
MONTE CARLO SIMULATION OF LITHIUM ION IN 
1 8 .4 5  MOLE % AQUEOUS AMMONIA SOLUTION

Most computer s im u la tio n s o f  i n f i n i t e  d i lu t e  s o lu t io n , con­
ta in in g  a s in g le  ion  , have been done w ith  pure aqueous medium 
(5 -2 0 ,2 2 -2 7 ) . The s tr u c tu r a l p ro p er tie s  o f  an ion  in  mixed so lv e n ts  
are o f  much in t e r e s t  s in c e  the m olecu les can be p r e fe r e n t ia l ly  taken  
fo r  s o lv a t io n . The p resen t chapter d ea ls  w ith lith iu m  io n  in  aqueous 
ammonia s o lu t io n . The o b je c t iv e s  o f  t h is  sim u la tion  are to  in v e s t ig a te  
th e  s tr u c tu r a l p ro p er tie s  o f  the lith iu m  ion  surrounded by so lv e n t  
m olecu les , in  order to  compare to  th ose  o f  sodium ion  under th e  
same c o n d itio n s  (3 0 ) . The in flu e n c e  o f  m etal ion  on the so lv e n t  
str u c tu r e  w i l l  a ls o  be d iscu ssed .

5 .1  Method o f C a lcu la tio n s

S in ce the present sim u la tion  c o n s is t s  o f  th ree  k inds o f  
p a r t i c le s ,  namely lith iu m  ion  , ammonia and water 1 f iv e  ty p es o f  
p o te n t ia ls  are req u ired . The MCY (M atsuoka-Clem enti-Yoshim ine) poten­
t i a l  (41) and th e p o te n t ia l  developed by Ish id a  e t  a l .  (28) have been 
employed to  rep resen t w ater/w ater and ammonia/ammonia in te r a c t io n  
e n e r g ie s ,  r e s p e c t iv e ly .  For ammonia/water, the p o te n t ia l  fu n c tio n  o f  
Tanabe and Rode (29) i s  employed and the lith iu m  io n /w a ter  
in te r a c t io n s  are d escribed  by th e fu n ctio n  o f  Clementi e t  a l . (6 4 ) .
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A ll fu n c tio n s  as w e ll as th a t o f  lith iu m  ion/ammonia (newly 
developed and d iscu ssed  in  chapter 3) were obtained  based on the  
a b - in i t io  c lo s e d - s h e l l  SCF method and w e ll t e s te d  by e ith e r  Monte 
Carlo or m olecular dynamic s im u la tio n s (2 8 ,2 9 ,6 4 ,7 2 ) .

The Monte Carlo sim u la tion  was carr ied  out fo r  a lith iu m  ion  
in  18.45 mole % aqueous ammonia s o lu t io n  w ith  p er io d ic  boundary 
co n d itio n  and M etropolis scheme ( 3 ) .  The system  c o n s is t s  o f  202 r ig id  
p a r t ic le s ,  one lith iu m  ion  , 37 ammonia and 164 water m o lecu les . The 
sim u la tion  was performed fo r  20 ๐c , 1 atm and w ith  th e experim ental 
d en sity  o f  0 . 9 3 0 7  g.cm  ̂ , corresponding to  a box s id e - le n g th  o f  
18.56 1  , and h a lf  o f  t h is  len g th  was chosen a s p o te n t ia l  c u t - o f f  
ra d iu s.

One m olecule was picked up and d isp laced  randomly on each move. 
New c o n fig u r a tio n s  were randomly generated  , tr a n s la t io n  in  a l l  th ree  
c a r te s ia n  d ir e c t io n s  and r o ta t io n  about a randomly chosen a x is  were 
made. An acceptance ra te  o f  roughly 5 0  % fo r  new c o n fig u r a tio n s  was 
obtained by u sin g  ranges o f  + 0 .1  Î  fo r  tr a n s la t io n s  and ±10 0 fo r  
r o ta t io n . The N -p a r tic le  c o n fig u r a t io n a l e n erg ie s  o f  the system  were 
c a lc u la te d  under the assumption o f  p a irw ise  a d d it iv i ty  in te r a c t io n s .

5 . 2  R esu lts and D iscu ssion

In th e p resen t Monte Carlo com putations, t o t a l ly  3 ,2 0 0 ,0 0 0  
c o n fig u r a tio n s  have been gen erated . A fter 6 0 0 , 0 0 0  c o n fig u r a tio n s  
tem perature was r a ise d  sh o r tly  to  120 0 c and then lowered again  to  
th e o r ig in a l  va lu e in  order to  a sssu re  th a t th e tru e  eq u ilib riu m  s t a te  
has been reached . F in a l sam pling was performed a f te r  2 ,2 0 0 ,0 0 0
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co n fig u r a tio n s  fo r  another 1 ,000 ,000  c o n fig u r a t io n s . The convergence  
i s  shown in  fig u r e  5.1 .

1.2 1.6 2.0 2.4

X10® Configurations

Figure 5-1 Convergence c h a r a c te r is t ic s  o f  th e p resen t 
Monte Carlo sim u la tion  fo r  lith iu m  ion  in  
18.45 mole % aqueous ammonia s o lu t io n  a t  20° c.
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A fter th e  eq u ilib riu m  s t a te  were e s ta b lis h e d , fu r th er  1 ,000 ,000  
c o n fig u r a t io n s  were stored  every 500 attem pted moves during the MC 
run, th e saved co n fig u r a tio n s  were analyzed to  o b ta in  s tr u c tu r a l data  
and variou s d is t r ib u t io n s .

5 -2 .1  Radial D istr ib u tio n  Functions

The main fe a tu r e s  o f  the s o lu t io n  s tr u c tu r e  are u su a lly  
d iscu ssed  based on a number o f  r a d ia l d is t r ib u t io n  fu n c tio n s  (RDFs) 
around s p e c if ie d  atom s. The s o lu te - s o lv e n t  s tr u c tu r e  can be w e ll  
ch a ra cter ized  through p a r t ia l  r a d ia l d is t r ib u t io n  fu n c tio n s  fo r  
d if f e r e n t  m o lecu les . The t o t a l  RDFs were separated  th e r e fo r e , in to  
th ose  o f  3 d if f e r e n t  c e n te r s , lith iu m  io n , w ater and ammonia, to  
ob ta in  deeper in s ig h t  in to  the so lv a t io n  s tr u c tu r e .

A ll RDFs r e s u lt s  are shown in  f ig u r e s  5 .2  -  5 .7 ,  and th e ir  
c h a r a c te r is t ic s  are summarized in  ta b le  5 .3  •

5 .2 .1 .1  Ion/M olecule Radial D is tr ib u tio n  
Functions

F ir s t ,  lith iu m  ion  was con sidered  as s o lu te  surrounded by
water and ammonia m o lecu les . T herefore, LKD/H^O and L idJ/N H g RDFs
were c a lc u la te d .
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Lithium Ion/Water Radial D itr ib u tio n  Functions

The LKD/H^O RDFs are shown in  fig u r e  5 .2 ,  to g eth er  w ith  the  
corresponding in te g r a t io n  numbers , where one can f in d  th e  g ro ss  
p op ulation  o f  water m olecu les surrounding the lith iu m  io n . The 
fu n c tio n s  are ch aracter ized  by a w e ll pronounced peak a t 1.95 3 o f  
L i( I ) - 0  d is ta n c e , lea d in g  to  th e  coord in ation  number o f  4 .0  up to  the  
minimum a t 2 .75  3 . This f i r s t  pronounced peak i s  ra th er  sharp, 
symmetic and w e ll separated  from the second la y e r , as can be seen  from 
th e  truncated  o f  L i ( I ) - 0  RDF over q u ite  some d is ta n c e s . In L i(I)-H  
RDF, th e average coo rd in a tion  number o f  8 .0  hydrogen atoms in  the  
f i r s t  s h e l l  up to  2 .50  3 , in d ic a te s  th a t a l l  hydrogen atoms p o in t away 
from th e lith iu m  io n . More d e t a i l s  r e la te d  to  the m olecular o r ie n ta ­
t io n  w i l l  be d iscu ssed  la t e r  in  form o f  angular d is t r ib u t io n s .  The 
second so lv a t io n  s h e l l  can be recognized  a t 4 .4 5  3 in  L i ( I ) - 0  RDF, 
in d ic a t in g  the average coord in ation  number o f  12 , in te g r a ted  up to
th e second minimum.
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Table 5 .1  s tr u c tu r a l r e s u lt s  o f the f i r s t  hydration  s h e l l  
o f  lith iu m  io n .

Method R(Li-O) R(Li-H) N Ref.

Monte Carlo 2 .10 2 .6 5 6 .0 74
m olecular dynamics 2.01 2 .67 4.1 65
m olecular dynamics 2 .00 2 .7 0 5 .2 66
m olecular dynamics 2.04 2 .6 0 6 .0 19
m olecular dynamics 2 .13 2 .6 8 6.1 73
X-ray 1.97 2 .5 7 5 .8 76
This work 1.95 2 .7 0 4 .0

N stan d s fo r  the coordination number. The u n it o f
d is ta n c e  i s  given in  X.
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Figure 5 .2  Lithium ion /w ater  r a d ia l d is tr ib u t io n  fu n c tio n s
a n d  r u n n i n g  i n t e g r a t i o n  n u m b e r s .
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Lithium Ion/Ammonia Radial D is tr ib u tio n  Functions

The LKD-NHg RDFs are shown in  f ig u r e  5 . 3 , th e L i(I )-N  
fu n ctio n  shows two separated  so lv a t io n  sp h eres , but th e  f i r s t  la y er  
d isp la y s  a p e c u lia r  s tr u c tu r e . Two q u ite  d is t in c t  peaks w ith in  the  
area to  be a ttr ib u te d  to  t h is  la y e r , c o n s is te d  o f  2 ammonia m o lecu les, 
in d ic a te  th a t th e  ammonia m olecu les are lo ca ted  a t  n on -eq u iva len t 
p o s it io n s  , 2 5  % about 2 . 5 0  X and 75 % a t 3-35 X fa r  from the lith iu m  
io n . The c h a r a c te r is t ic  o f  the p resen t system  has never been observed  
b efore in  any o th er io n -s o lv e n t  s im u la tio n s , namely th a t th e  f i r s t  
la y er  has two s p l i t t i n g  peaks a t  2 . 5 0  and 3-35 X. A second peak i s  
lo c a te d  a t 4 . 5 0  X , corresponding to  the average coo rd in a tio n  number
o f 4 .0 .
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Figure 5 . 3  Lithium ion/ammonia r a d ia l d is t r ib u t io n  fu n c tio n s
a n d  r u n n i n g  i n t e g r a t i o n  n u m b e r s .
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Summarizing both averaged lith iu m /w a ter  and lithium/ammonia  
coord in a tion  numbers, a t o t a l  co o rd in a tio n  number o f  5 .9  i s  obtained  
fo r  th e lith iu m  io n  in  18.45 mole % aqueous ammonia s o lu t io n . This 
value i s  q u ite  s im ila r  to  th e average coo rd in a tio n  number o f  lith iu m  
ion  in  pure water (1 9 ,6 5 ,7 3 -7 4 ) and pure ammonia (28) fo r  an i n f i n i t e  
d ilu t e  s o lu t io n . For th e second so lv a t io n  sphere o f  th e ion  c o n s is t s  
o f  12 so lv e n t u n it s ,  four ammonia and e ig h t  water m o lecu les . The f u l ly  
so lv a ted  lith iu m  ion  in  18.45 mole % aqueous ammonia can be charac­
te r iz e d  by whereas in  th e  case  o f  
sodium ion  , ch a ra cter ized  by NaC^CO^NH^i^CU^CO^O'JH^gJ11 (3 0 ) ,  
th e f i r s t  so lv a t io n  sphere was dominated by ammonia and the second  
one by w ater, lith iu m  io n  i s  p r e fe r e n t ia l ly  so lv a te d  by water in  both  
s h e l l s .  This i s  in  good agreement w ith  th e  q u a l i ta t iv e  concept o f  the  
r e la t iv e ly  " harder " lith iu m  ion  p re fer in g  th e " harder " oxygen 
as coord in ation  cen ter  compared to  th e " so fte r  " sodium io n .

I t  i s  in te r e s te d  to  n ote h ere , th e r e fo r e , th a t the L i( I ) - 0  
d ista n ce  obtained  from t h i s  sim u la tion  i s  sh o r ter  than th a t o f  any 
oth er r e s u lt s  fo r  ion  in  pure water summarized in  ta b le  5 .1 ,  w h ile  
a lte r n a t iv e  s i tu a t io n  i s  found fo r  ammonia. This o b serv a tio n  would be 
d escrib ed  a ls o  in  term o f  p r e fe r e n t ia l  so lv a t io n  d iscu ssed  above. In 
pure l iq u id ,  so lv e n t  m olecu les in  th e f i r s t  hydration  s h e l l  have to  be 
centered  a t th e eq u iv a len t d ista n ce  fa r  from c e n tr a l ion  due to  th e ir  
id e n t ic a l  in te r a c t io n s  w ith  io n , computed from s o lu te - s o lv e n t  p a ir  
p o te n t ia l .  In the case  o f  mixed so lv e n ts  water m olecu les w i l l  be ab le  
to  adopt th em selves to  approach more c lo s e  to  l ith iu m  ion  according  
to  th e s o l f  and hard con cep t. Such circum stance would lead  s im u lta ­
n eou sly  to  a lon ger L i(I )-N  d is ta n ce  r e la t iv e  to  l ith iu m  ion  in  pure
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l iq u id  ammonia. In a d d itio n  t h i s  d e sc r ip tio n  a ls o  v a l id s  fo r  the  
a lt e r n a t iv e  behaviour o f  sodium ion  in  pure an mixed water/ammonia 
s o lv e n ts  ( 3 0 ) .

5 .1 .1 .2  M olecule/M olecule Radial D istr ib u tio n  
Functions

F ir s t ,  water m olecule was con sidered  as s o lu t e ,  and the  
surrounding c o n s is t in g  o f  o ther water and v ic e  v ersa  fo r  ammonia 
m olecu les were in v e s t ig a te d . Then, r a d ia l d is t r ib u t io n  fu n c tio n s  fo r  
d if f e r e n t  type o f  m olecu les w i l l  be ev a lu a ted , s tr u c tu r a l p ro p er tie s  
obtained  fo r  th e surrounding o f  water m olecule are l i s t e d  in  ta b le  5 . 3  

as w e l l .

Water/Water Radial D is tr ib u tio n  Functions

The w ater/w ater RDFs are shown in  f ig u r e  5 . 4  , the fu n ctio n  
p attern  i s  q u ite  id e n t ic a l  to  pure water ( ta b le  5 . 2 ) .  In th e 0 -0  RDF, 
th e  f i r s t  maximum i s  encountered a t 2 .8 5  ร and i t s  in te g r a t io n s  g iv e  
*1.5 water m olecu les up to  th e f i r s t  minimum a t  3-60 ร. The w ater-w ater  
hydrogen bond stru c tu r e  can be recogn ized  from the peak in  0-H(H20) 
RDF a t 1 . 9 5  ร, in te g r a t in g  as 1 .6  hydrogen atoms per oxygen atom.
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r/ft

Figure 5 .4  W ater/w ater r a d ia l  d i s t r ib u t io n  fu n c tio n s
a n d  r u n n i n g  i n t e g r a t i o n  n u m b e r s .
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Table 5 .2  s tr u c tu r a l p ro p er tie s  o f  l iq u id  w ater.

M1/X ๓า/£ n l m2$ ๓2/ft R ef.

0 -0
MCY-CI 2 .83 3 .53 4 .2 4 .3 0 5 .6 0 64
ST2 2 .85 3 .36 4 .9 4 .6 0 5 .8 0 67
ST0-3G 2.61 3-3^ 4 .6 4 .4 2 5 .3 0 68
TIP4P 2.78 3 . 4 5 5.1 4 .5 0 5.61 67
Exp. 2 .85 3 .40 4 .5 -5 .5 4 .6 0 5 .7 0 69

0-H
MCY-CI 1.85 2 .5 0 64
ST2 1.88 2 .5 3 4.1 67
ST0-3G 1.90 2 .40 3 .8 68
TIP4P 1.79 2 .45 3 .9 67

and ท  ̂ stand fo r  th e d ista n ce  up to  th e  i^k maximum, 
th e d is ta n c e  o f  th e i^ h minimum and th e in te g r a t io n  numbers 
up to  th e i^*1 minimum, r e s p e c t iv e ly .
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The s tru c tu r e  o f  ammonia/ammonia RDFs are g iven  in  f ig u r e  5 . 5 . 
Both N-N and N-H fu n c tio n s  are f l a t  and broad. The N-N RDF shows th e  
f i r s t  peak extended from about 3-2 2 to  5 . 2  X, and the more pronounced 
second peak a t about 5 . 8  K  ; in te g r a t io n  up to  5 . 2  A y ie ld s  2 -3  ammonia 
m o lecu les . The average in te g r a t io n  numbers under both peaks are about 
2-3  and 12 m o lecu les , r e s p e c t iv e ly .  The d e ta ile d  v a lu es o f  s tr u c tu r a l  
p ro p er tie s  around ammonia are summarized in  ta b le  5 . 3  as w e ll .

Comparision o f  both water and ammonia RDFs to  pure so lv e n ts  
(2 8 ,6 ^ ,6 7 -7 2 ) , one can c le a r ly  se e  th a t water s tru c tu re  remains the  
same, in  changing from pure l iq u id  s t a t e  to  i t s  ammonia m ixture, w h ile  
th e  s tr u c tu r a l p ro p e r tie s  o f  l iq u id  ammonia i s  com p letely  destroyed  
by th e dominance o f  w ater.

A m m o n ia /A m m o n ia  R a d i a l  D i s t r i b u t i o n  F u n c t i o n s
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r/X

Figure 5 .5  Ammonia/aminonia r a d ia l d is tr ib u t io n  fu n c tio n s
a n d  r u n n i n g  i n t e g r a t i o n  n u m b e r s
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W a t e r /A m m o n ia  R a d i a l  D i s t r i b u t i o n  F u n c t i o n s

C onsidering water as a c e n tr a l m olecu le , water-ammonia RDFs 
( f ig u r e  5 .6 )  show th e f i r s t  maximum a t 3*20 X in  0-N RDF and th e  
running in te g r a t io n  number up to  th e f i r s t  minimum (lj.70  X) in d ic a te s  
th a t th ere  are 2 .9  ammonia m olecu les. The hydrogen bond c o n fig u ra tio n  
can be recogn ized  by th e shoulder peak around 2 .2  X w ith 0 .9  hydrogen 
atom in  th e O-HCNH )̂ RDF.

r/X

Figure 5 .6  Water/ammonia r a d ia l d is tr ib u t io n  fu n c tio n s  
and running in te g r a t io n  numbers.
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A m m o n ia /W a te r  R a d i a l  D i s t r i b u t i o n  F u n c t i o n s

In f ig u r e  5 . 7 , ammonia i s  considered  to  be th e  c e n tr a l  
m olecu le . The 0-N and N-0 RDFs, rep resen tin g  the d is t r ib u t io n  o f  N 
around 0 and 0 around N, r e s p e c t iv e ly  shown in  f ig u r e s  5 . 6  and 5 . 7  1 
are id e n t ic a l  according  to  the d e f in it io n  o f  th e r a d ia l  d is tr ib u t io n  
fu n ctio n  g iv en  in  chapter 2 . Only th e average in te g r a t io n  numbers, 
depending on th e  d e n s ity  o f  th e surrounding p a r t ic le s ,  are d if f e r e n t .  
The f i r s t  maximum o f  N-0 RDF centered  a t 3 . 2 0  X lea d s  to  the average  
in te g r a t io n  number o f  1 2 . 5  water m olecu les around ammonia up to  the
f i r s t  minimum a t 4 . 7 0  X. The N___ H(H,-,0) hydrogen bonding i s
rep resen ted  c le a r ly  by th e peak occured in  form o f  a shoulder in  the  
N-HCH^O) RDF around 2 .า 0  X , and average in te g r a t io n  number o f  
1 hydrogen atom i s  o b ta in ed . The more pronounced N-H(H20) shoulder  
( f ig u r e  5 . 7 ) compared to  0-H(NH^ one ( f ig u r e  5 . 6 ) in d ic a te s  a 
stron ger N ....H (H 20) hydrogen bond than 0 ----- H(NH^), agreement w e ll
w ith Na(I)-NH^/H20 r e s u l t s  ( 3 0 ) .
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r/Â

Figure 5 . 7  Ammonia/water r a d ia l d is t r ib u t io n  fu n c tio n s
a n d  r u n n i n g  i n t e g r a t i o n  n u m b e r s .
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fo r  lith iu m  ion  in  18.45 mole % aqueous ammonia s o lu t io n ,
i^ M ax, i th Min and ท̂  are the maximum, th e  k minimum

t  hand th e in te g r a t io n  numbers up to  the i  minimum , 
r e s p e c t iv e ly .

T a b l e  5 - 3  C h a r a c t e r i s t i c  v a l u e s  o f  t h e  r a d i a l  d i s t r i b u t i o n  f u n c t i o n s

1S tMax/X 1s1:Min/X n l 2ndMax/S 2ndMin/2 ท2

L i( I ) - H 2 0
L i( I ) - 0 1.95 2 .75 4 .0 4 .45 4 .9 5  12.1
L i(I)-H 2 .60 3 .10 8 .2 - -

L i(I)-N H 3
L i(I )-N 2 .50 2 .85 0 .5 4 .50 5 .2 0  5 .9

( s p l i t t i n g  
o f 1S  ̂ peak) 3 .35 3 .80 1.9

L i( I)-H 3.15 4 .20 6 .5 - -
h2 0 - h2 0

0-0 2 .85 3 .60 4 .5
0-H 1.90 2 .55 1 .6 - -

NH3-H2 0
N-0 3 .20 11.70 12.5
N-H 2 .1 0 2 .75 1 .2 - -

h2 0 - nh3
0-N 3 .20 11.70 2 .9
0-H 2 .2 0 2 .40 0 .9 - -

nh3- nh3
N-N 3 .2 5 .2 2-3 - -
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Figure 5 .8  Comparison o f  N-0 r a d ia l d is tr ib u t io n  fu n c tio n s .
fo r  M i . H Z  mole % aqueous ammonia s o lu t io n . S o lid  
l in e  and dashed l in e  show computed RDF and RDF 
obtained  from X-ray s c a t te r in g , r e s p e c t iv e ly .

F igure 5 .8  shows th e N-0 RDF from the s im u la tio n  and X-ray 
r e s u l t s .  The N-0 RDF computed from t h is  sim u la tion  g iv e s  q u ite  good 
agreement w ith  N arten 's (7 7 ) . The f i r s t  pronounced peak in  e x a c t ly  
cen tered  a t th e same d is ta n c e . However, the RDF derived  from X-ray 
s c a t te r in g  i s  more s tru c tu re  than th a t from the s im u la tio n .
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Since average so lv a t io n  numbers in  th e f i r s t  hydration  s h e l l  
determined by in te g r a t io n  o f  r a d ia l  d is tr ib u t io n  fu n c tio n s  up to  the  
f i r s t  minimum do not g iv e  in form ation s about so lv e n t  exchange, 
th e r e fo r e , d is t r ib u t io n  o f  coord in a tio n  numbers has been ev a lu a ted . 
For th e coo rd in a tio n  number a n a ly s is ,  the " f i r s t  s h e l l  c u t - o f f  " was 
chosen a t  th e  f i r s t  minimum o f  th e r a d ia l  d is t r ib u t io n  fu n c tio n s ,  
(RDFs), and a l l  c o n fig u r a tio n s  were then in v e s t ig a te d  fo r  th e coor­
d in a tio n  numbers being r e a l iz e d . The com putations have been done on ly  
fo r  th e w e ll-d e f in e d  p a ir s ,  in d ica ted  by the pronounced RDF's peaks.

Figure 5 .9  and 5 .1 0  show d is tr ib u t io n  o f  coord in a tio n  numbers 
fo r  th e neighbouring water and ammonia m olecu les in  th e f i r s t  s h e l l  o f  
lith iu m  io n , r e s p e c t iv e ly .  The coo rd in a tio n  number fo r  water in  the  
f i r s t  s h e l l  i s  a lm ost e x c lu s iv e ly  A wider range o f  v a r ia t io n  i s  
observed fo r  d is t r ib u t io n  o f  ammonia m o lecu les , f lu c tu a te d  from 1 to  3 
w ith  dominant number o f  2 . In a d d it io n , d is tr ib u t io n  o f  both so lv e n ts  
in d ic a te s  th a t exchange p ro cesses in  t h is  s h e l l  should dom inantly  
in v o lv e  ammonia m olecu les rath er  than w ater. This ob serva tio n  i s  
stro n g ly  confirm ed by th e ch aracter o f  th e L i ( I ) - 0  RDF which i s  
truncated  a t  2 .7 5  ร 1 w h ile  the minimum o f  the L i(I )-N  RDF i s  s t i l l

5 - 2 . 2  D i s t r i b u t i o n  o f  C o o r d i n a t i o n  N u m b e r s

higher than u n ity .
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Figure 5 .9  D is tr ib u tio n  o f  coo rd in a tio n  numbers fo r  water 
in  th e f i r s t  so lv a t io n  sphere o f  lith iu m  io n .



N

Figure 5-10 D is tr ib u tio n  o f  coord in ation  numbers fo r  ammoni
in  the f i r s t  so lv a t io n  sphere o f  lith iu m  io n .
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The t o t a l  d is tr ib u t io n  o f  coo rd in a tio n  numbers around lith iu m  
ion  has been i l lu s t r a t e d  in  f ig u r e  5 .1 1 . The coo rd in a tio n  numbers 
f lu c tu a te  from 5 to  7 , th e  dominant number i s  6 and the average  
number 5 .9  .

N

Figure 5.11 T otal d is t r ib u t io n  o f  coord in ation  numbers
in  th e f i r s t  s o lv a t io n  sphere o f  lith iu m  ion



*
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M o l e c u l e / M o l e c u l e  D i s t r i b u t i o n  o f  C o o r d i n a t i o n  N u m b e r s

The d is tr ib u t io n  o f ammonia around water in  form o f  N and H 
atoms o f  ammonia w ith  resp ec t to  0 atom i s  shown in  f ig u r e s  5 .1 2  
and 5 -1 3 , r e s p e c t iv e ly .  The coord in a tio n  numbers f lu c tu a te  from 1 to  7 
in  f ig u r e  5 .1 2  w ith  th e most probable coo rd in a tio n  number o f  2 . The 
wide range f lu c tu a t io n  i s  due to  th e  weak in te r a c t io n  between water 
and ammonia m olecu le . For the d is t r ib u t io n  o f  H (o f  ammonia) around 0, 
shown in  f ig u r e  5 .13  the hydrogen bonded neighboours i s  prom inantly  
found to  be 1.

For water around ammonia, a la r g e  f lu c tu a t io n  o f  d is t r ib u t io n  
i s  observed , ranging from 3 to  15 (f ig u r e  5 .2 0 ) .  The hydrogen bonded 
d is tr ib u t io n  shows th e most probable o f  1 ( f ig u r e  5 .1 5 ) .  The narrow 
range o f  d is t r ib u t io n  o f  the hydrogen bonding , H(NH^) around 0 
compared to  H(H,,0) around N, agrees w e ll w ith th e  above co n c lu sio n s
drawn from RDF d ata .
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N

Figure 5 .12  D is tr ib u tio n  o f  coord in ation  numbers fo r  ammonia
i n  t h e  f i r s t  s o l v a t i o n  s p h e r e  o f  w a t e r .
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Figure 5 .13  D is tr ib u tio n  o f  coord in ation  numbers fo r
hydrogen neighbours o f  w ater.
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Figure 5.1*1 D is tr ib u tio n  o f  coo rd in a tio n  numbers fo r  water 
in  the f i r s t  so lv a t io n  sphere o f  ammonia.
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Figure 5-15 D is tr ib u tio n  o f  coord in ation  numbers fo r  
hydrogen neighbours o f  ammonia.
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The o r ie n ta t io n  o f  so lv e n t m olecu les in  the f i r s t  so lv a t io n  
s h e l l  can be evaluated  through the angular d is tr ib u t io n  fu n c tio n s , 
which are ch a ra cter ized  by the c o s in e  o f  th e a n g les  th e ta  (6) and 
phi (d) rep resen tin g  the angle between ion  coord in ation  s i t e  v ecto r  
and the d ip o le  v ecto r  o f  water and ammonia m o lecu les , r e s p e c t iv e ly .  
The d e f in it io n  o f  -6 and cf> are i l lu s t r a t e d  in  fig u r e  5 .1 6 .

5 - 2 . 3  D i s t r i b u t i o n  o f  A n g l e s

F igure 5 .16  D e f in it io n  o f  th e angle 6 and <j) used in
a n g u l a r  d i s t r i b u t i o n s .
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M olecular o r ie n ta t io n s  in  the f i r s t  s o lv a t io n  s h e l l  o f  lith iu m  
ion  have been computed and p lo tte d  in  f ig u r e s  5 .1 7  and 5 .1 8 . The main 
peak o f  c o s e  was - 1 .0  , in d ic a t in g  th e favou rab le ion  -  b inding
con figu ratio n  a lon g  th e  € 2  a x is  symmetry o f  water towards th e oxygen 's  
lon e p a ir s . Water m olecu les are c le a r ly  d ip o le  o r ien ted  , fo r  ammonia 
however 1 two d i s t in c t  peaks are observed . The la r g er  one a t  -0 .9 8  
(1 6 9 ° ), rep resen ts a ls o  roughly d ip o le  o r ie n ta t io n , th e sm a ller  one 
ch a ra c ter ize s  a d ev ia tio n  o f  2^ degrees from t h is  " id e a l " 
o r ie n ta t io n . In con n ection  w ith the s p l i t t in g  o f  th e f i r s t  L i(I )-N  RDF 
peak and varying coo rd in a tion  numbers, t h is  can be in te r p r e te d  by the  
presence o f  ammonia m olecu les in  n o n -id ea l o r ie n ta t io n s  a t  an 
elon gated  d is ta n c e  from the ion  , most probable because o f  s t e r i c  
reasons due to  lig a n d -lig a n d  in te r a c t io n s .

- 0 .8  -0 .4  0.0 0 .4  0 .8
Cos©

Figure 5 .17  D is tr ib u tio n  o f  o r ie n ta t io n  o f  water m olecu les  
in  th e  f i r s t  s o lv a t io n  sphere o f  lith iu m  io n .
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Figure 5 .18  D is tr ib u tio n  o f  o r ie n ta t io n  o f  ammonia m olecu les  
in  th e  f i r s t  so lv a t io n  sphere o f  lith iu m  io n .

5 .2 .4  D is tr ib u tio n  o f  In te r a c tio n  E nergies

In te r a c tio n  energy d is t r ib u t io n s  fo r  a l l  p a ir s  are shown in  
f ig u r e  5 .19  - 5 . 2 3 . The o rd in a te  g iv e s  the p ro b a b ility  o f  m olecu les (in  
a rb ita ry  u n i t s ) , w h ile  the a b sc is sa  shows the p a ir  in te r a c t io n  energy 
( in  k ca l.m o l- ^) .
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Lithium Ion/W ater Energy D is tr ib u tio n s
The r e s u lt in g  data fo r  LKD-HgO presented  in  fig u r e  5 .19  

shows a la rg e  sep aration  o f  f i r s t  s h e l l  bound w aters from o th e r s . The 
minimal energy fo r  LiCD/H^O i s  about -3 5 .0  k ca l.m o l  ̂ which i s  
id e n t ic a l  to  the optim al va lu e obtained  from i t s  p a ir  p o te n t ia l  (6 4 ) .

5 - 2 - ■ น-1 I o n / M o l e c u l e  E n e r g y  D i s t r i b u t i o n s

E / k c a l . m o | - i

F i g u r e  5 . 1 9  L i t h i u m  i o n / w a t e r  p a i r  e n e r g y  d i s t r i b u t i o n  f u n c t i o n s
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L i t h i u m  I o n / A m m o n i a  E n e r g i e s  D i s t r i b u t i o n s

As the L i(I)/N H  in te r a c t io n  shown in  f ig u r e  5 .2 0 , the
sep a ra tio n  o f  the f i r s t  s h e l l  i s  by fa r  l e s s  c le a r ,  in d ic a t in g  once 
more exchange p ro cesses to  take p la ce  rather v ia  ammonia than water 
m o lecu les . The minimal LKD-NHg in te r a c t io n  energy o f  -2 4 .0  k ca l.m ol  ̂
in d ic a te d  in  t h i s  f ig u r e  i s  16.0 kca l.m ol  ̂ h igher than th e most 
s ta b le  in te r a c t io n  energy computed from the p o te n t ia l  fu n ctio n
(se e  chapter 3 ) .

The d ecrease  o f  LKD/NH^ in te r a c t io n , but not fo r  th ose  
LKD-H^O, r e la t iv e  to  th e ir  p a ir  p o te n t ia l  fu n c tio n s could  be r e la te d  
to  e ith e r  s o lv e n t -s o lv e n t  in te r a c t io n s  or to  hard and s o l f  io n -so lv e n t  
in te r a c t io n s .  That means, ammonia m olecu les would be o r ien ted  according  
to  th e  favou rab le co n fig u ra tio n  o f  o ther sp e c ie s  (H^o and L i ( I ) )  
due to  ( i )  th e weaker hydrogen bonded o f ammonia dimer in  r e la t io n  to  
ammonia-water and w ater-w ater and ( i i )  as mentioned b efore  , the  
harder lith iu m  ion  p re fer s  the harder oxygen atom as coord in a tio n
c e n te r .
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Figure 5 .2 0  Lithium ion/ammonia p a ir  energy d is tr ib u t io n  fu n c tio n s
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The d is tr ib u t io n  o f  d im eriza tion  e n erg ie s  fo r  H^o/H^o, NH /̂NH  ̂
and H^O/NH  ̂ are i l lu s t r a t e d  in  f ig u r e s  5.21 to  5 . 2 3  , the minimal 
d im eriza tion  en erg ie s  are - 6 . 7 , - 4 .0  and - 1 3 . 0  k ca l.m ol , r e s p e c t iv e ly .  
For a l l  in te r a c t io n s , no maximum i s  found, in d ic a t in g  rath er weak 
in te r a c t io n  between so lv e n t m olecu les.

5 . 2 . 4 . 2  M o l e c u l e / M o l e c u l e  E n e r g y  D i s t r i b u t i o n s

F i g u r e  5 .2 1  W a t e r / w a t e r  p a i r  e n e r g y  d i s t r i b u t i o n  f u n c t i o n s
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E / k c a l . m o l - I

F igure 5-22  Arnmonia/ammonia p a ir  energy d is tr ib u t io n  fu n c tio n s
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E / k c a l .m o l " 1

Figure 5 . 2 3  Water/ammonia p a ir  energy d is t r ib u t io n  fu n c tio n s
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5 -2 .5  S o lven t Coordinates in  the Io n 'ร F ir s t  S h e ll

In order to  ev a lu a te  more d e t a i l s  o f  th e exa ct so lv e n t  
p o s it io n  around th e c e n tr a l io n , the d is tr ib u t io n  o f  th e c o s in e  a n g les  
and th e N ...N  d is ta n c e s  o f  the two ammonias in  th e  f i r s t  hydration  
s h e l l  o f  lith iu m  ion  have been c a lc u la te d  and p lo tte d  in  f ig u r e s  5 .2 4  
and 5 -2 5 , r e s p e c t iv e ly .  The angle p i s  d efin ed  a s an angle  between 
two v ec to r s  from lith iu m  ion  p o in tin g  towards each N-atom, i . e .  only  
c o n fig u r a tio n s  c o n s is t in g  o f  two ammonia m olecu les in  the f i r s t  
hydration  s h e l l  o f  lith iu m  ion  (about 75 %) are taken in to  accoun t. 
The d e f in it io n  o f  i s  a ls o  g iven  in  the in s e r t io n  o f  f ig u r e  5 .1 9 .

F igure 5-24 D is tr ib u tio n s  o f  N -L i(I)-N  a n g les  fo r  th e two ammonia
m olecu les lo ca ted  in  the f i r s t  so lv a t io n  sphere.
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Figure 5 .2 5  D is tr ib u tio n  o f  d is ta n c e s  between n itro g en  atoms fo r  
the two ammonia m olecu les in  the f i r s t  lo ca ted  
so lv a ted  sp here.

The d is tr ib u t io n  o f  c o s in e  shows, however, two d is t in c t  
peaks corresponding to  th e an gle  o f  169° and 153° • This p lo t  in d ic a te d  
th a t th e two ammonia m olecu les are alm ost always lo c a te d  in  tran s  
p o s it io n , and hence water lig a n d s  in  one p lan e . This su g g e stio n  i s  
c le a r ly  proved by the d is tr ib u t io n  o f  N ...N  d is ta n c e  v a r ie s  from 6 .2  
to  7 .6  Î  , centered  a t  about 7 X (f ig u r e  5 .2 4 ) which i s  n ea r ly  two 
tim es the value o f  the L i ( I ) . . .N  d ista n ce  in d ica ted  by th e  maximum 
o f  th e f i r s t  peak o f  L i(I )-N  RDF (f ig u r e  5 .3 ) •
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Computer-generated rep r e sen ta tio n  o f  one o f  th e 10 p o ss ib le  
c o n fig u r a tio n s  o f  so lv e n t m olecu les in  the f i r s t  so lv a t io n  s h e l l  o f  
lith iu m  ion  was drawn in  f ig u r e  5 . 2 6 . The lith iu m  ion  i s ,  however, 
o c ta h ed ra lly  coordinated  to  th e  n itro gen  and oxygen atom o f th e two 
ammonia and four water m o lecu les , r e s p e c t iv e ly .  The m olecular p lo t  in  
t h is  f ig u r e  i s  in  e x c e l le n t  agreement w ith  th e r e s u l t s  shown in  
f ig u r e  5 .24  and 5 . 2 5 .

F igure 5 . 2 6  Computer-generated r e p r e sen ta tio n  o f  one o f  
th e 10^ p o ss ib le  c o n fig u r a t io n s  o f  so lv e n t  
m olecu les in  th e f i r s t  s o lv a t io n  s h e l l  o f
lith iu m  io n .
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