
C H A P T E R  I

INTRODUCTION

S o lu tio n s and th e l iq u id  s t a te  1 e s p e c ia l ly  aqueous s o lu t io n s  
play an im portant*role in  many chem ical p ro cesses in  n a tu re . According 
to  advantages fo r  energy exchange and rea c tio n  mechanisms, most o f  the  
chem ical o p eratio n s such as sy n th e s is  , mixing , p u r if ic a t io n  and 
sep a ra tio n  are performed in  the l iq u id  s t a te  in  la b o ra to ry  and 
in d u stry .

N ev er th e le ss , a proper m athematical approach to  d escr ib e  the  
str u c tu r e  o f  the l iq u id  s t a te  has long been a problem. I t  i s  compara
t i v e l y  sim ple to  develop  a m athematical treatm ent d esc r ib in g  th e  
gaseous and the s o l id  s t a t e  because o f  the long d is ta n c e s  o f  m olecu les  
and the regu lar  arrangement o f  atoms or m o lecu les , r e s p e c t iv e ly .  
In the l iq u id  s t a t e ,  however, a continuous c o n sid era tio n  o f  most the  
other v a r ia b le  in term o lecu lar  in te r a c t io n s  i s  requ ired  1 w ithout the  
r e g u la r ity  but a t th e d en sity  o f  the s o lid  s t a t e .

Based on th e th e o r e t ic a l  approach by Bernal and Fowler ( 1) ,  
in  which water was considered  as in d iv id u a l m olecu les , Frank and 
Wen (2 ) p resented  a sim ple model to  d escr ib e  the s tr u c tu r a l  a sp e c ts  o f  
io n s  in  aqueous s o lu t io n s .  They proposed th ree d if f e r e n t  r eg io n s  A,B , 
and c o f  water m olecu les surrounding io n s . In reg ion  A, water  
m olecu les are s tr o n g ly  o r ien ted  by the powerful sh o rt-ra n g e  fo r c e s  
a c t in g  between s o lu te  and so lv e n t , and the in flu e n c e  o f  Coulombic 
fo r ce s  i s  s ig n i f ic a n t  as w e l l .  The water s tru c tu re  in  reg io n  c i s  th e
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same as in  bulk w ater. Region B, which in te r fa c e s  reg io n s A and c , i s  
assumed in  order to  a llow  a continuous tr a n s it io n  between th e se  s tr u c 
tu r e s . I t  i s  g en e ra lly  c a lle d  " region  " , according to  m acroscopic  
o b se r v a tio n s . The most in te r e s t in g  area i s  o f  cou rse th e reg ion  A, 
which i s  c a l le d  " s o lv a t io n  s h e l l  " , where sp ec tro sc o p ic  measurements 
can provide s tr u c tu r a l data .

The concept o f  s o lv a t io n  i s  o ften  used in  g en era l to  d escr ib e  
th e  s tru c tu r e  o f  a so lu t io n  where the geo m etr ica l arrangem ents are  
s ig n i f i c a n t ly  d if f e r e n t  from the bulk stru c tu re  o f  th e so lv e n t  i t s e l f .  
The dynamical s t a b i l i t y  depends on the com bination o f  fo r c e s  a c t in g  
between homogeneous or heterogeneous m olecu les o f  which th e  s o lu t io n  
c o n s i s t s .  On one hand 1 a d is c r e te  s o lv a t io n  s h e l l  can be based on a 
s o lu te  -  so lv e n t  in te r a c t io n  which i s  so  stron g  th a t th e exchange r a te  
i s  much lower in  the f i r s t  s o lv a t io n  s h e l l  than th a t among so lv e n t  
m o lecu les . On th e other hand, a s h e l l  s tru c tu re  can a ls o  be d etec ted  
even when th e  in te r a c t io n  between so lu te  and so lv e n t i s  weaker than  
the s o lv e n t -s o lv e n t  in te r a c t io n . In t h is  case  d e n s ity  and m o b ility  
e f f e c t s  in  th e so lu t io n  are th e dominant fa c to r s  ra th er  than the  
binding fo r c e s  between p a r t ic le s .

Some decades ago, in v e s t ig a t io n  o f  so lu t io n  s tru c tu r e  was 
m ainly a domain o f  sp ec tro sc o p ica l methods such as X-ray , neutron  
d if f r a c t io n  and NMR e t c .  They encounter, however, some d i f f i c u l t i e s  to  
produce data when the sample i s  very d ilu te  , or when so lv e n t  exchange 
tak es p la ce  very f a s t  , or when the in te r a c t io n  i s  so  weak th a t the  
in p u t energy from the sp ec tro sco p ic  apparatus exceeds th a t  o f  the
in te r a c t io n  which should be d e tec ted .



3

E sp e c ia lly  so lv a t io n  numbers fo r  io n s  depend on methods being
used fo r th e ir  determ inations (7 8 ,7 9 ) and have to be based , in
a d d it io n , on an a rb itrary  sep a ratio n o f a n ion ic and c a t io n ic
c o n tr ib u tio n s  to  the o v e r a l l - e f f e c t  being measured. D iffr a c t io n  data  
seem to  supply th e most w e ll-d e fin ed  r e s u l t s .  The ca p a c ity  o f  th ese  
methods seems to  be lim ite d  however, by the com p lex ity  o f  th e system  
being in v e s t ig a te d  and the impact o f  energy exerted  during the  
measurement, in  comparison w ith  the in te r a c t io n  en e r g ie s  determ ining  
the form ation  o f  s tr u c tu r a l u n its  in  s o lu t io n s .

Quantum chem ical in v e s t ig a t io n s ,  which s t i l l  have stron g  
l im i t s  in  th e s i z e  o f  m olecular system  and the r e la te d  com putational 
tim e 1 have been a u se fu l to o l  to  p red ic t c o n fig u r a tio n s  o f  m o lecu les , 
s t a b i l i z a t io n  e n e r g ie s , e x c ita t io n  e n erg ie s  1 fo r ce  co n sta n ts  , and 
oth er p h y s ic a l d ata . Although they o fte n  produce data in  good 
agreement w ith  experim ent 1 t h is  approach can not r e f l e c t  a l l  
p ro p e r tie s  o f  a condensed system w ith la rg e  amounts o f  p a r t ic le s .

The a v a i la b i l i t y  o f e le c tr o n ic  computers w ith  h igh  p ro cessin g  
c a p a c it ie s  has changed the s itu a t io n  most favourably w ith in  th e  p ast 
twenty y ea rs . Numerical so lu t io n s  fo r  the n -e le c tr o n  system s have 
become f e a s ib le  a t ever in crea sin g  l e v e l s  o f  accuracy and com p lex ity , 
and s t a t i s t i c a l  mechanics has made a remarkable progress w ith  the  
h elp  o f  computer technology  , and can be app lied  by s im u la tio n s  o f  
Monte Carlo or m olecular dynamics ty p e s , o r ig in a l ly  in troduced  by 
M etropolis e t  a l .  (3) and Adler e t  a l .  (•น). These methods have 
overcome some l im ita t io n s  o f  f i r s t  approaches and made i t  p o s s ib le  to  
sim u la te  th e  s t a t i s t i c a l  and dynamical behaviors o f  ra th er  la rg e  
ensem bles o f  m olecu les based on accu rate p o te n t ia ls  d erived  from
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Numerous s tu d ie s  based on Monte Carlo and m olecular dynamics 
s im u la tio n s fo r  so lu t io n  have a lready been p lu b lish ed  (5 -3 0 ) . Most o f  
th e d isc u ss io n s  were , however, based on th e s tr u c tu r a l and dynamical 
p ro p e r tie s  concerning the f i r s t  hydration  s h e l l  s tr u c tu r e . I t  i s  a ls o  
in t e r e s t in g  to  o b ta in  data how fa r  the in flu en c e  o f  an ion  a c ts  beyond 
t h is  f i r s t  s o lv a t io n  s h e l l  , as t h is  g iv e s  in te r e s t in g  in form ation  
about th e  fu r th er  stru c tu re  and the m icroscop ic p ro p e r tie s  o f  
s o lu t io n s .

Monte Carlo sim u la tion  a llo w s not on ly  to  ev a lu a te  so lv a t io n  
numbers and s o lu te - s o lv e n t  d is ta n c es  from computed r a d ia l d is tr ib u t io n  
fu n c tio n s  , but g iv e  a lso  a ccess  to  data not a v a ila b le  from any 
experim ental tech n iq u e so  fa r , as fo r  example an a n a ly s is  o f  the  
p ercen tu al c o n tr ib u tio n  o f  variou s coo rd in a tio n  numbers to  th e  
average so lv a t io n  number o f  io n s or so lv e n t m o lecu les. The a ccess  to  
th e  angular d is tr ib u t io n  o f  neighbour m olecu les i s  a ls o  an im portant 
means o f  th ese  methods for  the ev a lu a tio n  o f  s tr u c tu r a l fa c to r s  in  
s o lu t io n .

Most o f  computer sim u la tio n s being presented  fo cu s on ly  on 
pure l iq u id s  (5 ,8 -9 ,1 3 ,1 8 ,2 0 )  and io n s in  water (1 5 ,1 9 ,2 1 ,2 4 -2 8 )  , 
w h ile  computer s im u la tion s o f  so lv e n t m ixtures are r e la t iv e ly  rare  
(6 ,1 0 ,1 4 ,2 1 ,2 2 ,2 9 ,3 0 ) .  S o lu tio n s c o n s is t in g  o f  two d if f e r e n t  kinds 
o f  so lv e n t  are p a r t ic u la r ly  in te r e s t in g ,  as they behave as both  
so lv e n t and s o lu te  to  each o th er .

There e x i s t  so fa r  on ly  a few Monte Carlo s im u la tio n s , 
concerning mixed so lv e n ts  (6 ,1 0 ,1 4 ,2 1 ,2 2 ,2 9 )  , and on ly  one d ea lin g

quantum chemical ca lcu la tio n s . Therefore, th eo re tica l in v estig a tio n s
o f the liq u id  s ta te  and so lu tion s have rapidly developed.
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w ith  th e s o lv a t io n  o f  an io n  in  mixed so lv e n t (-30), namely sodium ion  
in  aqueous ammonia. C onsidering the s i z e  o f  io n s and th e property o f  
" hardness " and " s o f tn e s s  " ( 3 1 ) o f  so lv e n t m olecu les and io n s , i t  
seems o f  p a r t ic u la r  i n t e r e s t ,  th e re fo r e  to  compare sodium w ith  
th e sm aller  and " harder. " lith iu m  io n . As an a n a ly s is  o f  the  
s o lv a t io n  s h e l l  s tru c tu r e  by any experim ental means i s  alm ost 
im p o ss ib le , e s p e c ia l ly  for  very d i lu t e  s o lu t io n s  and lig a n d s as 
s im ila r  as ammonia and w ater, s t a t i s t i c a l  mechanic s im u la tio n s o f  
th e Monte Carlo type rep resen t the most app rop riate  to o l  to  ga in  
a ccess  to  such data ( 2 9 ) .

In th e f i r s t  p art o f  t h is  t h e s i s ,  th ere fo re  , th e p o te n t ia l  
fu n ctio n  o f  l ith iu m  ion/ammonia has been determ ined. The a b - in i t io  
LCA0-M0-SCF (L inear Combination o f  Atomic O rb ita ls  to  form M olecular 
O rb ita ls  e s ta b l is h in g  a S e lf -C o n s is te n t  F ie ld ) method i s  presented  in  
chapter I I  and th e  f i t t i n g  procedures o f  the p o te n t ia l  fu n ctio n  are  
contained  in  chapter I I I .  The second p a r t, Monte Carlo sim u la tio n s o f  
a lith iu m  ion  in  18.^5 mole % aqueous ammonia s o lu t io n  have been 
performed based on a b - in i t io  LCA0-M0-SCF p air  p o te n t ia ls .  The d e t a i l s  
o f  s im u la tio n  i s  g iv en  in  chapter IV. S im ulation  r e s u l t s  and d isc u s 
s io n  are p resented  in  chapter V in  form o f  r a d ia l  d is tr ib u t io n  
fu n c tio n s and o th er s tr u c tu r a l and e n e r g e t ic a l  p r o p e r tie s . The r e s u lt s  
are compared w ith  th ose  fo r  aqueous ammonia so lu t io n  ( 2 9 ) and sodium 
ion  in  t h is  s o lu t io n  ( 3 0 ).. In the l a s t  ch ap ter , c h a r a c te r is t ic s  o f  th e  
p r e fe r e n t ia l  s o lv a t io n  o f  lith iu m  ion  in  1 8 . 4 5  mole % o f  aqueous
ammonia s o lu t io n  are summarized.
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