lts  i t  w as established th a t  th e re  is a d ifference 
o f several o rd e rs  o f m ag n itu d e  b e tw een  th e  in le rfac ia l viscosities o f th e  d iffe re n t o il-  
w a te r  system s. F ilm s form ed a t  th e  w a te r -o i l  in te rface  have genera lly  n o n -N e w to n ian  
flow  b e h av io u r, a n d  b o th  in te rfac ia l v isc o sity  a n d  dev iation  fro m  N e w to n ian  flow 
b e h av io u r increase  w ith  c o n ta c t tim e . In o rg an ic  electro ly tes d im in ish  in te rfac ia l 
v iscosity . E x p erience  proves th a t ,  on  th e  one h a n d , in terfacial rheo log ical p ro p e rtie s  
can  be  used  fo r th e  c h a rac te riza tio n  a n d  id en tif ic a tio n  of n a tu ra l w a te r -o i l  system s, 
an d , on  th e  o th e r  h an d , t h a t  in te rfac ia l v isco sity  m ay  p lay  a  decisive ro le  in  oil dis­
p la c e m e n t  processes, and  co n seq u en tly  in  th e  efficiency of p e tro leu m  p ro d u c tio n .

In tro d u c tio n

In te rfa c ia l p henom ena p la y  a fu n d a m e n ta l role in  th e  d isp la c e m e n t p ro ­
cesses an d  phase-exchange m echan ism  in  th e  h y d rocarbon  re se rv o irs . O f th e  
seco n d ary , te r t ia ry  p ro d u c tio n  p rocesses chem ical floodings are  b a se d  on  th e  
ch an g in g  o f  ju s t  th ese  in te rfac ia l p ro p e rtie s  in  a  favourab le  d ire c tio n , b u t  i t  is 
b ey o n d  d o u b t th a t  th e  in te rfac ia l te n s io n  o f  th e  o il-w a te r sy s te m  a n d  th e  
w e ttin g  co n d itions o f th e  ro ck  becom e k e y  issues also in  th e  c o n v e n tio n a l 
re se rv o ir  eng ineering  o p era tion  o f  th e  sy s te m  . I t  is curious, h ow ever, t h a t  of 
th e  in te rfa c ia l p ro p ertie s  o f th e  sy s tem , r a th e r  com plicated  from  th e  p h y sico ­
chem ica l a sp ec t, on ly  th e  tw o c h a ra c te r is tic s  m en tioned  are ta k e n  in to  acco u n t, 
w hile  a  fu n d a m e n ta l fac t is neg lec ted  th a t  in  th e  fo rm ation  o f  th e  in te rfa c e  
n o t  o n ly  co m position  and  energy  d ifferences are  produced  b e tw een  th e  in te r ­
face an d  th e  b u lk  phases, b u t  th e  h u lk  p h ase  an d  its  b o u n d a ry  a re  d iffe ren t 
also from  th e  rheological p o in t o f  v iew .

R eisberg  an d  D oscher [ I ] , a n d  B o u rg o y n e  e t al. [2] h av e  show n  th a t  
irrev e rs ib le  rig id  film s are form ed a t  th e  c ru d e  o il-w a te r in te rfa c e , w h ich  m ay  
s tro n g ly  in fluence  spon taneous a d so rp tio n  o r d isp lacem ent p rocesses in  po rous 
rocks. T h o u g h  th is  phenom enon  is w ell k n o w n , no a d e q u a te  e x p la n a tio n

* T o w hom  correspondence should  be  ad d ressed

A c ta  C h im .  H u n g .  1 2 1 ,  1 9 8 6  
A k a d é m ia i  K i a d ó , B u d a p e s t
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cou ld  be  g iven fo r th e  anom alies of flow  processes neg lecting  th e  rheo log ica l 
p ro p e rtie s  of th e  in te rfa c e . In  recen t years s tu d ie s  w ere  published in  w h ich  th e  
a u th o rs  e m p h a tica lly  ca lled  a tte n tio n  to  th e  ro le  o f  in te rfac ia l v iscosity  p lay ed  
in  th e  d isp lacem en t m ech an ism  [3, 4].

A  decisive p a r t  o f  p e tro leu m  p ro d u ced  in  th e  w orld  reaches th e  su rface  
in  th e  fo rm  o f W /O  em u lsio n s. S trange an d  T a la sh  [5], W hite ley  and  W are  [6 ], 
a n d  W id m y er e t al. [7] ex p la in  th e  genera lly  c h a ra c te r is tic  low d isp lacem en t 
effic iency  b y  sp o n ta n e o u s  em ulsifica tion  a n d  th e  h ig h  s tab ility  of th e  e m u l­
sions fo rm ed , an d  a t t r ib u te  to  these  th e  fa c t t h a t  th e  exce llen t la b o ra to ry  re su lts  
o f s u r fa c ta n t floo d in g  cou ld  n o t be rep ro d u ced  u n d e r  fie ld  conditions. W asan  
e t al. [8 , 9], an d  N e u s ta d te r  e t al. [10] p ro v ed  t h a t  spon taneous dem ulsifica- 
tio n  o f th e  em ulsion , th e  coalescence o f p a r tic le s  a n d  th e  fo rm ation  o f a so- 
called  oil b a n k , w hich  is th e  p recond ition  o f e ffic ien t oil d isp lacem ent, a re  to  be 
ex p ec ted  only  if  a low  in te rfa c ia l ten sio n  is a cco m p an ied  b y  a sim ila rly  low  
in te rfa c ia l v iscosity .

S ta r tin g  from  th e se  d a ta  in  th e  l i te ra tu re , i t  seem ed necessary  to  in v e s ­
tig a te  in  connec tion  w ith  co n ven tiona l h y d ro c a rb o n  p ro d u c tio n  an d  w ith  oil 
d isp lacem en t b y  in te n s iv e  chem ical m e th o d s , th e  in te rfac ial rheo log ica l 
p ro p e rtie s  of H u n g a ria n  oil—w ate r system s. A s th e  f i r s t  step  of th is  w o rk  th e  
fu n d a m e n ta l in te rfa c ia l rheological p ro p ertie s  o f  c ru d e  oils hav ing  d iffe ren t 
co m position  an d  o rig in  w ill be given as a fu n c tio n  o f  th e  com position  o f th e  
aq u eo u s phase , an d  o f  th e  c o n ta c t tim e  an d  sh e a r ra te .

E xperim en ta l

A rising  fro m  th e  step w ise  ch arac te r o f th e  d isp lac em e n t process tak in g  p lace  in  a  
p o ro u s sy s tem , th e  o il-w a te r  in te rfac e  is c h a rac te rized  b y  a lte rn a tin g  re st and  d y n am ic  s ta te s . 
F ro m  tim e  to  tim e  th e  d u ra tio n  o f re s t  s ta te  is su ffic ien t fo r th e  estab lish ing  of so rp tio n  e q u ilib ­
riu m  b e tw een  b u lk  p h ases  a n d  in terface . T hus, th e  m ea su rin g  tech n iq u e  to  be a p p lied  m u s t  
m ak e  possib le th e  d e te rm in a tio n  of in te rfac ia l v isco sity  b o th  u n d e r  s tead y  sta te  a n d  d y n a m ic  
co n d itio n s. In  s tead y  s ta te  m easu rem en ts  th e  v isco sity  o f th e  in te rface , form ed b e tw een  th e  
su p erlay ered  phase  in  re s t ,  w as de te rm in ed  a t  d iffe ren t tim e  as a  fu n c tio n  o f shear ra te . I n  th is  
case, in te rfac ia l v isc o sity  is ch arac te ris tic  o f th e  in te rfac e  m o v in g  to w ard  a d so rp tio n  eq u i­
lib riu m  be tw een  th e  tw o  im m isc ib le  phase. Shear r a te  ch an g ed  in  th e  10~3 to  102 s _1 ra n g e  
acco rd in g  to  a lin ea r p ro g ra m  o f 2 m in.

A s opposed  to  th is , in te rfac ia l v iscosity  w as m ea su re d  u n d e r dynam ic  c o n d itio n s 
co n tin u o u sly  a t  c o n s ta n t sh e a r  ra te .  In  such m easu ring  te c h n iq u e  co n stan tly  acting  sh ea r fo rces 
re ta rd e d  th e  estab lish m en t o f  a d so rp tio n  equ ilib rium  in  th e  in te rfac ia l layer, so t h a t  in fo rm a ­
tio n  o b ta in e d  concerned  p r im a rily  th e  em ulsifying te n d e n c y  o f  th e  tw o phases, an d  th e  rh eo lo g ­
ica l p ro p e rtie s  o f th e  W /O  ty p e  em ulsion , fo rm ed a t  th e  in te rfac ia l layer.

M easurem en ts w ere  ca rried  o u t  w ith  a C o n trav es L ow  S h ea r 30 v iscom eter, th e  edge o f 
th e  b icon ical m easu rin g  h e a d  o f w hich was lo ca ted  in  th e  b o u n d a ry  layer. M easu rem en t 
req u ired  ap p ro x im ate ly  1 c m 3 each  hyd ro carb o n  a n d  a q u eo u s  phase .

F o r  th e  in v es tig a tio n  o f  fu n d a m e n ta l rheological p h en o m en a, crude oils n o t  so lid ify ing  
a t  th e  m easu rem en t te m p e ra tu re  w ere used. Crude oils c h a ra c te riz e d  in  Table 1 belong  to  l ig h t 
H u n g a rian  oils a n d  can  be  considered  as ch arac te ris tic  w ith  re sp ec t to  th e ir  chem ical co m posi­
t io n , p h y sica l p ro p e rtie s  a n d  s to rab ility . As aqueous phase , n a tu ra l  fo rm ation  w a te r, 5 —10 g 
d m -3  N aCl so lu tion  a n d  d is tilled  w a te r  w ere U3ed. In te r fa c ia l  p roperties were m easu red  in  
th e  303 — 343 К  te m p e ra tu re  ran g e . The in te rfac ia l ten s io n  o f o il-w a te r  system s w as d e te rm in e d  
b y  th e  p e n d en t d ro p  m e th o d .
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T ab le  I

Properties o f  the crude oils investigated

D en o m in a tio n ,
sym bol C h a ra c te r

D en ­
sity*

o f c rude  oil 
g c m " 3

V isco ­
s ity * *

m P a  s

D ep th
m

Age
o r re se rv o ir N a tu re

AlgyS-426
(Alg-426)

paraffin ic-
in te r ­
m ed ia te

0.783 4.6 1823 .5 -1 8 2 8 .0 upper
P a n n o n ian

san d sto n e

B atto n y a-K ele t-5 5
(B a-K -55)

paraffin ic 0.800 3.8 9 5 0 .0 -9 9 5 .0 lower
Pliocene

lim estone

B atto n y a-K ele t-6 5
(B a-K -65)

paraffin ic 0.807 4.4 9 5 0 .0 -9 9 5 .0 lower
Pliocene

lim estone

F o rrá sk ú t-5
(F k ú t-5 )

in te rm ed ia te 0.843 11.0 2 9 3 1 .5 -2 9 3 8 .5 lower
P an n o n ian

lim e m arl

K elebia-24
(K e-24)

n ap h th en ic 0.951 634.2 8 1 7 .0 -8 2 5 .0 Paleogen q u a rtzp o r-
p h y ry

K ism arj a-3 
(K ism -2)

in te rm ed ia te 0.826 6.0 7 6 6 .0 -7 6 9 .0 upper
P an n o n ian

sandstone

R uzsa-2
(R.u-2)

p araffin ic 0.940 794.3 2799 .0 -2 8 0 9 .0 Miocene conglom e­
ra te

* T =  298 К
* * T =  303 K ;  y =  118.24 s - 1

R esults a n d  D iscussion

A t th e  b o u n d a ry  o f tw o im m iscib le liq u id s , th e  free energy  o f  th e  system , 
consisting  o f b u lk  phases  and  an  in te rfa c e  b e tw een  them , c o n s id e ra b ly  d im in­
ishes on fo rm a tio n  o f  m onom oleculat f ilm s , rig id  m em branes, i f  a  d is tin g u ish ed  
co m p o n en t is en rich ed  in  th e  b o u n d a ry  la y e r . M oreover, i t  is c h a ra c te r is tic  of 
rig id  film  th a t  th e  n u m b e r of m olecules le a v in g  th e  in terfac ial la y e r  b y  d iffusion 
is neglig ib le as co m p ared  w ith  tho se  in  th e  b o u n d a ry  layer [11]. I t  w as show n 
fo r o il-w ater sy s tem s a lready  in  th e  b eg in n in g  of th e  1950’s t h a t  n a tu ra l 
su rfa c ta n ts  becom o h ig h ly  enriched in  th e  in te rfac ia l layer, an d  th e i r  presence 
fu n d a m e n ta lly  d im in ishes in te rfac ia l te n s io n  [12]. Owing to  th e  co m position  
o f  c ru d e  oils, th e  in te rfac ia l lay er fo rm e d  is generally  of co m p o site  c h a ra c te r , 
m u ltic o m p o n e n t a n d  heterogeneous. I n  m a n y  cases a p e n e tra te d  f i lm , co n ta in ­
in g  also a sp h a lte n e  partic les  is fo rm ed .

M any p u b lic a tio n s  deal w ith  th e  th e o re tic a l problem s o f  su rfa c e  and  
in te rfa c ia l rh eo lo g y , w hich  are su m m a riz e d  in  th e  excellent m o n o g ra p h  of 
J o ly  [11, 13]. H o w ev er, reg re ttab ly , i t  does n o t offer a p ra c tic a l possib ility  
fo r th e  co rrec t th e o re tic a l tre a tm e n t o f  o u r experim en tal re s u lts ,  because 
c ru d e  o il-w ater sy s tem s can n o t be co n sid e red  2-com ponent sy s te m s . T h u s , we 
m o stly  m u st be  c o n te n t w ith  th e  em p irica l descrip tion  of p h e n o m e n a , in v es ti­
g a tin g  th o se  fa c to rs  w hich  influence in te r fa c ia l  properties in  th e  f lo w  o f crude 
oil in  porous m ed ia . O f these  we in v e s tig a te  as a firs t step  th e  e ffe c t o f  tim e 
e lapsed  from  th e  c o n ta c t of th e  tw o p h a se s , on in terfacial v isco s ity .
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A t th e  w a te r-o il in te r fa c e  o f  crude oils, a c t iv e  com pounds, g en e ra lly  
c o n ta in in g  h e te ro a to m s, h a v e  a h igh m o lecu la r m ass  and  large m o lecu la r 
size. T o g e th e r  w ith  th e  re la tiv e ly  high v isco s ity  o f  th e  hydrocarbon  b u lk  
p h a se , th i s  m akes d iffusion  besides adso rp tion  th e  decisive fac to r in  th e  fo r ­
m a tio n  o f  th e  in te rface. T h u s , depending  on th e  c o n cen tra tio n  and  n a tu re  o f  
a m p h ip a th ic  com pounds p re s e n t in  th e  crude oil a n d  on th e  v iscosity  o f  th e  
b u lk  p h a s e , d ifferen t tim es  a re  necessary  for th e  d ev e lo p m en t of th e  in te r f a ­
cial la y e r  a n d  for th e  a t ta in in g  o f  equilib rium  s ta te ,  as show n in Fig. 1. T h e  
f ig u re  g iv es  fo r various c ru d e  oil—distilled w a te r  sy stem s th e  change w ith  
tim e  o f  th e  in te rfac ia l v isc o s ity , m easured  a t  c o n s ta n t  shear ra te  and  303 K .

Fig. 1. C h a n g e  in  in te rfac ia l v isc o sity  o f  d ifferen t crude oil—w a te r  system s as a fu n c tio n  o f t im e

T w o  essen tia l fac ts  can  b e  concluded on th e  b as is  o f Fig. 1. I t  w ill b e  
n o te d  t h a t  th e re  are d ifferences o f orders of m a g n itu d e  betw een  th e  in te rfa c ia l 
v isc o s itie s  o f  th e  in d iv id u a l c ru d e  oils. The in te r fa c ia l  v iscosity  of th e  sy s te m  
R u -2 —d is ti l le d  w a te r is n e a r ly  1000 tim es h ig h e r t h a n  th a t  ob tained  fo r th e  
sy s te m  K ism -3 -d is tille d  w a te r . T here  are r a th e r  few  p ro p erties  (com position , 
v is c o s ity , d en sity , in te rfac ia l te n s io n , etc.) of c ru d e  o il-w a te r  system s show ing  
such  la rg e  d ifferences d e p en d in g  on th e  orig in  o f  th e  crude oil. W e th in k  i t  
lik e ly  t h a t  in te rfac ia l v isc o s ity  is a p ro p erty  o f  c ru d e  o il-w a te r system s t h a t  
can  b e  u se d , sim ilarly  to  o th e r  m ethods, for th e  id e n tif ic a tio n  of c rude  oils. 
T h is is  i l lu s tr a te d  by  F ig . 2, show ing  th e  change in  in te rfa c ia l viscosity  a g a in s t 
w a te r  o f  c ru d e  oils from  tw o  d iffe ren t wells o f  th e  f ie ld  B a tto n y a -K e le t, as a 
fu n c tio n  o f  tim e . D ifferences in  com position b e tw e e n  th e  tw o oils (Table I I ) ,
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F ig . 2. C hange in  in te rfac ia l v iscosity  o f c ru d e  oils fro m  tw o wells o f th e  fie ld  B a tto n y a -K e le t 
as a fu n c tio n  o f tim e  in  d istilled  w a te r  system

Table II

Composition o f  the crude oils B a-K -55 and  B a-K-65

A tm ospheric V acu u m *  u p  to A sp h a lte n e
S y m b o l o f  th e  oil d is til la te

%
473 К

%
c o n te n t

% % %

B a-K -55 33.00 57.26 1.09 0.22 8.43
B a-K -65 23.50 62.58 0.79 0.37 12.76

* 0.1 T orr

a few  te n th  o f a p e r cen t o f d e v ia tio n  in  a sp h a lten e  an d  resin  c o n te n t, a re  well 
re f le c ted  in  th e  shap ing  o f in te rfac ia l v iscosity .

T h e  o th e r  im p o r ta n t fin d in g  on th e  basis  o f th e  curves in  th e  tw o  figu res 
m a y  be  t h a t  fo r som e crude  oils th e  eq u ilib riu m  in te rfac ia l v isco s ity  is e s ta b ­
lish ed  in  a v e ry  sh o rt tim e  (e.g. K ism -3), w hile  in  o th e r  cases (e.g . A lg-426, 
B a-K -5 5 , -65) th e  fo rm a tio n  o f  th e  s tab le  in te rfac ia l lay e r is a slow  p rocess, 
n eed in g  as m uch  as 4— 10 hrs. A g a in st th is , in  th e  given crude o il-w a te r  sy stem s, 
co n sid e rab ly  less tim e  is need ed  fo r th e  a tta in m e n t o f th e  e q u ilib riu m  value 
o f  in te rfa c ia l ten sion , as can  be  seen on F ig . 3. T he view  becam e g en era lly  
a c c e p ted  on  th e  basis o f in te rfa c ia l ten s io n  m easu rem en ts  th a t  in  th e  in te rfa c ia l 
lay e rs  o f  n a tu ra l  crude o il-w a te r  system s a t  m o st 1 — 2  hours a re  n e ed ed  for 
th e  e s ta b lish m e n t of eq u ilib riu m . O ur experience  proves th a t  th e  fo rm a tio n  
o f  th e  in te rfa c ia l lay e r is n o t a lw ays te rm in a te d  d u rin g  th is  period . T h e  c o n tra ­
d ic tio n  o r th e  d isc rep an cy  o f  conclusions d raw n  from  th e  re su lts  o f  th e  tw o 
m e th o d s , is a t tr ib u te d  to  th e  fa c t t h a t  th e  dev e lo p m en t of a m o n o m o lecu la r 
lay e r is su ffic ien t for th e  a t ta in m e n t of equ ilib rium  in te rfac ia l te n s io n , while
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F ig . 3. C hange in  in te rfac ia l te n s io n  o f d ifferent crude  o il-d is tille d  w a te r  system s as a  fu n c tio n
of tim e

a th ic k e r , m u ltilay e r f ilm  belongs to  th e  e q u ilib riu m  in te rfac ia l v iscosity , th e  
d ev e lo p m en t of w hich  re q u ire s  m ore tim e .

F ilm s developing  a t  th e  in terface  of c ru d e  o il-w a te r  system s are  u su a lly  
v isco e lastic  from  th e  rheo lo g ica l aspect, a n d  ca n  seldom  be considered  as 
co m p le te ly  viscous [10]. R esu lts  o f our o sc illo rheom etric  in v es tig a tio n s  for 
th e  d e te rm in a tio n  o f e la s tic  p roperties w ill b e  su m m arized  in  a la te r  s tu d y ; 
h e re  w e deal only w ith  th e  dependence of in te r fa c ia l  v iscosity  upon  th e  shear 
r a te . T h e  co n tr ib u tio n  o f  th e  elastic  co m p o n en t o f  th e  viscoelastic  sy s tem  is 
co nsidered  in  th e  p re se n t case as eq u iv a len t v isco u s effect.

I n  F ig . 4 th e  in te r fa c ia l  viscosities o f  f iv e  d iffe ren t crude  oils ag a in s t 
d is tilled  w a te r  are p lo t te d  as a function  of sh e a r r a te  a t  303 K . T he courses of 
th e  cu rv es  belonging to  one h o u r co n tac t t im e  a re  r a th e r  v a ried . W ith  one 
e x c e p tio n  (Ke-24), th e  in te r fa c ia l  layer is, fo r a ll th e  c rude  oils, b earin g  m ore  or 
less n o n -N ew to n ian  flo w  b eh av io u r. H ow ever, th e re  are  g rea t d ifferences 
am o n g  th e  crude oils w ith  re sp ec t to  n o n -N ew to n ian  p ro p erties . W hile in  th e  
case o f  oil K ism -3 N e w to n ia n  flow is c h a ra c te r is tic  o f th e  in te rfac ia l lay e r 
b o th  a t  low  an d  h ig h  s h e a r  ra te s , an d  th e  reg io n  o f s tru c tu ra l v isco sity  is 
re s tr ic te d  to  a sm all sec tio n , fo r  oil Alg-426 a n d  R u-2  th e  in te rfac ia l v isco sity  
d ecreases steep ly  w ith  sh e a r  ra te . T he la t te r  c u rv e  d iffers from  tho se  o f  th e  
o th e r  c ru d e  oils in v e s tig a te d , besides its  s teep n ess , also w ith  re sp ec t to  th e  
a b so lu te  m ag n itu d e  o f  th e  in te rfac ia l v isco sity  a lre a d y  m en tioned . T h e  curve  
re p re se n tin g  oil F k ú t-5  fo rm s a separa te  case: th e  h o riz o n ta l section  is p receded  
a n d  fo llow ed b y  a s teep  n o n -N ew to n ian  sec tio n  in  th e  range of low  a n d  h igh
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'9  X
F ig . 4 . Change in  in te rfac ia l v iscosity  o f d iffe ren t c ru d e  oil—distilled w a ter sy s tem s as a  function

o f sh e a r r a te

'9 f

F ig . 5  Change in  a p p a re n t v iscosity  o f d iffe re n t c ru d e  oils as a fu n c tio n  o f  sh e a r ra te

r a te s ,  re sp ec tiv e ly . T he p ro p ertie s  o f th e  in te rfac ia l layer d iffer f ro m  th o se  of 
th e  u su a l sy stem s w ith  s tru c tu ra l v isco s ity . F o r com parison  th e  a p p a re n t 
v iscosities of th e  sam e crude  oils u n d e r  s im ila r experim en ta l c o n d itio n s  are 
g iven  in  Fig. 5. A s w ill he n o ted , h u lk  p h ases  are  characterized  b y  N ew to n ian  
flow , w ith  th e  ex cep tio n  o f a single oil (R u-2).

T he n o n -N ew to n ian  c h a ra c te r  o f th e  in te rface  of o il-w a te r  sy s te m s  can  be 
in te rp re te d  b y  th e  in te rm o lecu la r in te ra c tio n  o f m olecules in  th e  b o u n d a ry
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la y e r. T h e  s tru c tu re  does n o t  change a t  low sh ea r r a te ,  th e re fo re , the  in te rfa c ia l 
la y e r  is ch a rac terized  b y  h ig h  v iscosity  and N e w to n ia n  flow . H ow ever, w ith  
in c re a s in g  shear force th e  in te ra c tio n  g rad u a lly  d im in ish es  and , conseq u en tly , 
in te rfa c ia l v iscosity  d ecreases  w ith  th e  increase o f  sh e a r  ra te . In  th e  ran g e  o f  
h ig h  r a te s  th e  in te rfa c ia l la y e r  is a lready  c h a ra c te r iz e d  b y  low v iscosity  a n d  
ag a in  b y  N ew ton ian  flo w , w h ich  ind ica te  t h a t  th e  s tru c tu re  causing h ig h  
v isc o s ity  in  th e  lay e r is co m p le te ly  d is in teg ra ted .

I t  follow s from  th e  d ep en d en ce  of in te rfa c ia l v isco s ity  on shear r a te  t h a t  
c ru d e  oil—w ater system s c a n n o t be  ch arac terized  b y  a  single in te rfac ial v isco sity . 
Oils c a n  be  a rran g ed  in  v e ry  d iffe ren t o rders a cco rd in g  to  th e  shear r a te  a t  
w h ich  in te rfac ia l v isc o s ity  is de term ined . F ro m  th is  p o in t of view  th e  fa c t 
deserves special a t te n tio n  t h a t  in  th e  range o f  low  sh e a r ra te  p ara ffin ic  oils 
h av e  a c h a ra c te ris tic a lly  h ig h  in terfac ial v isco s ity . O n th e  o ther h a n d , a t  
h ig h  sh e a r ra te  th e  n a p h th e n ic  oil Ke-24 w ith  N e w to n ia n  flow  properties p ro v ed  
to  h a v e  a h igh in te rfa c ia l v isco sity . P resu m ab ly , th e  presence  of m ic ro c ry s ta l­
line p a ra ff in e s  p lays a ro le  in  th e  n o n -N ew ton ian  b e h a v io u r  of the  in te rfa c ia l 
la y e r, w h ich  is also p a r t ly  responsib le  for the  n o n -N e w to n ia n  flow  ch arac te ris tic s  
o f th e  b u lk  phase o f c ru d e  o ils. The so-called g rid  sh e ll th e o ry  e lab o ra ted  b y  
Szilas [14, 15] is b ased  on  th e  developm ent o f  a p a ra f f in  skeleton s tru c tu re , 
a n d  i t  p ro v ed  to  be su ita b le  fo r  th e  descrip tion  o f  th e  non-N ew ton ian  flow  o f 
c ru d e  oils from  b o th  th e o re tic a l  and  th e  p ra c tic a l v iew poin ts. The ro le o f 
m icro cry sta llin e  p a ra ff in s  is in d ica ted  b y  th e  fa c t  t h a t  paraffin ic  oils a re  
c h a ra c te riz e d  hy  a h ig h e r in te rfa c ia l v iscosity  th a n  n a p h th e n ic  oils and , on  th e  
o th e r  h a n d , d ev ia tio n  fro m  N ew ton ian  flow  b e h a v io u r  is th e  g rea te s t fo r 
th o se  oils whose b u lk  p h a se  v isco sity  proves to  be also  non-N ew ton ian . W hile  a 
p a ra ff in ic  g rid  s tru c tu re  is easily  sheared, th e  s t ru c tu re  o f an  in te rfac ia l la y e r  
fo rm ed  b y  n a p h th e n e -a ro m a tic  com pounds is e sse n tia lly  n o t influenced b y  th e  
sh ea r forces g en era ted  in  th e  in te rface  and, th e re fo re , th e  v iscosity  of th e  la y e r  
p re se rv es  its  N ew to n ian  flo w  behav iour.

In  p rac tice , O s tw a ld ’s re la tionsh ip  p ro v e d  su ita b le  for th e  em p irica l 
d e sc rip tio n  of y ield  cu rv es

у  =  krn,

th e  e x p o n e n t n of w h ich  w as used for th e  c h a ra c te r iz a tio n  of the  d e v ia tio n  
"rom N ew to n ian  flow  p ro p e rtie s . F igure 6  show s th e  y ie ld  curves of sy s tem s 
o f  s tro n g ly  n o n -N ew to n ian  c h a ra c te r , while F ig . 7 y ie ld  curves o b ta in ed  fo r 
film s o f  N ew ton ian  or o n ly  s lig h tly  differing rh eo lo g ica l p roperties. T ab le  I I I  
c o n ta in s  th e  values o f th e  c o n s ta n ts  o f O stw ald ’s re la tio n sh ip . For oils F k ú t-5  
a n d  K ism -3  th ree  (a, b , c) d a ta  are given, as y ie ld  cu rv es  were a p p ro x im a ted  
w ith  th re e  s tra ig h t lines.

T h e  b eh av io u r o f  c o n s ta n t  к was n o t s tu d ie d , since its  m ag n itu d e  is in  
re la tio n sh ip  w ith  th e  re c ip ro c a l of viscosity . As co n cern s th e  value of e x p o n e n t
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igT

F ig . 6. lg у  vs. lg r  re la tio n sh ip s o b ta in ed  fo r in te rfac ia l layers o f s tro n g ly  no n -N ew to n ian
flow  b e h av io u r

igT

Fig. 7. lg у  vs. lg T re la tio n sh ip s o b ta in ed  fo r in te rfac ia l layers o f N ew to n ian  (K e-24) and 
o f slig h tly  n o n -N ew to n ian  flow  beh av io u r
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Table Ш

Constants o f  Ostwald’s relationship in  various crude oil-water systems

S y m b o l  o f  t h e  o i l к n

Alg-426 1.49 2.96
B a-K-55 2.47 1.62
Ba-K-65 2.06 1.96
Fkút-5

a - 0 .2 3 1.77
b —0.02 1.14
C - 1 .9 9 2.86

Ke-24 0.55 0.98
Kism-3

a 1.18 0.96
b 2.26 1.99
C 0.57 0.98

Ru-2 - 9 .3 3 5.32

T =  303 К  
t =  1 h

n , i t  c a n  be  seen th a t  d a ta  o b ta in e d  for th e  c ru d e  oils in v es tig a ted  are  b e tw een  
n. ~  1, ch a rac te ris tic  o f  N e w to n ia n  flow , an d  n  =  5 .317, considered as c h a ra c ­
te r is t ic  o f  h igh s tru c tu ra l v isc o s ity . A ccording to  e x p e c ta tio n , th e  tw o  lim itin g  
cases  a re  rep resen ted  b y  oils K e-24 and  R u-2 . E v e n tu a lly , on th e  basis  o f 
e x p o n e n t n, crude oils c a n  b e  a rran g ed  in  an  o rd e r w ith  resp ec t to  th e  degree 
o f  n o n -N ew to n ian  flow  b e h a v io u r .

P reced in g  d a ta  p re s e n te d  fo r th e  n o n -N e w to n ia n  b eh av io u r o f  c rude  
o il—w a te r  in te rfac ia l la y e rs  b e lo n g ed  to  a c o n ta c t t im e  o f  one hour. H ow ever, i t  
w as m e n tio n e d  earlier t h a t  th e  fo rm atio n  o f th e  in te r fa c ia l  lay e r is b y  fa r  n o t 
te r m in a te d  during th is  t im e . C urves in  F ig . 8  sho w  th a t ,  besides in te rfa c ia l 
v is c o s ity , th e  ex ten t o f d e v ia tio n  from  N ew ton ian  flo w  ch arac teris tic s  increases 
a lso  w i th  increasing  c o n ta c t t im e . I t  will be n o te d  fro m  d a ta  in  T ab le  IV  th a t ,

Table IV

Change w ith time o f  the constants o f  Ostwald’s relationship in  different crude oil-w ater
system

T i m e
h

A lg -4 2 6 B a -K -5 5 B a - K - 6 5 R u - 2

к n к n к n к n

0 1.23 1.48 2.48 1.04 2.08 0.97 - 6 .1 1 4.03
l 1.49 2.96 2.47 1.76 2.06 1.96 9.33 5.32
2 1.01 2.75 2.41 2.24 1.91 2.40 — 8.53 4.71
4 0.75 2.87 2.25 2.60 1.88 2.90 — 8.16 4.39
6 0.01 3.54 2.13 2.83 1.84 3.38 - 9 .4 5 5.06

24 — — 1.70 3.63 1.62 4.80 — 9.23 5.11

T =  303 к
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•g if

F ig . 8. D ependence o f th e  in te rfac ia l v iscosity  o f th e  system  B a-K -55 c ru d e  oil—d istilled  w ater
sy s tem  u p o n  sh ear r a te  a n d  tim e

e.g. in  th e  case o f  oil B a-K -55 , th e  v a lu e  o f ex p o n en t n g ra d u a lly  increases to 
3.628 w ith  increasing  tim e . T h is ten d e n c y  is m an ifested  m ore o r  less b y  all the  
oils, w ith  th e  ex cep tio n  o f  th e  o rig inally  N ew to n ian  in te rfa c ia l la y e rs  or those 
o f  in it ia lly  v e ry  s tro n g  n o n -N ew to n ian  ch a ra c te r . T he tw o oils f ro m  th e  field 
B a tto n y a -K e le t d iffer n o t  on ly  w ith  re sp ec t to  th e  in rea se  o f  in te rfac ial 
v isco s ity , h u t  also w ith  re sp ec t to  th e  s tren g th en in g  of th e  n o n -N ew to n ian  
c h a ra c te r , n am e ly  on in creasin g  c o n ta c t tim e  th e  in te rfac ia l la y e r  o f  th e  system  
B a-K -65  o il-w a te r  is ch a rac te rized  b y  h igher n va lues, th a n  th e  Ba-K -55 
o il-w a te r  system .

I n  th e  p ro d u c tio n  h is to ry  of h y d ro ca rb o n  reservo irs, th e  tim e  inev itab ly  
com es, w hen  w a te r  h as  to  be  in jec ted  in to  th e  reservo ir to  m a in ta in  fo rm ation  
energy . I n  these  cases th e  q u a lity  o f w a te r  is o f crucial im p o rta n c e , because the  
u n b a la n c in g  of n a tu ra l  io n  equ ilib rium  m a y  cause severe fo rm a tio n  dam age. 
T he effect o f sa lt c o n te n t (an d  w ith in  th is , th e  q u a lity  an d  q u a n t i ty  o f  inorganic 
e lec tro ly tes) o f th e  w a te r  to  be in jec ted  w as in v es tig a ted  from  sev e ra l aspects 
(sw elling o f clay  m in era ls , degree of sp o n tan eo u s  em ulsifica tion , th e  behav iou r 
o f  in te rfa c ia l ten sio n ), b u t  th e  l i te ra tu re  does n o t co n ta in  d a ta  defin itely  
re le v a n t to  th e  effect o f  ino rgan ic  sa lts  on th e  in te rfac ia l v isc o s ity  o f  crude 
oil—w a te r  system s.

In  F ig . 9 th e  in te rfa c ia l v isco sity  is p lo tte d  as a fu n c tio n  o f  sh ea r ra te  
fo r th e  system  B a-K -55  o il-d is tilled  w a te r  an d  fo rm atio n  w a te r , respective ly . 
I t  can  be seen th a t  on usin g  fo rm a tio n  w a te r , th e  in te rfac ia l v is c o s ity  is lower 
b y  a lm o s t an  o rd er o f m a g n itu d e  th a n  on using  deionized w a te r . A t  th e  same 
tim e , th e re  is no su b s ta n tia l  d ifference in  th e  non -N ew to n ian  c h a ra c te r  of the
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ig v

F ig . 9. D epen d en ce  of th e  in te r fa c ia l  v isco sity  of the  c ru d e  oil B a-K -55  u p o n  sh ear r a te  in  
d istilled  w a te r  a n d  form ation  w a te r  sy s te m s

in te r fa c ia l  layer. The effect o f  w a te r  quality  can be  e v id e n tly  a t tr ib u te d  to  th e  
p re se n c e  o f  dissolved sa lts  in  th e  fo rm ation  w a te r . A ccord ing  to  d a ta  con­
ta in e d  in  T ab le  V, th e  fo rm a tio n  w a te r  Ba-K -48 b e lo n g s  in  H u n g a rian  re la tio n  
to  th o s e  o f  h igh salt c o n te n t, a n d  has the  c h a ra c te r is tic  t h a t  th e  p re d o m in a n t 
p a r t  o f  t o t a l  salt co n ten t is s o d iu m  chloride. In  th e  n a tu r a l  s ta te  of th e  fo rm a ­
tio n  w a te r  its  carbon d io x id e  s a tu ra t io n  is also co n sid e rab le , an d  leads in  th e  
c a rb o n a c e o u s  reservoirs to  h ig h  hydrogen  c a rb o n a te  c o n cen tra tio n s . H ow ever, 
u n d e r  la b o ra to ry  cond itio n s, p a r t  o f the  d issolved c a rb o n  dioxide is se t free, 
a n d  m o s t  o f  the  h y d ro c a rb o n a te  p rec ip ita tes fro m  th e  so lu tion . On th e  basis 
o f  th e  com position  of fo rm a tio n  w a te r , the  sa lt e ffec t c a n  p resu m ab ly  be a t t r i ­
b u te d  m a in ly  to  m o n o v a len t in o rg an ic  e lec tro ly tes.

T h e  o th e r crude oils in c lu d e d  in  th is w ork  co u ld  n o t  be s tu d ied  in  for-

ТаЫе V

C om position o f  the formation water B a-K -48

I o n C o n cen tra tio n  
g  d m -3

N a  + 6.25
K  + 0.43
M g2 + 0.08
Ca2 + 0.04
c i - 8.11
H C O y 4.50
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m a tio n  w a te r sy s te m . T herefo re , these  w ere m easu red  ag a in s t 5— 10 g d m - 3  

N aCl so lu tion  in s te a d  o f  fo rm atio n  w a te r . T h e  com parison  o f d a ta  ob ta ined  
a t  id en tica l sh ear r a te s ,  w ith  d istilled  w a te r  an d  so lu tions c o n ta in in g  elec tro ­
ly te s  su p p o rt o u r f in d in g  in  connection  w ith  fo rm a tio n  w a te r , n a m e ly  th a t  in  
th e  la t te r  system s in te rfa c ia l v iscosity  is g en era lly  low er.

R esu lts  o f  in v e s tig a tio n  o f th e  te n d e n c y  o f  H u n g a ria n  c ru d e  oils for 
em ulsifica tion  p ro v e d  th a t  e.g. th e  oil from  A lgyo form s w ith in  a w ide range 
o f  p h ase  ra tio s s ta b le  W /O  em ulsions w ith  aq u eo u s phases o f d iffe re n t com po­
sitions [16— 18]. O n th e  o th e r  h an d , sam ples ta k e n  from  th e  fie ld  o f  B a tto n y a - 
K e le t p roved  t h a t  th e  em ulsion  ap p ears  a lre a d y  a t  th e  w ell b o tto m . This 
p e rm its  to  conclude t h a t  th e  em ulsifica tion  o f th e  aqueous a n d  oil phases, 
flow ing  to g e th e r, b eg in s  a lread y  in  th e  la y e r, u n d e r  th e  ac tio n  o f  low  shear 
d efo rm atio n , e x e r te d  on  th e  phase in te rfa c e . T he em ulsion fo rm ed  im pairs 
in  th e  su rro u n d in g  o f  th e  well b o tto m  th e  flow  co n d itions o f th e  f lu id , an d  th u s 
th e  p ro d u c tib ility  o f  th e  w ell. T herefore, i t  is in su ffic ien t to  in v e s tig a te  un d er 
s te a d y  s ta te  con d itio n s th e  fo rm atio n  of th e  in te rfa c ia l lay e r o f  c ru d e  o il-w a te r  
system s and  th e  b e h a v io u r  of its  v iscosity , b u t  in te rfa c ia l rheo log ica l p roperties 
m u s t also be s tu d ie d  u n d e r  co n tinuously  a c tin g  sh ea r d efo rm atio n . W e can n o t 
sp eak  in  th is  case o f  th e  d eve lopm en t of e q u ilib riu m  in te rfac ia l la y e rs , b u t  d a ta  
o b ta in e d  in  th is  w a y  y ie ld  in fo rm atio n  on th e  em ulsifica tion  p rocess in  th e  
in te rfac ia l layer.

F igure 10 g ives a  re a l p ic tu re  o f th e  e ffec t o f  c o n s ta n t sh ea r defo rm atio n . 
T h e  change o f th e  in te rfa c ia l v iscosity  o f th e  sy s tem  B a-K -5 5 -d is tilled  w a te r 
is p lo tte d  as a fu n c tio n  o f tim e  a t  sh ear r a te  9.77 s _ 1  an d  12.21 s _1. I t  can  be 
n o te d  th a t  th e  v isc o s ity  o f th e  in te rfac ia l la y e r  increases in  p ro p o rtio n  w ith  
th e  tim e  of sh ear d e fo rm a tio n  an d  w ith  sh e a r ra te . T his is in  acco rd an ce  w ith  
ex p e c ta tio n  an d  s u p p o r ts  th e  experience t h a t  th e  size of d isp ersed  p artic les

t,h

F ig . 10. D ependence o f  th e  in te rfac ia l v iscosity  o f th e  sy s tem  B a-K -55 c ru d e  o il-d istilled  
w a te r  u p o n  shear ra te  an d  tim e  a t  co n tin u o u s shear
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d ec reases  a n d  th e  v iscosity  o f  th e  em ulsion increases  w ith  increasing  sh ea r 
fo rces a n d  sh ear ra te .

E a r l ie r  in v estiga tions sh o w ed  th a t  a t  id e n tic a l ph ase  ra tio s  th e  s ta b ili ty  
a n d  th e  d isp e rs ity  of th e  em u lsio n  fo rm ed  depends s tro n g ly  on th e  co m position  
o f  th e  aq u eo u s  phase. U sing  deion ized  w a te r, s ta b le  em ulsions, d ifficu lt to  
b re a k  a n d  o f  ex trem ely  h ig h  v isc o s ity  w ere alw ays fo rm ed , w hile w hen  fo rm a ­
tio n  w a te r  o r an  aqueous p h a se  co n ta in in g  sod ium  chloride w ere u sed , e ith e r  
no  s ta b le  em ulsion fo rm ed , o r  th e  crude oil fo rm ed  a ra p id ly  dem ulsify ing , 
c o a rse ly  d ispersed  sy stem  c h a ra c te r iz e d  b y  la rg e  d ro p  size. T h is f in d in g  is 
fu lly  su p p o r te d  b y  our d y n a m ic  in v es tig a tio n s , th e  re su lts  o f w hich  are  show n 
in  F ig s  11— 13. The tw o oils a re  re a d ily  em ulsified  w ith  d istilled  w a te r , a n d  as 
a  r e s u l t ,  in te rfac ia l v iscosity  s te e p ly  increases w ith  tim e  (F ig . 11), w hile in  th e  
s y s te m  c o n ta in in g  sodium  ch lo rid e  th e  change is con sid erab ly  sm alle r (F ig . 
1 2 ), o r  n o  em ulsion is fo rm ed  a t  a ll w hen  fo rm a tio n  w a te r  is u sed  as aqueous 
p h a se  (F ig . 13).

T h e  em ulsify ing a b ili ty  o f  crude  oil in  aq u eo u s system s o f d iffe ren t 
n a tu r e  c a n n o t be in te rp re te d  on  th e  basis of in te rfa c ia l ten sion . In o rg an ic  sa lts  
u su a lly  d im in ish  in te rfac ia l te n s io n  (Fig. 14), b u t  th is  decrease is to o  sm all to  
b r in g  a b o u t  s trong  red u c tio n  o f  th e  ten d en cy  fo r em ulsion  fo rm a tio n  a n d , on 
th e  o th e r  h a n d , th e  ra p id  d em u ls if ic a tio n  of th e  em ulsion  fo rm ed . H ow ever, 
i f  th e  s ta b i l i ty  of em ulsions fo rm e d  in  o il-w a te r  sy stem s is in te rp re te d  on  th e  
b as is  o f  th e  ac tion  of in o rg an ic  s a lts  on b o th  in te rfa c ia l ten s io n  a n d  v isco sity , 
th e n  a lr e a d y  an  u n eq u iv o ca l an sw er can be g iv en  to  th e  questio n  o f  w h y  
e m u ls io n s  fo rm ed  in  fo rm a tio n  w a te r  system s h a v e  a  te n d e n c y  fo r qu ick  
d e m u ls if ic a tio n . The e x p e rim e n ta l d a ta  show n s u p p o r t th e  concep t t h a t  i t  is 
m a in ly  th e  decrease in  in te r fa c ia l  v iscosity  a n d  th e  absence o f fo rm a tio n  of 
r ig id  f i lm s  th a t  p lay  th e  fu n d a m e n ta l  role.

F ig . 11 . C h a n g e  in in te rfac ia l v isc o s ity  o f th e  crude oils fro m  th e  tw o  wells o f B a tto n y a -K e le t 
f i e ld  as a fu n c tio n  of t im e  in  d istilled  w a te r  sy s te m  a t  co n tin u o u s shear
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F ig. 12. C hange in  in te rfac ia l v iscosity  o f th e  c ru d e  oils fro m  th e  tw o wells o f th e  B a tto n y a -  
K e le t field  as a  fu n c tio n  of tim e , a t  con tinuous sh ear, in  a sy s tem  con ta in ing  10 g d m -3  sodium

chloride

t.h

F ig. 13. C hange in  in te rfac ia l v iscosity  o f th e  c ru d e  oils fro m  th e  tw o wells o f th e  B a tto n y a -  
K e le t field  as a  fu n c tio n  o f tim e, a t  con tin u o u s sh ea r, in  fo rm atio n  w a te r  sy s te m

t,h
F ig. 14. C hange in  in te rfac ia l ten s io n  of th e  crude  oil B a-K -55  as a  function  of tim e , ag a in s t

various aqueous p h ases
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Conclusions

B a se d  on th e  m easu rin g  o f  th e  in te rfa c ia l v iscosity  o f v a r io u s  c ru d e  
oil—w a te r  system s, th e  fo llow ing  has been  es tab lish ed :

1) T h e  in te rfac ia l v iscosities o f crude  o il-w a te r  system s m a y  d iffe r b y  
s e v e ra l o rd e rs  of m ag n itu d e  fro m  one a n o th e r , a n d  m ay be used  fo r th e  c h a r­
a c te r iz a t io n  and  id e n tif ic a tio n  o f  crude  oils.

2) T h e  change w ith  tim e  o f in te rfac ia l v isc o s ity  yields in fo rm a tio n  on  th e  
d e v e lo p m e n t of th e  in te rfa c ia l lay e r. D a ta  o b ta in e d  prove th a t  a t  th e  in te rface  
o f  n a tu r a l  o il-w a te r system s co n sid e rab ly  lo n g e r tim e  is needed fo r th e  a t t a in ­
m e n t o f  equ ilib rium  th a n  t h a t  re su ltin g  fro m  th e  m easu rem en t o f  in te rfa c ia l 
te n s io n .

3) F ro m  th e  rheological a sp ec t, in te rfa c ia l lay ers  m ay  be N ew to n ian , 
h o w e v e r , in  m ost of th e  cases n o n -N ew to n ian  flo w  behav iou r are  c h a ra c te r ­
is tic . T h e  d ev ia tion  from  N ew to n ian  c h a ra c te r  is of d ifferen t degree fo r th e  
in d iv id u a l  oils. In te rfac ia l v isco s ity  can change b y  several o rders o f  m a g n itu d e  
w ith  t h e  sh ea r ra te .

4) T h e  v iscosity  o f in te rfa c ia l layers a n d  th e ir  n o n -N ew to n ian  flow  
b e h a v io u r  increase w ith  c o n ta c t  tim e , w hile in o rg an ic  e lec tro ly tes decrease  
in te r f a c ia l  v iscosity .

5) A ccord ing  to  d y n am ic  in v es tig a tio n s , th e  em ulsifica tion  o f  th e  in te r ­
fa c ia l la y e r  increases in  p ro p o rtio n  to  th e  in crease  o f shear ra te  an d  tim e , w hile 
i t  d e c re a se s  w ith  increasing  s a lt  co n te n t in  th e  aqueous phase.

T h e  in te rfac ia l rheo log ica l s tu d y  o f d iffe re n t crude o il-w a te r  sy stem s 
c o n v in c in g ly  prove th a t  in te rfa c ia l v isco sity , th e  flow  p ro p ertie s  o f film s 
fo rm e d  on  th e  b o u n d a ry  o f  th e  tw o  phases, p la y s  th e  sam e im p o r ta n t  an d  
d ec is iv e  ro le  in  crude oil d isp lacem en t p rocesses as in te rfac ia l te n s io n  an d  
w e t t in g  p ro p ertie s , an d  w ith o u t th e ir  know ledge cap illary  p h en o m en a , e n ­
t r a p p e d  oil bodies, fo rm a tio n  o f oil b an k s , sp o n tan eo u s em u lsifica tio n , th e  
c o a le scen ce  of dispersed p h ases , e tc ., c a n n o t be  u n equ ivoca lly  in te rp re te d .

Symbols

c c o n c e n tra tio n , g d m -3
k , n  c o n s ta n ts  o f O stw ald’s re la tio n sh ip  
t t im e ,  h
T  te m p e ra tu re ,  К
у  s h e a r  ra te , s _I
r) a p p a r e n t  v iscosity  o f th e  b u lk  phase , m P a  s
i f  in te r fa c ia l  viscosity , m N  s m _1
a  in te r fa c ia l  tension , m N  m -1
r  s h e a r  stress, m P a
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STUDIES ON SOME QUINOLINE 
DERIVATIVES, III*

C O P P E R (I)  H A L ID E  C O M P L E X E S  O F  3-, A N D  4 -Q U IN O L IN E C A R B O X Y L IC  
A C ID S A N D  SO M E O T H E R  Q U IN O L IN E  D E R IV A T IV E S

M oham ed A b d e l-R a h m a n  S idahm ed  G o h e r ** an d  A faf K a m a l
H a f e z

( Chemistry D epartm ent, F aculty  o f  Science, A lexa n d ria  U niversity , A lexa n d r ia ,
E gyp t)

R eceived F e b ru a ry  28 1933 
A ccep ted  for p u b lica tio n  M ay 29, 1933

T he co p p er(I)  h a lid e  com plexes o f 3-, a n d  4-qu ino linecarboxyIic  ac id s, 2-, and  
4-chloroquinoline a n d  4-m ethy lqu ino line  h av e  b een  p rep ared  an d  c h a ra c te riz e d . The 
com plexes a re  co lou red  a n d  d iam agnetic  ex h ib itin g  s tro n g  M ICT b a n d s  in  th e  v isible 
region. All lig an d s m en tio n ed  here  a c t as n e u tra l  m o n o d en ta te  lig an d s in  th e  iso lated  
com plexes. T h e  s tru c tu re s  o f th e  com plexes a re  suggested  on  basis o f  th e i r  sp ec tra l 
p roperties.

In tro d u c tio n

In  a prev ious p a p e r  [1] we described  th e  solid copper (I) com plexes of 
2 -qu ino linecarboxy lic  ac id , also called q u in a ld ic  ac id , an d  its  m e th y l a n d  e th y l 
e s te rs . Q uinaldic ac id  w as found  to  ac t as a m o n o d e n ta te  ligand  in  i ts  co p p er(I) 
ch lo rid e  com plex w hile in  its  iodide com plex  i t  a c ts  as a b id e n ta te  lig an d . 
R ecen tly  th e  c h e m is try  o f  copper(I) com plexes o f  p y rid in e  d e r iv a tiv e s  has 
b een  th e  ta rg e t o f  in te n s iv e  s tud ies [2— 8], as th e y  are  th e  f irs t  in te rm e d ia te s  
in  th e  p re p a ra tio n  o f  th e  copper-py rid ine  c a ta ly s ts  w hich  ca ta ly se  c leavage of 
a ro m a tic  ring  sy stem s [9] o r used  in  th e  o x id a tio n  o f  phenols to  p o ly p h en y l 
e th e rs  an d  d ip h en o q u in o n es [10]. As an  ex ten s io n  o f ou r w o rk  m en tio n ed  
ea rlie r  [1] we re p o r t  h ere  on th e  syn th esis  a n d  ch a ra c te riz a tio n  o f  copper(I) 
h a lid e  com plexes o f  3-, an d  4 -qu ino linecarboxy lic  acids, 2-, a n d  4 -ch lo ro ­
qu ino line  and  4 -m eth y lq u in o lin e .

E xperim en ta l

3-Q uinolinecarboxylic  acid  (3-H Q A ), 4 -q u in o lin eca rb o x y lic  acid  (4 -H Q A ), 2-chloro- 
q u ino line  (2-C1Q), 4 -ch lo roqu ino line  (4-C1Q) an d  4 -m eth y lq u in o lin e  (4-MeQ) w ere  p u rch ased  
fro m  B D H  an d  A ld rich  com panies.

Physica l m easu rem en ts  h av e  been  carried  o u t  as described  p rev iously  [1].
T he com plexes h av e  b een  p rep ared  and  rec ry s ta llize d  accord ing  to  th e  m e th o d s  given 

ea rlie r  [1]. T he copper c o n te n t  has been  d e te rm in ed  g ra v im e trica lly  as CuSCN o r  b y  t i t r a tio n  
a g a in s t disodium  E D T A  a f te r  d eg rad a tio n  an d  o x id a tio n  o f th e  com plexes w ith  b o ilin g  m ix tu re s  
o f  cone. H 2S 0 4 an d  30%  H 20 2. C arbon, hydrogen  a n d  n itro g e n  w ere d e te rm in e d  u sin g  a  P e r- 
k in -E lm er 240 e lem en tal an a ly zer.

* P a r t  I I :  A c ta  C him . H u n g . ( In  press)
** To w hom  corresp o n d en ce  should  be addressed

3
A c ta  C h im . H u n g .  1 2 1 , 1 9 8 6  
A k a d é m ia i  K i a d ó ,  B u d a p e s t
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R e su lts  and  D iscussion

T h e  iso la ted  co p p er(I)  h a lid e  com plexes (T ab le  I) are su ffic ien tly  stab le  
w h e n  ca re fu lly  dried . T h e y  a re  coloured a n d  d iam ag n e tic  com pounds. W e 
co u ld  n o t  iso late  th e  1 : 3 c o p p e r(I)  chloride com plexes of 4-C1Q o r 4-M eQ 
w h ic h  m a y  be because o f  th e i r  sizes since 4-, a n d  3 -m eth y lp y rid in e  fo rm  1 :3  
c o p p e r ( I )  chloride an d  b ro m id e  com plexes [7, 11, 12]. 4 -Q uino linecarboxy lic

Table I

A nalytical data

C o m p le x C olour M .P . °c
%  F o u n d /ca lcu la ted

c H N X Cu

Cu(3-HQA)C1 red  b row n 2 6 5 -9 * 44.39 2.72 5.02 13.35 23.72
fine  c ry s ta ls 44.12 2.59 5.25 13.04 23.35

C u (3 -H Q A )B r red  b ro w n 2 4 0 -5 * 38.21 2.45 4.21 25.00 19.72
cryst. p o w d er 37.93 2.24 4.42 25.23 20.06

C u (3 -H Q A )I orange c ry s t. 32.45 2.31 3.72 34.57 17.82
pow der 33.03 2.04 3.83 34.90 17.47

Cu(4-HQA)C1 red orange 43.82 2.65 5.18 12.84 23.62
fine c ry s ta ls 44.12 2.04 3.8 13.04 23.35

C u (4 -H Q A )B r red  orange  c ry s t. 2 5 5 -2 6 0 38.17 2.34 4.23 25.00 20.22
pow der 37.93 2.24 4.42 25.23 20.06

C u(4 -H Q A )I orange c ry s t. 33.33 2.00 3.94 34.63 17.09
pow der 33.03 2.04 3.83 34.90 17.47

Cu(2-C1Q)C1 yellow need les 160** 46.26 2.52 6.15 15.02 27.00
46.46 2.60 6.02 15.26 27.29

C u(2-C lQ )B r yellow need les 130** 38.66 2.00 4.88 28,75 22.67
39.02 2.18 5.05 28.84 22.92

Cu(2-C1Q)I pale yellow 33.48 1.98 4.22 39.34 20.00
needles 33.36 1.87 4.32 39.16 19.60

Cu(4-C1Q)C1 yellow n e ed le s 175 46.23 2.32 6.32 15.00 27.38
46.46 2.60 6.02 15.26 27.29

Cu (4-C1Q)2C1 red  fine 58.78 3.20 7.56 13.23 17.17
crysta ls 59.02 3.30 7.64 13.00 17.34

C u(4-C lQ )B r yellow need les 39.15 2.32 5.25 28.92 23.13
29.02 2.18 5.05 28.84 22.92

Cu(4-C1Q)I pale yellow 160 33.10 1.92 4.33 39.42 19.80
needles 33.36 1.87 4.32 39.16 19.60

C u(4-M eQ )C l yellow need les 170*** 49.76 3.82 5.88 14.43 26.00
49.59 3.74 5.78 14.66 26.22

C u(4-M eQ )2Cl red fine 130 61.75 4.53 7.15 99.33 16.65
crysta ls 62.33 4.71 7.26 9.26 16.48

C u(4-M eQ )B r yellow 195*** 42.12 3.32 5.00 27.67 22.34
needles 41.91 3.16 4.89 27.88 22.16

C u(4-M eQ )I pale yellow 160 36.20 2.60 4.42 38.52 18.78
needles 36.00 2.72 4.20 38.04 19.04

A b b re v ia tio n : 3-HQA =  3 -qu ino linecarboxylic  acid,
4-HQA =  4-qu ino linecarboxy lic  acid,
2-C1Q =  2 -ch loroquino line ,
4-C1Q =  4 -ch loroquino line ,
4-MeQ =  4 -m eth yIqu ino line  =  lepidine
(*) change to  g reen , (**) change to  w h ite  (***) m elts w ith  decom position
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acid  fo rm s on ly  1 : 1 copper(I) h a lide  com plexes in  a sim ilar m a n n e r  as 4- 
p y rid in eca rb o x y lic  acid [13]. T he s ta b ili ty  o f  th e  iso lated  com plexes depends 
on  th e  n a tu re  o f  th e  halogen  as sugg ested  [14] fo r o ther copper(I) com plexes. 
T he s ta b ili ty  increases from  ch lo ride to  io d id e , except for th e  4 -H Q A -C u I 
com plex  w hich  is th e  le a s t s tab le  in  th e  series o f  halide com plexes o f  4 -H Q A .

P o ly m eriza tio n  o f th e  com plexes d e riv e d  from  4-H Q A  or 3 -H Q A  m a y  be 
th e  reaso n  th a t  th e ir  m elting  or decom posing  p o in ts  are ind efin ite  a n d  d ep en d  
u p o n  th e  h e a tin g  ra te .

X -ra y  pow der d iffrac tio n  h as  rev ea led  th e  isom orphism  o f th e  ch lo rid e  or 
b ro m id e  com plexes o f th e  sam e lig an d .

T h e  h a lid e  com plexes d eriv ed  fro m  4 -H Q A  and  3-HQA a re  so lub le  in  
bo iled  w a te r  in  th e  p resence o f ascorb ic  ac id  to  p rev en t o x id a tio n . T h e  com ­
plexes o f o th e r  ligands are  soluble in  one o r th e  o th e r of th e  p o la r  so lv en ts , 
e.g. alcohols, ace to n e , e tc  . . .

Electronic spectra

T ab le  I I  sum m arizes th e  e lec tron ic  sp e c tra l d a ta  of th e  solid  com plexes 
m ulled  in  n u jo l. T h e  a b so rp tio n  b an d s  in  th e  U V  region depend  o n ly  on  th e  
m o ie ty  o f th e  ligands.

I n  th e  21— 27 k K  reg ion , a s tro n g  a b so rp tio n  b an d  appears in  th e  sp e c tra  
o f all com plexes. T hese b an d s  are  d u e  to  m e ta l-to -ligand  ch a rg e  tra n s fe r  
(MLCT) tra n s it io n  from  copper(I) d 1 0  to  an  e m p ty  7r*-orbital on th e  l ig a n d  [15].

Table I I

E lec tro n ic  sp e c tra l d a ta  f o r  th e  com plexes*

C o m p l e x Л -- 71* t'M L C T  ( k K )

Cu(3-HQA)C1 34.5 2 7 .0 -2 1 .0
C u(3-H Q A )B r 36.3 27.0
Cu(3-H Q A )I 36.3 28.2
Cu(4-HQA)C1 35.7 29.4 sh 22.5
C u(4-H Q A )Br 35.7 29.4 sh 23.2
Cu(4-H Q A )I 35.7 29.4 sh 25.0
Cu(4-MeQ)Cl 35.7 26.3
Cu(4-M eQ)Br 35.7 27.0
Cu(4-MeQ)I 35.7 28.2
Cu(4-MeQ)2Cl 35.7 2 7 .0 -2 2 .0
Cu(4-C1Q)C1 35.5 25.0
Cu(4-ClQ)Br 35.5 25.6
Cu(4-C1Q)I 35.5 26.3
Cu(4-C1Q)2C1 35.5 2 5 .0 -2 0 .0
Cu(2-CIQ)C1 36.3 30.0 sh 25.0
Cu(2-ClQ)Br 36.3 30.7 sh 26.0
Cu(2-C1Q)I 36.3 30.7 sh 26.6

* T he sp ec tra  o f  sam ples m ulled  in  nujo l.
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C om parison  o f  th e se  M LCT bands fo r c o p p e r(I)  chloride com plexes o f 
4-M eQ , 4-C1Q an d  4 -H Q A  (T ab le  I I )  shows t h a t  th e  energy  o f such tra n s i t io n  
d ecreases  in  th e  o rd e r 4-M eQ  >  4-C1Q >  4 -H Q A . T his resu lt re f lec ts  th e  
e ffec t o f  th e  s u b s ti tu e n t g ro u p  upon th e  M LC T tra n s itio n s . F or an  e lec tro n  
a t t r a c t in g  group , e.g. Cl, th e  e lectron  d en sity  o n  th e  n itrogen  a tom  decreases 
w h ich  enhances th e  M LCT a n d  hence sh ifts  th e  a b so rp tio n  b an d  to  sh o r te r  
j>max- T h e  reverse  is t r u e  fo r  e lectron re leasin g  g ro u p s. Sim ilar tre n d s  h a v e  
b een  o bserved  fo r co p p e r(I)  com plexes of p y r id in e  deriv a tiv es  [7, 12].

T ab le  I I  show s t h a t  th e  rmax value o f th e  M LC T bands decreases in  th e  
o rd e r  I  >  B r >  Cl. S ince th e  excited  s ta te s  h a v e  considerable c o p p e r(II)  
c h a ra c te r , we m ay  assu m e  t h a t  if  th e  c ry s ta l  f ie ld  sp littin g  A fo r co p p e r(I)  
h a lid e  is as follows; I  <  B r <  Cl, th e  m ost d e s ta b iliz e d  is th e  t 2 o rb ita l ( t 2 a re  
th e  m e ta l d o rb ita ls  in  a te tra h e d ra l  field  in v o lv e d  in  MLCT) in th e  case o f 
ch lo rid e . T he d ifference in  energy , A e, b e tw een  th e  t 2 and  th e  low est v a c a n t  
л*  o rb ita l  on th e  lig a n d  is m in im um  in th e  case o f  chloride and  m a x im u m  in  
th e  case o f iodide. T h is  e x p la in s  th e  halide-ion  d ep en d en ce  on th e  M LCT b a n d . 
A  s im ila r s itu a tio n  occurs [7] in  th e  b is(2 -(pheny lazo )-py rid ine) copper(I) [16].

CuL 2C1 com plexes o f  4-C1Q and  4-MeQ e x h ib it  MLCT bands (T ab le  I I )  
a t  lo w er vmax th a n  th e  co rrespond ing  1 : 1 co m p lex es. The ex istence o f  tw o  
lig a n d  u n its  p er co p p er(I)  a to m  in th e  com plex  m olecu le  increases th e  a c c e p to r 
p ro p e rtie s  and  hence sh if ts  th e  absorp tion  to  lo w er rmax [15].

Infrared spectra

(a )  Complexes o f quinolinecarboxylic acids

T h e sp ec tru m  o f  3 -qu ino linecarboxy lic  a c id  (T able  I I I )  exh ib its  a s tro n g  
b ro a d  b a n d  in  th e  ra n g e  2700— 2400 c m - 1  a n d  a n o th e r  b an d  cen te red  a ro u n d  
1950 c m -1 . These b a n d s  a re  a t tr ib u te d  [17] to  a  H -b o n d  of th e  ty p e  N . . .  H — 0  
fo rm ed  betw een  a c a rb o x y lic  group and  a h e te ro c y c lic  n itrogen  from  a n o th e r  
m olecule . T his sp e c tru m  w h ich  is very  s im ila r to  t h a t  of 3 -py rid in carb o x y lic  
ac id  [17, 18], does n o t  sh o w  th e  free voh b a n d  in  th e  v ic in ity  of 3500 c m -1 . 
T h e  sp ec tru m  of 4 -q u in o linecarboxy lic  acid on  th e  o th e r  h an d  ex h ib its  a s tro n g  
b a n d  a ro u n d  3450 c m - 1  d u e  to  foh- A d d itio n a lly  i t  shows m edium  b a n d s  
a ro u n d  2450 c m - 1  a n d  2000 c m -1 . These re s u lts  in d ic a te  th a t  th e  ac id  ex is ts  
a lm o s t in  th e  free n e u tra l  fo rm  and  to  a lesser e x te n t  con ta in s an  in tra m o le c u la r  
H -b o n d in g  of th e  ty p e  N . . .  H — 0 . The s p e c tra  o f  th e  copper(I) h a lid e  co m ­
p lexes o f b o th  acids e x h ib it  a  s trong  b road  b a n d  in  th e  range 3500— 2400 c m -1 . 
T h is  b a n d  is a t t r ib u te d  [19, 20] to  th e  v ib ra t io n  o f a H -bond o f th e  ty p e  
О — H  . . .  0  in  com plexes. T hus th e  N . . .  H — О in  free acids is th e re fo re  
c h an g ed  to  0  . . . H — 0  ty p e  in  com plexes. T h is  la t te r  H -bonding  is fo rm ed  
b e tw een  tw o carb o x y lic  g ro u p s of tw o d iffe re n t com plex  m olecules g iv in g  rise
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to  a d im eric s tru c tu re . T he d im eric  H -b o n d in g  is ev idenced b y  th e  ap p earan ce  
o f  a m ed ium  b ro a d  o f m ed iu m  in te n s ity  a ro u n d  930 c m -1 , d u e  to  d im eric 
6 O H  o u t of p lane . T he v C = 0  b a n d  ap p ea rs  a round  1710 c m - 1  in  th e  sp ec tra  
o f  com plexes o f b o th  acids (T ables I I I  an d  IV ). T he ca rb o n y l g ro u p s  th ere fo re  
do n o t  p a r tic ip a te  in  co o rd in a tio n . T h is in d ica te s  th a t  b o th  ac id s a c t  as m ono- 
d e n ta te  n e u tra l ligands in  th e ir  co p p er(I)  com plexes, an d  c o o rd in a tin g  only  
v ia  th e ir  he terocyclic  n itro g en s . T h is is ev idenced  b y  th e  a p p re c ia b le  sh ifts  of 
th e  b an d s  re la te d  to  qu ino line  ring  [2 1 ] to  h igher frequencies in  com plexes

Tabic III

I R  spectra o f free and coordinated 3-quinolinecarboxylic acid
(3-HQ A)

3 -H Q A  Cu(3-HQ A)C1 C u(3 -H Q A )B r C u(3-H Q A )I A ssig n m en ts

3 5 0 0 -2 5 0 0  s 3 5 0 0 -2 4 0 0  s 3 4 5 0 -2 5 5 0 v O — H . . . 0
2700—2400 s 
1900 m s, b r 
1720 vs, b r 1710 vs 1715 vs 1710 s

V 0 —H . . . N  
v C = 0

1630 s 1645 m 1645 m 1640 m v C— C, C - N
1610 s 1625 m 1625 m 1625 m v C - C ,  C - N
1690 s 1605 m 1600 m 1600 ms v C - C ,  C - N
1580 sh 1585 w m 1580 m 1580 wm v C— C, C - N
1510 vs 1515m —1505ms 1508 m 1510 m
1465 m 1475 m s 1480 m 1480 m v C - C ,  C - N
1435 m 1432 m s 1338 m s 1435 m v С— C
1385 s 1410 w m 1415 m 1410 m

1385 m s 1380 m 1380 m v С— C, C - N
1370 vs 1375 m s 1370 m 1367 m v С— C, C - N
1340 m 1330 w 1330 w 1330 w v С— C, C - N
1305 vs 1295 vs 1295 vs 1300 s v COO
1270 s 1255 m 1255 m 1260 m / ? ( C - H )
1225 vs 1232 wm 1240 w m 1230 m vC C O
1200 vs 1208 wm 1210 w m 1205 wm
1190 vs 1190 w m 1195 w m 1190 w ß  (C— H )
1135 vs 1140 w 1140 w 1140 w ß  (C— H )
1110 m 1115 w 1110 w 1115 w /S ( C - H )
1028 m 1050 w 1050 w 1050 w / ? ( C - H )
990 ms 1025 w 1025 w 1020 w ring  b rea th in g
972 m 990 w 985 w 990 w

925 m , b r 930 m , b r 925 m , b r  d O H  o u t of

825 m 825 vw 825 m 825 wm
p lan e  

y - ( C -  H )
790 vs 790 s 790 s 790 s y-(C H )
768 vs 772 m 770 sh 770 m
750 vs 750 m 750 m 750 m y - ( C - H )
660 m s 660 w 660 w 660 w
595 m s 622 w 622 w 622 w
535 s 570 w 570 m 570 m rin g  deform ation
495 wm 530 w 510 m 520 m
470 s 490 w m 490 w m 490 w
385 s 410 m 410 m 410 m

w =  w eak, m  =  m ed ium , s = strong , v  =  v e ry , St =  stre tch ing .
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Table IV

IR  sp e c tra  o f  f r e e  a n d  co o rd in a ted  i-q u in o l in e c a r b o x y l ic  a c id  
(4-HQA)

4-H Q A C u(4-H Q A )C 1 C u(4-H Q A )B r A ssig n m en ts

3450 s 3300— 2500 m s 3300—2500 s v O H
2450 in v 0  — H  . . .  0
2000 m r O - H  . . .  N
1700 in, b r 1700 s 1705 S v C = 0
1630 ms 1635 w m 1640 m v C - C ,  C - N
1610 ms 1615 m 1620 wm v С—C, C - N
1580 m 1580 m 1585 m v C - C ,  C - N
1565 wm 1570 m 1570 m j> C -C , C - N
1528 m 1550 w 1545 w v C - C ,  C - N
1510 m 1525 w 1525 ww v C - C
1465 m 1470 m 1465 m v C - C ,  C - N
1410 sh 1415 m 1415 m v С —C, C - N
1340 s, b r 1355 m s 1355 m s
1280 s 1280 s 1280 s v COO, /S (C -H )
1255 ms 1255 v s 1255 s v CCO
1225 ms 1222 w 1220 w ß(C  - I I )
1200 ms 1200 m 1200 m /З (С -Н )
1155 ms 1155 m 1155 m
1090 ms 1085 m 1080 m /? ( С - Н )
1010 m 1050 w 1045 w

980 m 1010 w 1010 w rin g  b rea th in g
960 m 970 w 970 w
860 m 890 w m 885 wm

860 m , b r 860 m , b r <5 O H  o u t o f plane
800 vs 795 m s 790 ms у  (С —H )
765 vs 770 s 770 s y (  c - H )
750 s 755 750 s У ( C - H )
735 s 745 m 740 m 7 ( C - H )
655 ms 660 s 660 s
595 m 630 w m 630 wm
545 s 590 m s 585 m s
465
415

wm
ms

495 m  
465 m

495
465

m
m ring  deform ation

395 vs 410 m s 410 m s
385 vs 398 m s 395 m s

w h e n  com pared  w ith  th o se  o f  free acids. T ab les I I I  a n d  IV  show  th a t  th e  
g r e a te s t  sh ifts are o b se rv ed  fo r  b an d s  below  650 c m - 1  w h ich  are  due to  rin g  
d e fo rm a tio n  m odes, in  a  s im ila r  m an n er as th o se  o f  p y rid in e  d e riv a tiv es  [2 2 , 
2 3 ].

(b )  Complexes o f 2-CIQ, 4-CIQ and 4-MeQ

T hese  spectra  (T able  V ) show  th a t  th e  b an d s  ab o v e  630 c m - 1  are  s lig h tly  
sh if te d  to  higher fre q u e n c ies  u p o n  co m p lex a tio n . T hose  below  650 c m - 1  

ex p e rie n c e  su b stan tia l s h if ts  to  h igher freq u en c ies  w hen  com pared  w ith  
co rre sp o n d in g  bands in  free  lig a n d s . The sp ec tra  o f  th e  1 : 2 copper(I) ch lo ride
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Table V

I R  spectra o f  free  and coordinated mcthylquinoline 
(4-MeQ)

4-M eQ Cu(4-M eQ )Cl Cu(4-M eQ ),Cl C u(4-M eQ )I A ssig n m en ts

1622 m 1625 w m 1625 wm 1625 w m i - ( C - C ,  C - N )
1600 vs 1600 vs 1595 vs 1605 vs r ( C - C ,  C - N )

1575 wm
1575 s 1580 sh 1582 m v ( C - C ,  C - N )

1565 m
1530 sh 1550 w 1545 w m 1550 w v ( C - C ,  C - N )

1525 m
1515 s 1520 s 1520 s

1515
1460 m s 1465 m 1440 m s 1460 m v (С—C)
1445 rn 1450 m 1440 m s 1445 m v CH3, an tisym .

bending
1425 w m 1430 w 1425 m 1430 m v (С—C, C - N )
1395 w 1400 s 1395 s 1395 s v (С—C, C - N )
1382 w m 1385 s 1380 m CH3 sym . bending

1365 m 1365 m 1365 m
1308 s 1305 s 1305 s 1308 s

1270 w 1270 wm 1270 w / ? ( C - H )
1248 m s

1255 m s 1255 m s 1250 m s ß (C —H )
1220 w 1210 m 1210 m 1215 m / ? ( C - H )
1165 m 1160 m 1160 m 1165 m ß (C—H )
1145 m 1145 m 1150 m s
1090 w 1100 m 1090 m 1105 m
1065 w 1070 w 1070 w 1070 w
1020 wm 1035 m 1030 m 1028 m CH3, rock

885 m 875 m
860 w 880 in

865 m 865 m
842 vs 840 vs 840 vs 845 s У (C — II)
818 m 830 sh 835 vs 835 s у  (C—II)

820 m
790 m 815 m 815 m y (  C - H )

810 m
760 vs 778 m 775 s 768 m s у  (С—II)
750 sh 745 vs 755 vs 755 vs У ( C - H )
708 m 705 m 705 m 710 m
630 w 635 wm 635 m 632 in
568 m 585 m 580 m 590 m
520 w 530 w 530 w 530 w
480 w m 490 w 490 w 495 w m ring deform ation

475 m
455 m 472 m 475 m

465 m s
420 s 418 s

com plexes o f  4-M eQ an d  4-C1Q show  sp littin g  o f  m a n y  ab so rp tio n  b a n d s  w hen 
co m p ared  w ith  tho se  o f 1  : 1  copper(I) h a lide  com plexes o f th e  sam e lig an d .

In  th e  case o f 4-M eQ com plexes ap p rec iab le  sh ifts  are  o b serv ed  for 
b an d s a t  568, 520, 480 an d  455 c m -1 , p a r tic u la r ly  th e  f irs t  an d  th e  fo u r th  
h an d s . S im ilar sh ifts  a re  o bserved  fo r o th e r  m e ta l com plexes o f  4-M eQ [24].
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F o r  2-C1Q th e  shifts o f 402 , 440  an d  605 c m - 1  b a n d s  are  o f ap p rec iab le  m agn i­
tu d e . T h e se  resu lts are s im ila r  to  th o se  observed  fo r th e  co rrespond ing  p y rid ine  
d e r iv a tiv e  com plexes [22, 23].

L ikely  structures for the complexes

T h e  IR  spectra  o f  th e  c o p p e r(I)  h a lide  com plexes o f 3 -H Q A  a n d  4-H Q A  
show  t h a t  th e y  co n ta in  a H -b o n d in g  o f th e  ty p e ;

O - O . . .  О
/  \

- C  c -

O . . .H  -  o/

I n  th e  sp e c tra  of th e  co p p e r(I)  ch loride com plexes of b o th  acids no  h an d s  in  
th e  re g io n  400—200 c m - 1  cou ld  be  assignab le  to  v Cu— Cl s tre tc h in g  v ib ra ­
tio n s . T h is  im plies [25] t h a t  th e  halides a c t as b rid g in g  a to m s. T h e  sp ec tru m  
o f th e  copper(I) ch lo ride  co m p lex  o f 4 -H Q A  is v e ry  close to  t h a t  of th e  
C u (H IN A )C l com plex (H IN A  =  ison ico tin ic  acid) w hich  has been  s tu d ie d  b y  
m e a n s  o f  X -ra y  s tru c tu re  an a ly s is  [26]. T h is com plex  w as fo u n d  to  ex h ib it a 
“ r ib b o n ”  s tru c tu re ;

W e p ro p o se d  a sim ilar s tru c tu re  fo r th e  4 -H Q A  com plexes w here th e  copper 
a to m  is a tta c h e d  to  th e  o rg an ic  lig an d  an d  to  th re e  chlorides in  a z igzag chain  
h a v in g  a  te tra h e d ra l g eo m e try .

1 : 1 copper(I) h a lid e  com plexes o f 4-M eQ, 4-C1Q an d  2-C1Q, ex h ib it 
M LC T h a n d s  in th e  ran g e  370— 500 n m , an d  th e ir  energies are  in flu en ced  b y  
th e  s u b s ti tu e n t  g roup  as w ell as th e  h alide  ion. T hese  tre n d s  are  v e ry  sim ilar 
to  th o s e  o f  pyrid ines [7, 12]. T he fa r  in fra red  sp ec tra  o f th e  1 : 1 copper(I) 
ch lo rid e  com plexes o f  th e  th re e  lig an d s do n o t  show  an y  b a n d  assignab le  to  
v C u— Cl s tre tch in g  m odes, a n d  th e re fo re  in d ica tin g  b rid g in g  ch lo ride  ions. 
A  “ C u b a n e ”  like s tru c tu re  h a s  been  fre q u e n tly  rev ea led  b y  th e  X -ra y  analysis 
o f  [Cu L X ] 4 (L =  p y  fo r X  =  I  [4], L  =  d ie th y l n ico tin am id e  fo r X  =  I  [3]);
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L u -

X -

Cu -

■a
-X

-Cu
7 х

T h e  v e ry  close sim ila rities  o f such copper(I) com plexes w ith  those  o f 4-M eQ , 
4-CIQ a n d  2-C1Q led  us to  propose te tra m e r ic  [C u L X ] 4 w ith  “ c u b a n e ”  like 
s tru c tu re s  fo r th e se  la t te r  com plexes.

T he sp ec tra  o f th e  1 : 2 copper(I) ch lo rid e  com plexes of 4-MeQ o r 4-CIQ, 
do n o t e x h ib it v Cu— Cl b an d s  in  th e  400— 200 c m - 1  region. T hese com plexes 
are  a lm o st c e rta in ly  d im ers [CuL 2 C1] 2 w ith  te tra h e d ra l  g eo m etry  a ro u n d  
co p p er(I).
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STUDIES ON METAL COMPLEXES OF 
2-(o-HYDROXYPHENYLIMINOMETHYL) 

THIOPHENE AND 2-(o-HYDROXYPHENIL- 
IMINOMETHYL)PYRROLE

F e rm ín  Ca p i t á n , F ran c isca  M o l i n a , P ed ro  E s p in o s a  and 
Luis F e rm ín  Ca p i t á n -V a l l v e y *
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T h e  sy n th e s is  o f  Zn, Cd an d  N i co m plexes o f  Schiff bases 2 -(o -hydroxyphenyI- 
im in o m eth y l)th io p h en e  an d  2 -(o -h y d ro x y p h en y lim in o m eth y l)p y rro le  is described . 
T he n a tu re , co m p o sitio n  and  s tru c tu re  o f th e  iso la ted  solid com plexes h a v e  b een  e luci­
d a te d  b y  e le m en ta l a n d  th e rm o g rav im etric  a n a ly s is , m o lar conductance , U V -V IS , I R  and 
4 I-N M R  sp e c tra , a n d  m agnetic  m easu rem en ts . B o th  reag en ts  a c ts  as m o n o n eg a tiv e  
b id cn ta te  ligands.

Introduction

Schiff b ases  can  be  considered  as u sefu l ch e la tin g  agents w h en  a su itab le  
fu n c tio n a l g roup  e.g . -O H , -SH , -COOH, e tc ., is p resen t su ffic ien tly  close to  
th e  azom eth ine  g ro u p  so as to  fo rm  a f iv e  o r six-m em bered  ch e la te  r in g  upon  
re a c tio n  w ith  a m e ta l ion . E x ce llen t rev iew s a re  now  availab le  on th e  p re p a ra ­
tio n , p ro p ertie s  a n d  s tru c tu ra l aspec ts  o f  S ch iff  b ase-m eta l com plexes [1— 5].

W e are  in te re s te d  in  th e  s tu d y  of th e  com plex ing  ab ilities a n d  a n a ly tic a l 
ap p lica tio n s o f  h e te ro cy c lic  azom eth ines. Som e resu lts  have  b een  p rev io u sly  
re p o rte d  [6 — 8 ]. I n  th e  p resen t p a p e r we re p o r t  on chela tes o f  S ch iff  bases 
derived  from  th e  re a c tio n  of th io p h en e- a n d  p y rro le - 2 -a ldehyde w itli o-am ino- 
pheno l. The s tu d y  in v o lv ed  th e  syn th esis  a n d  c h a rac te riza tio n  o f  th e se  com ­
plexes in  o rd er to  e s ta b lish  th e  bon d in g  s ite s  on th e  ligands u n d e r in v e s tig a tio n .

Experim ental

M aterial and solutions

All th e  re ag e n ts  u se d  w ere o f an a ly tic a l g rad e . T hiophene-2 -aIdehyde  w as d is tilled  and  
py rro le-2 -a ld eh y d e  w as recry sta llized  (from  p e tro leu m  e th e r) before use.

S ch iff bases u n d e r  in v es tig a tio n  w ere p re p a re d  b y  condensing eq u im o lar a m o u n ts  o f 
o-am inophenol a n d  th e  correspond ing  a ldeh y d e  in  e th a n o l u n d e r reflux . T h e  p ro d u c ts  were 
recry sta llized  fro m  e th a n o l-w a te r .

* To w hom  corresp o n d en ce  shou ld  be ad d ressed

Acta Chim. Hung. 121, 1986
Akadémiai Kiadó, Budapest



3 7 4 CAPITÁN et al.: STUDIES OF METAL COMPLEXES

HO

I, 2 -(o-H ydroxyphenylim inom ethyl) th iophene  ( X = S )  
I I ,  2 -(o-H ydroxyphenylim inoinethyl) p y rro le  ( X = N H )

S y n th e sis  a n d  analysis o f  the com plexes

T h e se  w ere syn thesized  b y  m ix in g  h o t e th an o lic  so lu tio n s  o f  th e  ligand  a n d  th e  m e ta l 
sa lts  ( n i t r a te s  o r ace ta tes) c o n ta in in g  th e  a p p ro p ria te  q u a n ti t ie s  o f th e  re a c ta n ts  in  m o la r 
ra tio  ( l ig a n d  : M2+) 2 : 1. T h e  re a c tio n  m ix tu re  w as th e n  re flu x ed  on  a w a ter b a th  fo r a b o u t  
30 m in . T h e  p ro d u c ts  were f ilte red , w ash ed  w ith  e th a n o l a n d  d ried  in  v acu u m  over CaCl2. ( I t  is 
w o r th y  to  n o te  th a t  th e  solid c o m p lex  of N i w ith  th io p h e n e  d e riv a tiv e  ligand  could  n o t  be 
iso la te d ).

T h e  c h e la te s  w ere th e n  a n a ly z e d  fo r th e ir  carb o n , h y d ro g e n , n itro g en  and  m eta l c o n te n ts . 
T h e  a n a ly t ic a l  d a ta  along w ith  th e  decom position  te m p e ra tu re s  a re  given in  T ab le  I .  T h e

Table I

Properties and  analytical data o f  S c h if f  base chelates

C o m p le x
M

C olour
D ecom p. %  F o u n d  (Calcd.)

cm 2 • m ol 1 te m p  °C c H N M

Zn(Cu H 8N O S)2 2.8 re d d ish 277 56.45
(56.24)

3.27
(3.43)

6.01
(5.96)

14.21
(13.91)

Cd(Cn H 8N O S)2 8.6 yellow ish 285 51.82
(51.12)

3.18
(3.12)

5.53
(5.42)

21.32
(21.74)

Zn(Cn H 9N 20 ) 2 1.8 yellow 260 60.42
(60.64)

4.29
(4.16)

12.74
(12.85)

15.30
(15.00)

C d i C ^ H ^ O ) , 6.3 yellow 290 54.64
(54.73)

3.98
(3.76)

11.32
(11.60)

24.10
(23.30)

N i(Cu H 9N 20 ) 2 6.8 yellow ish 260 61.34
(61.58)

4.24
(4.23)

12.64
(13.06)

14.01
(13.71)

ab sen ce  o f  w a te r  m olecules in  eac h  ch e la te  w as co n firm ed  b y  th erm o g rav im etric  a n a ly s is . 
A ll th e  com p lex es have M L2 sto ich io m etry .

P h ysica l measurem ents

M o la r conductance  in  D M F  so lu tions w ere c a rr ie d  o u t  u sing  a C o n d u c tiv ity  m e te r  
R a d io m e te r  ty p e  CDM 2e a t  25 °C. I R  sp ec tra  w ere re co rd e d  o n  a  R eckm an  4240 I R  S p e c tro ­
p h o to m e te r  in  th e  4000— 250 c m -1  ra n g e  using  K B r p e lle ts  o f  th e  sam ples. *H-N M R sp e c tra  
w ere re c o rd e d  on  a  B ruker m od . W P 8 0 S Y  N M R  S p e c tro m e te r  in  DM SO using TM S as in te rn a l 
re fe ren ce . T h e  electronic sp e c tra  w e re  d e te rm in ed  w ith  a  U V -Y IS B ausch-L om b S p ec tro n ic  
2000 S p e c tro p h o to m e te r  u sing  1 cm  q u a rtz  cells.

M a g n e tic  m easu rem en ts fo r N i com plex  w ere d o n e  in  a  B ru k e r  B-M4 a p p a ra tu s  a t  ro o m  
te m p e ra tu r e  b y  th e  Gouy m e th o d  u s in g  m erc u ry (II)  te t r a h io c y a n a to  c o b a lta te (II) . T h e  v a lu e  
r e p o rte d  w a s  m easured  a t  th re e  f ie ld  s tre n g th s  an d  i t  is  th e  av erag e  of th ree  d e te rm in a tio n s . 
D ia m a g n e tic  corrections w ere ap p lie d  to  th e  com plex befo re  c a lcu la tin g  th e  m ag n e tic  m o m e n t.
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R esu lts an d  D iscussion

S ch iff base  com plexes are  yellow ish  o r redd ish  an d  th e y  h a v e  lim ited  
so lu b ility  in  com m on organic  so lven ts. T h e  lim ited  solubilities d id  n o t  p e rm it 
th e  d e te rm in a tio n  o f th e ir  m olecular w eigh ts.

E le c tr ic a l co n d u c tan ce  m easu rem en ts  in  D M F showr th ese  com plexes to  be 
n o n -e lec tro ly tes .

T he assig n m en t o f ch a ra c te ris tic  in fra re d  frequencies for lig an d s  a n d  th e ir  
com plexes are  g iven  in  T ab le  I I .  T he h igh  in te n s ity  b an d  a ro u n d  1615 c m - 1  in  
th e  lig an d s a t tr ib u ta b le  to  th e  C = N  s tre tc h in g  is sh ifted  to  low er frequenc ies 
in  th e  com plexes show ing th a t  th e  co o rd in a tio n  has ta k e n  p lace  th ro u g h  th e  
azo m eth in e  n itro g en  an d  as a re su lts  o f th is  th e  bond  o rd er o f ca rb o n  to  n i tro ­
gen lin k  is decreased  [9— 14].

T able  I I

I R  and 4 I - N M R  data

C om pound

I R  ( c m * 1) 1H -N M R  (<5, p p m )

v ( N — H ) v (О— H ) r ( C = N ) r(C—O)
A ro m atic  

r in g  ( 
p ro to n s

- C H = N )  (О — H ) (N — H)

Cu H 9NOS _ 3200 —2700vb 1612 s 1260 s 5.5 — 6.5 7.53 7.65
Zn(Cn H 8NO S)2 — — 1597 s 1280 m 5.1—6.9 7.86 —

Cd(Cn H 8NO S)2 — 1595 s 1280 m 5.2—6.6 7.67 —

3278s, 3323s 1617 s 1240 s 6 .0 -7 .3 8.40 b 8.6
Z n (C „H 0N ,0 ) , 3120—3048w — 1607 s 1280 m 6.3—7.6 8.75 15
с а (с ,,н л ,о )„ 3120 —3015w — 1612 s 1275 m a a a a
N i(Cu H 9N20 ) 2 3100 — 3015w — 1608 a 1275 m a a a a

a: slig h tly  soluble; b : included in  p ro to n s  a ro m a tic  m ultip le t

T he b a n d  w hich  ap p ears  in  th e  reg ion  1260— 1240 c m - 1  in  th e  I R  sp ec tra  
o f  th e  S ch iff bases is a t t r ib u te d  to  th e  pheno lic  C— О s tre tc h in g  v ib ra tio n . 
T h is b a n d  is fo u n d  a ro u n d  1280 c m - 1  in  th e  IR  sp ec tra  o f  th e  com plexes, 
sug g estin g  th a t  th e  oxygen  a to m  o f th e  pheno lic  group is a b o n d in g  s ite  o f  th e  
lig an d s [1 2 ,1 5  — 17]. T he d isap p earan ce  o f  th e  v (O— H) h an d  in  th e  3300— 2700 
reg ion  in  th e  com plexes confirm s th is  fac t.

E v id en ce  fo r th e  th io p h en e  su lfu r a to m  being  c o o rd in a ted  to  th e  
m e ta l a to m  could  n o t be o b ta in ed .

1 H — N M R  sp ec tra  fo r ligands an d  th e ir  com plexes w ere ta k e n  in  DM SO. 
C hem ical sh ifts  fo r p ro to n s  are  g iven  in  T ab le  I I .  The resonance  signal d u e  to  
azo m eth in e  p ro to n  show s, in  th e  com plexes, a dow n-field  sh if t as co m p ared  
to  th e  co rresp o n d in g  Sch iff base  ligand  in d ic a tin g  its  desh ield ing  as a  re su lt  of 
co o rd in a tio n  th ro u g h  th e  azom eth ine  g roup  to  th e  m etal. F u r th e rm o re , in  th e  
sp e c tra  o f  th e  com plexes, th e  resonance  signal due to  o-O H  g ro u p  d isap p ea rs , 
sug g estin g  th a t  th e  h y d ro x y  g roup  h as  ta k e n  p a r t  in  th e  reac tio n . O n th e  o th e r
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h a n d , th e  presence o f  a s ig n a l a t  15 ppm  fo r Z n  com plex  o f p y rro le -d e riv a te  
lig an d  in d ica tes  th a t  th e  p y rro le  n itrogen  is p ro to n a te d  an d  therefo re  i t  is n o t 
in v o lv ed  in  chela tion . I n  a ll cases, th e  in te g ra te d  p ro to n  ra tio s  co rrespond  to  
th e  fo rm u la  assigned to  th e se  com plexes. T hese  o b se rv a tio n s su p p o rt th e  
in f ra re d  conclusions.

I R  an d  1 H — N M R  d a ta  provide u n eq u iv o ca l ev idence th a t  th e  lig an d s, 
p o te n tia lly  t r id e n ta te , fu n c tio n  as m o n o n eg a tiv e  b id e n ta te , show ing th e  
co o rd in a tio n  to  th e  c e n tra l  m e ta l a tom  th ro u g h  n itro g en  o f azom eth ine  g roup  
a n d  o x ygen  of pheno lic  g ro u p .

T h e  electron ic s p e c tra  o f  th e  com plexes in  DM SO or D M F ex h ib it th re e  
h a n d s  in  th e  250— 400 n m  reg ion , w hich co rre sp o n d  to  th e  ab so rp tio n  b a n d  
o f th e  ligands. F u r th e rm o re , Z n  com plex of I  a n d  N i com plex  of I I  show  a b a n d  
a t  440 a n d  518 nm , re sp e c tiv e ly , w hich m a y  b e  assigned  to  a ch a rg e -tran sfe r 
t ra n s i t io n .

O n th e  basis o f  th e  ex p erim en ta l re su lts , a te tra h e d ra l s te reo ch em istry  
m a y  be  proposed  fo r th e  com plexes s tu d ied .

A  fu r th e r  c o n firm a tio n  o f th e  p roposed  s tru c tu re  is ev idenced fo r Ni 
com plex  b y : (i) th e  m a g n e tic  m o m en t ft =  3.43 B M ; =  4.9 X 10 “ 3 ucgs. 
m o l“ 1) fa ll w ith in  th e  ra n g e  2 .97— 4.1 BM re p o r te d  fo r te tra h e d ra l com plexes 
o f N i [18]; (ii) th e  p resen ce  in  th e  visible sp e c tru m  o f a low  in te n s ity  h a n d  a t  
578 n m , w hich m ay  be assigned  to  a tra n s itio n , 3 T\(P)-*-3T 1(F )  in  a te tra h e d ra l  
fie ld  [19].
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T he a c tu a l in te rn a l c o n fo rm a tio n a l s tru c tu re  o f tr is e th y len e d ia m in e  n ick e l(II) 
com plex  ion  h as been  in v es tig a te d  a n d  solved.

T h e  effect o f th e  c o u n te r  io n  o n  th e  co m plex  ion w as fo u n d  to  p ro d u c e  d iffe ren t 
co n fo rm atio n a l s tru c tu re s . O n ly  su lp h a te  io n  w as able to  stab ilize  th e  co m p lex  ion  in  th e  
cis-form  v ia  stro n g  hy d ro g en  b o n d in g  w h ereas a  gauche-torm  ap p ea red  to  b e  th e  com m on 
fo rm  w ith  n i tra te  an d  chloride  ions.

In tro d u c tio n

P ow el an d  S h ep p ard  [1] m ad e  a g enera l c lassification  fo r m a n y  o f th e  
co m pounds o f th e  m e ta l e th y len ed iam in e  com plex  accord ing  to  th e  degree of 
co m p lex ity  invo lved  in  th e  sp e c tra l p a tte rn s  o f  th e ir  in fra red  c h a r ts . C om plexes 
o f  А -ty p e  inc lude  th o se  c h a rts  w h ich  h a v e  in fra red  sp ec tra  s im ila r  to  th e  
sp e c tru m  o f tris -e th y len ed iam in e  c o b a lt( I I I )  com plex  ion an d  /3-type com lpexes 
h a v e  c h a rts  w ith  r a th e r  sim p ler sp e c tra l p a tte rn s  w hich are  s im ila r  to  th e  
sp e c tru m  correspond ing  to  tr is -e th y le n e d ia m in e  n ickel(II) co m p lex  ion .

T h e  in te rn a l co n fo rm atio n a l o r ie n ta tio n  of th e  e th y le n e d ia m in e  (en) 
ch e la te  a tta c h e d  to  th e  c e n tra l m e ta l a to m  w as th e  p rin c ip a l b as is  fo r th e  
c lassifica tio n , i.e . w h e th e r a cis- o r gauche-fo rm  is p roduced .

A s a  re su lt o f th e  fa c t t h a t  b o th  co n fo rm atio n a l s tru c tu re s  b e lo n g  to  th e  
sam e D 3 p o in t g roup , sy m m e try  co n sid e ra tio n  alone was n o t ab le  o r  su ffic ien t 
to  d isc rim in a te  betw een  th is  class o f com plexes. A close e x a m in a tio n  o f  th e  
cis-form  h as, how ever, rev ea led  th e  ex is ten ce  o f h igher local sy m m e try  in  th e  
ch e la te  ring . A ccord ingly , i t  is ex p ec ted  fo r com plexes belong ing  to  th is  ty p e  
to  e x h ib it in fra red  sp ec tra  w ith  s lig h tly  s im p le r p a tte rn s . T h is fa c t  led  Pow ell 
a n d  S h ep p a rd , in  th e  f irs t  p lace , to  c lassify  a com plex ion like  tr is -e th y le n e -

* T o w hom  correspondences sh o u ld  be  add ressed

Acta Chim. Hung. 121, 1986
Akadémiai Kiadó, Budapest



378 EL-SAYED et a!.: STRUCTURE OF NICKEL(II) COMPLEX ION

d ia m in e  n ickel(II) as to  possess a c is-con figu ra tion , w here  th e  tw o carbon  
a to m s  o f  th e  e th y len ed iam in e  m olecule are in  th e  sam e p lan e  occupied b y  th e  
n ic k e l a n d  tw o n itro g en  a to m s  o f th e  e th y len ed iam in e  m olecule. L a te r , W a ta -  
n a b e  a n d  A toje [2], o n  th e  c o n tra ry , po in ted  o u t  t h a t  th e  re su lts  of th e  x -ra y  
d if f ra c tio n  analysis m ad e  o n  th e  chloride sa lt o f  th e  sam e com plex species has 
p re d ic te d  a gauche-form. I n  th e  opposite  case, b o th  in f ra re d  and  x -ray  s tu d ies  
c a r r ie d  o u t b y  o th e r in v e s tig a to rs  [3, 4] ag reed  to  assign  А -type  com plexes 
e x em p lif ied  b y  th e  tr is -e th y le n e d ia m in e  c o b a l t ( I I I )  com plex  to  th e  gauche- 
fo rm  w h ich  possesses less lo c a l sym m etry .

I n  fac t, these re p o r ts  a p p e a r  to  be h ig h ly  c o n tra d ic to u s  th e  th in g  th a t  
m a d e  th e  au tho rs [5] to  re v o k e  th e ir  earlied  su g g estio n  an d  re in v es tig a te  th e  
r e s u lts  o f  m ore sp ec tra l c h a r ts  o f  o ther sim ilar co m plexes. In  a recen t re p o r t , 
th e y  concluded  th a t  th e  m a rk e d  varia tio n s o b se rv ed  in  th e  spectra l p a tte rn s  
b e tw e e n  А -type  an d  В -ty p e  com plexes are, in  fa c t,  cau sed  m ain ly  b y  th e  g re a t 
c h a n g e s  in  in tensities o f  v a r io u s  bands e.g. th e  reg io n s 600— 800; 1 0 0 0 — 1 2 0 0  

c m - 1  show ed th e  m o st d is tin c tiv e  differences b e tw e e n  th e  tw o ty p es o f com ­
p le x e s . F o r exam ple, th e  c h a ra c te r is tic  b an d  a t  1030 c m - 1  is p a rticu la rly  v e ry  
s tro n g  a n d  can only  b e  o b se rv e d  in  th e  in fra re d  c h a r ts  o f В -type  com plexes. 
T h is  b a n d  was concluded  b y  th e  au th o rs  [6 ] to  be  re sp o n sib le  for th e  d esappear- 
an c e  o f  som e v ib ra tio n a l b a n d s  th e  reason th a t  th e  in fra re d  ch a rts  o f B -ty p e  
co m p lex es seem ed to  a p p e a r  r a th e r  sim pler in  sp e c tra l  p a tte rn s . F u rth e rm o re , 
a n  x - r a y  d iffraction  s tu d y  w a s  m ade on a n o th e r  co m p lex  o f В -type  b ro u g h t a 
f u r th e r  con firm ation  fo r th e  re su lts  o b ta in ed  b y  P ow ell an d  Sheppard .

N a k a h a ra  e t al. [7] re p o r te d  th a t  in  case o f  th e  [C u(en ) 2 ] 2 + com plex ion , 
d e sp ite  th e  fact th a t  th e  fo u r  n itro g e n  atom s o f b o th  e th y len ed iam in e  m olecules 
a re  e q u a lly  bonded to  th e  c e n tra l  copper a to m , th e  r in g  fo rm ed  b y  th e  e th y le n e ­
d ia m in e  m olecule show ed a n  leav e  space ap p rec iab le  d iss im ila rity  in  N — Cu 
b o n d  d is tan ces  while th e  co m p lex  w as in  th e  gauche-con figu ra tion  of th e  rin g  
[8 ]. T h is  w ould, e ffec tively , re s u lt  in  a ring  d is to r tio n , th u s  i t  m igh t acco u n t 
fo r  th e  differences o b se rv ed  in  th e  in te n s ity  o f  v a rio u s  v ib ra tio n a l h a n d s  of 
В - ty p e  sp ec tra . T his la s t  f a c t  u rged  Pow ell a n d  S h ep p a rd  [6 ] to  a b a n d o n  
th e i r  ea rlie r suggestion a n d  w ith d ra w  an o th e r conclu sio n  th a t  tr ise th y len ed ia - 
m in a  n ick e l(II)  com plex  io n  belongs to  gauch e-co n fig u ra tio n .

I n  o rder to  c la rify  th e  m a t te r  ab o u t th is  p ro b lem , th e  in frared  sp e c tru m  
o f [N i(en )3]2+ com plex io n  h a s  been  re in v es tig a ted  a n d  th e  effect of th e  c o u n te r  
io n  o n  th e  in te rn a l c o n fo rm a tio n a l s tru c tu re  o f  th e  com plex  species h as  also 
b e e n  exam ined .

E xperim ental

T h e  su lphate , n i tra te  a n d  ch lo rid e  sa lts o f th e  tr ise th y len e d ia m in e  n ick e l(II) com plex  
h a v e  b e e n  p rep ared  acco rd ing  to  s ta n d a r d  m ethods [9]. C hem ical fo rm u las have  been  checked  
b y  c h em ica l analysis. T h is is c a r r ie d  o u t  b y  passing  a so lu tio n  co n ta in in g  a  know n w eigh t o f th e
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d ried  solid com plex th ro u g h  a  c a tio n  exch an g er in  th e  H -fo rm . T h e  eq u iv a len t a m o u n t o f  th e  
acid  lib e ra te d  w as t i t r a te d  w ith  a  s ta n d a rd  b o ra x  so lu tio n  u s in g  m e th y l o range  a s  a n  in d ic a to r.

A  P y e  U n icam  S P  2000 ir  sp ec tro m ete r was u tilized  to  reco rd  th e  in fra red  sp e c tra  o f  th e  
d iffe ren t sa lts o f th e  n ickel com plex  in  p o tassiu m  b ro m id e  discs. T h e  chem ical fo rm u la s  were 
fo u n d  as follows:

N i(en)3S 0 4; N i(en)3Cl2 • 2H 20 ;  N i(en )3( N 0 3)2 

R esu lts and  D iscussion

T he in f ra re d  sp e c tra  o f su lp h a te , n i t r a te  a n d  ch lo rid e  sa lts  o f  th e  tris -  
e th y le n e d ia m in e  n ic k e l(II)  com plex  are  show n in  F ig . 1. T h e  im p o r ta n t 
v ib ra tio n a l freq u en c ies  w h ich  h av e  in d ic a te d  som e no ticeab le  ch an g es are  
g iven in  T able  I .  T h e  solid  line rep resen ts  th e  sp e c tru m  o f th e  com plex  species 
a s  su lp h a te  s a lt w hereas th o se  fo r th e  n i tr a te  a n d  ch lo ride sa lts  a re  re p re se n te d  
b y  th e  b roken  a n d  d o tte d  lines, resp ec tiv e ly .

T he sp e c tru m  in  i ts  overa ll p a t te rn  is in  close ag reem en t w ith  th a t  
o b ta in ed  b y  P ow ell an d  S h ep p a rd  [6 ]. H ow ever, th e re  h av e  b een  som e g ra d u a l

Table I

Changes in  in tensity  o f  [N i(en)3]2 + complex by the counter ion

V ib r a t io n a l  m o d e
W a v e  n u m b e r  g iv e n  b y  

r e f e r e n c e  [6 ]
W a v e  n u m b e r P e r  c e n t  t r a n s m i t t a n c e  % T

re c o rd e d
N i( e n ) ,S O ,  N i ( e n ) , ( N 0 3) , N i(e n ) ,C l,

N i - N 480.0 (s) 490.0 64.0 39.0 46.2
505.0 57.8 49.5 —

515.0 (s) 517.0 54.5 31.5 32.0
532.0 44.0 — —

N H 2 rock 617.0 613.0 30.2 — 55.1
640.0
653.0 654.0 59.0 28.0 32.0

R ing  skel. 867.0 (w) 706.0 51.8 59.5 —
C H 2 rock 882.0 (vw)

972.0 (s) 978.0 57.8 37.5 42.6
R ing skel. 1023.0 (vs) 1026.0 13.5 4.5 6.0

1035.0 15.5 — —

1072.0 — 60.0 55.8
N H 2 T w ist 1101.0 (m) 1095.0 8.6 52.5 45.5

1112.0 — 52.5 43.0
N H 2 W ag 1142.0 (w) 1122.0 4.2 — —

R ing  skel. 1158.0 (w) 1150.0 — 40.5 38.2
C H 2 T w ist 1282.0 1272.0 55.3 33.5 50.5

1323.0 — 22.0 55.3
C H j W ag 1332.0 (s) 1336.0 64.5 — —

1373.0 (w)
1399.0 (vw)

CH2 Scissors 1463.0 1451.0 60.0 28.0 50.6
N H j Scissors 1581.0 (s) 1580.0 — 33.0 47.7

1596.0 (s) 1598.0 48.0 31.8 49.5
v  C H , 2897.0 2882.0 43.0 36.4 38.0

2947.0 2922.0 40.5 33.0 36.0
v  NH., 3188.0 3165.0 22.0 28.5 26.0

3250.0 — 12.2 11.5
3292.0 (s) 3295.0 8.0 7.5 7.5
3342.0 (s) 3324.0 — 9.0 12.5

3480.0 45.0 30.5 30.5
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chan g es observed  in  th e  in te n s ity  o f v a rio u s  v ib ra tio n a l bands on go ing  from  
th e  com plex  species as su lp h a te  sa lt to  th o se  correspond ing  to  n i t r a te  and  
ch lo ride  sa lts. A n u m b e r o f v ib ra tio n a l b a n d s  w ere found to  d ecrease  in  
in te n s i ty  an d  a t  th e  sam e tim e  an o th e r set o f  new  b an d s  appeared  a t  d iffe ren t 
w av e len g th s  w ith  d iffe ren t in te n s ity . F o r ex am p le , in  th e  sp ec tru m  re p re s e n t­
ing  th e  com plex species in  th e  su lp h a te  sa lt, th e  b a n d s  a t  505, 613 a n d  706 c m - 1  

a p p e a re d  w ith  m uch  low er in te n s ity  in  th e  sp e c tra  o f th e  sam e co m p lex  species 
in  th e  n i tr a te  an d  ch lo ride  sa lts. W hereas, th e  b a n d s  a t  532, 1035, 1122 an d  
1336 cm - 1  did no t a p p e a r space a t  all. On th e  o th e r  h a n d , th e  hands a t  1072 ,1112 , 
1150 1323, 1580, 3250 a n d  3285 c m - 1  ap p e a re d  w ith  m uch h ig h er in te n s ity  
in  th e  sp ec tra  re p re se n tin g  tho se  for n i t r a te  a n d  chloride sa lts w h e reas  these  
b a n d s  d isap p eared  co m p le te ly  in  th e  sp ec tru m  correspond ing  to  th e  su lp h a te  sa lt.

I t  is in te re s tin g  to  n o te  th a t  none o f  th e se  frequencies b e lo n g  to  th e  
n o rm a l v ib ra tio n a l frequencies o f th e  free su lp h a te  ion  [1 0 ].

T h e  overall effect re su lte d  on chang ing  th e  an ion  is to  cause som e v a r ia ­
tio n s in  b an d  in te n s ity , changes of th is  k in d  m ig h t p rim arily  su g g est th a t  
ch an g in g  th e  an ion  w 'ould p ro b ab ly  a lte r th e  o v era ll geom etry  o f th e  com plex  
[N i(en )3]2+ i.e. from  o c ta h e d ra l to  te tra g o n a l o r sq u are  p lan ar. Such  a sugges­
tio n  seem s to  be h ig h ly  im probab le . T his is d u e  to  th e  fac t th a t  th e  g enera l 
fe a tu re s  of th e  th ree  sp e c tra l ch a rts  w ere fo u n d  a lm o st th e  sam e ex cep t in  b a n d  
in te n s i ty  as ex p la in ed  earlie r in  th e  te x t . T h is  leaves little  d o u b t t h a t  such 
chan g es m u st b e a r a d ire c t relevance to  th e  in te rn a l co n fig u ra tio n  o f  th e  
e th y len ed iam in e  rin g  a tta c h e d  to  th e  c e n tra l n ick e l a to m  w ith  th e  sam e  D 3 
p o in t g roup  i.e. w h e th e r th e  ch e la ted  ring  is go ing  to  produce  a cis- от gauche-form.

T h e question  is: exchang ing  th e  an ion  from  su lp h a te  to  n i tra te  o r ch lo ride 
w ould  cause a m a jo r ch an g e  in  th e  co n fo rm a tio n a l s tru c tu re  of th e  b a s ic  u n it 
[N i(en)3]2+ i.e. fro m  cis- to  gauche-form  o r v ice  v e rsa ?  I f  th e  an sw er is yes, 
th e n  to  w h a t e x te n t th is  conversion  tak es  p lace  a n d  w h a t is th e  o rig in a l con­
fo rm a tio n a l s tru c tu re  in  w hich  th e  com plex  o f  tr is -e th y len ed iam in e  n ic k e l(II)  
su lp h a te  has been  c ry s ta lliz e d ?

In  o rder to  give sa tis fa c to ry  answ ers to  th e se  questions th e  in v e s tig a tio n  
w as e x ten d ed  to  th e  co rrespond ing  ch lo ride a n d  n itra te  sa lts  o f  [N i(en ) 3 ] 2 + 
co m p lex  ion, as w ell as, also  to  see th e  e ffec t o f  som e b u lk y  an ions a n d  have  
v e ry  l i t t le  ten d en cy  fo r co o rd in a tio n  to  th e  c e n tra l  nickel a to m  e.g. p e rc h lo ra te  
an d  te tra -c h lo ro p la tin a te ( I I ) .  The sp ec tra  o f  th e se  sa lts  show ed no  ch an g es in 
in te n s i ty  an d  p o sitio n  o f  th e  v ib ra tio n a l b a n d s . T h is  revealed  th a t  th e  p resence  
o f su lp h a te  ion  w ith in  th e  c ry s ta l la ttic e  o f  th e  com plex and  a t  a de fin ite  
p o s itio n  has show n to  he  h ig h ly  im p o r ta n t to  h a v e  an y  changes in  th e  in te n s ity  
o f v a rio u s  v ib ra tio n a l b a n d s . T his fac t m ig h t p ro v id e  an  in d irec t an sw er to  th e  
th ird  q uestion . T h is can  be  seen th ro u g h  a c loser inspection  of th e  n a tu re  and  
th e  ty p e  o f in te ra c tio n  t h a t  m ay  ex ist b e tw e e n  th e  com plex species o f  tr is-  
e th y len ed iam in e  n ic k e l(II)  an d  th e  c o u n te r  ion .
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I t  h a s  been re p o rte d  b y  Pow ell and  S h e p p a rd  [6 ] th a t  h y d ro g en  b o nds 
b e tw e e n  th e  hydrogen  a to m s o f  th e  am ino a n d  m e th y l groups an d  th e  c o u n te r  
io n  m a y  p la y  a m ajo r ro le in  de te rm in in g  th e  g en era l spectra l p a tte rn s  o f  th e  
in f r a r e d  c h a rts , and  hence , th e  overall g eo m e try  o f  th e  com plex species. T h is 
e f fe c t w as  no ticed  in  th e  case  of [P t(en)2]2+ a n d  (P d (en ) 2 ] 2 + com plex  ions. 
T h e  in f r a r e d  spectra  o f b o th  [C u(en)2]2+ and  th e  p re se n t com plex [N i(en )3]2+ in  
th e  c h lo r id e  sa lt were n o t  a ffec ted  on rep lac in g  th e  anion b y  a b u lk y  n o n ­
in te r a c t in g  group such as (P tC l4)2 - ion. T h is cou ld  prov ide a s tro n g  ev idence 
fo r th e  absence  or v e ry  w eak  n a tu re  of h y d ro g en  b o n d in g  w ith  ch lo ride  ions in 
th e  l a s t  tw o  com plexes.

N o w , since th e  p resen ce  o f  su lp h a te  io n  h a s  p roduced  a d is tin c t change 
in  t h e  in f ra re d  spec tru m  o f  th e  [N i(en)3 ] S 0 4 co m p lex  only, th is  ch an g e  m ay  
te n ta t iv e ly  be tak en  as a  m a rk  fo r th e  fo rm a tio n  o f some k ind  o f in te ra c tio n  
b e tw e e n  th e  counter ions a n d  th e  com plex species, i.e. th e  su lp h a te  io n  m u s t 
h a v e  a ssu m e d  the  c h a ra c te r  o f im posing c e r ta in  re s tra in t on th e  in te rn a l 
g e o m e try  o f th e  e th y len ed iam in e  ring . Such a re s t r a in t  m ay  be w eak en ed  (or 
s tr e n g th e n e d )  on rep lac ing  th e  su lpha te  io n  b y  a n y  o th e r co u n te r ion . T h is 
e ffe c t m a y  be d e te rm ined  p ra c tic a lly  by  th e  d isap p earan ce  of th e  b a n d s  a t  
532 , 1035 , 1122 and  1336 c m - 1  w hich co rresp o n d  to  N i— N , C— C rin g  ske le ta l 
a n d  C H 2  w ag  v ib ra tions, re sp e c tiv e ly , and  th e  ap p e a ra n ce  of a new  se t o f b an d s  
w ith  co m p a ra b le  in te n s ity  a t  1072, 1112, 1150, 1323 ,1580 , 3250 an d  3324 c m -1 , 
th e s e  b a n d s  correspond to  N H 2 tw is t, ring  sk e le ta l, N H 2 w ag, CH 2 w ag , N H 2 

S c isso rs  a n d  N H 2 s tre tc h in g  v ib ra tio n s , re sp ec tiv e ly .
A n  ea rly  reference in  th is  connection  re fe rs  to  th e  x -ray  s tu d ies  m ad e  on 

th e  [N i(e n )3]2+ com plex io n  in d ic a te d  th a t  th e  e th y len ed iam in e  rin g  h as  been  
fo u n d  to  assum e a g auche-con figu ra tion  [2]. T h is  in v estig a tio n  w as ap p lied  
o n ly  to  th e  n itra te  sa lt. S ince, how ever, i t  h a s  a lre a d y  been estab lish ed  e x p e ri­
m e n ta l ly  t h a t  th e  th ree  s a lts  o f  th e  [N i(en)3]2+ com plex  were fo u n d  to  have  
s im ila r  sp e c tra l p a tte rn s , th e re fo re , th e  v a r ia tio n  associa ted  in  b a n d  in te n s i ty  
o f  th e  su lp h a te  sa lt can  b e s t b e  explained  in  te rm s  of fo rm atio n  o f  h y d ro g en  
b o n d s .

I n  a n o th e r  x -ray  d iffra c tio n  analysis m a d e  on [Co(en)3 ]Cl2 co m p lex  a 
su f f ic ie n t  s tru c tu ra l d e sc rip tio n  w as given. T h e  com plex  species has b een  fo u n d  
to  b e  su rro u n d e d  by  n in e  ch lo rid e  ions, s ix  o f  th e m  are a t  th e  ap ices o f  a 
d is to r te d  tr ig o n a l p rism  a t  d is tan ces  3.18 a n d  3.26 Á a p a r t  from  th e  n itro g en  
a to m s , w h ereas  th e  o th e r  th r e e  form  e q u ila te ra l tr ian g le  being a t  d is tan ces  
3 .13 a n d  3.41 Á. D istances o f  th ese  m ag n itu d es , in  fac t, seem  to  m in im ize  th e  
p r o b a b i l i ty  o f th e  ex istence  o f  hydrogen  b o n d in g  w ith  chloride ions o r an y  
e x is t in g  m olecule of w a te r  o f  c ry s ta lliza tio n .

T h e re  are  no ava ilab le  d a ta  concerning th e  re su lts  of x -ray  m easu rem en ts  
fo r  th e  sam e  com plex species in  su lp h a te  or n i t r a te  sa lts .

H o w ev er, if  i t  is to  su g g es t th a t  e th y len ed iam in e  ring  is o rig inally  assu m ed
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to  be in  th e  cis-form  th e n  th e  su lp h a te  ion  m u s t be p resen t a t  d e fin ite  p o sitio n  
w ith in  th e  c ry s ta l la tt ic e  so as to  p roduce a su ffic ien t re s tra in t im posed  on th e  
in te rn a l g eom etrica l s tru c tu re  of th e  ring . S u ch  a positio n  m ay  be lo ca ted  a t  a 
d irec tio n  o f th e  th ree -fo ld  sy m m etry  axis. In  th is  w ay , th e  su lp h a te  o x ygen  (in 
a s taggered  o r ie n ta tio n  w ith  resp ec t to  th e  th re e  e th y len ed iam in e  rings a tta c h e d  
to  th e  cen tra l n ick e l a to m ) can  s trong ly  in te ra c t  w ith  th e  hyd ro g en  a to m s o f th e  
am ino  groups. T h is  in te ra c tio n  can b est be ach iev ed  if  th e  positions o f  th e  tw o 
carb o n  atom s w ere  in  th e  sam e p lane occup ied  b y  th e  nickel an d  tw o  n itro g en  
a to m s i.e. if  th e  r in g  is to  assum e th e  c is-form .

A close ty p ic a l  m odelling  inspection  o f  th e  com plex  s tru c tu re  rev ea ls  th e  
fa c t th a t  w ith in  th e  c ry s ta l la ttic e  th e  su lp h a te  ions an d  th e  com plex  species 
a re  p re sen t in  2 : 1 ra tio  in s te a d  of 9 : 1 as in  th e  case of ch lo ride o r n i t r a te  
sa lts , such an a rra n g e m e n t could lead  to  s tro n g  in te ra c tio n  w ith  th e  th re e  rings 
th u s  i t  m igh t be  resp o n sib le  fo r th e  m ark ed  changes in  th e  in te n s ity  o f  v a rio u s  
v ib ra tio n a l b an d s .

A t th e  p re se n t stag e  o f in v estig a tio n  i t  is n o t easy  to  ju d g e  th e  re la tiv e  
s ta b ility  for b o th  co n fo rm atio n a l s tru c tu re s , i t  w as found , how ever, t h a t  th e  
su lp h a te  sa lt o f th e  com plex  is affected  b y  g a m m a  ra d ia tio n . A lso, i t  is in te re s t­
in g  to  n o te  th a t  th e  in fra re d  sp ec tru m  o f p o ta ss iu m  brom ide disc o f th e  su lp h a te  
sa lt cam e in  close ag reem en t w ith  th e  sp e c tra  o f chloride an d  n i t r a te  sa lts  
a f te r  a su ffic ien t perio d  o f irrad ia tio n . T h is  o b se rv a tio n  m igh t suggest th e  
possib ility  o f ex is ten ce  o f  som e k ind  o f in te rc o n v e rs io n  in  th e  in te rn a l con fo r­
m a tio n a l s tru c tu re  from  cis- to  gauc/ie-form . W hen  th e  p o tassiu m  b ro m id e  
discs of b o th  ch lo rid e  an d  n itra te  salts o f th e  com plex  w ere exposed  fo r th e  
sam e period  o f tim e  to  gam m a ra d ia tio n  n o  changes w ere observed  in  b a n d  
in te n s ity . This m ig h t suggest p rim arily  t h a t  th e  gawche-form is s lig h tly  m ore 
s ta b le  th a n  th e  cis-form .

*

T he a u th o rs  w ish  to  express th e ir  a p p rec ia tio n  fo r th e  facilities offered  b y  “ N a tio n a l 
C en te r fo r R a d ia tio n  R esearch  a n d  T echnology” , N a s r  C ity  P .O . R ox 29 Cairo -  E g y p t.
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D iv a len t o x o v an ad iu m , m an g an ese , iro n , n icke l, cobalt, and  c o p p er sa lts  re a c t 
w ith  m -phenylened iam ine a n d  2 ,3 -b u tan ed io n e  to  fo rm  com plexes o f a  14 -m em b ered  N4 
te t r a d e n ta te  m acrocyclic  ligand . T h e  com plexes a re  charac te rized  as d is to r te d  o c ta h ed ra l 
o f th e  [M (TM L)X2] ty p e  w here M =  V O (II), M n (II) , F e (II) , C o(II), N i( I I )  a n d  C u (II) ; 
T M L  =  te tra d e n ta te  m acrocyclic  lig an d  a n d  X  =  Cl, B r, N 0 3 o r NCS. T h e  ligand  
cou ld  n o t be  iso lated  in  free  s ta te , how ever, in  its  com plexes i t  c o o rd in a te s  th ro u g h  all 
th e  azom eth ine  n itro g en  a to m s w hich  are  b rid g ed  b y  b iace ty l m oieties.

Acta Chimica Hungarica 121 (4), pp. 385—390 (1986)

Itn tro d u c tio n

T h e  co n densa tion  reac tio n s  o f c a rb o n y l com pounds an d  p o ly am in es  are  
p r im a r ily  responsib le  fo r a m a jo r p a r t  of p rocess lead ing  to  th e  fo rm a tio n  of 
m acrocyclic  ligands. M ost o f th e  m acrocycles are  derived  fro m  2 ,6 -d iace ty l-  
p y rid in e  an d  po lyam ines [1 , 2 ] how ever, v e ry  few  are  p rep ared  fro m  a ro m a tic  
d iam in es an d  d icarhony l com pounds [3, 4]. In  co n tin u a tio n  to  o u r  s tu d ie s  on 
N 6, N 4 o r  N 20 2 ty p e  o f m acrocycles [5— 9] w e re p o r t  here on th e  sy n th e s is  an d  
c h a ra c te r iz a tio n  of m e ta l com plexes o f  a 14-m em bered  m acrocyclic lig a n d .

E x p erim en ta l

A ll th e  chem icals a n d  so lv en ts  used  w ere o f re ag e n t g rade. m -P h en y len ed iam in e  an d  
2 ,3 -b u tan ed io n e  w ere pu rified  before use.

P repara tion  o f  complexes

m -P heny lened iam ine  (0.02 m ol) an d  2 ,3 -b u tan ed io n e  (0.02 mol) each  d isso lv ed  in  100 
m L  d ry  m eth an o l were re fluxed  fo r 2h. 50 m L  m eth an o lic  so lu tio n  of m eta l sa lt (0 .01 m ol) w as 
ad d ed  follow ed b y  2 m L  glacial ace tic  acid  a n d  th e  m ix tu re  re fluxed  for 12 h  c o n c e n tra te d  to  
h a lf  o f its  vo lum e an d  allow ed to  s ta n d  for 4 d ays. T h e  d a rk  c ry sta ls se p a ra ted  w ere  filte red , 
w ash ed  w ith  m eth an o l, e th e r a n d  ace tone  a n d  d ried  in  v acu u m ; y ield  ~  35% .

A tte m p ts  to  syn thesize  free  ligands b y  co n d en sa tio n  reac tions o f m -p h en y len ed iam in e  
a n d  ace ty la ce to n e  in  various so lven ts fail. H ow ever, a n  o p e n c h a in lig a n d C H 3C O C H 2C(CH3) =  
N C eH 4N = C (C H 3)C H 2COCH3 resu lts .

* T o w hom  correspondence shou ld  be ad d ressed
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Table I

A nalytica l data o f  V O (II), M n(II), F e (II) , C o (II), N i(II)  and  C u(II)

C om plex C olour
F o u n d  (Calcd)%

c H N M X M .W

[V O(C20H ,0N4)Cl]Cl B lu ish 52.72 4.45 12.40 14.90 15.50 —

G reen (52.86) (4 .40 ) (1 2 .3 3 ) (14.75) (15 .63)

[VO(C20H 20N4)B r]B r G reen 44.30 3 .80 10.22 12.40 29.38 —
(44.19) (3 .6 8 ) (1 0 .3 1 ) (13.33) (29 .46)

[V O(C20H l0N4)N O 3]N O 3 B lu ish 47.20 3.86 16.62 13.40 24.60 —
G reen (47.33) (3 .9 4 ) (1 6 .5 6 ) (13.21) (24 .45)

[Mn(C20H 20N 4)Cl2] B lack ish 54.00 4.42 12.70 12.38 16.00 —
B row n (54.29) (4 .52 ) (1 2 .6 6 ) (12.44) (16 .06)

[Mn(C20H 20N4)B r2] B row n 45.25 3.80 10.62 10.28 30.00 —
(45.19) (3 .76 ) (1 0 .5 4 ) (10.64) (30 .13)

[Fe(C20H 20N 4)Cl2] O range 54.20 4.48 12.70 12.72 16.05 430
(54.17) (4 .51 ) (1 2 .6 4 ) (12.64) (16 .02) (442)

[Fe(C 20H 20N 4)(N O 3)2] B row nish 48.50 4 .00 16.85 12.50 24.82 488
Y ellow (48.38) (4 .03) (1 6 .9 3 ) (11.29) (25 .00) (496)

[Co(C20H 20N 4)C12] P in k 54.00 4 .5 4 12.60 13.12 16.02 446
(53.81) (4 .48) (1 2 .5 5 ) (13.22) (15 .91) (451)

[Co(C20H 20N 4) ( N 0 3)2] Y ellow ish 47.98 4 .05 16.80 11.90 25.00 490
B ro w n (48.09) (4 .00) (1 6 .8 3 ) (11.82) (24 .84) (499)

[Ni(C20H 20N 4)Cl2] L ig h t 54.00 4.85 12.62 13.00 16.00
G reen (53.93) (4 .4 9 ) (1 2 .5 8 ) (13.03) (15.95)

[Ni(C20H 20N 4)(NO3)2] B lu ish 48.25 4 .05 16.92 10.72 24.80 —
G reen (48.19) (4 .01 ) (1 6 .8 6 ) (11.64) (24 .89)

[Ni(C20H 20N4)(NCS)2] G reen 53.80 4.00 17.22 12.00 — —
(53.87) (4 .08 ) (1 7 .1 4 ) (11.83) — —

[Cu (C20H 20N 4)C12] D eep B lue 53.42 4 .50 12.50 14.15 15.82
(53.33) (4 .44 ) (1 2 .4 4 ) (14.00) (15 .77)

[Cu (C20H 20N 4)(N O 3)2] B lu ish 47.65 3.91 16.72 12.56 24.60 —
G reen (47.71) (3 .97) (1 6 .7 0 ) (12.52) (24.65)

T h e  chloro  an d  n i tr a to  com plexes were p re p a re d  u s in g  m e ta l chlorides a n d  n i tra te s , 
re sp ec tiv e ly . B rom o a n d  th io c y a n a to  com plexes w ere p re p a re d  b y  stirrin g  and  a d d in g  slow ly  
K B r a n d  N H 4NCS so lu tions to  e th a n o lic  so lu tion  o f m e ta l ch lo rid e  an d  filte ring  off KC1 an d  
N H 4C1.

A ll th e  com plexes a re  s ta b le  u p to  200 °C. T h e  v a n a d y l ,  iro n  an d  cobalt com plexes are 
so luble  in  w a te r  an d  D M F w h ereas  th o se  of o th er m e ta ls  a re  slig h tly  soluble in  D M F.

P hysica l a n d  analytical m easurem ents

T h e  analy sis  o f С, H  a n d  N  w ere done by  m ic ro a n a ly tic a l techniques. M etal c o n te n ts  
w ere d e te rm in e d  b y  E D T A  t i t r a t io n  using  E rioch rom e B lac k -T  as an  in d ica to r. H a lid es w ere 
d e te rm in e d  b y  V o lh ard ’s m e th o d  a n d  n i tra te  as i ts  n i tro n  sa lt.

M ag n e tic  m o m en ts  a n d  c o n d u c tiv ity  d e te rm in a tio n s , m o lecu lar w eigh t a n d  sp ec tra l 
m e a su re m e n ts  w ere m ad e  as d e sc rib ed  earlier [6].
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R esu lts  an d  D iscussion

T he an a ly tic a l d a ta  o f all th e  com plexes co rrespond  to  th e  form ula 
[M(C2 0 H 2 0 N4) X 2] w here  M =  V O (II), M n (II), F e (II)  C o (II), N i( I I )  and 
C u (II) ; X  =  Cl, B r, NOg or NCS. T he m o la r conduc tance  o f v a n a d y l, iro n , and 
c o b a lt com plexes m easu red  in  D M F show  t h a t  all com plexes a re  n o n -e lec tro ­
ly te s  excep t th o se  o f  o x o v an ad iu m  w hich  are  1 : 1 e lec tro ly tes . T h e  te s t  for 
an ions could on ly  be  p o sitiv e  a f te r  decom posing  th e  com plexes w ith  H N 0 3 

show ing  th e ir  p resence  in  th e  co o rd in a tio n  sphere. H ow ever, th e s e  te s ts  are 
p o sitiv e  d irec tly  in  case o f  V O (II) com plexes in d ica tin g  th e ir  p resen ce  also 
o u ts id e  th e  c o o rd in a tio n  sphere . T h e  m o lecu la r w eights o f iro n  a n d  cobalt 
com plexes, d e te rm in ed  cryoscop ically , a re  consisten t w ith  th e  proposed 
fo rm u las .

Infrared spectra

V arious im p o r ta n t  b an d s  an d  th e ir  assignm ents are g iven  in  T ab le  I I . 
T h e  I .R . sp ec tra  o f a ll th e  com plexes do n o t  show  any  b an d s in  th e  3200— 3400 
a n d  1700 c m - 1  reg ions in d ic a tin g  th e  absence o f free ca rbony l or a m in o  groups 
in  th e se  com plexes.

Tabic I I

I n f r a r e d  sp e c tra l d a ta  o/VO(II), Mn(II), Fe(II) Co(II), Ni(II), a n d  Cu(II) c o m p le x e s

C om plexes v CN P h e n y l vCH, A n io n s

rV O (C 20H 20N 4)C l]C l 162 0 1 6 1 5 , 16 0 0 8 1 0 , 79 0  
8 0 5 , 800

3 7 5

[V O (C 20H 20N 4)B r ]B r 161 0 1 6 0 5 , 1595 8 0 5 , 8 00 2 2 0
[Y O (C 20H 20]N1)N O 3]N O 3 1615 1 6 1 0 , 16 0 5 8 1 0 , 800 1 2 6 0 , 1 0 1 0 , 860  

1 3 4 0 , 1 2 4 5 , 830
[V O (C 20H 20N 4)N C S ]N C S 1605 1 5 8 0 , 1575 8 0 0 , 79 0 2 1 2 0 ,  8 3 0 , 485
[M n(C 20H 20N 4)Cl2] 1620 1 6 1 0 , 160 0 7 9 0 , 7 70 3 4 5
[M n (C 20I I 20N 4)B r2] 1625 1 6 2 0 , 1605 7 9 5 , 77 5 2 2 0
[M n (C 20H 20N 4)(N O 3)2] 1600 1 5 9 0 , 1580 8 0 0 , 7 8 0 1 2 6 5 , 1 0 1 5 , 865
[M n (C 2OH 20N 4)(N  C S)2] 1620 1 5 9 5 , 1585 8 0 5 , 795 2 1 1 0 ,  8 2 5 , 4 80
[F e (C 20H 20N 4)C!2] 1625 1 6 0 0 , 1595 8 1 0 , 805 [3 3 0
[F e (C 20H 20N 4)B r2] 1615 1 5 8 5 , 1580 8 1 0 , 795 —
[F e(C 20H 20N 4)(N O 3)2] 1605 1 5 8 5 , 1575 8 1 5 , 78 0 1 2 6 0 , 1 0 1 0 , 860
[F e (C 20O 20H 20N 4)(N C S )2] 1620 1 6 0 5 , 16 0 0 7 9 5 , 77 0 2 1 1 5 ,  8 3 5 , 48 0
|C o(C 20H 20]N4)C12] 16 0 0 1 6 8 0 , 1575 7 9 0 , 77 0 3 1 0
[C o(C 20H 20N 4)B r2] 1600 1 5 9 0 , 1585 7 8 0 , 775 2 1 8
[Co(C20H 20N 4)(N O 3)2] 1625 1 6 2 0 , 1610 7 8 5 , 7 80 1 2 6 5 , 1 0 1 0 , 865
[Co(C20H 20N 4)(N C S )2] 1615 1 6 0 0 , 1595 8 0 0 , 79 5 2 1 1 5 ,  8 3 0 , 42 0
[N i(C 20H 20N 4)Cl2] 1605 1 5 9 5 , 1580 8 0 5 , 79 0 28 5
[N i(C 20H 20N 4)B r2] 1610 1 5 8 0 , 15 7 0 8 0 0 , 780 21 5
[N i(C 20H 20N 4)(N O 3)2] 1600 1 5 8 5 , 15 8 0 7 9 5 , 7 70 1 2 6 5 , 1 0 1 5 , 860
[N i(C 20H 20N 4)(]\'C S)2] 160 0 1 5 9 0 , 1575 8 0 5 , 79 5 2 1 2 0 , 8 2 5 , 47 5
[Cu (C 20H 20N 4)C12] 162 0 1 6 0 0 , 1590 8 0 5 , 790 2 7 0
[C u(C 20H 20N 4)B r2] 1605 1 5 8 5 , 1580 8 1 0 , 80 0 —
[Cu (C 20H 20N 4)(INO3)2] 1600 1 5 8 5 , 1580 8 0 0 , 79 0 1 2 6 5 , 1 0 1 0 , 865
[Cu (C20H 20IN4)(N C S )2] 1615 1 6 0 0 , 1595 8 0 5 , 77 0 2 1 1 5 ,  8 3 0 , 48 0
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T h e  absence of s tre tc h in g  an d  bending  v ib ra tio n s  o f  (C— 0 )  g roup  a t  
~  1525 a n d  1280 c m - 1  in d ic a te s  th e  absence o f  th is  g ro u p  in  these  com plexes 
[10]. C h a rac te ris tic  p h en y l g ro u p  bands are o b se rv ed  in  th e  sp ec tra  a t  ~  700—  
820 c m -1 . T he strong  b a n d s  a p p e a rin g  as d o u b le ts  a t  ~  1600— 1625 c m - 1  m a y  
b e  a ss ig n e d  to  (C = N ) v ib ra t io n s  and  th e ir a p p e a ra n c e  a t  low er regions in d i­
c a te s  th e  presence o f c o o rd in a te d  azom ethine g ro u p s  [11]. T hus, i t  is obvious 
fro m  i.r .  spectra  th a t  am in o  g roups of d iam ines h a v e  condensed w ith  th e  
c a rb o n y l groups of 2 ,3 -b u ta n e d io n e  to  give rise  a p la n a r  a rran g em en t o f fo u r 
a z o m e th in e  n itrogen  a to m s  fo r  coord ination .

T h e  spectra  of n i t r a to  com plexes show new  b a n d s  a t  ~  1260, 1015 an d  
865 c m - 1  consisten t w ith  th e  m o n o d en ta te  n a tu re  o f  th e  n i tra to  group in  th e se  
co m p lex es  [1 0 , 1 2 ] how ever, th r e e  o th e r bands a re  o b se rv ed  in  th e  sp ec tra  o f 
th e  V O (II)  com plex a t  ~  1340 , 1245 and  830 c m - 1  a n d  show  th a t  n i tr a to  
g ro u p  is  also p resen t as a n  io n  in  th is  com plex [ 1 0 , 1 2 ].

I n  th e  spectra  o f  th io c y a n a to  com plexes, s tro n g  b an d s  are o bserved  
a t  ~  2110 v(CN), 485 NCS b e n d in g  and 830 c m - 1  r(CS) of NCS g roup , r e ­
sp e c tiv e ly , and  are in  ac c o rd a n ce  w ith  m o n o d e n ta te  iV -bonded th io c y a n a te  
g ro u p  [13]. The co o rd in a tio n  o f  n itra to  and  th io c y a n a to  groups are fu r th e r  
s u b s ta n t ia te d  b y  th e  a p p e a ra n c e  of new b an d s a t  ~  225— 240 and  260— 280 
c m - 1  assignab le  to  v(M— O N O J  and  r(M— N CS), re sp ec tiv e ly  [10, 14]. O ne 
w eak  a n d  one strong  b a n d  a t  ~  2375 and 2100 c m - 1  a re  also observed  in  th e  
th io c y a n a to  com plex o f V O (II)  in d ica tin g  th a t  ion ic  th io c y a n a te  is also p re se n t 
in  i t .

T h e  new  bands in  th e  s p e c tra  o f V O (II) co m p lex es a t  ~  960— 970 c m - 1  

a ss ig n a b le  to  rV O (II) a re  c h a ra c te r is tic  of th e  te rm in a l  (V = 0 ) group [15].

F ar I .R .  spectra

T h e  new  hands a t  ~  4 3 0 — 490 c m - 1  in  th e  fa r  i .r . sp ec tra  o rig inate  from  
j»(M— N ) azom ethine v ib ra t io n s  and  s u b s ta n tia te  th is  coo rd ination . T he 
s p e c tra  o f  halo  com plexes w h ic h  show new b a n d s  a t  ~  370— 380 r(VO— Cl)
[15], 340— 350 r(M n— Cl) [1 6 ], 330—335 v(Fe— Cl), 300— 310 r(Co— Cl), 
280— 295 r(N i— Cl) an d  270— 275 r(Cu— Cl), re sp e c tiv e ly  are  co nsisten t w ith  
o c ta h e d ra l  geom etry  a ro u n d  th e  m eta l a to m  [16— 17]. S im ilar b an d s  fo r 
b ro m o  com plexes are o b se rv e d  a t  ~  220 v(VO— B r), 220 v(Mn—B r), 218 
r(Co— B r) an d  215 c m - 1  v(Ni— B r), respective ly  [16, 18].

M agnetic moments and electronic spectra

M agnetic  m om ents o f  th e  com plexes are  g iv en  in  T ab le  I I I .  A ll th e  
v a lu e s  a re  consisten t w ith  th e  sp in  free o c tah ed ra l n a tu re  o f these  com plexes 
[19]. T h e  electronic sp e c tra  o f  th e  com plexes re c o rd e d  in  n u jo l m ull are g iven
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Tabic I I I

Electronic spectral and magnetic data o / V O ( I I ) ,  M n (I I ) ,  F e ( I I ) ,  C o (I I ) , N i ( I I )
and C u (II ) complexes

Complexes Spectral bands 10 D q Peff B.M.

[V O (T M L )C l]C l 1 2 7 5 0 , 1 5 8 0 0 , 2 5 8 5 0 1 5 8 0 1 .7 4
[V O (T M L )B r]B r 1 2 9 2 0 , 1 6 2 5 0 , 2 4 5 0 0 1 6 2 5 1 .8 0
|Y 0 ( T M L ) N 0 3] N 0 3 1 3 1 5 0 , 1 6 4 0 0 , 2 4 7 5 0 1 6 4 0 1 .7 8
[V O (T M L )N C S ]N C S 1 3 2 0 0 , 1 5 9 5 0 , 2 3 9 5 0 1 5 9 5 1 .8 2
[M n(T M L)C l„] 1 7 7 4 , 2 1 4 5 0 , 2 5 2 5 0 1 1 2 9 5 .8 0

2 7 8 0 0 , 2 9 7 0 0
[M n (T M L )B r,] 1 7 5 0 0 , 2 0 8 5 0 , 2 5 5 0 0 1 1 9 4 6 .0 0

2 7 9 0 0 , 2 9 5 5 0
ГМ п(ТМ 1ЛШ  0 ,) ,1 1 7 8 2 0 , 2 1 2 0 0 , 2 5 3 0 0 1 1 2 4 5 .9 2

2 7 7 5 0 , 2 9 8 5 0
[M n (T M L )(N C S ).] 1 7 5 0 0 , 2 1 3 5 0 , 2 5 3 5 0 1 1 6 9 5 .8 4

2 7 8 2 0 , 2 9 6 5 0
[F e(T M L )C U ] 8 5 0 0 , 1 1 4 5 0 1 1 4 5 5 .5 2
[F e(T M L )B r„] 8 9 2 0 , 1 2 3 0 0 1 2 3 0 5 .5 6
[ F e (T M L )(N 0 3)2 8 7 2 0 , 1 1 9 5 0 1 1 9 5 5 .3 6
[F e(T M L )(N C S )„ ] 8 8 5 0 , 1 2 2 5 0 1 2 2 5 0 5 .4 2
[Co(TML)C12] 8 3 2 0 , 1 5 8 2 0 , 1 8 2 0 0 1 0 4 0 4 .5 8
[C o(T M L )B r2] 8 9 5 0 , 1 5 9 5 0 , 1 8 7 5 0 1 1 1 8 4 .7 0
[Co(T M L )(N O ,)2] 8 7 2 0 , 1 6 1 5 0 , 1 9 2 0 0 1 0 9 0 4 .6 2
[C o (T M I.)(N C S )d 9 0 0 0 , 1 6 4 5 0 , 2 0 2 0 0 1 1 2 5 4 .5 4
[N i(T M L )C l2] 1 0 2 0 0 , 1 1 7 0 0 , 1 6 3 0 0 1 1 7 0 3 .1 2

2 7 9 5 0
[N i(T M L )B r„] 9 8 5 0 ,  1 1 8 5 0 ,  1 6 7 2 0 ,  2 7 7 0 0 1 1 8 5 3 .3 0
[ N i(T M L )(N 0 3)„] 9 9 5 0 ,  1 1 4 5 0 ,  1 6 8 0 0 ,  2 7 8 0 0 1 1 4 5 3 .1 4
[N i(T M L )(N C S )2] 9 5 0 0 ,  1 1 4 0 0 ,  1 6 8 5 0 ,  2 7 5 5 0 1 1 4 0 3 .2 0
[C u(TM L)C l„] 1 5 3 0 0 ,  1 8 0 5 0 1 5 3 0 1 .7 1
[C u (T M L )B r2] 1 6 0 0 0 ,  1 8 7 5 0 1 6 0 0 1 .6 8
[Cu (T M L )(N 0 3)2] 1 5 8 5 0 , 1 9 0 0 1 5 8 0 1 .7 0
[Cu (T M L )(N C S)2] 1 6 1 5 0 , 1 8 8 2 0 1 6 1 0 1 .6 9

in  T ab le  I I I .  T he s p e c tra  o f th e  com plexes resem ble  to  those  o bserved  for 
o c tah ed ra l com plexes re p o rte d  earlier [20]. T h e  assignm en ts o f v a rio u s  b an d s  
can  be m ade as, fo r V O ; ~  13000, dxy — d xz, yz; 15000— 17000, d xy —>- d x,_y,; 
24000— 25000 c m - 1 d xv — d2,; for M n; ~  17000— 18000, eA lg — *Tlg (G); 
~  20000, °A lg -  *T2g (G); 25500, »Alg -+ *Eg (G); 27000— 28000, eA lg -  *T2g 
(D); and  29500 c m - 1, eA lg — *Eg (D); fo r F e ; ~  8500, 3T2g -+ 5A lg; 11000—  
12000 c m - 1, sT2g -+ 5B lg; fo r N i; -  10000, 3B lg — 3E g; 12000, 3B lg — 3B2g; 
16000— 17000, 3B lg ^ 3A.lg (F ) , 3E bg; 27000— 28000 c m - 1, 3B lg -+ 3A 2g (P ) ;  
fo r Co; ~  8000, *Tlg 4 P2? (F ) ;  15000, £ 1  *A2g (F ) ;  19000 c m - 1,
4 Tg (П ( p ) .  fo r  C u . _  15000i 2ß ig 2 p 2g. 1 8 0 0 0  c m - 1, 2B lg -+ 2E g an d  

28 lg —I► 2A 2g; re sp e c tiv e ly , based  on Dih sy m m e try  [20]. T h e  tru e  sy m ­
m e try , how ever, w o u ld  be  low er th a n  Dih since  th e  deta iled  c ry s ta llo g rap h ic  
s tu d ies  [2 1 ] rev ea l t h a t  th e  m acrocycle o b ta in e d  from  o -pheny lened iam ine  an d  
ace ty lace to n e , offers a sadd le  like shape fro m  th e  s teric  in te rac tio n s  o f  benza- 
n o id  rings w ith  th e  m e th y l su b s titu e n ts  o f th e  m acrocyclic  ring . T h e  re su ltin g
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s t r a in  is re lieved  th ro u g h  tw is tin g  of to rs io n a l angles ab o u t th e  (C = N )  bon d s 
on  th e  N 4 r in g , w hich is th e  m o s t re a d ily  d efo rm ab le  site. In  th e  sad d le  sh ap e  
th e  n i t ro g e n  lone pairs d ire c te d  o u t o f th e  N 4 p lan e  [21, 22] so th a t  th e  m e ta l 
‘s its  a to p ’ an d  n o t inside th e  N 4 c a v ity  [21— 24]. I t  seem s, th e re fo re , t h a t  th e  
m a c ro c y c le  offers a p la n a r  N 4 a r ra n g e m e n t a n d  th e  m e ta l sits a to p  th e  m a c ro ­
cycle  in c o rp o ra tin g  an ions on  ax ia l positions.

B a se d  on analysis, co n d u c ta n c e , m ag n e tic , electronic an d  in fra re d  
s p e c tra l  s tu d ie s  s tru c tu re  ( 1 ) m a y  be p ro p o sed  for these  com plexes.

M =  V O (II ) ,  M n(II), F e (I I ) ,  N i( I I ) ,  C o(II) an d  C u (II) X  =  Cl, B r, N 0 3, o r  NCS
*

T h e  a u th o rs  are g ra te fu l to  U .G .C . an d  C S IR  N ew  D elhi, fo r financia l a ss is tan ce  a n d  to  
R S IC , I I T ,  M ad ras for sp ec tra l m easu rem en ts .
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T he p re p a ra tio n  an d  c h a ra c te riz a tio n  o f som e d ipositive m eta l io n s w ith  1-acetyl- 
4 -pheny l-3 -th iosem icarbaz ide  (ATSC) a n d  l-ace ty l-4 -p h en y l-3 -sem icarb az id e  (ASC) 
a re  rep o rted . T h e  d a ta  o f e lem en ta l an a ly ses, m o lar co n d u ctiv ities , p o laro g rap h ic , 
m ag n e tic  m easu rem en ts  an d  sp ec tra l ( i .r .,  n .m .r ., visible) s tu d ies  h a v e  b een  used  to 
e lu c id ate  th e  s tru c tu re  o f th e  m eta l com plexes. I .r .  sp ec tra  show  t h a t  ATSC a c ts  as a 
b id e n ta te  lig an d  an d  re ac ts  th ro u g h  k e to  a n d /o r  enol form s w hile A SC b eh av es  in  a 
b id e n ta te  an d /o r te tra d e n ta te  m an n e r. A lso ASC behaves as a red u c in g  a g e n t to w ards 
C u 'l ch loride  a n d  brom ide  form ing  d iam a g n e tic  Cu1 com plexes w h ich  a re  oxidized 
slow ly  to  C u11 com plexes on  ex p o su re  to  a ir  fo r a b o u t one w eak . C u 11 su lp h a te  and 
a c e ta te  a re  s tab le  an d  show  no te n d e n c y  to w a rd  red u ctio n . D ifferen t s te reo ch em istrie s 
a re  p roposed  fo r Co11, N i11 an d  C u 11 com plexes according to  th e  d a ta  o f  sp e c tra l and 
m ag n e tic  s tud ies . T he anom alous m ag n e tic  m o m en t for [Cu(A TSC-H )C1]2 is discussed.

In tro d u c tio n

R ecen tly , we re p o rte d  [1] th e  c h a ra c te r iz a tio n  of som e com plexes o f  th e  
lig a n d s , l-a n th ran y l-4 -p h en y l-3 -th io sem ica rb az id e  an d  l-a n th ra n y l-4 -p h e n y l-
3 -sem icarb azid e , w ith  som e tr a n s it io n  m e ta l ions. In  th e  p re se n t w ork , we 
e x te n d  our s tu d ies  to  l-ace ty l-4 -p h en y l-3 -th io sem ica rb az id e  a n d  l-ace ty l-4 - 
phen y l-3 -sem icarb az id e  an d  its  m e ta l com plexes. The s te re o c h e m is try  o f th e  
iso la te d  com plexes h as  been  d es ig n a ted  w ith  th e  help  o f sp ec tra l a n d  m agnetic  
s tu d ie s . T he b eh av io u r o f  th e  lig an d s as well as th e ir  a b ility  to  co o rd in a te  
th ro u g h  th e  p o te n tia l  s ites a re  d iscussed . T he com parison  o f o u r ea rlie r  w ork 
[2 ], th e  ligands u n d e r in v es tig a tio n  a n d  i ts  m e ta l com plexes h av e  b e e n  rep o rted .

E x p erim en ta l

All th e  chem icals used  w ere o f B D H  q u a lity . T he ligands w ere p re p a re d  b y  add ing  
e q u im o la r am o u n ts  o f p h e n y liso th io cy an a te  (27 m L , 0.2 m ol) o r p h e n y liso c y an a te  (23.8 m L, 
0.2 m ol) to  an  a lcoholic  so lu tion  o f ace tic  ac id  h y d raz id e  (15 g, 0.2 m ol). T h e  m ix tu re  was 
re flu x e d  fo r 10 m in . O n cooling w h ite  c ry s ta ls  se p a ra ted . T he p ro d u c t w as f i lte re d  off, w ashed,

* To w hom  correspondence should  b e  ad d ressed
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re c ry s ta ll iz e d  from  ab so lu te  e th a n o l a n d  finally  d ried  in  a  v a c u u m  desiccator over a n h y d ro u s  
CaCl2.

T h e  C u1 com plexes w ith  th e  fo rm ulae  [Cu2(ASC)C12] a n d  [Cu2(ASC)Br2] w ere p re p a re d  
b y  re flu x in g  equ im olar a m o u n ts  o f th e  ligand , ASC, a n d  th e  h y d ra te d  Cu11 sa lts  in  ab so lu te  
e th a n o l o n  a w a te r  b a th  u n t i l  th e  so lu tio n  becam e co lourless. O n cooling pale  green  c ry s ta ls  
se p a ra te d . T h e  iso lated  p ro d u c ts  w ere  filte red  off, w ash ed  w ith  e th an o l and  d ie th y le th e r , 
re sp ec tiv e ly . T h e  o th e r Cu> co m plex , [C u '(A SC -H )], w as p re p a re d  b y  add in g  eq u im o lar 
a m o u n ts  o f  th e  ligand  a n d  c o p p e r(II)  ch loride d ih y d ra tc  in  a b so lu te  e thanol. T he re flu x  w as 
c o n tin u e d  fo r 5 m in. an d  th e  so lu tio n  w as allowed to  cool. A  p a le  b ro w n  p rec ip ita te  se p a ra te d  
on  s ta n d in g  fo r ab o u t 2 h r. T h e  p ro d u c t  w as filte red  off, w a sh e d  several tim es w ith  ab so lu te  
e th a n o l a n d  d ie th y le th e r. A ll th e  C ul com plexes are  d ried  in  v a c u u m  desiccator over silica gel 
a n d  in e r t  a tm o sp h e re  (n itro g en ).

A ll th e  o th e r m eta l com plexes o f b o th  ligands w ere  p re p a re d  b y  heating  an  eq u im o lar 
m ix tu re  o f  th e  ligands a n d  th e  h y d ra te d  m eta l sa lts  in  re flu x in g  ab so lu te  e th an o l fo r a  tim e  
(0 .5— 3 h r )  depend ing  on th e  m e ta l s a l t  as well as th e  lig an d  u sed . T h is m eth o d  was carried  o u t  
fo r th e  p re p a ra tio n  o f a ll co m plexes ex cep t Cu11 a n d  C o11 a c e ta te  w hich  w ere p re p are d  b y  
a d d in g  1 m m o l o f th e  lig an d  in  ab so lu te  e th an o l and 1 m m ol o f  th e  m eta l sa lt in  b id istilled  w a te r  
a n d  re flu x e d  fo r 0.5 h r. O n th e  o th e r  h a n d , th e  com plex [H g(A SC -H )C l.H 20 ] ,  w as fo rm ed  on  
a d d in g  so d iu m  ace ta te  as a  b u ffe r . I n  a ll cases th e  p ro d u c t  fo rm ed  w as filte red  off, w ash ed  
sev era l t im e s  w ith  ab so lu te  E tO H  a n d  E t20  and f in a lly  d r ie d  in  a  vacu u m  desiccator o v er 
a n h y d ro u s  CaCl2.

E le m e n ta l analyses w ere p e rfo rm ed  b y  th e  M ic ro an a ly tica l U n it  a t  M ansoure U n iv e r­
s ity . T h e  m e ta l and ch loride  c o n te n ts  w ere de te rm in ed  b y  s ta n d a rd  m ethods [3]. M olecular 
w e ig h ts  w ere  e s tim a ted  u sin g  c am p h o r (172 °C) b y  th e  R a s t  m e th o d  [4].

T h e  in fra red  sp e c tra  w ere reco rd ed  on Pye U n icam  S P  2000 an d  P e rk in —E lm er m odel 
557 sp e c tro p h o to m e te rs  (4000— 200 c m -1) using  N u jo l m u lls  in  C sl discs. E lec tro n ic  a n d  
re fle c ta n ce  sp ec tra  w ere reco rd ed  u sin g  U nicam  S P  700 C a n d  P y e  U n icam  SP  1800 sp ec tro ­
p h o to m e te rs . M agnetic  m e a su re m e n ts  w ere carried  o u t  b y  th e  G ouy m eth o d  a t  A lex an d ria  
U n iv e rs ity  a n d  H g[Co(SCN )4] as a  c a lib ra n t. D iam agnetic  co rrec tio n s  w ere m ade  using  p a sc a l’s 
c o n s ta n ts  [5]. C onductance  m ea su re m e n ts  were carried  o u t  a t  25 °C in  d im eth y l fo rm am id e  
so lu tio n  (1 0 -3 M ) w ith  a T acu sse l c o n d u c tiv ity  b rid g e , ty p e  CD 6NG . Polarograph ie  s tu d ies  
w ere c a r r ie d  o u t  using  M e tro h m  p o la reco rd  E  506 a n d  a p o la ro g ra p h y  s tan d  E505 dc po la- 
ro g ra p h y . P ro to n  m agnetic  re so n an ce  sp ec tra  were reco rd ed  o n  a  P e rk in —E lm er R  12B (60M z) 
sp e c tro p h o to m e te r.

R esu lts  and  D iscussion

T h e  ex p erim en ta l t r ia l  show s th a t  l-ace ty l-4 -p h en y l-3 -th io sem ica rb az id e  
(ATSC) fo rm s com plexes w ith  M n11, Co11, N i11, C u 11, Z n 11, C d 11 an d  H g 11, 
w hile  l-ace ty l-4 -p h en y l-3 -sem ica rb az id e  (ASC) fo rm s com plexes only  w ith  
Co11, N i11, C u 11 an d  H g 11. T h e  sto ich iom etries, co lo u rs , m elting  p o in ts , a n a ly ­
tic a l d a ta ,  m olar c o n d u c tiv itie s  and  th e  m a g n e tic  suscep tib ilities fo r th e  
iso la te d  m e ta l com plexes are  lis te d  in  T ables I  a n d  I I .  A ll th e  com plexes a re  
s ta b le  a t  ro o m  te m p e ra tu re , ex cep t those of Cu , a n d  inso lub le  in  m ost com m on 
o rg an ic  so lven ts. O nly , th e  com plexes of ATSC a re  easily  soluble in  d im e th y l 
fo rm a m id e  (DM F) an d  d im e th y l su lphoxide (D M SO ) w hile th e  com plexes o f 
ASC a re  inso luble  ex cep t fo r th e  com plexes, [Cu2 (ASC)C12] and  [Cu2 (A SC)Br2], 
w h ich  a re  easily  so luble  in  th e se  solvents. T h e  m o la r  co n d u c tiv ity  of ATSC 
com plexes in  D M F is co n sid e rab ly  low er th a n  th o se  o f u n i-u n iv a len t e lec tro ­
ly te s  [6 ] in  th is  so lv en t in d ic a tin g  th a t  th e  com plexes are  covalen t in  n a tu re  
ex c e p t fo r [Co(ATSC)C1.H 2 0]C 1.3H 20  an d  [C o(A TSC )C l.Py2H 20]C 1.2H 20  
w h ich  h a v e  40 and  45 o h m - 1  cm 2 m o l-1 , re sp e c tiv e ly , suggesting  1 : 1 e le c tro ­
ly te s  [7]. T he in so lu b ility  a n d  th e  h igh m elting  p o in t o f  ASC com plexes m a y  be 
a t t r ib u te d  to  th e ir  p o ly m eric  ch a rac te r [8 ].
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Table I

A nalytical and physical data o f  ATSC and its complexes

C om pound Colour
M .P ., % Calc (found) Л т * V e t t°c c H M Cl

(ОМЬ) (В .М .)

ATSC w hite 163 51.6 (51.5) 5.3 (5.1)
[Mn(ATSC)Cl,] yellowish

w hite
> 3 0 0 39.4 (40.0) 3.3 (2.9) 16.4 (16.2) 21.2 (21.0) 10 —

[Co(ATSC)CI.H20]C1.3H20 olive > 3 0 0 26.3 (26.5) 4.9 (5.0) 14.4 (14.7) 17.3 (17.8) 40 4.76

[Co(ATSC)CI.Py.2H20]C1.2H20 browTi > 3 0 0 34.4 (34.9) 5.1 (4.7) 12.0 (12.4) 14.5 (14.9) 45 _
[Co(ATSC-H)(AC)] greenish

brow n
> 3 0 0 40.5 (41.0) 4.0 (4.1) 17.9 (17.2) — 15 4.63

[Ni(ATSC-H)„.2H„0] brow n > 3 0 0 42.3 (42.7) 5.5 (4.8) 11.5 (12.1) — 10 3.12
[Cu(ATSC-H)(AC)] v io le t > 3 0 0 39.9 (40.0) 3.9 (4.0) 19.2 (19.0) — 20 1.95
[Cu(ATSC-H)C1]2 grey > 3 0 0 35.2 (34.5) 3.3 (3.6) 20.7 (20.7) 11.5 (11.6) 23 0.73
[Cu(ATSC-H)Cl.Py] green > 3 0 0 43.5 (43.8) 3.9 (4.1) 16.4 (16.2) 9.2 (9.5) 18 —

[Zn(ATSC-H)(AC)] w hite > 3 0 0 39.7 (40.3) 3.9 (3.8) 19.6 (20.0) — 16 D iám .
[Cd(ATSC-H)(AC)] w hite > 3 0 0 33.7 (33.6) 3.8 (4.0) 28.3 (27.9) — 24 D iám .
[Cd(ATSC-H),] w hite > 3 0 0 40.9 (40.3) 3.8 (3.5) 21.2 (21.2) — 8 Diám .
[Hg(A TSC-H)Cl.H20 ] w hite > 3 0 0 22.5 ( ) 2.3 ( ) 41.7 (41.5) 7.7 (7.9) 15 D iám .

* o h m -1 cm 2 m o l-1
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Table П

A nalytica l and physical data o f  ASC and its complexes

C om pound Colour
M .P ., %  Calc, (f,D U nd) Vett

(B .M .)°c
C H M X *

ASC w hite 165 56.0 (55.7) 5.7 (5.9) _ _
[Co(ASC)C12.H „0]II.,0 beige > 3 0 0 31.7 (31.5) 3.8 (4.6) 17.3 (16.8) 20.8 (20.6) 4.43
[Co(ASC)(AC)2] pale brow n > 3 0 0 42.2 (42.3) 4.6 (4.8) 15.9 (15.7) — 4.84
[Ni(ASC)Cl2] green > 3 0 0 33.5 (33.8) 3.4 (4.2) 18.2 (18.3) 21.9 (21.1) 3.53
[Cu(ASC-H)(AC)] brow nish

green
> 3 0 0 42.0 (42.8) 4.5 (4.2) 20.2 (20.6) —

[Cui(ASC-H)] pale brow n > 3 0 0 42.1 (42.0) 3.9 (3.5) 24.7 (25.0) — Diam .
[Cu'2 (ASC)C12] greenish

w hite
265 27.6 (28.0) 2.8 (3.3) 32.5 (32.0) 18.1 (18.0) D iam .

[Cuj (ASC)Br2] greenish
w hite

270 22.5 (22.3) 2.3 (2.7) 26.7 (26.5) 33.3 (33.5) D iam .

[Hg(A SC-H)Cl.H20 ] w hite > 3 0 0 — — 44.9 (45.0) 7.9 (8.1) D iam .

* x  =  a  or Br
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T he bon d in g  sites have  been d e te rm in e d  b y  com paring th e  s p e c tra  o f  th e  
solid  com plexes w ith  tho se  o f ASC and  ATSC (T ab le  I I I )  and  b y  co n sid e rin g  our 
p rev ious w ork  [2, 9]. T he th ree  h an d s a t  3320, 3300 and  3220 c m -1 in  th e  spec­
t ru m  o f ASC an d  a t  3380, 3270 and  3150 c m -1 in  th e  spectrum  o f A TSC are  as­
signed  to  r(N H ) v ib ra tio n s  r (4N H ), r(2N H ), r (1N H ), respectively  [9]. T h e  spec­
t ru m  o f ASC show s tw o  b an d s a t  1680 a n d  1635 c m '1 assigned to  th e  s tre tc h in g  
v ib ra tio n s  o f th e  ca rb o n y l groups o f th e  h y d raz id e  and  th e  u re a  m o ie ties, 
re sp ec tiv e ly , w hile th a t  o f ATSC is o b se rv ed  a t  1695 c m -1. T he b o a rd  w eak 
b a n d s  a t  ~  2100 an d  ~  1800 c m -1 a re  assigned to  th e  s tre tc h in g  and  
b en d in g  v ib ra tio n s  o f N — H  . . .  0  [10]. T h is  m ay  suggest th e  p re sen ce  of 
in tra m o le c u la r  h y d ro g en  bonding . T he th io k e to  group of ATSC e x h ib its  tw o 
b an d s  a t  1220 a n d  780 c m -1 . O th er b a n d s  a re  observed a t  1520, 1490 and  
1470 c m -1  assignab le  to  r(N — C =  S) v ib ra tio n s  [11]. No b an d s  e x is t  above 
3500 c m -1 or in  th e  2600—2500 c m -1  reg io n  w hich are due to  »(O H ) and  
r(S H ) v ib ra tio n s , respective ly . T he absence  o f  these  bands m ay  su g g es t th e  
p resence  o f ASC an d  ATSC in th e  keto  a n d  th io k e to  form s.

T he i.r . sp ec tra  o f ASC com plexes show  th a t  th e  ligand  b e h a v e s  as 
b id e n ta te  or te t r a d e n ta te  depending  on th e  m e ta l sa lt used, th e  c o n d itio n  of 
p re p a ra tio n  an d  th e  p H  of th e  m edium .

F irs t , th e  ligand  ac ts as a b id e n ta te  coo rd ina ting  v ia  2N H  a n d  th e  
ca rb o n y l oxygen  of th e  hydrazide  m o ie ty  in  th e  keto  form . T his b e h a v io u r  is 
fo u n d  in  case o f [C o(A SC )C I,.H ,0], [Co(ASC)(AC)2] and [N i(A SC)Cl2] and  
su p p o rte d  b y  th e  follow ing evidence. T h e  n e g a tiv e  shifts (10—20 c m -1 ) o f  th e  
ca rb o n y l oxygen  o f th e  hydrazide  m o ie ty  (1680 c m -1) and  th e  r(2N H ) v ib ra tio n  
(3300 c m -1). T he ca rb o n y l ( C = 0 )  b an d  o f  th e  u rea  m oiety  rem ains in  th e  sam e 
p o sitio n  (1635 c m -1) as observed in  th e  sp e c tru m  of th e  ligand. T h e  a p p e a ra n c e  
o f  new  b an d s  a t  ~  430, ~  410 and  ~  270 c m -1 are  assignable to  v(M— O) [12], 
r(M — N) [13] an d  r(M — Cl) [14], re sp ec tiv e ly .

A lso, th e  ligand  (ASC) reac ts  in  th e  k e to  fo rm  in case of th e  d ia m a g n e tic  
C u1 com plexes [Cu2(ASC)C12] and  [Cu2(A SC )B r2], as a te tra d e n ta te  lig a n d . The 
ac tiv e  p o te n tia l s ites w hich p a rtic ip a te  in  co o rd in a tio n  are th e  tw o  c a rb o n y l 
oxygen , 2N H  a n d  1N H  groups. T his is s u p p o r te d  by  th e  follow ing ev idence . 
B o th  th e  tw o  ca rb o n y l oxygen bands a re  sh ifted  to  lower w av e  n u m b ers  
(10— 25 c m -1) to g e th e r  w ith  th e  ap p e a ra n ce  o f  a new b and  a t  ~  440 c m -1 due 
to  r(M — 0 )  [12]. T he nega tive  sh ifts (40—-60 c m -1) of 2N H  an d  !N H  b ands 
w ith  th e  s im u ltan eo u s positive sh ift (20— 50 c m -1) of th e  r(N — N) v ib ra tio n  
is observed  a t  990 c m -1  [15] in  th e  sp e c tru m  o f th e  ligand (ASC). T h e  a p p e a r­
ance o f new  b an d s  in  th e  low frequency  reg io n  a t  400 c m -1 and  in  th e  270— 260 
c m -1 reg ion  a re  te n ta tiv e ly  assigned to  r(M — N) [13] and r(M — X ) [16]; 
X  =  Cl or B r, respective ly . T he d ia m a g n e tic  behaviour o f th e  com plexes 
[Cu2(ASC)C12] a n d  [Cu.,(ASC)Br2] su p p o rts  th e  reduction  of C u 11 to  C u 1 as 
show n in  s tru c tu re (I) . A lso, th e  fo rm a tio n  o f  a w hite  p rec ip ita te  o f  C uSC N  of
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Table I I I

Ir . and u.v. spectral bands fo r  ASC and  A TSC  and its metal complexes

C om pound

I R .  b a n d s  (cm -1 )

4
v N H

2
v N H

1
v N H CO+ CO* qc=N)

С/ГIIO
'A

ASC 3320 3300 3220 1680 1635 _ _
[Co(ASC)C12.H „0] 3315 3260 3200 1670 1635 — —
LCo(ASC)(AC)21 3310 3240 3210 1665 1635 — —
[Ni(ASC)Cl2] 3315 3250 3210 1660 1630 — —
[Cu2(ASC)C12] 3300 3260 3160 1655 1625 — —
fCu2(A SC )B r2] 3300 3240 3180 1660 1610 — —
[C u(A SC -H )] 3320 3250 — — 1615 1590 —
[Cu(ASC-H)(AC)] 3320 3240 — — 1615 1570 —
[H g(A SC -H )C l.H „0] 3280 3200 — — 1610 1585 —

ATSC 3380 3270 3150 1695 — — 1220, 780
[Mn(ATSC)Cl„] 3360 3260 3160 1650 — — 1225, 760
[Co(ATSC)C1.II20]C1.3H„0 3340 3250 3180 1660 — — 1225, 760
[C o(A TSC )C l.Py(H „0)C 1.2H ,0 3360 3240 3160 1660 — — 1220, 760
[Co(ATSC-H)(AC)] 3360 3250 — — — 1610 1225, 770
[N i(A T SC -H )2(H ,0 )2] 3365 3260 — — — 1595 1220, 770
[Cu(ATSC-II)„(AC)] 3340 3280 — — — 1620 1220, 780
[Cu(ATSC-H)CI]„ 3380 3270 — — — 1590 1230, 775
[C u(A TSC -H )C l.Py] 3380 3270 — — — 1590 1220, 780
[Zn(ATSC-H)(AC )] 3370 3260 — — — 1610 1220, 770
[Cd(ATSC-H)(AC)] 3380 3270 — — — 1610 1220, 770
[C d(A T SC -H ),] 3360 3250 — — — 1610 1240, 770
[H g (A T S C -H )C l.H ,0 ] 3380 3220 — — — 1610 1220, 775

* I n  hydrazide  m oiety . 
+ I n  u rea  m oiety.

d isso lu tio n  of these  com plexes in  aqueous D M F  follow ed by  add ing  K C N S  
so lu tio n  can  be ta k e n  as an  ad d itio n a l ev id en ce  fo r  C u 1.

S tru c tu re  (I) e x h ib its  a  coord ination  n u m b e r  3 fo r b o th  copper(I) a to m s  
in  th e  com plexes [Cu2(ASC)C12] and  [Cu2(A SC )B r2]. In  spite of th e  u n u s u a l

CH3
I
c = o - ^
h 2 ^ C u — X

. H N —HN У I
X-----Cu

Чч'0  =  C
I
|A
NH

X =  Cl or Br 
I

b e h a v io u r  o f th e  co p p er(I)  a to m s, we are  co n v in ced  th a t  s tru c tu re  (I) ex is ts  
due  to  th e  following fa c ts .
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v  (N — C = S ) v  (C— O) v (N — N ) v(M — O) v(M— N )
v ( M - x )  

X = C 1  
o r  B r

u.v. b a n d s  (cm " )

990 _
— — 1005 440 400 270 17540, 14410, 12600
— — 1015 435 410 — 21740, 19600, 16260
— — 1015 430 410 270 25150, 15570
— — 1015 440 410 270 —

— — 1010 430 395 260 —
— 1080 1010 430 400 — —
— 1095 1010 420 390 — —
— 1075 1000 440 415 260 —

520, 1490, 1470 — 1000 — — — —

530, 1495, 1470 — 1010 430 360 260 —

530, 1490, 1470 — 1030 420 350 265 17000, 16600, 12100
520, 1490, 1465 — 1020 420 340 260 18800, 8330
530, 1495, 1460 1080 1010 460 410 — 17240, 16700, 12048
530, 1495, 1460 1070 1000 460 420 — 27000, 20000, 15000, 11200
520, 1495, 1460 1080 1000 460 410 — 23810, 17000
530, 1500, 1465 1070 1015 470 405 260 21270, 11000
530, 1500, 1460 1080 1015 460 410 260 —

530, 1500, 1465 1090 1015 470 390 — —

530, 1495, 1460 1090 1015 470 395 — —

530, 1495, 1460 1090 1010 480 385 — —

530, 1500, 1465 1105 1010 495 385 225 —

T he m olecular w eig h ts  as well as th e  low  m elting  po in ts  su g g est th a t  the  
tw о com plexes are  m onom ers. I .r .  d a ta  a n d  chem ical m e th o d s  (ad d itio n  of 
p y rid in e  and /o r tr ip h e n y l phosph ine) in d ic a te  th e  absence o f  a n y  chloride 
b rid g e . N o i.r. b an d s o r n .m .r . signals ch a rac te riz in g  th e  w a te r  a n d /o r  e th an o l 
m olecules, to  com plete th e  co o rd in a tio n , a re  observed . All th e se  o b serv a tio n s 
su g g est th a t  th e  co o rd in a tio n  n u m b e r a ro u n d  th e  copper(I) a to m s  is th ree .

T h e  only  d ifference be tw een  th e  com plex , [Cu (ASC— H )], an d  th e  
afo re -m en tio n ed  com plexes, [Cu2 (ASC)C12] a n d  [Cu2 (ASC)Br2], is t h a t  th e  
lig an d  (ASC) coo rd inates in  th e  enol fo rm . T h e  enolization  occurs th ro u g h  th e  
a d ja c e n t 1N H  as show n in  s tru c tu re  (II) a n d  su p p o rted  b y  th e  follow ing 
ev idence . T he d isap p earan ce  o f  th e  ( C = 0 )  b a n d  o f th e  h y d ra z id e  m o ie ty  w ith  
th e  n eg a tiv e  sh ift o f  th e  ( C = 0 )  h an d  o f  th e  u re a  m oiety . T h e  a p p e a ra n ce  of 
new  b an d s  a t  1080 an d  430 c m - 1  assignable  to  r(C— 0 )  [16] a n d  r(M — O) [12] 
v ib ra tio n s , respective ly . T h e  d isap p earan ce  o f  th e  b an d  due  to  r ( 1 N H ) w ith  
th e  n eg a tiv e  sh ift o f r(2 N H ). T h e  ap p earan ce  o f  new  hands a t  1590 a n d  400 c m - 1  

d u e  to  r (C = N )  [17] an d  r(M — N) (the  ex is ten ce  of th e  (C = N )  b a n d  a t  lower 
w av e  n u m b er ind ica tes  th e  p a r tic ip a tio n  o f th e  azom eth ine  g ro u p  in  co o rd ina­
tio n ) . T he positive sh ift o f  r(N — N) [15]. T h e  m olecular w eigh t d e te rm in a tio n  
show s th a t  th e  com plex is a po ly m er. A lso, th e  d iam agnetic  b e h a v io u r  supp o rts  
th e  red u c tio n  process.
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Cu

NH
I

И  =  I
J

V  IX N —  NH .

C ---- О
I
CH3

1
1
1 CH3 
1 1

1 Q
1 NH 
1

[ c II
- °  > 0 - c

1
Cu 1

S  > 4
-HN T'N —  NH

/ II

IIО~
h \О=

 <_) 

и

. Cu
V

NH

4
CH,

T h e  reduc tion  p rocess o f  C u 11 salts (Cl o r B r) b y  ASC is s tu d ie d  b y  
p o la ro g ra p h ic  m ethod  in  4 0 %  (v/v) e th an o l-lA f N H 4O H — N H 4C1 b u ffe r so lu­
tio n . T w o reduction  w aves a re  observed for C u 11 ch lo rid e  ( 5 x l O _ 3 Af) w ith  
e q u a l h e ig h t (1/xA). A lso, th e  h a lf  w ave p o te n tia ls  a re  fo u n d  to  be — 0.42 V vs 
A g(A gC l)K C l salt for th e  f i r s t  a n d  second w aves, re sp ec tiv e ly . O n ad d in g  excess 
a m o u n t o f  ASC, th e  lim itin g  c u r re n t  of the  f irs t  w av e  decreases while t h a t  o f th e  
seco n d  rem ain s unchanged . T h e  h a lf  wave p o te n tia l  o f  th e  f irs t  w ave (— 0.18 V) 
re m a in s  unchanged  an d  th e  seco n d  (— 0.42) sh if ts  to  — 0.48 V.

T h e  decrease in  th e  lim itin g  cu rren t as w ell as th e  c o n s tan t v a lu e  of 
Е 1/2 fo r  th e  f irs t w ave m a y  b e  a t tr ib u te d  to  th e  re d u c tio n  o f C u 11 b y  m ean s of 
ASC to  C u 1 [18]. In  th e  o th e r  h a n d s , th e  sh ift in  E 1/2 fo r th e  second w ave is a 
good ev id en ce  for th e  fo rm a tio n  o f com plex co m p o u n d s  w ith  C u1.

F in a lly , th e  ligand  (A SC) reac ts  in  th e  eno l fo rm  an d  is a b id e n ta te  in  
case o f  th e  p aram ag n etic  C u 11 com plex  [Cu(ASC— H )(A C )] and  [H g(A SC— H) 
Cl.H oO ]. T h e  ligand  c o o rd in a te s  v ia  2N H  a n d  th e  eno lized  carbony l oxygen  
o f th e  h y d raz id e  m o ie ty  b y  th e  d isp lacem ent o f  th e  hydrogen  a to m  from  
th e  l a t t e r  group b y  th e  m e ta l  ion. The m ode o f  co o rd ina tion  is p roposed  
on th e  l ig h t o f th e  fo llow ing  evidence.

T h e  d isappearance  o f  th e  b a n d s  due to  r(1N H ) a n d  r ( C = 0 )  of th e  h y d ra z id e  
m o ie ty  w ith  th e  ap p ea ran ce  o f  new  bands in  th e  1585— 1570 and  1095— 1075 
c m - 1  reg io n s assigned to  r ( C = N )  [17] an d  r(C— O) [16], respective ly . T he 
n e g a tiv e  sh if t o f th e  (2 N H ) b a n d  to g e th e r w ith  th e  p o s itiv e  sh ift (10— 20 c m -1) 
o f th e  r (N — N )v ib ra tion . T h e  ap p earan ce  of new  b a n d s  in  th e  low freq u en cy  
reg io n  a t  420—440 and  390— 415 c m - 1  assignable to  r(M — 0 )  [1 2 ] an d  r(M — N) 
[13] v ib ra tio n s , re sp ec tiv e ly . T h e  existence o f th e  (C =  0 )  b an d  o f th e  u rea  
m o ie ty  in  th e  sam e positio n . A ll th e se  o b se rva tions c o n firm  stru c tu re s  (III an d  
IV) fo r  th e se  com plexes.
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CH, = N

I
NH-

CH ,------C = N

\  у  T H < }Cu

0 ' 4 0

c
I
CH3

III

°  NH- c- n h - Q

0Hg
/  \

Cl OH,

IV

T he sp ec tru m  o f [Hg(ASC— H)C1.H 2 0 ]  show s b an d s, c h a ra c te r is tic  for 
co o rd in a ted  w a te r  m olecule [19], a t  3500 (h r), 1620 (sh) 880 (w) a n d  655 (w). 
T h e  b an d  due to  v(H g— Cl) [20] v ib ra tio n  is observed  a t  260 c m -1 .

T he sp ec tra  o f  [C un (ASC— H)(A C)] an d  [Co(ASC)(AC)2] sh o w  tw o  bands 
a t  1370 an d  1560 c m - 1  w hich are  assigned  to  vs and  vas o f th e  a c e ta te  group. 
T h e  g rea t difference (190 c m -1) b e tw een  th o se  tw o  bands su p p o rts  th e  b id en ta te  
n a tu re  [21] of th e  a c e ta te  group (s tru c tu re  III).

In  c o n tra ry , ATSC ac ts  only  as a b id e n ta te  c o o rd in a tin g  v ia  th e  2N H  
an d  th e  carb o n y l oxygen  groups in  e ith e r  k e to  and /o r enol fo rm s . In  all cases 
th e  ligand  form s f iv e  m em bered  rin g  a ro u n d  th e  m eta l ion.

F irs t, th e  lig an d  coord inates in  th e  k e to  form  in case o f  [M n(ATSC)CI2], 
[Co(ATSC)C1.H20]C 1 .3H 20  and  [C o(A TSC )C l.Py.2H 20 ]  C1.2H20 .  T h e  coord ina­
tio n  is considered  on  th e  basis of th e  fo llow ing evidence: T h e  lo w e r sh if t of the  
( C = 0 )  b an d  (1695 c m -1) w ith  th e  ap p e a ra n ce  o f a new  h a n d  in  th e  430— 420 
c m - 1  region a t t r ib u te d  to  v(M— O) [12]. T he negative  sh ift o f  th e  2N H  band 
to g e th e r w ith  th e  p o sitiv e  sh ift o f th e  (N — N ) ban d . The a p p e a ra n c e  o f new 
b an d s  a t  ~  350 a n d  ~  260 c m - 1  due  to  v(M— N) [13] a n d  v(M— Cl) [14], 
re spec tive ly . T he th io k e to  h an d s rem a in  in  th e  sam e p o sitio n . T h ese  observa­
tio n s  confirm  th e  p a r tic ip a tio n  o f  b o th  th e  carbony l o x y g en  a n d  th e  2N H  
groups in  co o rd in a tio n . T he sp ec tru m  o f [Co(A TSC)Cl.Py.2H 2O ]C 1.2H 20  shows 
a d d itio n a l b an d s  a t  1615 an d  1520 c m - 1  w h ich  are  assigned as co u p led  modes 
consisting  o f v (C = C ) a n d  v (C = N ) p ro v in g  th e  add itio n  o f p y r id in e  m olecule to 
th is  com plex [22]. A lso, o th e r  b an d s a re  observed  in  th e  s p e c tra  o f  [Co(ATSC) 
C1.H20]C 1.3H 20  an d  [C o(A TSC )C l.Py.2H 2 0]C 1.2H 20  a t  3480, 1625 and  670 
c m - 1  in d ica tin g  th e  ex istence  o f co o rd in a ted  w a te r m olecules [19]. W ate r of 
h y d ra tio n  was d e te rm in ed  q u a n tita tiv e ly  b y  h ea tin g  th e  co m p lex es a t  120 °C 
fo r 2  h r  an d  as re p o r te d  earlier [2 ].

O n th e  o th e r  h a n d , ATSC co o rd in a tes  v ia  th e  2N H  an d  th e  eno lic  carbonyl 
oxygen  groups, w ith  rep lacem en t o f th e  h y d ro g en  a tom  fo rm in g  f iv e  m em bered 
rin g  includ ing  th e  m e ta l a tom , in  case o f all o ther co m p lex es (T able I I I ) . 
T h e  m ode of co o rd in a tio n  is suggested  as a re su lt o f th e  fo llo w in g  evidence: 
T h e  d isap p earan ce  o f  b o th  v (C = 0 )  a n d  »»(ЧЧН) v ib ra tions. T h e  ap p earan ce  of
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n ew  b a n d s  in  th e  1620— 1590 a n d  1105— 1070 c m - 1  regions a ttr ib u ta b le  to  
y (C = N )  an d  v(C— 0 )  [16], re sp ec tiv e ly . The n e g a tiv e  sh if t (10— 50) c m - 1  o f 
th e  v(2N H ) and  th e  p o s itiv e  s h if t  ( ~  15 c m -1) o f  th e  r(N — N) [15]. T he 
a p p e a ra n c e  of new b a n d s  in  th e  495— 460 an d  420— 385 c m - 1  regions a ssig n ­
a b le  t o  r(M — 0 ) [1 2 ] a n d  r(M — N) [13] v ib ra tio n s , re spec tive ly . T he (C = S )  
b a n d s  re m a in  unchanged . T h e  fo llow ing s tru c tu res  (У a n d  VI) are suggested  fo r 
th e  is o la te d  com plexes.

CH3----C - N CH3---- C ■-------- N

0  N H - C - N H - < f A

\ /  J  ^

1 1 
0  N H - C -

\  /  1
- N H —

M H g  S

/  \
0  0

\ /
1

C H 3

C l  0 H 2

j Z n 11 a n d  C d "

V V I

M a g n e tic  an d  spectral s tu d ies

C o ( I I )  complexes

T h e  m agnetic  m o m en t o f  [Co(ASC)CL2H 20 ]  (4 .43 B.M .) lies w ith in  th e  
ra n g e  re p o r te d  for b o th  t e t r a h e d r a l  or five c o o rd in a te d  Co11 com plexes. T he 
s p e c tru m  show s th ree  b a n d s  a t  17.540, 14.410 a n d  12.600 c m - 1  w hich  is in  
f a v o u r  o f  th e  la tte r  g e o m e try . T hese hands m a y  b e  d u e  to  iA 2(F ) —► iE (F )  
iA 2(F )  —► 4A 2(P) and  áA 2(F )  —► ^E{F) tra n s itio n s , re sp ec tiv e ly , in  a f iv e  
c o o rd in a te d  s tru c tu re  [23]. T h e  spec trum  of [Co(ASC)(AC)2] is ch a rac te rized  
b y  a  b a n d  a t  19.600 c m - 1  w h ic h  m a y  be assigned to  4 T 1? —► \g (P )(v3) tra n s it io n  
in  o c ta h e d ra l  en v iro n m en t [2 4 ]. T he shoulder a t  16 .260 c m - 1  m ay  be due  
to  AT lg —*■ AT2g{F) t ra n s i t io n , th e  room  te m p e ra tu re  m ag n etic  m o m en t fo r 
th is  c o m p le x  (4.84 B.M.) lies w ith in  th e  range (4.8— 5.2) re p o rte d  for h igh -sp in  
o c ta h e d ra l  co b a lt(II) co m plexes. O n th e  o ther h a n d , th e  va lu es  of th e  m ag n e tic  
s u s c e p t ib i l i ty  of th e  Co11 co m p lex es, [Co(ATSC)Cl.H 20 ]  an d  [Co(ATSC— H ) 
(A C )], d e r iv e d  from  ATSC a re  4 .76  and  4.63 B .M ., re sp ec tiv e ly , w hich m a y  
s u g g e s t  a  te tra h e d ra l s t ru c tu re  a ro u n d  the  Co11 io n s .

T h e  reflectance sp e c tra  sh o w  th ree  b ands a t  12 .100 , 16.660 an d  17.000 
c m - 1 . T h e  tw o  bands a t  12 .100 a n d  17.000 c m - 1  m a y  b e  assigned to  iA 2 —>- i T 1 
(P )  a n d  sp in fo rb idden  [25] tra n s i t io n , respectively , in  a  d is to rted  te tra h e d ra l 
e n v iro n m e n t. The ad d itio n  o f  p y rid in e  to  [C o(A TSC)Cl.H 20]C1.3H 20  changes 
th e  o liv e -g reen  colour to  b ro w n . A lso th e  sp ec tru m  sh ow s b an d s  a t 18.800 a n d  
8.330 c m - 1  assigned to  *Tlg(F )  — 4 T lg(P )(r3) an d  4 T lg( F )  —► iT2g(F) (vx) t r a n s i­
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tio n s , re spec tive ly , in  a n  o c tah ed ra l g eo m etry  [24]. M oreover, th e  s tru c tu re  o f 
th is  com plex [Co(A TSC )C I.Py.2H 20 ]C l.211 ,0 , is confirm ed  w ith  th e  help  o f 
e lem en ta l analysis a n d  m o la r co nduc tance  v a lu e  (45 o h m - 1  cm 2 m o l-1).

N i ( I I )  complexes

T he sp ec tru m  o f [Ni(ASC)Cl2] ex h ib its  tw o  b an d s  a t  25.150 an d  15.570 
c m - 1  assigned to  3T 1 —*■ 3A 2 an d  3T X — 3T2(P )  tra n s itio n s , re sp ec tiv e ly , in  a 
d is to rte d  te tra h e d ra l g eo m etry  [23]. T he v a lu e  o f th e  m agnetic  m o m en t 
(3.53 B.M .) is an  ev idence  fo r th e  proposed  s tru c tu re .

T he electron ic  sp e c tru m  (N ujol) o f [N i(A TSC — H )2 .2H 20 ]  show s th ree  
h an d s  a t  11.200, 20.000 a n d  27.000 c m - 1  a ssigned  to  th e  3A 2g — 3T2g, 3A 2g(F ) —► 
3T lg(F ) an d  3A 2g —*• 3 T Jg(P )  tran s itio n s , re sp ec tiv e ly . T he b an d  a t  15.000 c m - 1  

m a y  be due to  th e  3A,lg —► 3E g tra n s itio n . T h e  ca lcu la ted  v alues o f Dq, В , ß 
a n d  v jv1 1120, 813, 0.85 an d  1.82, re sp ec tiv e ly , a re  in  fav o u r o f o c tah ed ra l 
s tru c tu re  a ro u n d  th e  N i(II)  ion [26]. A lso, th e  v a lu e  o f m ag n etic  m o m en t 
(3.12 B.M .) can  be  ta k e n  as an  add itiona l ev idence  fo r th e  proposed  s tru c tu re .

C u ( I I )  complexes

T he m agnetic  m o m en t (0.73 B.M.) o f [Cu(ATSC— H)C1] 2 is low er th a n  
th o se  rep o rted  fo r one u n p a ired  e lectron  (1 .7— 2.2 B.M .). T his su b n o rm al 
m ag n etic  m o m en t m a y  be  due to  copper-copper in te ra c tio n  [27]. T he com plex  
h as  a dim eric s tru c tu re  w ith  chloride b ridge  as show n in s tru c tu re  (VII). T his

H jC -C
II
N

s tru c tu re  is con firm ed  on  th e  basis of th e  m o lecu la r w eight d e te rm in a tio n  
(600). Also, th e  a d d itio n  o f p y rid ine  to  th e  d im eric  com plex  changes th e  colour 
to  green as well as th e  sep a ra tio n  of a new  m o n o m er com plex (VIII) w hich  is 
ch a rac te rized  b y  e lem en ta l analysis. T he sp e c tru m  o f th e  n a tiv e  com plex  
[Cu(ATSC— H)C1] 2 show s an  in tense  b an d  a t  11.000 c m - 1  w ith  a b ro ad  b a n d  
cen te red  a t  21.27 c m -1 . T he fo rm er b an d  su p p o rts  a te tra h e d ra l s tru c tu re  
a ro u n d  th e  C u 11 ion  w hile  th e  second m ay  be  assigned  to  a Cl —*■ Cu charge
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0  NH — С — NH—$  ^
\  /  "

Cu
/  \

CI Py

VIII

t r a n s f e r  [28]. The sp ec tru m  o f  th e  com plex  [Cu(ATSC— H)(A C)] show s a  b a n d  
a t  17 .000  c m - 1  as those re p o r te d  fo r sq u are  p la n a r  geo m etry  [29]. T h e  sh o u ld e r 
a t  2 3 .8 1 0  c m - 1  m ay  be due  to  M —► L charge  tra n s fe r  [30]. T he v a lu e  o f  th e  
m a g n e tic  m om en t (1.95 B .M .) lies w ith in  th e  ran g e  o f Cu ions.
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T H E  IN FL U E N C E  OF T H E  TIME A N D  
ACIDIFICATIO N ON FO RM ATION A N D  

STA BILITY  OF SOLID AM M ONIUM  M O LYBDATES

W ieslaw  L a s o c h a  and S ta n is la w  A. H o d o r o w ic z *

( F a c u l t y  o f  C h e m is tr y ,  J a g ie l lo n ia n  U n iv e r s i t y ,  3 0 -0 6 0  K r a k o w , P o la n d )

R e c e iv e d  M a y  2 2 , 1 9 8 5  
A c c e p te d  fo r  p u b lic a t io n  J u n e  2 4 , 1985

T h e  tr a n s fo r m a t io n  o f  f ib r il la r  a m m o n iu m  t r im o ly b d a te  in to  o t h e r  s o l id  m o ly b ­
d a te s  in  a q u e o u s  s o lu t io n  h a s  b e e n  o b s e r v e d . T h e  p H  a n d  c o n d u c t iv i t y  m e a s u r e m e n t s  v s  
t im e  fo r  m o th e r  s o lu t io n s , a n d  t h e  r e s u lts  o f  c h e m ic a l  a n a ly s is  a n d  X - r a y  id e n t i f i c a t io n s  
o f  t h e  so lid  p h a s e s  a re  p r e s e n te d .

In tro d u c tio n

T he c ry sta llin e  frac tio n  o f th e  f ib r il la r  am m onium  tr im o ly b d a te  has 
re c e n tly  been  iso la ted  [1]. D uring  p re p a ra tiv e  w ork  we have n o tic e d  th a t  in 
p re c ip ita tio n  o f th is  com pound  n o t on ly  ac id ifica tio n  o f th e  so lu tio n  b u t  the  
tim e  o f th e  co n densa tion  process is a v e ry  im p o r ta n t  facto r, too . T h e  in fluence  
o f  tim e  on th e  co ndensa tion  of isopo lyacids w as m entioned  in  th e  l i te ra tu re  
[2, 3] b u t  has n o t y e t been in v es tig a ted  in  d e ta ils . In  th is  p a p e r w e focus our 
a t te n t io n  to  th e  fa c to r  m en tioned  above a n d  fu r th e r  tra n s fo rm a tio n s  in  so lu­
tio n s  o f  th e  solid am m onium  tr im o ly b d a te  in to  o th e r m o lybda tes. D u e  to  the  
q u a lita tiv e  n a tu re  o f these  tra n s fo rm a tio n s  p H  and  c o n d u c tiv ity  m easu re ­
m e n ts  o f  so lu tions vs tim e  w ere carried  o u t. A d d itio n a lly  the  o b ta in e d  p rec ip i­
ta te s  w ere id en tified  b y  chem ical an a ly s is  an d  X -ray  pow der d iffrac tio n  
m e th o d .

E x p erim en ta l

S a m p le s  o f  a m m o n iu m  h e p ta m o ly b d a te  s o lu t io n s  (c o n c e n tr a t io n s  c/^o =  0 .6  M)  w ere  
t i t r a t e d  w i t h  1 .0  M  n itr ic  a c id  to  t h e  d e g r e e  o f  a c id i t y  Z  =  0 .1 6 , 0 .1 9 , 0 .2 4 , 0 .2 8 ,  0 .3 3 ,  0 .3 6 ,  
0 .3 9 ,  0 .4 4  a n d  0 .4 7 . T h e  p H  a n d  c o n d u c t iv i t y  o f  t h e  s o lu t io n s  h a d  b e e n  m e a s u r e d  a t  2 9 8  ±  0 .2  
К  f o r  a  p e r io d  o f  1 0 0  d a y s  w it h  a n  a c c u r a c y  o f  ±  0 .0 1  p H  a n d  ±  0 .2 5  m S  c o n d u c t iv i t y .  
A  d ig i ta l  p H -m e t c r  M 517  ( P o la n d )  e q u ip p e d  w i t h  a  c o m p le x  e le c tr o d e  S A g P - 2 0 9  W  a n d  a  
“ C o n d u c t iv i t y  M e te r ”  ( R a d e lk is -B u d a p e s t )  w e r e  u s e d ,  r e s p e c t iv e ly .  T h e  c r y s t a l s  p r e c ip i t a te d  
w e r e  s t u d ie d  m ic r o s c o p ic a l ly  a n d  t h e n  w e r e  id e n t i f i e d  w i t h  c h e m ic a l a n d  X - r a y  d if f r a c t io n  
m e th o d s .  M o ly b d e n u m  w a s  d e te r m in e d  b y  h e a t in g  t h e  s a m p le s  to  c o n s ta t  m a s s  in  a  fu r n a c e  
a t  8 7 3  K . A m m o n ia  w a s  d e te r m in e d  b y  t h e  K j c ld h a l  m e th o d . S u b s tr a c t in g  t h e  a m o u n t  o f  
N H 3 fr o m  t h e  s u m  o f  N H 3 a n d  H 20  lo s t  b y  h e a t in g ,  p e r c e n t a g e  o f  H 20  c o u ld  t h e n  b e  c a lc u la te d .  
T h e  X - r a y  p o w d e r  d i f f r a c t io n  a n a ly s is  w a s  p e r fo r m e d  o n  a D R O N -2  d i f f r a c t o m e t e r  (C u K a 
r a d ia t io n ) .  C a lc u la t io n s  o f  t h e  u n it  c e lls  p a r a m e te r s  w e r e  carr ied  o u t  o n  t h e  C D C  C Y B E R  
c o m p u te r .

* T o  w h o m  c o r r e sp o n d e n c e  s h o u ld  b e  a d d r e s s e d
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R esu lts  and D iscussion

T h e  influence o f  a c id ity  an d  tim e on th e  c ry s ta lliz a tio n  is i l lu s tra te d  in  
F ig . 1. I n  th e  so lu tions a t  a degree of ac id ity  Z  =  0 .16— 0.28 f irs t th e  f ib r illa r  
c ry s ta ls  o f th e  am m o n iu m  tr im o ly b d a te  fo rm . T h e  c ry sta lliza tio n  ra te  a n d  th e  
y ie ld  o f  th e  process a re  s tro n g ly  influenced b y  th e  ac id ity . The b est co n d itio n s
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F ig . 1. T h e  influence o f a c id ity  a n d  tim e on th e  c ry s ta l l iz a t io n  of solid isopoly m o ly b d a te s  
from  ac id ified  am m onium  p a ra m o ly b d a te  solutions

fo r th e  p re p a ra tio n  of th is  co m p o u n d  are in  so lu tio n s  a t  Z  =  0.24 and  Z  =  0.28. 
A f te r  a  perio d  of a b o u t 30— 40 days new p h a se s  ap p e a r and  th e ir  a m o u n t 
in c re a se  a t  th e  sacrifice  o f th e  fib rilla r form . T h e  n ew  phases were id e n tif ie d  as 
th e  te tra m o ly b d a te  (N H 4)2 0.4M oO 3 [4] a n d  o c tam o ly h d a te  3 (N H 4 ) 2 0.8 
M o0 3 .4 H 20  [5, 6 ] w ith  th e  la ttic e  p a ra m e te rs  a =  9.68 (3), b =  11.07 (3), 
c =  16.29 (5) Á an d  ß =  85.4(1)°, and a = 9 .5 1 ( l ) ,  b =  11.31 (3), c =  15.05 (1) 
Á  a n d  ß =  109.52 (3)°, resp ec tiv e ly . S ta r tin g  f ro m  Z  >  0.33 th e  c ry s ta ll i­
z a tio n  o f  th e  am m o n iu m  tr im o ly b d a te  is p re c e d e d  b y  th e  p rec ip ita tio n  o f  a 
sm a ll a m o u n t of a su b s ta n c e  w hich gives p o w d e r  p a tte rn  ty p ic a l fo r  a 
“ m ix tu re ”  o f iso p o ly m o ly b d a te s  where o c ta m o ly h d a te  (N H 4 )4Mo80 2 6 .2 H 20  
re p o r te d  b y  Ma [8 ] is p re d o m in a n t. A fter a few  w eeks all form s tra n s fo rm  
in to  am m o n iu m  te tra m o ly b d a te  (N H 4)2Mo40 13.
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Changes in  p H  a n d  co n d u c tiv ity  o f  th e  so lu tions are  p re s e n te d  in  Figs 
2 an d  3. As follows fro m  th e  d iag ram s th e  considerable c h a n g e s  in  these 
p a ra m e te rs  are o b se rv ed  even  th o u g h  no  c ry s ta ls  are fo rm ed. T h e  c ry s ta lliza ­
tio n  o f th e  f ib rilla r tr im o ly b d a te  and  th e  “ m ix tu re ”  is c o n n e c te d  w ith  the

Fig. 2. p H  o f  am m onium  p a ra m o ly b d a te  solutions v s t im e

Fig. 3. C o n d u c tiv ity  o f am m onium  p a ram o ly b d a te  so lu tions v s  t im e

increase  o f p H  w hile c o n d u c tiv ity  decreases . D uring  th e  p re c ip ita tio n  of the  
te tra m o ly b d a te  th e  in crease  o f these  p a ra m e te rs  occur, w h e re a s  p H  keeps 
a lm o st th e  sam e v a lu e  a n d  co n d u c tiv ity  decreases w hen tr im o ly b d a te  tra n s ­
fo rm s in to  o c ta m o ly b d a te . T he changes p re sen ted  can be e x p la in e d  on the 
basis  o f th eo re tica l co nsidera tions. T h e  tra n sfo rm a tio n  o f  a  p o ly m o ly b d a te  
nM e20 .m M o 0 3 in to  a n o th e r  one can be d esc rib ed  by  follow ing g e n e ra l reac tion :

nMe20 .m M o 0 3 -f- 2feH+ s=s (n— fc)Me2 0 .m M o 0 3 -f- 2fcMe+ +  feH20  (1)
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A c c o rd in g  to  th i reac tio n  th e  a c id ity  Z  =  [ H +]/[M o ] is given b y  th e  ra tio

Z  =  2 klm  (2)

I f  w e d e n o te  s =  m/n. th e  r e a c t io n  above is a sso c ia ted  w ith  following ch an g e  
o f  s :

As
m  m km

n  —  к n n(n  —  k) (3)

F ro m  (2) and (3) we o b ta in

2 n 2As^  ____________  /^\
m  (m  +  n As) '  '

T h e  v a lu e s  o f s for pa ra -, t r i - ,  t e t r a - ,  and o c ta m o ly b d a te  are  equal to  7/3, 3/1, 
4 /1 , a n d  8/3, respectively . H e n c e  according to  e q u a tio n  (4) th e  th e o re tic a l 
a c id if ic a tio n  degree Z  fo r  t h e  fo rm atio n  of th e se  fo rm s in  p a ra m o ly b d a te  
so lu tio n s  is  equal to  0.19, 0 .35 , a n d  0.107. This re s u lt  en ab les  us to  exp la in  th e  
b e s t  c o n d itio n s  for th e  p a ra m o ly b d a te  — tr im o ly b d a te  reaction  an d  to  
d e te rm in e  form s which a re  p r e s e n t  in  bo ttom s a f te r  t im e  long enough fo r th e  
d is a p p e ra n c e  of fib rillar p h a se . T h e  fo rm ation  o f  t e t r a -  an d  o c tam o ly b d a te  
f ro m  tr im o ly b d a te  can be d e sc r ib e d  by  th e  re a c tio n s :

4Mo3 O102-  +  2 H +  s s  3Mo40 132-  +  H 20  (5)

an d

8 Mo3O 102-  +  H 20  3 =s 3Mo80 27e-  +  2 H +  (6 )

T h e  th e o re tic a l  values o f  Z  fo r  th e se  reactions a re  e q u a l to  1/6 =  0.16 a n d  
— 1/12 =  -—0.08, re sp ec tiv e ly . T h u s  the  fo rm a tio n  o f  te tra m o ly b d a te  fro m  
t r im o ly b d a te  should be c o n n e c te d  w ith  the increase  o f  p H , w hile th e  fo rm a tio n  
o f o c ta m o ly b d a te  should re s u l t  in  a slight decrease o f  p H . T he tra n sfo rm a tio n  
in to  o c ta m o ly b d a te  is n o t c o n n e c te d  w ith  the  decrease  o f  p H . This fac t suggests 
t h a t  a  p ro cess  w ith th e  c o n su m p tio n  of p ro tons o ccu rs  in  so lu tion . A ccord ing  
to  l i t e r a tu r e  [9] i t  can he  d e sc r ib e d  b y  th e  re a c tio n :

8Mo70 24e~ +  6 H +  ^ 7 М о й0 27в-  +  3 H 20

T h e  fo rm a tio n  of tr im o ly b d a te  is  given by th e  re a c tio n :

3Mo70 246-  +  4 H + ^  7Mo3O 102-  +  2 H 20  (7)

T h e  c o n su m p tio n  of H + io n s re su lts  in decrease in  co n d u c tiv ity . F u r th e r  
c h a n g e s  o f  conductiv ity  a re  p ro b a b ly  caused b y  th e  d iffe ren t so lu b ility  o f  
so lid  fo rm s  from  the  one h a n d  a n d  th e  change in  N H 4+ io n  co n cen tra tio n  in  th e  
so lu tio n  [see reaction  ( 1 )] f ro m  th e  other.

I t  c a n  be concluded t h a t  t h e  m oderate  a c id if ic a tio n  o f c o n cen tra ted  hep - 
ta m o ly b d a te  solutions causes t h e  c rysta lliza tion  o f  th e  f ib rilla r  tr im o ly b d a te .
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D u rin g  th is  p rocess th e  changes of p H  a n d  m o ly b d en u m  c o n c e n tra tio n  occur. 
T he new  co n d itions en ab le  th e  p re c ip ita tio n  o f  te tra m o ly b d a te , (N H 4)20.4M oO  
or o c tam o ly b d a te  3 (N H 4)2 0 .8 M o 0 3 .4H 20 .  T h ese  com pounds c ry s ta llize  a t  th e  
expense  of th e  tr im o ly b d a te  w hich co m p le te ly  d isap p eared . The re su lts  observed  
ex p la in  th e  orig in  o f  v e ry  d ifferen t o p in io n s a b o u t th e  ex istence  o f  th e  t r i ­
m o ly b d a te  an d  i t  is p ro b a b ly  th e  m ain  re a so n  w h y  some au th o rs  w ere  ab le  to  
p o in t o u t its  “ d o u b le -sa lts  ch a rac te r”  ev en  b y  X -ra y  m ethod  [7, 8 ].
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BOOK R EV IEW S

G yula S zekér: Industry and Technical Development in  
H ungary in  the Nineteen-Eighties

(Vol. 60 o f th e  series “ R ecen t R esu lts  o f C h em istry ” ); 
p p  205, A kadém iai K iadó , B u d ap es t, 1985.

In fo rm atio n  ab o u t th e  a c tu a l ta sk s  o f H u n g a rian  in d u s try  a n d  tec h n ica l developm en t 
is  o ffered  in  th is  book. C onsidering  th e  changed  o rd er o f va lues and  based  o n  a  sc ien tific  analysis 
o f  w orld  econom ics th a t  c rea te s  ever m ore  d ifficu lt conditions, th e  a u th o r  ex p la in s  how  the  
co n cep tio n s o f in d u stria l a n d  tech n ica l dev elo p m en t h av e  evolved. A  rev iew  o f  re su lts  and 
e rro rs  is g iven; th e  p re sen t s i tu a tio n  of H u n g a ry ’s in d u s try  is e v a lu a te d  in  co m p ariso n  w ith  
in te rn a tio n a l ach ievem en ts. E sp ec ia l a tte n tio n  is p a id  to  progress a n d  to  fu tu re  possib ilities 
in  th e  dom ain  of en erg y -carriers , to  th e  p a t te rn  o f ex p o rt- im p o rt b a lan ce  in  v a r io u s  b ranches 
o f  in d u s try  and  to  possib ilities o f  im p ro v em en t. I t  is n o t surprising  t h a t  ch em ica l in d u s try  is 
t r e a te d  m ore in  de ta il since th is  is one o f th e  m o st d y n am ically  dev elo p in g  d o m ain s o f th e  
c o u n try ’s in d u stry . F in a lly , th e  a c tu a l p rob lem s o f in d u stria l d ev e lo p m en t a re  review ed, 
in c lu d in g  th e  discussion o f v a rio u s  p ro g ram m es in  th e  6 th  f iv e-y ear p la n , b u t  th is  book also 
g ives som e directives re le v a n t to  concep tions fo r in d u str ia l d ev elo p m en t a n d  p ro g ress during  
th e  7 th  five-year p lan  p e rio d . T h is  boo k  is recom m ended  read in g  n o t o n ly  fo r e x p e rts  engaged 
in  in d u s try  o r th e  tech n ica l sciences b u t  for th e  w ide public  in te re s ted  in  th e  in d u s tr ia l and 
econom ic aspects o f n a tio n a l p rogress o f th is  co u n try .

B éla  C s á k v á r i
D epartm ent o f  General and  Inorganic  
C hem istry, Eötvös Loránd U niversity , B udapest

Conceptual Quantum Chemistry. Models and Applications. S pecia l Subject 
Issu e  o f  C ro a tica  C hem ica A cta . P a r t  I .

Yol. 57, No. 5, pp . 7 6 5 -1 0 3 0 , 1984 
G u est E d ito r :  Z. B. M aksic

In  th e  p a s t few y ears  th e  d ev elo p m en t o f  q u a n tu m  ch em istry  w as d o m in a te d  b y  an 
e x tre m e ly  fa s t progress in  th e  co m p u ta tio n a l tech n iq u es, w hich m ad e  ro u tin e ly  accessible 
e v en  th e  h igh ly  so p h istica ted  a b  in itio  calcu la tio n s to  chem ists. In  th e  m ea n tim e  th e  simple 
c o n cep tu a l m odels w hich  a re  ab le  to  give q u a lita tiv e  in sig h t in to  a  few  d o m in a n t asp ec ts  o f a 
p a r tic u la r  problem , a lb e it u n a b le  to  y ield  precise n u m bers , becam e less a n d  less popular. 
A lth o u g h  one can n o t d en y  th e  im p o rta n ce  o f v e ry  accu ra te  c o m p u ta tio n s  on  m o lecu la r p ro p ­
e rtie s , one should  n o t neg lec t th e  ro le o f sim ple con cep tu a l m odels, w h ich  b rid g e  th e  gap 
b e tw een  th e  fu n d am en ta l law s o f p h y sics and  th e  ru les  o f ch em istry , a n d  fo rm  th e  basis o f our 
u n d e rs tan d in g  of th e  p h en o m en a.

T h e  E d ito ria l B o a rd  o f  C ro a tica  C hem ica A c ta  recognized t h a t  th e  v a rio u s  sim ple 
c o n cep tu a l m odels should  h av e  m u ch  m ore em phasis in  th e  q u a n tu m  chem ica l l ite ra tu re , and
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d e c id ed  to  ded icate  a special issue to  th e  sub ject. T his idea  h a s  b een  w elcom ed by  th e  sc ien tific  
so c ie ty , a s  i t  w as p roven  b y  th e  g r e a t  n u m b e r of in te re s tin g  a n d  g o o d -q u a lity  p ap ers  co n trib ­
u te d  to  th is  issue.

T h e  issue consists o f o rig in a l c o n tr ib u tio n s  and  rev iew  a rtic le s  as well. T he wide d iv ers ity  
o f  th e  to p ic s  ensures th a t  a lm o st e v e ry b o d y  can find  th e  p a p e r  h e  is p a r tic u la r ly  in te res ted  in. 
T h e  m a jo r i ty  of th e  a rticles d ea l w i th  th e  analysis, fu r th e r  d ev e lo p m en t an d  ap p lica tio n  of 
c lass ica l concep ts . I t  is re m a rk a b le  t h a t  th e  au th o rs  m ak e  a con sid erab le  e ffo rt to  f in d  th e  
lin k s  b e tw e e n  th e  sim ple c o n ce p ts  a n d  th e  resu lts o f a c c u ra te  a h  in itio  calcu la tions. T his 
a t t i tu d e  is q u ite  im p o rtan t in  o rd e r  to  develop a fru itfu l sym biosis o f  th e  c o m p u ta tio n a l and  
c o n c e p tu a l  approaches in  q u a n tu m  ch em istry .

S e v e ra l papers discuss th e  p ro b le m  of h y b rid  o rb ita ls , in v o lv in g  th e  c o n trib u tio n  of 
L in u s  P a u lin g  who had p e rh ap s  th e  g re a te s t  im pact on  th e  c o n ce p tu a l th in k in g  in  q u a n tu m  
c h e m is try  in  th e  past. T he loca lized  o rb ita ls  co n stitu te  a n o th e r  m a jo r  to p ic . T heir ap p lica tio n  
fo r v a r io u s  purposes, like c o n fo rm a tio n a l problem s, th e  e ffec tiv e  t r e a tm e n t  o f co rre la tio n  as 
w ell a s  th e  econom ic han d lin g  o f  la rg e  m olecules is d iscussed  b y  severa l au th o rs . In  o th e r  
c o n tr ib u tio n s ,  them es, like th e  V S E P R  m odel, K oopm ans’ th e o re m , th e  p o in t charge m odels, 
th e  c o n c e p t  o f bond orders , th e  r in g  c u rren ts , h o m o co n ju g a tio n , e tc ., are  tre a te d , in  m o st 
cases b y  conflicting  the  p red ic tio n s  o f  th e  m odels w ith  th e  re su lts  o f sem iem pirical o r ab  in itio  
c a lcu la tio n s .

W e  th in k  th a t  th e  m ain  g oal o f  th e  ed ito r, Z. B. M aksic , “ to  c o n tr ib u te  to  th e  fu r th e r  
d e v e lo p m e n t o f conceptual q u a n tu m  ch em istry , . . . an d  to  a  b e t te r  u n d e rs tan d in g  be tw een  
d if fe re n t f ie ld s”  has been ex ce lle n tly  ach iev ed  by th is  f irs t  p a r t  o f  th e  special issue, and  we are 
lo o k in g  fo rw a rd  w ith  e x c item en t to  th e  fo rthcom ing  second  p a r t .  F in a lly  we n o te  th a t  th e  
sp ec ia l issu e  can  be an  en jo y ab le  re a d in g  n o t only for th e o re tic ia n s  b u t  also fo r experim en ta l 
c h e m is ts  w h o  search for a d eep er u n d e rs ta n d in g  of th e  q u a n tu m  chem ica l concep ts th e y  are  
w o rk in g  w ith .

Já n o s  Á n g y á n
C H I N O I N  Pharmaceutical a n d  C hem ical W orks L td  
R esearch Center, Budapest

Metal Ions in  Biological Systems, Volume 18. 
Circulation o f  M etals in the Environm ent

E d .: H elm ut Sigel, M arce l D ekker Inc ., N ew  Y o rk — B asel, 1984

T h is  series, of w hich th is  b o o k  is a lread y  th e  18 th  v o lu m e , env isag ed  a  v e ry  h a rd  t a s k ,  
n a m e ly  th e  com plete  survey  o f th e  ro le  o f m etals, p lay ed  in  b io lo g y  a n d  in  v ita l processes. T he 
e d ito r  o f  th e  series em phasizes t h a t  th is  a im  can be a tta in e d  on ly  b y  a far-reach ing  in te r ­
d isc ip lin a ry  approach .

P re v io u s  volum es of th e  series d e a lt  w ith  various o rg an o -m in era l com plex com pounds, 
th e ir  p ro p e rt ie s ,  fu rth e r w ith  th e  b io lo g ica l role of m eta l ions. A  se p a ra te  vo lum e was d ed ica ted  
to  iro n  co m p o u n d s , and to  som e b io lo g ica lly  im p o rta n t o rg an ic  su b s tan ces . V olum e 10 o f th e  
series d iscu ssed  th e  carcinogenic e ffe c ts  o f some m eta l ions, w h ile  V olum e 11 d ea lt w ith  ju s t  
th e  o p p o s ite , to p ic  the  possible an tic a rc in o g e n ic  use o f m eta l ions. C opper an d  zinc com pounds 
w ere a lso  t r e a te d  in a sep a ra te  v o lu m e , an d  so was calcium . V o lum e 19, to  be  published  la te r , 
w ill d iscu ss  th e  connection o f m e ta l io n s  w ith  an tib io tics.

V o lu m e 18 covers a b ro a d  s u b je c t ,  as can be seen fro m  i ts  t it le .
T h e  f i r s t  chap ter, th e  a u th o r  o f  w h ich  is P e ter B accin i, g ives a  g en era l p ic tu re  ab o u t th e  

m ig ra t io n  o f  m eta ls in th e  e n v iro n m e n t, also serving as a gu id e  to  th e  ch ap te rs  w hich follow. 
T h e  se c o n d  c h ap te r  of th e  book  c o v ers  th e  analy tica l ch em istry  o f  m e ta l  ions occurring  in  th e  
e n v iro n m e n t. T h is is the  m o st e x te n s iv e  an d  perhaps th e  b e s t  w r i t te n  c h ap te r  o f th e  book , 
su m m a riz in g  conventional an d  m o d e rn  processes, a lm o st th e  co m p le te  an a ly tica l re p e rto ry : 
m o reo v e r, th e  lim it values a re  g iv en  a t  w h ich  th e  various m e ta ls  m a y  he p re sen t in th e  e n v iro n ­
m en t.

T h e  th ird  chap ter o f th e  b o o k  d e a ls  w ith  th e  role o f m e ta l ions p la y e d  in th e  en v iro n m en t, 
b u t  th e  d iscussion  is re s tr ic ted  to  th e  p a r tic u la r  processes, su ch  as com plex  fo rm atio n , ion 
ex ch a n g e , hydro lysis, redox  p ro cesses , e tc ., w ith o u t d escrib ing  th e  co n cre te  role o f these  
p ro cesses in  th e  environm ent. T h is  is, o f  course, u n d e rs tan d a b le  in  v iew  o f th e  lim ited  e x te n t.
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T h e  n e x t c h a p te r  d iscusses in a som ew hat s im ilar a p p ro a c h  th e  fo rm atio n  o f su rface  com plexes, 
includ ing  th e  th e o ry  o f e lectric  double-layer.

T he f if th  c h a p te r  deals w ith  th e  re la tio n sh ip s  b e tw een  chem ical m easu rem en ts  a n d  th e  
u p ta k e  of biological su b stan ces , while th e  s ix th  c h a p te r  is concerned  w ith  th e  in te rac tio n s  or 
o rgan ic  a n d  o rg an o -m in era l com pounds in  aq u eo u s m ed ium . A  logical c o n tin u a tio n  o f th is  is 
th e  sev en th  c h a p te r , d iscussing  th e  evo lu tio n al a sp e c ts  o f  th e  tra n sp o r t  o f m e ta l ions th ro u g h  
cell m em branes.

A n im p o r ta n t  a n d  ex tensive  c h a p te r  o f th e  boo k  is th e  e ig h th , th e  a u th o r  o f w hich  
w ro te  also th e  f ir s t  c h ap te r . C hap ter 8 describes th e  co n tro l o f trace  e lem en t c o n ce n tra tio n s  in 
fresh  w a te rs ; in fo rm a tio n  is g iven  in  an  orig inal a p p ro a c h , illu s tra te d  also b y  p ra c tic a l exam ples.

T h e  p ro b lem s of th e  o th e r  im p o rta n t e le m en t o f th e  en v iro n m en t, o f th e  soil, are  th e  
to p ics  o f  th e  n in th  c h ap te r , w hich  deals w ith  th e  m ig ra tio n  o f m eta l ions in  th e  e a r th . T his 
c h ap te r  m akes i t  ev id e n t t h a t  o ften  a superfic ia l d esc rip tio n  can  on ly  be  g iven  because  o f th e  
lim ited  e x te n t  a n d  th e  m u ltitu d e  of th e  top ics. T h e  c h a p te r  is u p -to -d a te , w ill a p p ro ac h in g  th e  
su b jec t, how ever, as concerns m eta ls  im p o r ta n t  in  th e  soil, th e ir  d iscussion  is re s tr ic te d  m ain ly  
to  h eav y  m eta ls , a n d  a lm o st n o th in g  is said  a b o u t  a lk a li an d  alkali e a r th  m eta ls , p lay in g  th e  
m o st im p o r ta n t  ro le  in  th e  soil. I t  should  be m en tio n ed  here  t h a t  i t  is d iff icu lt to  u n d e rs ta n d  
w h y  in  th is  c h ap te r , an d  in  general in  th e  bo o k , classical geochem ical fin d in g s a n d  references 
to  au th o rs , such  as V ern ad sk i, a re  m issing, th e  w orks o f w hom  are  s till a c tu a l, fo rm ing  th e  
basis o f  m o d ern  en v iro n m en ta l views.

T h e  te n th  c h a p te r  deals w ith  th e  m icrob io log ical a spects o f th e  to x ic ity  o f  m eta l ions, 
includ ing  p ro b lem s o f gene engineering.

T h e  b rie f  closing  c h a p te r  discusses, u n d e r  th e  t i t le  “ Conclusions a n d  O u tlo o k ” , som e 
general e n v iro n m en ta l law s an d  global cycles. I t s  a u th o r  is P . B accini, w ho h a d  th e  g re a te s t 
sh a re  in  w ritin g  th e  book.

T h e  vo lu m e is a  n o tew o rth y  su m m ary  o f a  w ide group  of p rob lem s, o n  w hich  scarcely  
a n y  o th e r  re fe ren ce  bo o k  w ith  such an  ap p ro ach  a n d  m an y sid ed  m o d ern  v iew s can  be  fo u n d  in  
th e  lite ra tu re . I n  sp ite  o f  th e  fa c t t h a t  for sp ec ia lis ts  o f th e  p a r tic u la r  fields th e  co n ten ts  of 
c e rta in  c h ap te rs  m ay  seem  superficial o r in su ffic ien t, th e  w ork  is a  v a lu ab le  c o n tr ib u tio n  in  th e  
fields o f in fo rm a tio n , re sea rch  an d  tu itio n , a n d  m a n y  o f i ts  useful d a ta , th eo re tic a l an d  p rac tica l 
fin d in g s , w ill g re a tly  en rich  th e  know ledge o f all th o se  in te res ted  in  e n v iro n m en ta l p rob lem s.

I s t v á n  S z a b o l c s
Research In stitu te  o f  So il Science and A gricu ltu ra l Chemistry,
H ung. A cad, o f  S e i., B udapest
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Text
T h e  te x t  o f th e  p a p e r  shou ld  be  concise. T he d e sc rip tio n  o f  new  com pounds (in  th e  

E x p e rim en ta l)  m u s t in c lu d e  th e  co m p le te  a n a ly tica l d a ta .  S p ec ia l a tte n tio n  m u st be p a id  
to  s tru c tu ra l fo rm ulas g iv en  w ith in  th e  te x t .  C om plicated  (n o n -lin e a r)  fo rm ulas shou ld  be 
d ra w n  on  sep a ra te  sh ee ts  o f  p a p e r  a n d  th e ir  position  in th e  t e x t  sh o u ld  be c learly  m ark ed . 
T h e  n u m b erin g  o f  fo rm u las a n d  eq u a tio n s  (in  p a ren th eses o n  th e  r ig h t-h a n d  side) is on ly  
n eed ed  if  th e y  are  re fe rred  to  in  th e  te x t .  U n its  should confo rm  to  th e  In te rn a tio n a l S ystem  
o f  U n its  (S I). In  n o m en c la tu re  th e  ru les  o f  th e  I.U .P .A .C . a re  a c c e p te d  as s ta n d a rd . Sym bols 
fo r p h y sica l q u a n titie s  a re  p r in te d  in  ita lic  ty p e  and  should , th e re fo re , be und erlin ed  in  th e  
m an u sc rip t.

R eferences
R eferences shou ld  be  n u m b ere d  in o rd er o f ap p earan ce  in  th e  te x t  (w here th e  reference 

n u m b e r  ap p ears  in  b ra ck e ts )  an d  lis ted  a t  th e  end of th e  p a p e r. T h e  reference lis t, to o , should  
b y  ty p e d  double-spaced . J o u rn a l  t it le s  a re  to  be a b b re v ia te d  a s  defined  by th e  Chem ical 
A b s tra c ts  Service Source  In d e x .

E x am p les :
[1] B rossi, A ., L in d la r, H ., W a lte r , M., Schneider, O.: IIc lv . C him . A c ta , 41, 119 (1958)
[2] P a rr , R . G.: Q u a n tu m  T h eo ry  o f M olecular E lec tro n ic  S tru c tu re ,  B en jam in , N ew  Y o rk

1964
[3 ] W arshel, A .: in  M odern  T h eo re tica l C hem istry , Vol. 7, P a r t  A  (E d . G. A. Segal), P lenum

Press, New Y o rk  1977

T ables
E ac h  tab le  shou ld  be  g iven  a  R o m an  n u m b er and  a  b r ie f  in fo rm a tiv e  t itle . S tru c tu ra l 

fo rm u la s  should  n o t  be  u se d  in  co lum n h ead ings o r in  th e  b o d y  o f  tab le s .

F igu res
F igures shou ld  be  n u m b ere d  co n secu tive ly  w ith  A rab ic  n u m era ls . T heir ap p ro x im a te  

p lace  should  be in d ic a te d  in  th e  te x t  on  th e  m arg in . A llfigures m u s t  be  id en tified  on  th e  b ack  
b y  th e  a u th o r’s n am e  a n d  th e  fig u re  n u m b er in pencil. S ta n d a rd  sym bols (such  as circles, 
tr ian g les , squares) a re  to  b e  used  on line-d raw ings to  d e n o te  th e  p o in ts  d e te rm in ed  ex p eri­
m en ta lly . L ine-draw ings m u s t n o t  co n ta in  s tru c tu ra l fo rm u la s  a n d  com m ents. S p ec tra  o r 
re le v a n t segm ents th e reo f, c h ro m a to g ram s, an d  X -ra y  d iffrac tio n  p a tte rn s  will b e  rep ro d u ced  
o n ly  if  concise n u m erica l su m m aries a re  in ad e q u a te  to rep lace  th e m . D raw ings a n d  g rap h s 
sh o u ld  be p rep ared  in  b lac k  in k  on  g o o d -q u a lity  w hite  o r tra c in g  p a p e r. P h o to g rap h s  should  
b e  su b m itte d  on glossy p a p e r  as h ig h -co n tra s t copies. X ero x  o r  s im ila r  copies a re  n o t  su itab le  
fo r  rep ro d u c tio n , b u t  m ay  be used  fo r d u p lica te  copies.

R edraw n  illu s tra tio n s  will be  se n t to  th e  au th o rs  for ch eck in g . No corrections o f figures 
w ill, there fo re , be accep ted  in  th e  proofs.

Subm ission of m an u scrip t
A fte r hav in g  co m p le ted  th e  co rrec tio n s suggested b y  th e  re ferees an d  ed ito rs, th e  fin a l 

m an u sc rip t should  be su b m itte d  in d u p lic a te , in a form  re ad y  fo r p u b lica tio n . I f  th e  co rrec ted  
m an u sc rip t is n o t  re tu rn e d  to  th e  e d ito ts  w ith in  s ix  weeks, th e  in te n d e d  p u b lica tio n  o f  th e  
p a p e r  will be reg ard ed  as w ith d raw n  b y  th e  au th o rs .

Page  charge will n o t  be assessed  fo r th e  pu b lica tio n , h o w e v e r, a u th o rs  from  overseas 
co u n tries  m u st c o n tr ib u te  to  th e  p o stag e  o f correspondence b y  send ing , to g e th e r w ith  th e  
m an u scrip t, in te rn a tio n a l p o sta l coupons to  th e  va lue  o f U .S. $ 1 0 .—

P roofs and rep rin ts
A se t o f p roofs w ill be  se n t to  th e  su b m ittin g  a u th o r . T h e  proofs m ust be re tu rn e d  

w ith in  48 hours o f rece ip t. L a te  re tu rn  m ay  cause a delay  in th e  p u b lica tio n  o f th e  p ap er. 
100 re p rin ts  will be  su p p lied  to  th e  a u th o rs  free o f charge.
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