
C H A P T E R  II I  

ANALYTICAL PAIR POTENTIAL FUNCTION

The Monte Carlo (MC) and m olecular dynamics (MD) sim u la tion  
tech n iq u es have been w e ll e s ta b lish e d  and are used by numerous 
s c i e n t i s t s  a t p resen t. The most im portant fa c to r ,  th e r e s u lt s  o f  such  
c a lc u la t io n s  depend undoubtedly on the p o te n t ia l  fu n c tio n  in  u sed . At 
th e  same tim e, i t  i s  n ecessary  to  eva lu a te  energy and fo rce  v a lu es as  
ra p id ly  as p o s s ib le  in  the course o f  the s im u la tio n , due to  economy o f  
CPU tim e.

P o te n tia l fu n c tio n s  which have been used so  fa r  are obtained  
from two sou rces 1 namely , n on-em pirica l and em p ir ica l methods. The 
former type i s  u su a lly  based on m olecular o r b ita l  c a lc u la t io n s .  
Numerous n on -em p irica l fu n c tio n s have been p resented  so  fa r  , fo r  
example the MCY (M atsuoka-Clem enti-Yoshim ine) water dimer p air  
p o te n t ia l  (41) which was freq u en tly  used fo r  th e s im u la tio n  o f  l iq u id  
water and aqueous s o lu t io n s  (5 -7 ,9 -1 2 ,1 4 ,1 6 -1 7 ) .  With r e sp e c t to  th e  
w ater p air  p o te n t ia l ,  the fu n ctio n s were param etrized to  reproduce 
quantum m echanical r e s u lt s  accounted fo r  w ater, th e  c e n tr a l fo rce  
p o te n t ia l  in c lu d in g  co n sid era tio n  o f  v ib r a t io n a l motion (2 0 ,4 2 ) has 
a p p lied  s u c c e s fu l ly  as w e ll (41 ,113 ,61 ,65). For th e  l a t t e r  one, the  
f i r s t  em p irica l p o te n t ia l  fo r  water dimer was presented  by Rowlinson 
(4 4 ) ,  and has afterw ards been m odified by Raman and s t i l l i n g e r  (45) 
and named ST2 p o t e n t ia l .  One o f m erits o f  u sin g  em p ir ica l p o te n t ia ls  
i s  th e f e a s i b i l i t y  o f  in co rp ora tin g  h igher order in te r a c t io n s  in to  the
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e f f e c t iv e  pair p o te n t ia l  (4 6 ) . S in ce t h is  type o f  p o te n t ia l  fu n ctio n  
i s  determined to  r e f le c t  experim ental p r o p e r tie s , data  obta ined  from 
sim u la tion  should be in  good agreement w ith  th o se  from experim ent. 
However, i t  was found th a t t h is  fu n c tio n s , som etim es, produce d is c r e 
pant s tr u c tu r a l r e s u lt s  fo r  e le c t r o ly t e  so lu t io n s  (4 7 ) .

R ecently , p o te n t ia l  fu n ctio n  derived  through ab i n i t i o  MO 
c a lc u la t io n s  has been become p reva len t because i t  i s  easy to  
determ ine w ithout co n sid er in g  experim ental v a lu es  such as in te r n a l  
energy, v ib r a tio n a l modes, or second v i r i a l  c o e f f i c i e n t s .  A ccord ingly , 
th e s t a b i l i z a t io n  in te r a c t io n  en erg ie s  fo r  many d if f e r e n t  co n figu ra 
t io n s  o f  adduct are c a lc u la te d , as on ly  sum o f the p a ir  p o te n t ia ls  are  
taken in to  account, but not h igher order in te r a c t io n s ,  in  usual simu
la t io n s .  The fu n ctio n  has been adopted and d isp o sa b le  parameters fo r  
s u ita b le  fu n ctio n  has been obtained w ith l e a s t  square co n cep t. However, 
many problems o f  n on -em pirica l p o te n t ia ls  remain , e .g .  th e s e le c t io n  
o f b a s is  s e t ,  th e n e g le c t  o f  d isp ers io n  fo r c e s  and the fu n c tio n a l form 
o f  the p o te n t ia l .

In t h is  ch ap ter , th e  lith iu m  ion/ammonia p o te n t ia l  fu n ctio n  
w il l  be con stru cted . D e ta ils  o f  the c a lc u la t io n  w i l l  be b r ie f ly  
p resen ted , the q u a lity  o f  th e  fu n ctio n  w i l l  a ls o  be te s te d  u sin g  an 
e f f e c t iv e  procedure (5 6 ) .



17

C onstruction  o f  Lithium Ion/Ammonia P o te n tia l Function

3 . 1  D eta il o f  C a lcu la tio n s

To ob ta in  the p o te n t ia l  fu n ctio n  by means o f  quantum chem ical 
c a lc u la t io n s ,  the four co n secu tiv e  s tep s  are required  ะ ( i )  s e le c t io n  
o f  r e p r e sen ta tiv e  geom etries o f  p a irs  ะ ( i i )  performance th e SCF 
c a lc u la t io n s  ะ ( i i i )  f i t t i n g  o f  computed in te r a c t io n  e n e r g ie s  to  a 
fu n c tio n a l form and ( iv )  t e s t in g  the fu n c tio n .

3 . 1 . 1  S e le c t io n  o f Geometries
N,

To s e l e c t  adduct g eo m etr ies , two p r in c ip a l ways, which were 
gen era ly  used up to  now have been p resen ted . The f i r s t  one i s  to  use  
a tr id im en sio n a l g rid  (w ith  a pass o f < 1 atomic u n it s )  system  d efin ed  
by a com bination o f  c e r ta in  numbers o f  o r ie n ta t io n  ty p es and d is ta n c e s  
surrounding the m olecule (^ 8 ). In t h is  way, a reason ab le  assurance o f  
having scanned th e p o te n t ia l  hypersurface w ith in c lu s io n  o f  a l l  the  
minima i s  obtained  and th e  p o te n t ia l  su rfa ce  can be c le a r ly  
ch a ra c te r iz e d . A problem a ro se , however, from the number o f  r e su lta n t  
g eom etries becoming r a p id ly  too  la rg e  and form a b so lu te  adduct 
co n fig u r a tio n s  not occuring  in  th e a c tu a l s im u la tio n s o f  th e condensed  
phase.

Another a lte r n a t iv e  way i s  to  use adduct g eo m etr ies taken by 
random ch o ice  (^ 9 ). The curve f i t t i n g  procedure i s  s ta r te d  w ith an 
i n i t i a l  s e t  o f  g eo m etr ies, and the procedure w i l l  be rep ea ted , adding  
newly sampled geom etries u n t i l  the standard d ev ia tio n  o f  th e " t r i a l
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fu n c tio n  " w i l l  have reached a q u a lity  fo r  which th e p r e d ic t iv e  
a b i l i t y  o f  th e  p o te n t ia l  fu n ctio n  con verges. Since adduct geom etries  
generated  randomly do not o ften  produce im portant c o n fig u r a tio n s  from 
th e  v iew p o in t o f  energy, e s p e c ia l ly  in  polar m olecular sy stem s, a 
m odified  method has been employed in  order to  avoid t h is  problem.

In t h i s  work lith iu m  ion  was p laced  a t  numerous p o s it io n s  
w ith in  th e  sp ace around ammonia fo r  f i f t e e n  d ir e c t io n s  as th e  sp h e r ic a l  
p olar a n g le s  shown in  fig u r e  3 . 1 . The s e le c te d  in te r a c t io n  t r a j e c t o 
r i e s  are g iv en  in  ta b le  3 -2 . The re lev a n t p o s it io n s  o f  lith iu m  ion  
were gen erated  a s fo llo w s  and summarized in  ta b le s  3 -5 - 3 - 1 9 .

F ir s t  1 io n  was moved a long th e  z -a x is  , then th e  th ree  
t r a j e c t o r ie s  corresponding to  ( e 1 <{: ) v a lu es o f (0 ° ,9 0 ° )  , (3 0 ° ,6 0 ° )  
and (3 0 ° , 90°) were chosen. F in a lly  th e p o te n tia l  fu n c tio n  was 
determ ined by in c lu d in g  0° < ç.$ 180° and 0° ^ 6^ 60° in  s te p s  o f  3 0 ° .
For a l l  d ir e c t io n s  r, . ,1 was varied  from 1 to  10 X.L i(I)-N

F igure 3-1 D e f in it io n  o f  geom etric v a r ia b le s  fo r  c o n fig u r a t io n s
o f  lith iu m  ion-ammonia su r fa c e .
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3 .1 .2  Pe rforman ce the SCF C alcu la tio n s

3 .1 .2 .1  Ammonia Monomer

The t o t a l  energy (e le c tr o n ic  energy p lu s n uclear rep u lsio n  
energy) o f  ammonia monomer has been examined by means o f  a b - in i t io  
m olecular o r b ita l  c a lc u la t io n s  a t  d if f e r e n t  l e v e l s  o f  b a s is  s e t  , and 
compared w ith  l i t e r a t u r e  data ( ta b le  3 .4 ) .  The HONDO program was 
used throughout th e  c a lc u la t io n s .  The geometry o f  ammonia was taken  
from experim ental data (50) w ith N-H bond len g th  ะ 1.0124 X and 
<HNH angle = 106 .7° . The f ix e d  c a r te s ia n  co o rd in a tes fo r  ammonia 
m olecule are g iv en  in  ta b le  3 .1 .  Ammonia m olecu les are e a s i ly  in v e r t  
even in  th e gas phase. However , the in v e rs io n  period  o f  th e ammonia 
m olecule i s  about 21 ps which i s  q u ite  lo n g . Therefore , th e fu n ctio n  
obtained  from t h is  data would be r e l ia b le  not on ly  fo r  Monte Carlo but 
a ls o  for  the normal m olecular dynamics s im u la tio n s by n e g le c t in g  t h is  
mode o f  v ib r a t io n . As shown in  ta b le  3*3 th e GLO b a s is  s e t  g iv e s  
rath er h igh t o t a l  energy fo r  ammonia monomer, th e d ip o le  moment value  
i s ,  however, q u ite  a ccep ta b le . The ST0-3G b a s is  s e t  a p p lied  in  t h is  
work g iv e s  a s im ila r  d ip o le  moment, w h ile  i t  s t i l l  d isp la y s  a 
con sid erab ly  h igh  t o t a l  energy compared w ith  o th er d ata . The 
c a lc u la t io n  w ith  DZP was found to  g iv e  a much improved t o t a l  energy, 
but not a b e tte r  d ip o le  moment. For reason s o f  b e tte r  p o la r iz a t io n  
f e a s i b i l i t y ,  however, t h is  b a s is  s e t  was s e le c te d  fo r  fu rth er  
c a lc u la t io n s .  This type o f  b a s is  s e t  was d iscu ssed  and recommened in  
the l i t t e r l a t u r e  review s ( 6 3 ) .
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3 .1 .2 .2  Lithium ion/Ammmonia Adduct

SCF-LCAO c a lc u la t io n s  w ith  the DZP b a s is  s e t  , as l i s t e d  in  
ta b le  3-4 1 have been performed fo r  sev era l lith iu m  ion/-ammonia 
c o n fig u r a tio n s  s e le c te d  in  ( 3 - 1 .1 ) .  The lith iu m  ion/ammonia s t a b i
l iz a t io n  en ergy , A Escpin  k ca l.m ol  ̂ i s  ca lc u la te d  as

A ESCF(k ca l.m o l- 1 ) ะ (E -  EL i( 1 ) -  ENH3 ) x 627-5 1

where E i s  th e  t o t a l  energy o f  the superm olecule and E , . and ELlV-w MHj
are th o se  o f  lith iu m  ion  and ammonia a t  i n f i n i t e  se p e r a tio n . The 
a b - in i t io  s t a b i l i z a t io n  en erg ies  are a ls o  reported  in  ta b le  3-5 -  
ta b le  3-19-

Table 3-1 C oordinates o f  ammonia m olecule ( in  atom ic u n i t s ) .

atom X
Coordinates

Y z

N 0.00000 0.00000 0.00000
H1 1.77214 0.00000 -0 .720 89
H2 -0 .88607 -1 .534 72 -0 .720 89
H3 -0 .88607 1.53472 -0 .720 89
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Table 3 .2  S p h erica l polar a n g les  (d egree) fo r  the lith iu m  ion  in  
d if f e r e n t  d ir e c t io n s .

D irection 9 0

1 0 0
2 0 30
3 0 60
4 0 90
5 0 120
6 0 150
7 0 180
8 30 60
9 30 90

10 30 120
11 60 30
12 60 60
าร 60 90
14 60 120
15 60 150
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Table 3 . 3  Comparison o f  t o t a l  e n erg ie s  and d ip o le  moments o f  
ammonia monomer.

b a s is  s e t t o t a l  energy y r e f .

4-31 G - 5 6 . 1 0 2 6 9 2 .2 8 51
6 - 3 1  G -56 .18404 1.93 52
Ext (a) - 5 6 . 1 6 2 2 3 2 . 1 5 53
Ext (b) -56 .14545 2 .16 53
Ext (c ) -56 .16355 1.52 53

E xp tl.. - 1 . 4 7 5 4

t h is  work
GLO -47 .72130 1.82
ST0-3G -55 .45408 1.79
DZV -56 .17558 2 . 3 5

DZP -56 .20907 1.89

u n its  are g iven  in  a .u . fo r  t o t a l  en erg ies  and Debye fo r  d ip o le  
moments, (a) uncon tracted , (b) co n tra cted , (c ) w ith  p o la r iz a t io n
fu n c tio n s .
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Table 3 . 4 O rb ita l exponents fo r  the DZP b a s is s e t s  o f  atoms.

N H L i(I )

1s 5 9 0 9 . 0 0 0 0 0 0 19.238400 9 2 1 . 3 0 0 0 0 0

2s 8 8 7 . 5 0 0 0 0 0 2.898720 1 3 8 . 7 0 0 0 0 0

3s 204.700000 0 . 6 5 3 4 7 2 3 1 . 9 4 0 0 0 0

its 59.840000 0.163064 9 . 3 5 3 0 0 0

5s 20.000000 - 3.158000
6s 7.193000 - 1 . 1 5 7 0 0 0

7s 2.686000 - 0.444600
8s 7.193000 - 0.444600
9s 0 . 7 0 0 0 0 0 - 0.076660

10s 0 . 2 1 3 3 0 0 - 0.028640

1p 2 6 . 7 9 0 0 0 0 1 .000000 1.488000
2p 5.956000 - 0.266700
3p 1 . 7 0 7 0 0 0 - 0 . 0 7 2 0 1 0

itp 0.531400 - 0 . 0 2 3 7 0 0

5p 0.165400 - -

1 d 0.800000 - -
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Table 3 . 5  Coordinates o f the lith iu m  ion  fo r  Lithium ion/ammonia
adduct where ( 0,<f> ) ะ (0 ° ,0 ° )  , L i(I )-N  d is ta n c e s  ( in  $)
and computed in te r a c t io n  e n e r g ie s , A Eor, 1, , ( in  k ca l.m ol ”* ) .oUr

r X Y z aESCF

1.40 0.0000 0.0000 2.6457 21.8
1.60 0.0000 0.0000 3 . 0 2 3 6 - 2 0 . 3

1.90 0.0000 0.0000 3 . 5 9 0 6 -3 9 .5
1.96 0.0000 0.0000 3 . 7 0 3 9 -4 0 .3
1.98 0.0000 0.0000 3 . 7 4 1 7 -4 0 .5
1.99 0.0000 0.0000 3.7606 -4 0 .5
2 .0 0 0.0000 0.0000 3 . 7 7 9 5 -4 0 .5
2 .1 0 0.0000 0.0000 3.9685 -4 0 .3
2 .5 0 0.0000 0.0000 4 . 7 2 4 4 - 3 3 . 7

3 . 0 0 0.0000 0.0000 5.6693 - 2 3 . 8

5 .00 0.0000 0.0000 9.4488 -  7.1
7 . 0 0 0.0000 0.0000 1 3 . 2 2 8 3 -  3 .3
9 . 0 0 0.0000 0.0000 1 7 . 0 0 7 9 -  1 .9
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Table 3 . 6  C oordinates o f  the lith iu m  ion  fo r  lith iu m  ion/ammonia
adduct where (■ 0 , <j> ) ะ (0 °,30°) 1 L i(I)-N  d is ta n c e s  ( in  ร)
and computed in te r a c t io n  e n e r g ie s , A E ..„  , ( in  k ca l.m o l- 1 ) .oUr

r X Y z A ESCF

1.50 1.4173 0.0000 2 . 4 5 4 9 -  1 .9
1.80 1.7008 0.0000 2 . 9 4 5 9 -2 9 .8
1.99 1 . 8 8 0 3 0.0000 3 . 2 5 6 8 -3 4 .0
2 .00 1.8897 0.0000 3 . 2 7 3 2 -3 4 .1
2 .10 1.9843 0.0000 3 . 4 3 6 8 -3 4 .1
2 .20 2.0787 0.0000 3 . 6 0 0 5 -3 3 .3
3 . 0 0 2.8346 0.0000 4 . 9 0 9 8 -2 0 .2
5 . 0 0 4.7241 0.0000 8.1829 -  5 .9
7 . 0 0 6.6142 0.0000 11.4561 -  2 .7
9 .00 8 . 5 0 3 9 0.0000 1 4 . 7 2 9 2 -  1 .6
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Table 3-7 C oordinates 
adduct where 
and computed

o f the lith iu m  ion  
( 6,4» ) = (0 ° ,6 0 ° )  , 
in te r a c t io n  e n e r g ie s ,

fo r  lith iu m  ion/ammonia
L i(I )-N  d is ta n c e s  ( in  f t )

AE0„  , ( in  k ca l.m o l 1 ) .  o U r

r X Y Z A escf

2 .00 3-2731 0.0000 1.8898 -1 3 .1
2 .60 4.2551 0.0000 2.4567 -1 3 .9
3 .00 4.9098 0.0000 2.8346 -1 0 .5
5 .00 8.1829 0.0000 4.7241 -  3-0
7 .00 11.4561 0.0000 6.6142 -  1 .4

Table 3-8 C oordinates o f  the lith iu m  ion  fo r  
adduct where ( ร , ' } , ) ะ (0 ° ,9 0 ° )  1 L i(I )  
and computed in te r a c t io n  e n e r g ie s , A En„1,o U r

lith iu m  ion/ammonia 
-N d is ta n c e s  ( in  f t )  

, ( in  k ca l.m o l ^).

r X Y Z û escf

3-00 5.6693 0.0000 0.0000 0 .5
3 .60 6.8032 0.0000 0.0000 0 .4
3-80 7.1811 0.0000 0.0000 0 .4
4 .00 7.5591 0.0000 0.0000 0 .5
6 .00 11.3386 0.0000 0.0000 0 .3
9 .00 17-0079 0.0000 0.0000 0.1
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T a b l e  3 . 9  C o o r d i n a t e s  o f  t h e  l i t h i u m  i o n  f o r  l i t h i u m  i o n / a m m o n i a

a d d u c t  w h e r e  ( 0 , 4 > )  = ( 0 ° , 1 2 0 ° )  , L i ( I ) - N  d i s t a n c e s  ( i n  K )

an d  c o m p u t e d  i n t e r a c t i o n  e n e r g i e s , A , ( i n  k c a l . m o l  "* ) .

r X Y z A escf

3 . 0 0 4 . 9 0 9 8 0.0000 -  2 .8346 5 .2
5 . 0 0 8.1829 0.0000 -  4.7241 2 .2
7 . 0 0 11.4561 0.0000 -  6 .1642 1 . 3

9 . 5 0 1 5 . 5 4 7 5 0.0000 -  8.9764 0 . 7

Table 3 . 1 0 Coordinates o f  th e lith iu m  ion  fo r  lith iu m  ion/ammonia
adduct where ( e , 4) ) = (0 ° ,1 5 0 ° ) ,  L i(I )-N d is ta n c e s  ( in  2)
and computed in te r a c t io n e n e r g ie s , A ESCF> ( in  k ca l.m ol ) .

r X Y z 4 Eonc1SCF

3 . 0 0 2.8346 0.0000 -  4 .9098 2 .6
5 . 0 0 4.7241 0.0000 -  8 .1829 2 .9
7 . 0 0 6.6142 0.0000 -11 .4561 -  2 .7
9 . 5 0 8.9764 0.0000 -1 5 .54 75 1.1
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Table 3 . 1 1  C oordinates o f  th e lith iu m  ion  fo r  lith iu m  ion/ammonia
adduct where ( e , (J, ) = (0 ° ,1 8 0 ° ) ,  L i(I )-N  d is ta n c e s  ( in  K )

and computed in te r a c t io n  e n e r g ie s , AEC„ 1, ( in  k ca l.m ol ) .o U r

r X Y z aEscf

2 .00 0.0000 0.0000 -  3 .7795 8 . 3

2 . 5 0 0.0000 0.0000 -  14.72^4 0.1
3 . 0 0 0.0000 0.0000 -  5 .6693 0 .8
4 .00 0.0000 0.0000 -  7.5591 3 . 0

5 . 0 0 0.0000 0.0000 -  9-141488 2 .9
7 . 0 0 0.0000 0.0000 -1 3 .22 83 2 .0
9 . 0 0 0.0000 0.0000 -17 .00 79 1 . 3

Table 3-12 C oordinates o f  th e lith iu m  ion  fo r  lith iu m  ion/ammonia
adduct where ( e , 4) ) = (3 0 ° ,6 0 ° ) ,  L i(I )-N  d is ta n c e s  ( in  K )

and computed in te r a c t io n  e n e r g ie s , A E „.„ , ( in  k ca l.m o l- '').o  U r

r X Y Z A ESCF

2 .00 2.8346 0.0000 1 . 8 8 9 8 -1 6 .4
3 . 0 0 4 . 2 5 1 9 0.0000 2.8346 - 1 0 . 9

5 . 0 0 7.0866 0.0000 4 . 7 2 4 4 -  3 .0
7 . 0 0 9 . 9 2 1 3 0.0000 6.6142 -  1.4
8 .00 11.3386 0.0000 7 . 5 5 9 1 -  1.1
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T a b l e  3 . 1 3  C o o r d i n a t e s  o f  t h e  l i t h i u m  i o n  f o r  l i t h i u m  i o n / a m m o n i a

a d d u c t  w h e r e  ( e,(j) ) = ( 3 0 ° , 9 0 ° ) ,  L i ( I ) - N  d i s t a n c e s  ( i n  ร )

a n d  c o m p u t e d  i n t e r a c t i o n  e n e r g i e s ,  AE„r p )  ( i n  k c a l . m o l  ”* ) .

r X Y Z aescf

2 .4 0 3 . 9 2 7 8 2.2677 0.0000 1.0
3 . 0 0 4 . 9 0 9 8 2.8346 0.0000 -  0 .7
3 .40 5.5644 3 . 2 1 2 6 0.0000 -  0 .3
5 . 0 0 8.1829 4.7244 0.0000 0 .2
7 . 0 0 า า .4561 6.6142 0.0000 0.1
9 . 0 0 14.7292 8 . 5 0 3 9 0.0000 0.1  -

Table 3-14 C oordinates o f  th e lith iu m  ion  fo r  lith iu m  ion/ammonia
adduct where (0 , <f>) = (3 0 ° , 1 20 °), L i(I )-N  d is ta n c e s ( in  ร)
and computed in te r a c t io n  e n e r g ie s , AE^-e1, ( in  k ca l.m ol ) .oCr

r X Y Z A ESCF

3 . 0 0 4 . 2 5 1 9 2 . 4 5 4 9 -  2 .8346 4 .0
4 .00 5.6693 3 . 2 7 3 2 -  3 .7799 3 . 1

5 .00 7.0866 4 . 0 9 1 5 -  4 .7244 2 . 3

6 .00 8 . 5 0 3 9 4 . 9 0 9 8 -  5 .6693 1 . 7

7 . 0 0 9 . 9 2 1 3 5 . 7 2 8 0 -  6 .6142 1 . 3

9 .00 1 2 . 7 5 5 9 7.36462 -  8.5039 0 .6
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T a b l e  3 . 1 5  C o o r d i n a t e s  o f  t h e  l i t h i u m  i o n  f o r  l i t h i u m  i o n / a m m o n i a

a d d u c t  w h e r e  ( e , <j) ) = ( 6 0 ° , 3 0 ° ) ,  L i ( I ) - N  d i s t a n c e s ( i n  ร )

a n d  c o m p u t e d  i n t e r a c t i o n  e n e r g i e s ,  A E g ç p ,  ( i n  k c a l . m o l  ^ ) .

r X Y z A escf

1.60 0 . 7 5 5 9 1 . 3 0 9 3 2.6185 - 1 5 . 1

2 .00 0 . 9 4 4 9 1 . 6 3 6 6 3 . 2 7 3 2 - 3 4 . 6

2 .4 0 1 . 1 3 3 9 1 . 9 6 3 9 3 . 9 2 7 8 - 3 0 . 6

3 . 0 0 1.4173 2 . 4 5 4 9 4 . 9 0 9 8 - 2 0 . 3

5 .00 2.3522 4 . 0 9 1 5 8.1829 -  6 .0
7 . 0 0 3 . 3 0 7 1 5.7280 11.4561 -  2 .7
9 .00 4 . 2 5 1 9 7.3646 14.7292 -  1 .6
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Table 3-16 C oordinates o f  th e lith iu m  ion  fo r  lith iu m  ion/ammonia
adduct where ( e , <j> ) = (6 0 ° ,6 0 ° )  , L i(I )-N  d is ta n c e s ( in  Â )

and computed in te r a c t io n  e n e r g ie s , AEonc1, ( in  k ca l.m o l ^).o U r

r X Y z a e scf

1.80 1.4729 2.5512 1.7008 -1 4 .6
2 .00 1.6366 2.8346 1.8898 -1 9 .2
2 .20 1.8002 3.1181 2.0787 -1 9 .3
2 .60 2.1276 3.6850 2.4567 -1 5 .4
3 .00 2.4549 4.2519 2.8346 -1 1 .3
4 .00 3.2732 5.6693 3.7795 -  5 .4
5 .00 4.0915 7.0866 4.7244 -  3.1
9 .00 7.3646 12.7559 8.5039 -  1 .4
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T a b l e  3 . า 7 C o o r d i n a t e s  o f  t h e  l i t h i u m  i o n  f o r  l i t h i u m  i o n / a m m o n i a

a d d u c t  w h e r e  ( 0 , 9 ) =  ( 6 0 ° , 9 0 ° )  1 L i ( I ) - N  d i s t a n c e s ( i n  ร )

a n d  c o m p u t e d  i n t e r a c t i o n  e n e r g i e s ,  Ae s q p > ( i n  k c a l . m o l  1 ) .

r X Y z A escf

1.80 1.7008 2.9459 0.0000 7 .9
2 .00 1.8898 3.2732 0.0000 -  2 .5
2 .6 0 2.4567 4.2551 0.0000 -  2 .8
2 .8 0 2.6457 4.5824 0.0000 -  2 .3
3 .00 2.8346 4.9098 0.0000 -  1-7
3 .40 3.2126 5.5644 0.0000 -  0 .9
3 .60 3.4016 5.8917 0.0000 -  0 .6
5 .00 4.7244 8.1829 0.0000 0 .0
7 .00 6.6142 11.4561 0.0000 0.1
9 .00 8.5039 14.7292 0.0000 0.1
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T a b l e  3 . 1 8  C o o r d i n a t e s  o f  t h e  l i t h i u m  i o n  f o r  l i t h i u m  i o n / a m m o n i a

a d d u c t  w h e r e  ( e , 4, ) = ( 6 0 ° , 1 2 0 ° ) ,  L i ( I ) - N  d i s t a n c e s ( i n  X)

a n d  c o m p u t e d  i n t e r a c t i o n  e n e r g i e s ,  AESCp ,  ( i n  k c a l . m o l  า ) .

r X Y z A escf

2 .40 1.9639 3.4016 -  2 .2677 4 .8
3 . 0 0 2 . 4 5 4 9 4 . 2 5 1 9 -  2 .8346 2 .9
4 .00 3 . 2 7 3 2 5.6693 -  3 .7795 2 .8
5 . 0 0 4 . 0 9 1 5 7 . 0 8 6 6 -  4 .7244 2 .2
7 . 0 0 5.7280 9.9213 -  6 .6142 1 . 3

9 . 0 0 7.3646 1 2 . 7 5 5 9 -  8 .5039 0 .8

Table 3 . 1 9  C oordinates o f  th e lith iu m  ion  fo r  lith iu m  ion/ammonia 
adduct where ( e , cf)) = (6 0 ° , 1 50 °), L i(I )-N  d is ta n c e s ( in  X) 
and computed in te r a c t io n  e n e r g ie s , AE„rF,, ( in  k ca l.m ol 1 ) .

r X Y Z aEscf

2 .00 0 . 9 4 4 9 1 . 6 3 6 6 -  3.2731 1 3 . 9

3 . 0 0 1.4173 2 . 4 5 4 9 -  4 .9098 2.1
4 .00 1.8898 3 . 2 7 3 2 -  6 .5463 3 . 3

5 .00 2 . 3 6 2 2 4 . 0 9 1 5 -  8 .1829 2 .9
7 . 0 0 3 . 3 0 7 1 5.7280 -1 1.4561 1.8
9 .00 4 . 2 5 1 9 7.3646 -1 4 .7 2 92 1.2
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3 -1 -3  F it t in g  o f  Pair In te r a c tio n  E nergies  
to  the Functional Form

A fter having ca lc u la te d  50 lith iu m  ion/ammonia c o n fig u r a tio n s  
in  th e t r a j e c t o r ie s  , where ( e > <j> ) = ( 0 ° ,0 ° ) ,  (0 ° ,1 8 0 ° ) ,  ( 0 ° ,9 0 ° ) ,  
(3 0 ° ,6 0 ° )  and (3 0 ° ,9 0 ° ) ,  th e in te r a c t io n  en erg ie s  o f  p a ir s  lower than  
5 k ca l.m ol  ̂ were f i t t e d ,  u sin g  a m ultid im ensional n on lin ear l e a s t -  
squares procedure by means o f  the Marquard-Levenberg m inim izing  
algorith m  to  a fu n c tio n a l c o n s is t in g  o f  Lennard-Jones and Coulombic 
term s ;

A EFIT i l l (-A /r  im im B . _ e x p ( - C , _ r + D q .q _ /r ._  im im im ^ inm im

where r im i s  th e d is ta n ce  between the i th atom o f  ammonia and lith iu m
io n , q  ̂ and qm are th e n et charges o f  an atom i  o f  ammonia and lith iu m
io n  in  atom ic u n it s ,  obtained frcm the M ulliken p op u lation  a n a ly s is
(55) in  th e SCF c a lc u la t io n s  o f  the monomers. These v a lu es  were kept
con sta n t throughout th e c a lc u la t io n s . A. , B ._ 1 c .  and D are theim im ’ im
f i t t i n g  parameters fo r  the in te r a c t io n  between L i(I )  and N or H atoms 
o f  ammonia. Only one value fo r  the f i r s t  order Coulombic parameter D 
was u sed , v a l id  fo r  both L i(I)-N  and L i(I)-H  in te r a c t io n s .

The f i t t i n g  procedure was performed s ta r t in g  from an i n i t i a l  
g u ess o f  th e param eters. The process i s  ite r a te d  u n t i l  th e  standard  
d e v ia tio n  was m inim ized, whereby constancy o f  the f i t t i n g  parameters
was reached.
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3 .1 .4  T estin g  the Q uality  o f  the F unction .

The fu n c tio n  obtained  from th e f i r s t  SCF-data s e t  was te s te d
u sin g  th e  procedure proposed by Beveridge (5 6 ) . This t e s t  c o n s is t s  o f
a ch o ice  o f  lith iu m  ion/ammonia co n fig u ra tio n s  o u ts id e  the f i r s t  s e t
o f  d ata , but w ith in  th e 0 = 0° to  60° and (j) ะ 0° to  180° in  3 0 °  s t e p s .
The in te r a c t io n  e n erg ie s  A EOT_ fo r  th ese  a d d it io n a l c o n fig u r a tio n s ,
N p o in ts ,  were eva luated  from the optim ized fu n c tio n , fo llow ed  by
quantum chem ical c a lc u la t io n  fo r  th e  same c o n fig u r a t io n a l p o in ts  ,
g iv in g  th e energy AEn00. The q u a lity  o f  th e  in term o lecu la r  p o te n t ia l
fu n ctio n  i s  then in d ica ted  by comparing a l l  A Ep and A Egçp v a lu es
and th e ir  d e v ia tio n s  from each other in  th e s e t  o  . . .t e s t

To improve the q u a lity  o f  the fu n c tio n , th e a d d it io n a l SCF 
p o in ts  were then includ ed  in  th e f i t t i n g  procedure. An improved s e t  o f  
th e  param eters being o b ta in ed , a d d it io n a l c o n fig u r a tio n s  were te s te d  
and in clu d ed  in  th e fu n ctio n  in  the same way u n t i l  constancy o f  the  
f i t t i n g  param eters w ith in  a range o f  +5% (57) and a s u f f i c ie n t l y  low 
standard d ev ia tio n  was reached.

3 .2  R esu lts  and D iscu ssion

In Table 3-20 ,th e  i t e r a t io n  s te p s  1 number o f  co n fig u r a tio n s
in clu d ed  in  each s tep  .standard d e v ia tio n s  , a  , number o f  t e s t in g
p o in ts , N, , used to  t e s t  the previous fu n ctio n  and o  ̂ are  t e s t  e  t e s t
summarized. For th e i n i t i a l  50 data p o in ts  1 the standard d ev ia tio n  o f  
th e fu n c tio n  was 1 .22 k ca l.m ol ^. The standard d ev ia tio n  o f  th e  v a lu es  
p red icted  by th e fu n ctio n  from th e corresponding a b - in i t io  c a lc u la te d

ใ \O0GC£,b7
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v a lu es  fo r  fu r th er  25 chosen t e s t  p o in ts  was 1 .04 k ca l.m ol ^. This 
r e s u l t  in d ic a te s  th a t the in te r a c t io n  o f  ammonia and lith iu m  ion  i s  
alread y  w e ll  rep resen ted  by t h is  fu n c tio n . A fter in c lu s io n  o f  th ese  
p o in ts , th e standard d ev ia tio n  reduces to  1 . 1 3  k ca l.m ol .

As mentioned before , most o f  the low energy ranges were chosen  
fo r  th e c o n str u ctio n  o f  th e fu n c tio n . The 75^^ to  1 0 0 ^  con figu ra 
t io n s  rep resen t su rfa ce  e n erg ie s  w ith  rath er weak lith iu m  ion/ammonia 
in te r a c t io n s .  T herefore, th e t e s t  o f  th e fu n ctio n  fo r  t h is  data s e t  
lead  to  a s l i g h t l y  h igher but s t i l l  accep tab le  value o f o t e s t  
(1 .7 9  k ca l.m o l ”* ) .  Apparently th e fu n ctio n  i s  somewhat l e s s  s u ita b le  
to  d escr ib e  th e  weak in te r a c t io n  range. This can be seen  a ls o  a f te r  
in c lu s io n  o f  th e se  a d d it io n a l p o in ts  to  the fu n c tio n , whereby the  
standard d ev ia tio n  changes to  1 . 3 2  k ca l.m ol . However , t h is  standard  
d ev ia tio n  i s  s t i l l  very good compared to  s im ila r  published fu n ctio n s  
(5 8 -5 9 ) .

In f ig u r e  3 -2 , th e s t a b i l i z a t io n  en erg ie s  obtained  from 
quantum chem ical c a lc u la t io n s  ( A£ 0 were p lo tte d  versu s th oseo u r

obtained  from th e  fu n ctio n  w ith  th e  parameters summarized in  
Table 3 -2 0 , good agreement between both o f  them can be seen  c le a r ly .

S tru ctu ra l r e s u l t s  o f  Monte Carlo or m olecular dynamics
s im u la tio n s depend rath er on th e shape o f  the fu n ctio n  than on the
a b so lu te  in te r a c t io n  e n e r g ie s . Sometimes even a fu n ctio n  w ith  h igher
standard d e v ia tio n s  may g iv e  more accu rate r e s u l t s  , e s p e c ia l ly  fo r
th e  in form ation  about th e in term o lecu la r  d is ta n c e s . An im portant
parameter in d ic a t in g  the q u a lity  o f  th e fu n ctio n  i s  the c o r r e la t io n
between th e p o s it io n  o f  th e energy minima o f  Ae and AE„__. ToSCF FIT
i l l u s t r a t e  t h i s  agreement , p o te n t ia l  curves fo r  some d ir e c t io n s  were
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F in a lly , f a l s e  minima o f  th e fu n ctio n  were searched w ith  a 
program g en era tin g  a tr id im en sio n a l g r id  w ith  an angular v a r ia t io n  o f  
5° and a d is ta n c e  v a r ia t io n  o f  0 .2  X from 1 to  า0 X fo r  th e whole 
space around ammonia. No a r t i f i c i a l  minima was found fo r  the reported  
fu n c tio n . This checking procedure i s  a ls o  e s s e n t ia l ,  as unwanted 
minima may produce erro rs as reported  by Jorgensen ( 6 1 ) where such a 
minimum w ith  a d im er iza tio n  energy o f  -112058 k ca l.m ol  ̂ was found in  
the MCY w ater p o te n t ia l  (41) fo r  a c y c l ic  dimer w ith  r (0 0 )= 1 .1 2 2  X. 
Having performed t h is  t e s t  procedure the proposed p a ir  p o te n t ia l  
fu n ctio n  would be a s u ita b le  to o l  fo r  fu rth er  s t a t i s t i c a l  s im u la tio n s .

Table 3 . 2 0  F in a l optim ized  parameters fo r  the in te r a c t io n  o f  H 
and N atoms o f  ammonia w ith lith iu m  io n . In te r a c tio n  
e n e r g ie s  and r are g iven  in  k ca l.m ol and atom ic  
u n it s ,  r e p e c t iv e ly .  (q^j=-0. 7 4 2 0 7  a .u . and qH= 0 .2 4 7 3 6 )

p l o t t e d  i n  f i g u r e  3 . 3 . The r e s u l t s  s h o w  t h e  r e l a t i o n  t o  b e  v e r y

s a t i s f a c t o r y  e v e n  i n  t h e  r e p u l s i v e  r e g i o n  w h e r e  <{) > 9 0 °  w h i c h  d o e s  n o t

c o n t r i b u t e  t o  t h e  s i m u l a t i o n  r e s u l t s .

Optimized Parameters N
Atom

H

A - 0 . 4 3 7 7 2 1 6 9 8 7 E+0 5 - 0 .3 1 16480890E+05
B 0 . 1071700000S+05 -0.5476518247E+02
c 0.4530000000S+03 0 . 5 7 8 3 5 4 9 8 9 7 E+ 0 0

D 0.10255718982+04 0 .1 0 2 5 5 7 1 898E+04
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Table 3 . 2 1  Number o f  SCF-data p o in ts  (N) , standard d ev ia tio n  ( a )  
( in  k ca l.m ol ^) , number o f  t e s t in g  p o in ts  (N^e s ^) 
and ° t e s t  ŝe e  t exfc) fo r  each o p tim iza tio n  s te p .

Step N 0 N, . t e s t ° t e s t

1 50 1.22 25 1.04
2 75 1 . 1 3 25 1.79
3 100 1 . 3 2 - -
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Figure 3-2  Comparison o f  the model c a lc u la te d  ( A E„__) w ith  ther IT
quantum m echanically  c a lc u la te d  e n e r g ie s  (A E on_ ) .SCF
The l in e  o f  u n it  s lo p e  rep resen ts  p e r fe c t  agreement 
between the model and th e quantum m echanical
c a lc u la t io n s .
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F igure 3-3  Comparison between th e  DZP a b - i n i t io  e n e r g ie s  (------ ) ,ü  E„„„' o C r

and th e  f i t e d  a n a ly t ic a l  p o te n t ia l  (------- ) , A E„T_ ,i l l
where 0 = 180°
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