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A b s t r a e t  

T h e  s t a b i l i t y  a n d  t h e  c h a r a c t e r i s t i c s  o f  t h e  w a t e r  s o l u t i o n  o f  t h e  n o n  

i n t r a m o l e c u l a r l y  H - b o n d e d  (~p=60 °)  f o r m  o f  g l y c i n c  z w i t t e r i o n  w e r e  s t u d i e d  

w i t h  a M o n t e  C a r l o  s i m u l a t i o n  in  t h e  M , P , T  e n s e m b l e ,  u s i n g  T I P 4 P  p o t e n t i a l s  

f o r  w a t e r  a n d  a n a l o g o u s  t r a n s f e r a b l e  p o t e n t i a l s  f o r  g l y c i n e .  T h e  r e s u l t s  

w e r e  c o m p a r e d  w i t h  t h o s e  f r o m  p r e v i o u s  s i m u l a t i o n s  o f  g l y c i n e  (cp=0 o) a n d  

o f  i t s  c o m p o n e n t  i o n s .  T h e  a n a l y s i s  o f  t h e  s o l u t i o n  s h o w s  t h e  p r e s e n c e  o f  

t h e  s a m e  f o u r  t y p e s  o f  w a t e r  a l r e a d y  f o u n d :  ( 1 )  b u l k  w a t e r s ;  ( 2 )  

h y d r o p h o b i c a l l y  b o u n d  w a t e r s  n e a r  t h e  C H 2  g r o u p ;  w a t e r s  t i g h t l y  b o u n d  

( 3 )  t o  t h e  p o l a r  o x y g e n s  a n d  ( 4 )  t o  t h e  p o l a r  h y d r o g c n s .  T h e  e n e r g e t i c s  o f  

t h e  s o l u t i o n  p r o c e s s  i s  m o r e  f a v o u r a b l e  f o r  t h e  (p=60  ° f o r m  t h a n  f o r  t h e  q~=0 ° 

o n e ,  a s  f a r  a s  t h e  e n t h a l p i c  t e r m  is  c o n c e r n e d ,  b y  2 . 6  k c a l / m o l ,  d u e  to  t h e  

c o m p e n s a t i o n  b e t w e e n  t h e  p r e s e n c e  o f  a n  a d d i t i o n a l  H - b o n d  w i t h  w a t e r ,  

c o u p l e d  w i t h  a s l i g h t l y  s m a l l e r  d i s r u p t i o n  o f  t h e  s o l v e n t ,  a n d  l e s s  

f a v o u r a b l c  i n d i v i d u a l  H - b o n d s  o n  t h e  a v e r a g e .  C o n v e r s e l y ,  a c o n s i d e r a b l e  

i n c r e a s e  i n  t h e  p a r t i a l  m o l a r  V o l u m e  is  d e t e c t e d .  T h e  in  v a c u o  e n e r g y  

d i f f e r e n c e  ( i n c l u d i n g  H a r t r c c - F o c k  a n d  t h e r m a l  e n e r g i e s )  b e t w e e n  t h e  t w o  

c o n f o r m e r s  a t  t h e  6 - 3 1 G *  l e v e l  f a v o u r s  t h e  q)=0 ° f o r m  w i t h  r e s p e c t  to  t h e  

cp=60 ° o n e  b y  a b o u t  5 k c a l / m o l ,  t h u s  t h e  f o r m e r  s h o u l d  b c  t h e  m o s t  l i k e l y  to  

b e  f o u n d  in s o l u t i o n  a s  w e l l .  

I n t r o d u c t i o n  

S o m e  a u t h o r s  w h i c h  s t u d y  s o l u t e - w a t e r  i n t c r a c : i o n s  w i t h  t h e  ~ " s u p e r -  

m o l e c u l e "  a p p r o a c h ,  o r  w i t h  t h e  s o l v e n t  r e p r e s e n t e d  a s  a c o n t i n u o u s  
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m e d i u m ,  p r c f c r  to  d i s r c g a r d  s o l u l c  s t r u c t u r e s  i n v o l v i n g  i n t r a m o l c c u l a r  l l -  

b o n d s ,  in  t h a t  t h e y  c o n s i d e r  i t  e x t r e m e l y  d i f f i c u l t  t h a t  t h e s e  b o n d s  a r c  

b r o k e n  u p o n  i n t e r a c t i o n s  w i t h  a f e w  w a t e r  m o l e c u l e s  o r  w i t h  a c o n t i n u u m  

| i - 2 ] ,  a s  c o n v e r s e l y  o c c u r s "  in  r e a l  s o l u t i o n s ,  w h e r e  e x t e n d e d  c o n f i g u r a t i o n s  

o f  o l l g o p c p t t d e s  p r e v a i l ,  e v e n  t h o u g h  l e s s  l l c x i b l e  g r o u p s ,  s h o w i n g  m a r k e d  

C o n f o r m a t i o n a l  p r e f e r e n c e s  [ 3 | .  a r e  i n t r o d u c e d  [ 4 ] .  T o  e v a l u a t e  t h e  s o u n d -  

n e s s  o f  I b i s  a p p r o x i m a l i o n  in  t h e  c a s e  o f  v e r y  s m a l l  s o l n l e s  a s  w e l l ,  a n d  t o  

d e t e r m i n e  to  w h a t  e x t e n t  t h e  p r e s e n c e  o f  t h e  i n l r a m o l e c u l a r  l l - b o n d  h a d  

a f f e c t e d  t h e  s t r u c t u r e  a n d  t h e  e n e r g e l i c s  o f  t h e  s o l u t i o n  in  o u r  p r e v i o u s  

s i m u l a t i o n  o f  g l y c i n e  z w t t t c r t o n  [ 5 l  ( h e r e a f t e r  r c f c r r c d  to  a s  I ) ,  w c  d e c i d e d  

t o  c a r r y  o u t  t h c  M o n t e  C a r l o  s i m u l a t i o n  o f  t h e  c o n f o r m e r  w i t h  a t o r s i o n a l  

a n g l e  o f  6 0  ° .  h e r e a f t e r  r e f e r r e d  t o  a s  I !  ( s e e  t h e  s c h e m a t i c  r e p r e s e n t a t i o n  

v c p o r l c d  in  F i g .  ! ) ,  t ha t  in v a c u o  i s  l e s s  s t a b l e  t h a n  ! [6 ] .  T h e s e  s i m u l a t i o n s  

a r c  t h e n  c o m p a r e d  o n e  to  t h e  o t h e r  a n d  to  t h e  s i m u l a t i o n s  o f  t h e  i n d i v i d u a l  

i o n s ,  C ! 1 3 N I I 3  + a n d  C H 3 C O O -  [7] ,  t ha t  m a d e  u s e  a s  f a r  a s  p o s s i b l e  o f  t h e  s a m e  

p a r a m e t e r s .  A f a i r l y  e x t e n s i v e  c o m p a r i s o n  o f  o u r  r e s u l t s  w i t h  t h o s e  o f  

P O  

B U L K  

F i g .  I .  S c h e m a t i c  r e p r e s c n t a t i o n  o f  t h e  s o l u t e  C o n f o r m a t i o n .  o f  t h e  

s o l u t i o n  s p c c i m e n  ( a  b o x  w i t h  a n  a v e r a g e  e d g e  o f  18 .81  ~ )  a n d  o f  

' t h e  d i f f e r e n t  s o l v i ~ t i o n  " r e g i o n s  c o n s i d e r e d  ( A = a p o l a r .  P H = p o l a r  H ,  

P O = p o l a r  O ,  b u l k  a l l  t h e  r e s t ) .  T h e  b l a n k  a r e a  s u r r o u n d i n g  t h e  

• s o l u t e  a t o m s  s t a n d s  f o r  t h e i r  e x c l u d e d  v o l u m e .  

i 



p r e v i o u s  s i m u l a t i o n s  o f  g l y c i n e  z w i l t c r i o n  18.91, u s in g  d i f f e r e n t  p o t e n t i a l s  

and e n s e m b l e s ,  is r cpor l cd  i ,  Rcf .  5. 
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M e t h o d s  

T h e  s im u la t i on  was  ca r r i ed  out  in tile N . P . T  e n s e m b l e  (at 2.5°C and I 

a i m )  on  a s a m p l c  o f  216  w a t c r s  p lus  o n e  m o l c c u l c  o f  the  so lu t e ,  u s ing  

p e r i o d i c  b o u n d a r y  c o n d i t i o n s  wi th  a n o n - b o n d e d  c u t o f f  o f  8.5 A, in the  

Metropolis f r a m e w o r k ,  supplcmcnted 

G o u l d  3287/05 .  

A s s u m i n g  p a i r w i s e  a d d i t i v i t y .  

w i t h  p r e f e r e n t i a l  s a m p l i n g ,  o n  o u r  

t h e  i n t e r m o l c c u l a r  p o t e n t i a l  b e t w e e n  

m o n o m e r s  m and n e m p l o y e d  in the  s imula t ion  is o f  the 12-6-1 type:  

overm ( A i A J  C i C j )  ~-nm = ~ o ~ g n  q i q j c 2 +  _ 

t j rlj rh2 r~j 

T a b l e  1. P a r a m e t e r s  e m p l o y e d  in the M o n t e  C a r l o  s im u la t i o n  a. 

S y s t e m  A t o m  type  A 2 x I 0  -3 C 2 q 

O 6 0 0  6 1 0  0 

H 2 0  b - T1P4P M 0 0 - 1 .04  

H 0 0 0 . 5 2  

O 5- 2 3 0 . 5 8 4  4 2 9 . 5  - 0 . 7 4 5  

C 7 8 9 . 9 5 4  6 1 5 . 7 7  0 . ' / 52  

H3+N-CH2-COO -c C2 7 2 9 0  1825 0 . 2 7 0  

N 9 9 0 . 5 2 5  563  - 0 . 6 6 3  

H 0 0 0 . 3 7 7  

a Units:  e l e c t r ons  for  q: k c a l - ~ l R - m o l - ]  for  A2; kcaI-A.6-moi  -1 for  C 2.  

b Expe r ime n t a l  g e o m e t r y  ( O H = 0 . 9 5 7 2  ~ .  < H O H = I 0 4 . 5 2 ° ) ;  M is loca ted  0 .15 A away f rom 

O a long  the  b i s e c t o r  o f  the  H O H  angle .  P a r am e te r s  f rom Ref .  10. 

c C h a r g e s  o b t a i n e d  by f i t t ing  the  e l e c t ro s t a t i c  po ten t i a l  p r o d u c e d  by  a 6 - 3 1 G *  w a v e  

f u n c t i o n  [11] ;  p a r a m e t e r s  f r o m  R e f .  12, e x c e p t  t h o s e  o f  C2  [ 1 3 ] ;  g e o m e t r i c  

parameters :  CO=1.25  A, CC=1_53 A,  CN=1.48 A, N H = I . 0 3  A, <OCO:=125 ° < H N H = I 0 9 . 4 7  °, 

<NC(~109 .470  , <HNC= 109.47 °. 
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For  the sake  o f  eas ie r  c o m p a r i s o n  the s a m e  p r o c e d u r e ,  the s a m e  pa r ame te r s ,  

and : t h e  • s a m e  in ternal  g e o m e t r y  o f  the  s o l u t e  ( apa r t  the  ¢p=60 ° d i h e d r a l  

ang le )  as those  used in the p rev ious  s imu la t ion  [5] have  been e m p l o y e d .  T h e  

re levan t  p a r a m e t e r s  are  r epor t ed  tn T a b l e  1. 

In o r d e r  to a n a l y z e  the s t ruc tu re  o f  the so lu t i on  we  reso r t ed  to the 

p a r t i t i o n  o f  the  f i r s t  s o l v a t i o n  l a y e r  a l r e a d y  a d o p t e d  In o u r  p r e v i o u s  

s i m u l a t i o n s  and ,  t h e r e f o r e ,  the  f i r s t  shel l  a r o u n d  g l y c i n e  z w i l t e r i o n  was  

d iv ided  in three  reg ions :  A (apola r  zone) ,  PO (po la r  o x y g e n  zone ) ,  PH (po la r  

h y d r o g e n  z o n e ) ,  w h o s e  radi i  ( d e r i v e d  f r o m  the  m i n i m a  o f  the  r e l e v a n t  

radia l  d i s t r i b u t i o n  func t i ons )  a re  e x a c t l y  c o n s i s t e n t  with those  e m p l o y e d  for  

g l y c i n c  i. T h e s e  r eg ions  are  a l so  s c h e m a t i z e d  in F ig .  1_" the s h a d c d  r eg ions  

represen t  the  s e c o n d  so lva t i on  shel l  wi th  respec t  to the po l a r  f irst  shell  and,  

tn o u r  o p i n i o n ,  c a n n o t  be  c o n s i d e r e d  as b e l o n g i n g  to  the a p o l a r  h y d r a t i o n  

s h e l l .  

R e s u l t s  

S o l u t e - s o l v e n t  s t r u c t u r a l  a n  a l y s i s  

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  

W c  repor t  in F tg .  2 ( a ,b )  the  s o l u t e - s o l v e n t  radia l  d i s t r i b u t i o n  f u n c -  

t ions,  rdfs ,  ( sol id  l lnc) ,  s u p e r i m p o s e d  to the c o r r e s p o n d e n t  o n e s  for  g l y c i n c  I 

( d a s h e d  l ine) ,  r e c o r d e d  e v e r y  s tep ,  s c a n n i n g  the  s p a c e  s u r r o u n d i n g  e a c h  

so lu te  a tom with  a A r=O.055 ~,. In  the  s a m e  p lo t  ( r igh t  sca le )  the r e l evan t  

r u n n i n g  c o o r d i n a t i o n  n u m b e r s  arc: d i s p l a y e d  ( so l id  l ine)  in c o m p a r i s o n  to 

t h o s e  oi" g l y c i n e  I ( d a s h e d  l ine) .  S u c h  a p i c to r i a l  r e p r e s e n t a t i o n  is m o r e  

c f f c c t i v c ,  desp i te  the c r o w d e d  aspect  o f  the  p lo t s ,  and makes i t  eas ie r  to  

d e s c r i b e  a n a l o g i e s  and d i f f e r e n c e s  b e t w e e n  the c u r v e s  f o r  the  t w o  c o n f o r -  

mers .  F o r  t h i s  reason we  m a i n t a i n  the  same c h o i c e  as p r e v i o u s l y  o f  rd fs  

d i s p l a y e d ,  k e e p i n g  apa r t  the  rad ia l  d i s t r i b u t i o n  f u n c t i o n s  fo r  the  s o l u t e  

a toms  ( H I  and O1)  that  were  invo lved  in the i n t r amolecu l a r  H - b o n d ,  to a l low 

. .  = ~  : 

, , , . : 
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Fig. 2. Radial distribution functions ( l e f t  scale) and running coordination 

numbers (right scale) for glyctnc Ii (solid line) in comparison 

with those for glycine I (dashed line): between (a) the solute 
o x y g e n  a t o m s ,  O1  ( b o t t o m )  a n d  0 2  ( t o p ) ,  a n d  t h e  w a t e r  O a n d  H s ,  a n d  

between (b) the solute CH2 group (bottom) and hydrogen a toms.  HI 

(middle). and the average of  H2 and H3. Ha (top) and the water O 
a n d  H s .  
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a b e t t e r  e v a l u a t i o n  o f  i t s  e f f e c t  on  t h e  s t r u c t u r e  o f  t h e  s o l u t i o n .  H a O  a n d  H a l l  

a r c  t h e  a v e r a g 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  f o r  t h e  o t h c r  t w o  h y d r o g c n s  o f  

t h e  N H 3  + g r o u p .  

F r o m  t h e  e x a m i n a t i o n  o f  theme c u r v e s  i t  c a n  i m m e d i a t e l y  b e  s e e n  t h a t :  

1) t h e  0 2 0  a n d  O 2 H  r d f s  ( F i g .  2 ( n ) )  a r e  v e r y  s i m i l a r  f o r  b o t h  g l y c i n c  c o n f o r -  

m e r s  ( I  a n d  I1) .  A l s o .  t h e y  c l o s e l y  r e s e m b l e  t h o s e  r e c o r d e d  in  t h e  

s i m u l a t i o n  o f  t h e  a c e t a t e  a n i o n .  I n  t h i s  s o l u t i o n  a s  w e l l  w e  f i n d  s t r o n g  H -  

b o n d s  l i n k i n g  0 2  to  t h r e e  d i f f e r e n t  w a t e r  m o l e c u l e s ,  e a c h  o f  t h e m  

o r i e n t e d  w i t h  o n e  H p o i n t i n g  t o w a r d  O 2 ,  a s  c a n  b e  d e d u c e d  f r o m  t h e  

c o o r d i n a t i o n  n u m b e r s  a n d  d i s t a n c e s  o f  t h e  f i r s t  p e a k s  o f  theme r d f s .  

2 )  t h e  O I O  a n d  O 1 H  r d f s  ( F i g .  2 ( a ) )  a r e  s i m i l a r  f o r  b o t h  f o r m s  o f  g l y c i n e  ( a t  

l e a s t  a s  f a r  a s  t h e  f i r s t  p e a k  i s  c o n c c r n c d ) ,  w h e r e a s  t h e y  d i f f e r  f r o m  t h o s e  

o f  a c e t a t e ,  t h a t  a l m o s t  c o i n c i d e  w i t h  t h e  O 2 0  a n d  O 2 H  rd f s .  W e  e x p l a i n e d  the  

h e i g h t  o f  t h e  f i r s t  p e a k  o f  t h e  r d f s  f o r  c o n f o r m e r  ! w i t h  t h e  p r e s e n c e  o f  

t h e  i n t r a - m o l e e u l a r  H - b o n d  p r c v e n t i n g  t h e  f o r m a t i o n  o f  a t h i r d  H - b o n d  

w i t h  w a t e r .  W h a t  i s  t h e  reamon o f  t h i s  b e h a v i o u r ?  W e  w i l l  d i s c u s s  t h i s  

f e a t u r e  in d e t a i l  l a t e r  o n .  F o r  t h e  t i m e  b c i n g  l e t  u s  p a y  a t t e n t i o n  to  t h e  

s u b s e q u e n t  p a r t  o f  t h e  r d f s ,  w h i c h  s h o w s  t h e  m a i n  c h a n g e s ,  d u e  t o  t h e  

p r e s e n c e  o f  a d d i t i o n a l  w a t e r s  in  t h e  n c i g h b o u r h o o d s .  T h e s e  c h a n g e s  m a y  

b c  a s c r i b e d ,  a s  w i l l  b e  i l l u s t r a t e d  b e l o w ,  to  t h e  w a t e r  b o u n d  to  H I  a n d  t o  an  

i n c o m i n g  w a t e r  u n a b l e ,  h o w e v e r ,  to  r e a c h  a n  H - b o n d  d i s t a n c e  in  t h e  e l  

h y d r a t i o n  s h e l l .  I n  t h e i r  r a n d o m  m o v e m e n t ,  s o m e t i m e s ,  t h e  f i r s t  s h e l l  

w a t e r  m o l e c u l e s  m a y  a s s u m e  s l i g h t l y  u n f a v o u r e d  p o s i t i o n ~ ;  t h a t ,  

c o n v e r s e l y ,  a l l o w  e n o u g h  r o o m  t o  a c c o m m o d a t e  a n  a d d i t i o n a l  w a t e r  

m o l e c u l e .  

3 )  t h e r e  i s  n o  s e n s i t i v e  v a r i a t i o n  b e t w e e n  t h e  C H 2 O  a n d  C H 2 H  r d f s  i l l  t h e  t w o  

s o l u t i o n s  ( F i g .  2 ( b ) ) .  T h e y  a r c  a l s o  s i m i l a r  t o  t h e  C H 3 O  a n d  C H 3 H  r d f s  

o b t a i n e d  f o r  a c e t a t e  a n d  m e t h y l a m m o n i u m  [71.  

4 ) / x l ;  t h e  t h r e e  H e  a n d  H H  r d f s  at-c s i m i l a r  in  g l y c i n ¢  I I ,  w h e r e a s  in  g l y c i n c  

I o n l y  t w o  o f  t h e m  b e h a v e  in  a s i m i l a r  w a y .  A s  a m a t t e r  o f  f a c t '  w h l l 3 t  in  

g i y c i n c  I I  a l l  t h e  t h r e e  h y d r o g e n s  o f  t h e  a m m o n i u m  g r o u p  a r e  a v a i l a b l e  
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t o  f o r m  ( a n d  a c t u a l l y  t h e y  do )  H - b o n d s  w i t h  t he  s o l v e n t ,  i n  g l y c i n e  1 o n e  

o f  t h c  h y d r o g c n s  i s  n o t  a v a i l a b l e ,  i n  t h a t  i t  p a r t i c i p a t e  i n  t h e  

i n t r a m o l e c u l a r  H - b o n d :  T h e  p r e s e n c e  o f  t h e  t h i r d  w a t e r  m o l e c u l e  

c o o r d i n a t e d  to  t h e  N H 3  + g r o u p  is  h i g h l i g h t e d ,  in  a d d i t i o n  to t he  v a l u e  o f  

t h e  r u n n i n g  c o o r d i n a t i o n  n u m b e r  a n d  to  t he  s h a p e  o f  t h e  f i r s t  p e a k  in  

the  H I O  a n d  H I H  rdl-s, a l so  by  t he  presence  o f  t he  s e c o n d  p e a k  in  the  H a O  

a n d  H I O  rd f s  (as  we l l  as i n  the  O I O  a nd  O I H  o n e s )  o f  g l y c i n e  11. 

S u r p r i s i n g l y ,  t h e  a b s e n c e  o f  t h e  t n t r a m o i c c u l a r  H - b o n d  is  b r o u g h t  

o u t  o n l y  b y  the  g H I O  r d f  a n d  t he  g H I H  o n e ,  w i t h  a h i n t  i n  t he  g H a O  s e c o n d  

m a x i m u m ,  a c c o u n t i n g  for  t h e  w a t e r  c 0 o r d i n a t c d  to t he  I l l  o f  the  N H 3  + g r o u p .  

T h e  O I O  a n d  O I H  r d f s ,  a s  f a r  as t h e  f i r s t  m a x i m u m  a n d  t he  r e l e v a n t  

c o o r d i n a t i o n  n u m b e r  a r c  c o n c e r n e d ,  a re  p r a c t i c a l l y  u n a l t e r e d .  A l b e i t  t he  O l  

a t o m  is a v a i l a b l e  to  f o r m  o n e  m o r e  H - b o n d ,  it  p r e f e r s  n o t  ( o r  is  n o t  a l l o w e d )  

to.  W h y ?  D e s p i t e  a l l  t h e  a n a l y s e s  p e r f o r m e d ,  w e  w e r e  n o t  a b l e  to f i g u r e  o u t  

t h e  r e a s o n  o f  t h i s  b e h a v i o u r  t i l l  w e  e x a m i n e d  a r e w  s n a p s h o t s  ( r a n d o m l y  

c h o s c n )  o f  t h e  s y s t e m  t h r o u g h  o u r  P S 3 3 0  E v a n s  & S u t h e r l a n d  v i d e o  d i s p l a y .  

l i m i t i n g  o u r  o b s e r v a t i o n  to  t h e  w a t e r  m o l e c u l e s  s t r o n g l y  i n t e r a c t i n g  w i t h  

t he  s o l u t e .  A d d i n g  t h e  v a n  d e r  W a a l s  s p h e r e s  to  the  s o l u t e  a nd  s o l v e n t  m o l e :  

c u l t s  i t  w a s  c l e a r  t h a t  a r o u n d  s u c h  a s m a l l  s o l u t e  t h e r e  i s  n o  r o o m  le f t  fo r  

a n o t h e r  w a t e r  m o l e c u l e  a t  a c o r r e c t  H - b o n d  d i s t a n c e :  a w a t e r  m o l e c u l e  in  

l u m  t r i e d  to  f i l l  t h e  n a r r o w  e m p t y  s p a c e ,  b u t  w a s  f o r c e d  to  s t a y  a t  a m u c h  

l o n g e r  d i s t a n c e  f r o m  t h e  s o l u t e .  I n  t h e i r  r a n d o m  m o v e m e n t ,  i n  f a c t ,  

s o m e t i m e s  t h e  w a t e r  m o l e c u l e s  m a y  a s s u m e  s l i g h t l y  u n f a v o u r c d  p o s i t i o n s  

a l l o w i n g  e n o u g h  r o o m  to a c c o m m o d a t e  a n  a d d i t i o n a l  w a t e r  m o l e c u l e .  

C o s  0 d i s t r i b u t i o n s  

F u r t h e r  i n f o r m a t i o n  a b o u t  t h e  w a t e r  o r i e n t a t i o n s  c a n  b e  o b t a i n e d  

r e s o r t i n g  to  t h e  c o s  0 d i s t r i b u t i o n s ,  i n  w h i c h  t he  0 a n g l e  is  d e f i n e d  as  the  

a n g l e  f o r m e d  b y  t he  O - H  d i r e c t i o n  w i t h  t he  X - O  a x i s  d i r e c t e d  o u t w a r d s .  

T h e  c o s  0 d i s t r i b u t i o n s  a r o u n d  t he  O a t o m s ,  r e p o r t e d  i n  F i g .  3 ,  a re  

s i m i l a r  to  e a c h  o t h e r  a n d  ant~10gous to  t h o s e  o b t a i n c d  f o r  g l y c i n e  1, a n d  f o r  

a c e t a t e  a n d  d i m c t h y l p h o s p h a t e  [14]  as  w e l l .  T h e y  s h o w  t w o  e q u i v a l e n t  p e a k s  
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C o s  0 D i s t r i b u t i o n s  

] F i g .  3. C o s  0 d i s t r i b u t i o n s  fo r  t he  w a t e r s  b e l o n g i n g  to  the  p o l a r  O r e g i o n ,  

e l  and  0 2 .  0 a n g l e  d e f i n e d  as  d e p i c t e d .  U n i t s  fo r  the  o r d i n a t e  a rc  

m o l e  f r a c t t o n / O . 0 4  c o s  O .  

a b o u t  180 ° and  75.5  ° , in a g r e e m e n t  wi th  t he  HOH a n g l e  for  w a t e r  (104 .5° ) ,  in 

t h a t  e a c h  w a t e r  p o i n t s  o n e  o f  i t s  h y d r o g c n s  t o w a r d s  o n e  o f  t he  s o l u t e  

o x y g e n s ,  c o n s i s t e n t l y  w i t h  w h a t  r e m a r k e d  f rom t h e  r u n n i n g  c o o r d i n a t i o n  

n u m b c r  and f rom the  d i s t a n c e  o f  the  f i r s t  p e a k  in  the  r e l e v a n t  r~lfs. S i n c e  

t h e s e  d i s t r i b u t i o n s  a r c  n o r m a l i z e d  i t  is  i m p o s s i b l e  to  e v a l u a t e  the  c o o r d i -  

n a t i o n  n u m b e r ,  tha t  is  to  b e  d e d u c e d  f rom F i g .  2 and  f r o m  o t h e r  a n a l y s e s .  In 

f ac t ,  in t h i s  s i m u l a t i o n  w e  o b t a i n  a c o o r d i n a t i o n  n u m b e r  a b o u t  o x y g e n s  o f  

5 .2 ,  t h a t  d e r i v e s  f r o m  t h e  s u m m a t i o n  o f  t w o  d i f f e r e n t  c o n t r i b u t i o n s  f r o m  

e a c h  o x y g e n :  ~3 f rom 0 2  and - 2  f rom O ! .  T h e  a v e r a g e  c o o r d i n a t i o n  n u m b e r s  

in  the  f i r s t  h y d r a t i o n  s h e l l  f o r  t h i s  s i m u l a t i o n  a n d  the: r e l a t e d  o n e s  a r e  

r e p o r t e d  in F ig .  4~ 

T h e  cos  0 d i s t r i b u t i o n s  a r o u n d  the  t h r e e  h y d r o g c n s ,  d i s p l a y e d  in F ig .  

5 ,  p r e s e n t  o n l y  o n e  w i d e  m a x i m u m  a b o u t  0 .5  (60° ) ,  c o r r e s p o n d i n g  to  w a t e r  

a r r a n g e m e n t s  in w h i c h  b o t h  h y d r o g c n s  f o r m  60 ° w i l h  the  o u t w a r d  n o r m a l  

a n d  t h e r e f o r e  the  o x y g e n  has  b o l h  l o n e  p a i r s  p o i n t i n g  t o w a r d s  o n e  o f  the  

s o l u t e  h y d r o g e n s .  T h i s  is  a c o m m o n  a r r a n g e m e n t  o b t a i n e d  a l s o  in o t h e r  

s y s t e m  S wi th  the  " s u p c r m o i c c u l c "  a p p r o a c h  [15] .  In  t he  s i m u l a t i o n  o f  g l y -  
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F i g .  4.  C o m p a r i s o n  o f  t h e  a v e r a g e  c o o r d i n a t i o n  n u m b e r s  f o r  t h e  s o l u t e  O ,  

H a n d  C H 2 / C H  3 g r o u p s  in  t h e  g l y c i n ¢  II ,  g l y c i n c  l ,  a c e t a t e  a n d  

m c t h y l a m m o n i u m  s o l u t i o n s .  
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C O B O  D ~ t r i b u t l o n s  

F i g .  5 .  C o s  0 d i s t r i b u t i o n s  f o r  t h e  w a t e r s  b e l o n g i n g  to  t h e  p o l a r  H r e g i o n ,  

H I ,  H 2  and H 3 .  0 a n g l e  d e f i n e d  as  d e p i c t e d .  U n i t s  for  t h e  o r d i n a t e  

are  m o l e  f r a c t i o n / 0 . 0 4  c o s  0 .  

c i n c  I it w a s  p o s s i b l e  to  d r a w  thc~-¢ d i s t r i b u t i o n s  for  j u s t  t w o  b y d r o g e n s  in an 

o v e r a l l  a g r e e m e n t  w i t h  t h o s e  d i s p l a y e d  h e r e .  T h e  a v e r a g e  c o o r d i n a t i o n  

n u m b e r s  w i t h  r e s p e c t  to  the  N H 3  + h y d r o g e n s ,  a l s o  r e p o r t e d  in  F i g .  4 ,  s h o w  

that  a w a t e r  m o l e c u l e  i s  a s s o c i a t e d  w i t h  e a c h  H.  In t h e  o t h e r  s i m u l a t i o n s  
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c o n s i d c r e d  ( g i y c i n c  I a n d  m c t h y l a m m o n i u m )  a n u m b e r  s o m e w h a t  g r e a t e r  

than 1 was f o u n d  f o r  the ava i l ab l e  Hs s ince,  as a l r e a d y  stre_~sed, there is the 

t e n d e n c y  o f  a w a t e r  m o l e c u l e  t o  f i l l  t h e  e m p t y  s p a c e  c o m i n g  t h u s  c l o s e  

e n o u g h  to  m a k e  a n  H - b o n d  w i t h  t h e  s o l u t e  m o l e c u l e .  

T h e  h y d r o p h o b l c l l y  o f  t h e  C H 2  g r o u p  i s  h i g h l i g h t e d  b y  t h e  c o s  0 

d i s t r i b u t i o n s  a r o u n d  i t  ( F i g .  6 ) :  t h e  w a t e r  m o l e c u l e s  a r c  g e n e r a l l y  o r i e n t e d  

in  s u c h  a w a y  a s  n e i t h e r  h y d r o g e n s  n o r  O l o n e  p a i r s  p o i n t  t o w a r d s  t h e  

m e t h y l e n e  g r o u p ,  in  [he  p r e v i o u s  s i m u l a t i o n  o n  g l y c i n c  ! [5]  i t  w a s  p o s s i b l e  

t o  o b s e r v e  a s l i g h t  o r i e n l a t i o n a l  p r e f e r e n c e  o f  t h e  w a t e r  m o l e c u l e s ,  in  t h a t  

t h e y  h a d  b o t h  l o n e  p a i r s  p o i n t i n g  t o w a r d  t h e  C H 2  g r o u p ,  p e r h a p s  d u e  t o  t h e  

e f f o r t  o f  h o u s i n g  n l a r g e r  n u m b e r  o f  w a t e r  m o l e c u l e s  in  t h e  f i r s t  h y d r a t i o n  

s h e l l .  T h e  a v e r a g e  c o o r d i n a t i o n  n u m b e r s  ( F i g .  4 )  d o  n o t  f u l l y  a c c o u n t  f o r  

t h i s  e f f o r t ,  s i n c e  w e  u s c d  a s o m e w h a t  s t r i c t  g e o m e t r i c a l  d e f i n i t i o n  o f  t h e  

f i r s t  h y d r a t i o n  s h e l l  in o r d e r  to  a v o i d  t h e  i n c l u s i o n  o1" s e c o n d  s h e l l  w a t e r s .  

A n  i n t e r m e d i a t e  c h o i c e  a l l o w i n g  u s  to  d i s c r i m i n a t e  n u m b e r  a n d  p o s i t i o n  o f  

t h e s e  i n c o m i n g  w a t e r s  w o u l d  h a v e  r e v e a l e d  a s t r o n g  o r i e n t i n g  e f f e c t  o f  t h e  

p o l a r  g r o u p s  a l so  w i t h  respec t  to  the  w a t e r  m o l e c u l e s  nea r  the  b o r d e r  

4 
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C o s  0 d i s t r i b u t i o n s  f o r  t h e  w a t c r s  b e l o n g i n g  to  t h e  C H 2  r e g i o n .  0 

a n g l e  d e f i n e d  a s  d e p i c t e d .  U n i t s  f o r  t h e  o r d i n a t e  a r e  m o l e  f r a c .  

tion/O.04 c o s  0.  



b e t w e e n  the  t w o  r eg ions .  N o t i c e  the  l a rge  a p o l a r  c o o r d i n a t i o n  n u m b e r s  for  

ace ta te  and m c t h y l a m m o n i u m ,  w h o s e  me thy l  g r o u p s  are ful ly  exposed  to the 

s o l v e n t .  

A d d i t i o n a l  i n f o r m a t i o n  can  b c  d c r i v c d  e x a m i n i n g  the p r o b a b i l i l y  o f  

the  va r i ous  po l a r  c o o r d i n a t i o n  n u m b c r s  (Fig.  7 ,  8 )- As  far  as the po la r  O 

a rc  c o n c e r n e d ,  t h e i r  b c h a v i o u r  is s i m i l a r  in the  t h r e e  s o l u t i o n s  e v e n  
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Fig. 7. P r o b a b i l i t y  Of v a r i o u s  O c o o r d i n a t i o n  n u m b e r s  in the g l y c i n e  11, 

g l y c l n e  I and ace ta t e  so lu t ions .  
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Hydrogen  coord ina t ion  noa. 

Fig. 8 .  P r o b a b i l i t y  o f  v a r i o u s  H c o o r d i n a t i o n  n u m b e r s  in the g l y c i n c  II ,  

g l y c i n e  I and  m c t h y l a m m o n i u m  so lu t ions .  



150 

t h o u g h  g l y c i n e  l s h o w s  a s o m e w h a t  l a r g e r  p r o b a b i l i t y  o f  c o o r d i n a t i o n  
• . . .  - . 

n u m b e r s  o f  4, 6 and  7 w i t h  r e s p e c t  to  the  o t h e r  t w o  s o l u t i o n s .  T h e  b e h a v i o u r  

in the  p o l a r  H z o n e  is  c o n s i d e r a b l y  d l f r c r c n t ,  s i n c e  in g l y c i n e  i t h e r e  i~ a 

h i g h e r  p r o b a b i l i t y  o f  a c o o r d i n a t i o n  n u m b e r  o f  2 ,  in g l y c i n c  I!  t h e  m o s t  

p r o b a b l e  c o o r d i n a t i o n  n u m b e r  is  3, w h e r e a s  fo r  m e t h y l a m m o n i u m  t h e r e  is  

an a h n o s t  e q u a l  p r o b a b i l i t y  o f  c o o r d i n a t i o n  n u m b e r s  o f  3 and  4.  

D i f f e r  e n  t i a l  d t x t a n  c e  d i s t r i b u t i o n s  

A n o t h e r  d i s t r i b u t i o n  g i v i n g  a c o n s i d e r a b l e  c o n t r i b u t i o n  t o  t h e  k n o w -  

i c d g c  o f  t h e  r e c i p r o c a l  p o s i l l o n s  o f  w a t e r s  in t h e  v a r i o u s  r e g i o n s  is  the  

d i s t r i b u t i o n  o f  t he  d i f f e r e n c e s  b e t w e e n  the  d i s t a n c e s  f r o m  t w o  d i f f e r e n t  

s i t e s .  F r o m  the  D 0 1 - 0 2  =a IRoIW - R O 2 W I  d i s t r i b u t i o n s  ( F i g .  9 ) ,  as  a l r e a d y  o b -  

s e r v e d  in the C O 0 -  ['/] and P O e - [ 1 4 ]  g r o u p s ,  i t  tu rns  ou t  that  v e r y  f e w  w a t e r s  

a r e  b r i d g e d  b e t w e e n  the  t w o  s o l u t e  o x y g c n s ,  s i n c e  t h c y  a r c  p r e f e r a b l y  H -  

b o n d e d  to o n e  o x y g e n  o n l y  ( S c h e m e  1). O n  the  c o n t r a r y  f rom the  D H j _ H k  = 

IRHJW - R H k W I  d i s t r i b u t i o n s  ( F i g .  10),  e a c h  w a t e r  a s s o c i a t e d  to  o n e  o f  the 

h y d r o g c n s  is  s e e n  b y  the  o t h e r  two  h y d r o g e n s  as  b r i d g e d  b e t w e e n  t h e m  

( S c h e m e  2) :  t h i s  d i s p o s i t i o n  is  t he  s t a t i s t i c a l l y  m o s t  r e p r e s e n t e d  in t h i s  

80 

60 

• • i 40 4 0 "  

O.O 1.0 2 . 0  

OIIL Distance 101-021 (A) 

Fig .  9 .  D i f f e r e n t i a l  O 1 - O 2  d i s t a n c e  d i s t r i b u t i o n  f o r  t h e  w a t e r  m o l e c u l e s  

b e l o n g i n g  to  the  p o l a r  O r e g i o n .  U n i t s  f o r  t h e  o r d i n a t e  a r c  no .  o f  

m o l e c u l e s / 0 . 1 5  ~ .  
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-4- O(H1-H3) 

o 1 

Ditf. D i s t a n c 8  (H I -Hk )  (A) 

P ig .  10. D i f f e r e n t i a l  H J - H k  d i s t a n c e  d i s t r i b u t i o n s  f o r  t h e  w a t e r  m o l e c u l e s  

b e l o n g i n g  to  t h e  p o l a r  H r e g i o n .  U n i t s  f o r  t h e  o r d i n a t e  a r e  n o .  o f  

m o l e c u l e s / 0 . 1 5  A .  

r e g i o n ,  a s  c a n  b c  d e r i v e d  f r o m  t h e  s m a l l  f r a c t i o n  o f  m o l e c u l e s  p l a c e d  at  

i n t e r m e d i a t e  d i f f e r e n t i a l  d i s t a n c e s .  T h e  s i t u a t i o n  in  t h i s  c a s e  i s  c o m p l e t e l y  

d i f f e r e n t  f r o m  t h a i  f o u n d  in  g l y c i ~ e  I [5]  w h e r e ,  s i n c e  !11 d i d  n o t  c o o r d i n a t e  

a n y  w a t e r ,  t h e  D H 2 - H 3  d i s t r i b u t i o n  p r e s e n t e d  a s h a r p  p e a k  a b o u t  1.5 ~t, a n d  

t h e  D H I _ H 2  a n d  D H I _ H 3  d i s t r i b u t i o n s  h a d  a s i m i l a r  t r e n d ,  s h o w i n g  t w o  

e q u i v a l e n t  m a x i m a  a b o u t  0 a n d  1.5 A .  

_ . . o  W 
- - - - - -  e B _ /  o-~ ....- 

S c h c m e  1 $ c h c m c  2 

T h e  a r r a n g e m e n t  r e p o r t e d  in  S c h e m e  2 i s  t h e  m o s t  s t a b l e  a l s o  fo r  t h e  

m o n o h y d r a t i o n  in  t h e  " s u p e r m o l e c u l c "  a p p r o a c h  a t  t h e  a b  i n i t i o  l e v e l  [ 1 6 ] .  

N o t i c e  L~at t h e  A ~ I  t -csu i t s  a r e  s u b s t a n t i a l l y  d i f f e r e n t ,  in  t h a t  t h e y  g l v c  t h e  

b i f u r c a t e d  a r r a n g e m e n t  a s  t h e  m o s t  s t a b l e  o n e  [17 ] .  

E n  e r  g e t i c s  o f  t h  e s o l u t i o n  

L e t  us  s u m m a r i z e  t h e  p r o p e r t i e s  t h a t  c a n  b e  d e r i v e d  f r o m  t h e  M o n t e  

C a r l o  s i m u l a t i o n .  
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T h e  to ta l  po ten t i a l  ene rgy  o f  the s o l u t i o n  can be v i e w e d  as the  sum Of  

t w o  d i s t i n c t  c o n t r i b u t i o n s ,  d u e  o n e  to s o l u t e - s o l v e n t  i n t e r a c t i o n s  and  the  

o t h e r  to  s o l v e n t - s o l v e n t  i n t e r a c t i o n s :  

E = ESX + ESS 

w h i c h  are  pa i rw i se  a d d h i v e  and can  be  wr i t t en  as:  
N N N 

ESX =~ ES,X an d ESS = ~ ~ ES,S, 
i=l i=l j>i 

T h e  e n e r g y  o f  s o l u t i o n  (o r  pa r t i a l  m o l a r  i n t e r n a l  e n e r g y )  c an  be  

c o m p u t e d  if  the total  e n e r g y  E°ss o f  an equa l  a m o u n t  o f  w a t e r  m o l e c u l e s  in 

the p u r e  l iquid  is k n o w n :  

AEsot  = E s x  + E s s  - E°ss  = E s x  + A E s s  
m 

T h e  last  t e rm A E s s  can  be  c o n s i d e r e d  as the  s o l v e n t  d i s r u p t i o n  due  to the  

p r c s e n c e  o f  the  so lu te .  

S u b t r a c t i n g  f rom the v o l u m e  o f  the d i lu te  so lu t ion ,  V, that  o f  an equal  

n u m b e r  o f  w a t e r  m o l e c u l e s  in the  p u r e  l i qu id ,  V °,  we  o b t a i n  the  par t ia l  

m o l a r  v o l u m e  o f  the s o l u t i o n  (all the  par t ia l  m o l a r  q u a n t i t i e s  are  i nd ica t ed  

by  the bar ) :  

AVsol = V - V ° 

F r o m  the a f o r e m e n t i o n c d  q u a n t i t i e s  A E s o l  and A V s o l  it is pos s ib l e  to ca lcu la te  

Hte e n t h a l p y  o f  so lu t ion  A H s o l :  

A H s o  1-- A E s o  1 4. P A V s o  i - R T  

w h e r e  R T -  is the  P V  c o n t r i b u t i o n  f o r  t h c  s o l u t e  i n  the  i d e a l  gas.--, i n  o u r  

c o n d i t i o n s  (1 a tm)  A H s o  I ,~ A E s o  I-  RT. 

T h e  v a l u e s  o f  the  c a l c u l a t e d  p r o p e r t i e s  a r c  r e p o r t e d  in T a b l e  2,  

t o g e t h e r  w i t h  the r e s u l t s  o b t a i n e d  for  g l y c i n e  ! [5] in o r d e r  to f ac i l i t a t e  the  

C o m p a r i s o n .  T h e  e n e r g e t i e s  o f  the  s o l u t i o n  p r o c e s s  is m o r e  f a v o u r a b l e  f o r  

g l y c i n e  II  than  fo r  g l y c i n e  I by  2 .6  k e a l / m o i .  T h i s  o v e r a l l  s t a b i l i z a t i o n  

c o m e s  o u t  f r o m  s l i g h t l y  b e t t e r  s o l u t e - s o l v e n t  and  s o l v e n t - s o l v e n t  ip ' .~rac-  

t i o n s  (1 .66  and  0 .95  k c a l / m o l ,  r e s p e c t i v e l y ) .  O n e  c o u l d  a r g u e  tha t  th i s  sma l l  

e n e r g y  d i f f e r e n c e  is no t  s u f f i c i e n t  to d i s c r i m i n a t e  a b s o l u t e l y  and  p o s i t i v e l y  

b e t w e e n  the  two  fo rms ,  s i n c e  it does  not  e x c l u d e  the p r e s e n c e  in s o l u t i o n  o f  
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T a b l e  2. C a l c u l a t e d  p r o p e r t i e s  f o r  g lyc ine  I I  and g l y c i n c  I at 2 5 ° C  and 1 a t m a .  . . . . . .  

P r o p e r t y  b G l y c i n ¢  I I  G l y c i n e  I 

E -2254 .12  _+ 2 . 0  -2251.51  ± 1 .6  

E s x  -115 .05  ± 0 .5  -113 .39  ± 0.8 

ESS -2139 .07  ± 2.1 -2138 .12  ± 1.8 

AESS 43.13 ± 4.0 44 .08  ± 3.8 

AEsol  -71.9  ± 4 .0  -69.3  ± 3.8 

V 6653 .26  ± 6.2 6529 .77  ± 6.8 

AVsol  125.42 ± 18.4 51.05 ± 18.5 

A H s o l  -72.4  ± 4 -69.8  ± 4 

p 0 . 9 8 9  1 .0073  

a U n i t s :  e n e r g i e s  in k c a l - m o l - 1 ;  v o l u m e s  in ~ 3 ;  A V  in c m 3 . m o l - ] ;  p in g . c m - 3 ;  t h e  
s t a n d a r d  d e v i a t i o n s  o f  the  d i f f e r e n c e  q u a n t i t i e s  are  c a l c u l a t e d  as s q u a r e  r o o t  o f  
the  s um o f  the c o m p o n e n t  v a r i a n c e s .  

b T I P 4 P  va lues  for  pure  wa te r  (Ref.  18): E°SS = -2182 .2  ± 3 .4 ,  V ° = 6445 ± 3 0 ,  p ° : ~ l .  

t he  H - b o n d e d  f o r m .  In  th is  c a s e  the  t h e r m a l  a v e r a g i n g  s h o u l d  be  c o n s i d e r -  

ed .  t o g e t h e r  w i th  the  d i f f e r e n t  e n t r o p y  o f  the c y c l i c  and  d i s t o r t e d  fo rms .  T h e  

in v a c u o  t h e r m a l  c o n t r i b u t i o n s  to the  f rcc  e n e r g y  o f  the  t w o  c o n f o r m e r s  

w e r e  thus  c o m p u t e d ,  u s i n g  the  6 -31(3"  bas i s  set ,  wi th  G a u s s i a n  86 [19] that  

m a k e s  u s e  o f  c o n v e n t i o n a l  s t a n d a r d  t e c h n i q u e s  in t h e  h a r m o n i c  

a p p r o x i m a t i o n .  T h e i r  v a l u e s  at  the  6 - 3 1 G *  o p t i m i z e d  g e o m e t r i e s ,  r e p o r t e d  in 

T a b l e  3 t o g e t h e r  wi th  the  S C F  e n e r g y  and the  z e r o  p o i n t  ( Z P E )  v i b r a t i o n a l  

t e r m ,  s h o w  tha t  in v a c u o  g l y c i n e  l is m o r e  s t ab l e  than g l y c i n c  I! by  5 .10  

k c a l / m o l  (1 .61 k c a l / m o l  in the  g e o m e t r i e s  e m p l o y e d  in the  M o n t e  C a r l o  

s i m u l a t i o n s ,  tha t  arc  no t  a s  m u c h  s ens i t i ve  to a smal l  c h a n g e  in the internal  

~.,e,~mctrics). T h i s  r e su l t  r e v e r s e s  the  to ta l  e n e r g y  d i f f e r e n c e  to 2.5 k c a l / m o i ,  L 

w h i c h  v a l u e  n o w  f a v o u r s  g l y c i n c  I. T h e  c o m p a r i s o n  s h o u l d ,  o f  c o u r s e ,  be  

m a d e  w i t h  the  v a l u e s  o f  the t h e r m a l  q u a n t i t i e s  in s o l u t i o n ,  c v c n  t h o u g h  in 

the  c a s e  o f  t w o  s t a b l e  c o n f o r m e r s  t h e i r  d i f fc rcn~, ia l  e f f e c t  d o e s  n o t  

c o n s i d e r a b l y  c h a n g e  wi th  the  d i e l ec t r i c  c o n s t a n t  o f  the  m e d i u m  [20] .  

T h e  s o l u t e - s o l v e n t  e n e r g y  d i s t r i b u t i o n  is d i s p l a y e d  in Fig . -  I i t o g e t h e r  
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T a b l e  3. To t a l  S C F  e n e r g y ,  t h e r m a l  c o n t r i b u t i o n s  and  z e r o  po in t  e n e r g y  f o r  g l y c i n e  

I !  and  g lyc in¢  I ( k c a l / m o l )  at  25°C  and 1 a tm (6-31(3"  o p t i m i z e d  g e o m e t r t e s a ) .  

t r a s l  r o t  v i b  t h e r m  ZPE 

G i y c i n c  I !  - 2 8 2 . 7 8 1 0 8 9  b"  0 . 8 8 9  0 . 8 8 9  5 6 . 1 6 0  5 7 . 9 3 7  5 5 . 1 0 6  

G l y c i n e  I - 2 8 2 . 7 8 6 0 5 4  b 0 . 8 8 9  0 . 8 8 9  5 5 . 3 3 7  5 7 . 1 1 5  5 3 . 9 4 8  

A ( I  l - l )  3 . 1 1 6  0 0 0 . 8 2 3  0 . 8 2 2  1 .158  

a g e o m e t r i c  p a r a m c t c r s  o f  g l y c i n c  l I  ( fo r  the  a t o m  n u m b e r i n g  see  Fig .  1): C O 1 = 1 . 2 3 5  

/~,, CO2=1 .208  ,/[ CC=-I.ST0 ~ ,  C N = I . S 0 8  /1~, NH2---1.00V ~ ,  N H I , 3 = I . 0 0 9  /~, C H = I . 0 8 0  ,~, 

<OCO---- 134.42 °, <O2CC---113.99 °. NCC------ 105.98 °, <H2NC:= 115.26 °, <I-11,3NC= 107.65 °. <H2NI-I 1 ~3= 

111.16 °, < H 1 N H 3 = 1 0 3 . 1 8  °. N C H = I 0 8 . 1 4  °. H C H =  109.91 °. HCC---!12.22°;  g e o m e t r i c  para-  

m e t e r s  o f  g l y c i n c  I (H1 is  the  a t o m  m a k i n g  the  i n t r a m c l e c u l a r  H - b o n d ) :  C O 1 = I . 2 4 8  

/~, CO2=1 .203  /~ CC=1 .569  ~ ,  C N = I . 5 0 1  /~, N H I = I . 0 7 6  ~ ,  NH2 ,3=1 .005  ~ ,  CH=1 . 079  ~ ,  

<OCO=133 .15  °. <O2CC=:115.61 °. NCC=104.SV °, <H 1 NC--96.53 °, <I-12,3NC==114.28 °, < H I N H 2 , 3 =  

111-25 °, < H 2 N H 3 = I 0 8 . 8 2  °, N C H = I 0 9 . 9 4  °, H C H =  109.54 °. HCC=-! 1 ! .38°;  

b H a r t r c e s .  ( T h e  c o r r e s p o n d i n g  6 - 3 1 G * / S C F  v a l u e s  fo r  the  g e o m e t r i e s  o f  g lyc in¢  I I  

and  g lyc in¢  I c m p l o y c d  in the  M o n t e  C a r l o  s i m u l a t i o n s  ( T a b l e  1) a rc  -282 .766691  

and - 2 8 2 . 7 6 9 2 4 9  ha r t r ces ,  r e s p e c t i v e l y ;  A E = I . 6 0 6  k c a l / m o l )  

+:1 
L I L  

- -  C I U  I I  

- ~ -  1 3 1 y  I 

0 i - i - • - | - - 

- 1 4 0  - 1 3 0  - 1 2 0  - 1 1 0  - - I O 0  - - 9 0  

Bonding Energy Dist6buflons 

Fig. !1.  S o l u t e - w a t e r  e n e r g y  d i s t r i b u t i o n  f o r  g l y c i n e  1I w i t h  r e s p e c t  to  

g lyc ine  !. Uni t s  fo r  the  o rd ina t e  arc  m o l e  f r a c t i o n x l 0 0  / k c a l - m o l  - I  



with  the c o r r e s p o n d i n g  one  for  g l y c i n c  !. On the overa l l  the d i s t r ibu t ion  for  

g l y c i n e  lI  is s l igh t ly  s m o o t h e r  than for  g lyc ine  I, as re f lec ted  by the va lues  

o f  the  c o r r e s p o n d i n g  s t a n d a r d  dev i a t i ons .  T h e  d i s t r i bu t i on  for  g l y c i n c  [l  is 

s h a r p e r  t han  tha t  fo r  g l y c i n c  l, and thus  the tota l  s o l u t e - s o l v e n t  e n e r g y  

v a l u e s  s h o w  s m a l l e r  v a r i a t i o n s  a long  the  s imu la t i on .  D e s p i t e  the  s m o o t h e r  

a s p e c t  o f  the  s o l u t e - s o l v e n t  e n e r g y  d i s t r i b u t i o n ,  the  i n d i v i d u a l  s o l u t e -  

s o l v e n t  i n t e r ac t i on  ene rg i e s ,  r e p o r t e d  in Fig .  I 2 .  o n c e  aga in  in c o m p a r i s o n  

to the  g l y c i n e  I ones ,  arc  s o m e w h a t  less  s m o o t h  than the latter,  even  though  

the overa l l  shape  o f  the two  d i s t r ibu t ions  is s imilar .  One  f ea tu re  is b r o u g h t  

o u t  by  t he se  d i s t r i b u t i o n s ,  n a m e l y  tha t  the  wa te r  m o l e c u l e s  in the  p o l a r  

r eg ions ,  w h e r e  the m o s t  a t t r ac t ive  c o n t r i b u t i o n s  are loca ted ,  p r e f e r  to m a k e  

an add i t i ona l  bu t  less  e n e r g e t i c  H - b o n d  ( thus  c o n t r i b u t i n g  to i nc rea se  the  

v o l u m e  o f  the  s o l u t i o n )  ins tead  o f  be t t e r  a c c o m m o d a t i n g  a s m a l l e r  n u m b e r  

o f  wa te r  m o l e c u l e s  in the f i rs t  shell .  

T o  a n a l y z e  the con t r i bu t i on  o f  the va r ious  so lva t i on  r eg ions  (po l a r  O, 

p o l a r  H,  apo la r )  and o f  the  hu lk  so lu t ion  to the so lu t c - s01ven t  i n t e r ac t i on  

e n e r g y ,  ESX. we  ca r r i ed  ou t  its d e c o m p o s i t i o n  that  is r e p o r t e d  in T a b l e  4. 

t o g e t h e r  wi th  the n u m b e r  o f  m o l e c u l e s  c o n t a i n e d  in the  d i f f e r e n t  r eg ions ,  
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Fig. 12. S o l u t e - w a t e r  c n c r g y  pa i r  d i s t r ibu t ion  for  g l y c i n e  !! wi th  r e spec t  t o  

g l y c i n e  I. 
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T a b l e  4 .  D e c o m p o s i t i o n  o f  t h e  s o l v e n t - s o l u t e  ( S ' X )  i n t e r a c t i o n  e n e r g y  in  k c a l / m o l  

a n d  c o o r d i n a t i o n  n m n b c r s  n w i t h i n  t h e  f i r s t  s o l v a t i o n  s h e l l  a n d  t h e  b u l k  ( F i g .  I )  a .  

t o t a l  v a l u e s  p a r t i a l  v a l u e s  
E n e r g y n E n e r g y / n  

G l y  I !  G l y  1 G l y  I1 G l y  I G l y  I I  G l y  1 

P O  - 4 8 . 4  - 5 1 . 5  5 . 2  5 . 3  O1 - 1 7 . 3 / 2 . 2  - 2 3 . 3 1 2 . 5  
(2[Z = 3 1 . 1 / 3 . 0  - 2 8 . 2 / 2 . 8  

P H  - 2 0 . 3  - 1 7 . 0  2 . 9  2 . 4  

A - 5 . 3  - 0 . 0 4  2 . 2  3 .1  

B u l k  - 4 1 . 0  - 4 4 . 9  2 0 5 . 7  2 0 5 . 2  

H I  - 5 . 7 1 0 . 9 6  - 0 . 8 / 0 . 1 5  
H 2  - 7 . 0 / 0 . 8 7  - 8 . 3 / 1 . 1 1  
H 3  - 7 . 6 / 1 . 0 6  - 7 . 9 / 1 . 1 2  

a R a d i i  e m p l o y c d  fo r  t h e  a n a l y s i s :  R ( P O )  = 3 .2  A ,  ROPH) == 2 .5  A ,  R ( A )  = 4 .5  A .  

f o r  g l y c i n c  I I  a n d  g l y c i n c  I [5] .  T h c  c o n t r i b u t i o n s  f r o m  w a t e r  m o l e c u l e s  in  

t h e  p o l a r  H a n d  a p o l a r  r e g i o n s  a r e  m o r e  f a v o u r a b l c  f o r  g l y e i n c  II  t h a n  f o r  

g l y c i n c  I ,  b e c a u s e  t h e r e  i s  o n c  m o r e  w a t e r  c o o r d i n a t e d  to  t h e  a m m o n i u m  

g r o u p  a n d  b e c a u s e  o f  t h e  b e t t e r  g e o m e t r i c  a r r a n g c m c n t  o f  t h e  h y d r o p h o -  

b i c a l l y  b o u n d  w a t e r s  t h a t  m o r c o v c r  p r o d u c e s  a v o l u m e  e n l a r g e m e n t .  O n  t h e  

c o n t r a r y ,  t h e  c o n t r i b u t i o n s  f r o m  t h e  w a t e r s  in  t h e  p o l a r  0 r e g i o n  a n d  in  t h e  

b u l k  s o l u t i o n  a r e  l e s s  f a v o u r a b l ¢  t h a n  f o r  g l y c i n e  I" n o n e t h e l e s s ,  t h e  o v e r a l l  

b a l a n c e  f a v o u r s  g l y c i n e  I I .  In  T a b l e  4 ,  w e  a l s o  r e p o r t  t h e  a v e r a g e  s o l u t e -  

s o l v e n t  e n e r g y  in  e a c h  r e g i o n  d u e  to  t h e  n u m b e r  o f  w a t e r  m o l e c u l e s  

d i s p l a y e d :  t h e  p e r t u r b a t i o n  i n d u c e d  b y  t h e  e f f o r t  o f  h o u s i n g  a n  a d d i t i o n a l  

w a t e r  m o l e c u l e  in  t h e  l i m i t e d  s p a c e  a v a i l a b l c  in  t h e  s o l u t e  n c t g h b o u r h o o d s  

c a u s e s  a l e n g t h e n i n g  o f  t h e  H - b o n d s  t h a t  t h e r e f o r e  b e c o m e  l e s s  s t r o n g ,  a t  

l e a s t  a s  f a r  a s  t h e  c l o s e r  g r o u p s  a r c  c o n c c r n c d  ( 0 1  a n d  H I ) .  T h i s  i s  t h e  r e a s o n  

w h y  t h e  a d d i t i o n a l  H - b o n d  d o e s  n o t  p r o d u c e  s u c h  a l a r g e  e n e r g y  g a i n  a s  

m i g h t  b c  cxpcc tcd .  

. . . .  A -  s o m e w h a t  m o r e  d i f f i c u l t  d i s c u s s i o n  is r eques ted  to  c x p l a i n  the 

c o n s i d e r a b l e  i n c r e a s e  in  t h e  p a r t i a l  m o l a r  v o l u m e  in  p a s s i n g  f r o m  I to  I I ,  

• - . . . .  " . . • 



c v c n  t h o u g h  w e  a n t i c i p a t c d  s o m e  h i n t s .  W c  o b t a i n c d  f o r  I a p a r t i a l  m o l a r  

v o l u m c  (51+-+-!8 c m 3 / m o l ,  {5])  in  g o o d  a g r c c m c n t  w i t h  t h e  c x p c r i m c n t a l  v a l u e  

( 4 3 . 3  c m 3 / m o l ,  [ 2 1 ] ) ,  a s  w a s  a l s o  t h c  c a s c  in  l h c  s i m u l a t i o n  o f  a c c t a t c  a n d  

m c t h y l a m m o n i u m  [7 ] .  T h c  c a l c u l a t c d  s h a r p  i n c r c a s c  in  t h c  p a r t i a l  m o l a r  

v o l u m c ,  w h i l c  a l l  t h c  o t h c r  c o m p u t c d  p r o p c r t i c s  o f  t h e  s o l u t i o n  r c m a i n  to  a 

c c r l a i n  c x t c n t  u n a l t c r c d ,  s c c m s  t o  b c  t h c  o u t s t a n d i n g  f c a t u r c  o f  t h i s  

s i m u l a t i o n .  VJc m a y  c x p l a i n  i t  w i t h  t h c  l a r g c r  v o l u m c  o c c u p i c d  b y  t h c  f i r s t  

s o l v a t i o n  i a y c r ,  s i n c c  a n y  s c n s i b l c  c h o i c c  o f  t h c  s o l u t c  v a n  d c r  W a a l s  r a d i i  

g i v e s  s u b s t a n t i a l l y  c q u a l  m o l c c u l a r  v o l u m c s  f o r  t h c  t w o  c o n f o r m c r s  o f  I h c  

g l y c i n c  z w i t t c r i o n .  T h c n  t h i s  c r o w d c d  a n d  c x p a n d c d  f i r s t  l a y c r  ( j u s t  a h i n t  is  

o b t a i n a b l c  f r o m  t h c  C H 2  H r d f )  w o u l d  c a u s c  l h c  w a t c r  m o l c c u l c s  in  t h e  

s c c o n d  i a y c r  t o  b c  o r i c n t c d  in  an  u n f a v o u r a b l c  w a y  o n c  r c s p c c t  to  t h c  o t h c r  

p u s h i n g  t h c m  f a r t h c r  a p a r t  i l l  o r d c r  t o  r c d u c c  t h c  r c p u l s i v c  i n t c r a c t i o n .  

T h e  o v c r a l l  b a l a n c c  p r o d u c c s  t h c  c n c r g c t i c  s t a b i l i z a t i o n  a t  t h c  c x p c n s c s  o f  

t h c  s y s t c m  v o l u m c .  

A s  f a r  a s  t h e  s o l v e n t - s o l v e n t  s t r u c t u r a l  a n a l y s i s  a n d  c n c r g c t i c s  a r c  

c o n c c r n c d ,  t h c  r d f s  a r c  v c r y  s i m i l a r  to  t h o s c  r c c o r d c d  f o r  p u r c  w a t c r  a n d  

p r c v i o u s l y  d i s p l a y c d  [7 ] .  s i n c c  j u s t  a f c w  w a t c r  m o l c c u l c s  b c l o n g  to t h e  f i r s t  

h y d r a t i o n  s h c l l  a n d  c o n s c q u c n t l y  s h o w  a d i f f c r c n t  b c h a v i o u r  w i t h  r c s p c c t  

t o  b u l k  w a t c r s ,  b c c a u s c  o f  t h c  d i s r u p t i o n  in  t h c  p u r c  l i q u i d  s t r u c t u r c  

p r o d u c c d  b y  t h e  p r c s c n c c  o f  t h e  s o l u t c  m o l c c u l c .  A n  i n t c r c s t i n g  a n a l y s i s  i s  

r c p o r t c d  in  F i g .  13~ 14 w h i c h  s h o w s  t h c  s o l v c n t - s o l v c n t  b o n d i n g  c n c r g y  

d i s t r i b u t i o n s  f o r  t h c  w a t c r  m o l c c u l c s  c o n t a i n c d  in  t h c  p o l a r  O a n d  H 

c n v i r o n m c n t s  in  g l y c i n c  I a n d  II  w i t h  r c s p c c t  to  t h c  s a m c  d i s t r i b u t i o n  f o r  

t h c  w a t c r  m o l c c u l c s  in  l h c  b u l k  s o l u t i o n  o f  g l y c i n c  II  ( a l m o s t  i n d i t i n g u i s h -  

a b l c  f r o m  t h e  c n c r g y  d i s t r i b u t i o n  r c c o r d c d  f o r  p u r c  w a g c r ) .  F r o m  t h c s c  

d i s t r i b u t i o n s  l h c  d i s r u p t i o n  p r o d u c c d  in t h c  s o l v c n t  b y  t h c  p r c s c n c c  o f  t h c  

s o l u t e  t u r n s  o u t  c v i d c n t  a n d  i t  i s  q u i t c  s i m i l a r  f o r  b o t h  p o l a r  c n v i r o n m c n t s  

in  t h e  s a m c  s o l u t i o n .  
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F i g .  13.  S o l v e n t - s o l v e n t  e n e r g y  d i s t r i b u t i o n s  a s  s e e n  b y  t h e  w a t e r s  tn t h e  

p o l a r  o x y g e n  e n v i r o n m e n t  f o r  g l y c i n e  11 a n d  g l y c i n c  I ,  in '  

c o m p a r i s o n  to  the  a n a l o g o u s  d i s t r i b u t i o n  for  b u l k  w a t e r s .  U n i t s  for  
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Fig .  14. S o l v c n t - s o i v e n t  e n e r g y  d i s t r i b u t i o n s  as  s c e n  b y  t h e  w a l c r s  in  the  

p o l a r  h y d r o g e n  e n v i r o n m c n t  f o r  g l y c i n e  !I  a n d  g l y c i n e  I, in  

c o m p a r i s o n  to  t h e  a n a l o g o u s  d i s t r i b u t i o n  for  b u l k  w a t e r s .  U n i t s  for  

the  o r d i n a t e  are  m o l e  f r a c t i o n x l 0 0  / 0 . 7 5  k c a l - m o i  "1 

C o n c l u s i o n s  

T h e  r c s u i t s  p r o d u c e d  b y  tho  M o n t e  C a r l o  s i m u l a z | o n  o f  t h e  g l y c i n e  

z w i t t c r i o n  c 0 n f o r m c r  w i t i l  a I o r x i o n a l  a n g l e  o f  6 0  ° ( g l y c i n e  I1)  d o  not . .  



grea t ly  d i f f e r  f r o m  those  we  h a v e  p r e v i o u s l y  o b t a i n e d  [5] fo r  the  c o n f o r m e r  

wi th  a to r s iona l  angle  o f  0 ° (g lyc ine  I),  that  wci~  a l r eady  c o m p a r e d  to those  

o f  p r e v i o u s  s i m u l a t i o n s  [8-9]  o f  the  g l y c i n e  I c o n f o r m e r ,  e m p l o y i n g  the  

N , V , T  e n s e m b l e ,  d i f fe ren t  po ten t i a l s  for  the  so lu te  and s o l v e n t  m o l e c u l e s  and 

d i f f e r e n t  s a m p l e s  ( p e r i o d i c  b o u n d a r y  c o n d i t i o n s  and  a s p e c i m e n  o f  215  

w a t e r  m o l c c u l c s  o r  a c lus t e r  o f  200  wa te r  m o l c c u l e s ) .  T h e  s o l v a t i o n  e n e r g y  

turns  ou t  to be  2.6 kca l /mol  m o r e  f a v o u r a b l c  fo r  g l y c i n e  I1 than for  g l y c i n c  

I, w h e r e a s  the  par t ia l  m o l a r  v o l u m e  o f  s o l u t i o n  ia e x c e e d i n g l y  h i g h  fo r  

g l y c i n c  I[ and  in con t r a s t  to  the expe r imen t a l  va lue  [21] ,  tha t  c o n v e r s e l y  is 

wel l  r e p r o d u c e d  by  the  s imu la t ion  o f  g l y c i n e  I. F r o m  the  e n e r g e t i c  resul ts  

and the a b o v e  d i s c u s s i o n  it s e e m s  l ike ly  that  g l y c i n c  z w i t t e r i o n  p re fe r s  Ihe  

H - b o n d e d  fo rm in so lu t ion  (g iven  a lso  that  the  i so la ted  g l y c i n e  ! c o n f o r m e r  

is m o r e  f a v o u r e d  by  5.1 k c a l / m o l ,  t hus  r e v e r s i n g  the  o v e r a l l  e n e r g y  

d i f r e r cncc  to 2.5 kca l /mol) .  The  small  s ize o f  the solute ,  in fact ,  as  well as its 

l i m i t ed  f l e x i b i l i t y  p r e v c n t  the  pos s ib i l i t y  o r  h o u s i n g  in the f i rs t  s o l v a t i o n  

she l l  a l a r g e r  n u m b e r  o f  w a t e r  m o l c c u l e s .  M o r e o v e r ,  the  f a i r l y  g o o d  

a g r e e m e n t  b e t w e e n  the  e x p e r i m e n t a l  p a r t i a l  m o l a r  v o l u m e  a n d  tha t  

c o m p u t e d  for  g i y c i n e  I ra ther  s u p p o r t s  the p r e s e n c e  in s o l u t i o n  o f  the  H- 

b o n d e d  fo rm.  
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