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CHAPTER OKE

AN IFTRODUCTION TO LIQUID 

WATER AND AQUEOUS SOLUTIONS

1 .1 I n t r o d u c t io n

The s t r u c t u r e  and p r o p e r t i e s  o f  w a te r  and aqueous  

s o l u t i o n s  are n ot y e t  c o m p le te ly  u n d e r s t o o d .  I t  i s  t h e  aim 

o f  t h i s  t h e s i s  t o  i n t e r p r e t  e v id e n c e  o b ta in e d  from  

s p e c t r o s c o p i c  r e s u l t s  and e x p l a i n  more f u l l y  th e  s o l v a t i n g  

p r o p e r t i e s  o f  w a te r .

E x i s t i n g  s t r u c t u r a l  m odels f o r  l i q u i d  w a te r  and aqueous  

s o l u t i o n s  are d i s c u s s e d  and th e  s p e c t r o s c o p i c  e v id e n c e  

a n a ly s e d .  T h is  i s  f o l l o w e d  b y  an in t r o d u c t i o n  t o  t h e  v a r io u s  

s p e c t r o s c o p i c  methods em ployed and t h e  r e a so n s  f o r  u s i n g  them,

1 .2  S t r u c t u r a l  m odels f o r  l i q u i d  w a te r

Water as a pure l i q u i d  i s  f a r  from b e in g  c o m p le te ly  

u n d e r s to o d  a lth o u g h  many t h e o r i e s  have b een  put fo r w a r d .  Any 

s u g g e s t i o n s  f o r  s t r u c t u r a l  m odels  w hich  hope t o  b e  ta k en  

s e r i o u s l y  have t o  accou n t f o r  th e  many u n u su a l  and p o s s i b l y  

u n e x p e c te d  p r o p e r t i e s  o f  l i q u i d  w a t e r .  For exam p le ,  i t s  

m e lt in g  p o in t  and b o i l i n g  p o in t  are  h ig h e r  th an  might b e  

p r e d i c t e d  by com parison  w ith  o th e r  Group VI h y d r id e s .  The 

m olar volume o f  th e  l i q u i d  i s  s m a l i e r  than th a t  o f  th e  s o l i d  

( i c e - l h ,  a t  273' and one a tm o sp h e r e ) .  On v/arming, th e  l i q u i d



c o n t r a c t s  up t o  277.13% , t h e  te m p e r a tu r e  o f  maximum d e n s i t y ,  

th e n  ex p a n d s .  The m olar  h e a t  c a p a c i t y ,  C^, i s  much h ig h e r  

f o r  th e  l i q u i d  th a n  th e  s o l i d  and has a minimum a t  31 OK,

That w a te r  d o e s  have " u n u su a l” p r o p e r t i e s  i s  p erh ap s  n ot  

so  s u r p r i s i n g  when one c o n s id e r s  th e  s t r u c t u r e  o f  t h e  

u n a s s o c i a t e d  w a te r  m o le c u le .  I t  c o n s i s t s  o f  a p p r o x im a te ly  

t e t r a h e d r a l l y  d i s p o s e d  p r o t o n s  and " lone p a ir *  e l e c t r o n s ,  and 

t h i s  symmetry e n a b le s  i t  t o  a s s o c i a t e  )v ith  o th e r  w a te r  m o le c u le s  

fo rm in g  l a r g e r  s t r u c t u r a l  u n i t s .  Water has  th e  a b i l i t y  t o  

'a c c e p t*  or  'd on ate*  e l e c t r o n s ,  h en ce  fo rm in g  up t o  f o u r  

hydrogen  bonds w ith  a d ja c e n t  m o le c u le s .

F ig u r e  1 .1  T e tr a h e d r a l  s t r u c t u r e  o f  w a ter  m o le c u le s .

A hydrogen  bond i s  an e l e c t r o s t a t i c  i n t e r a c t i o n  b e tw een  

a p a r t i a l l y  p o s i t i v e  hydrogen  and th e  lo n e  p a ir  o f  a n e i g h ­

b o u r in g  m o le c u le .  In a hydrogen bond in  ic e .  th e  p r o to n s  are  

i .e ld  d i r e c t l y  b etw een  th e  oxygen atoms b u t  are asym m etric a lo n g



1 2t h e  l i n e .  * In t h e  m ost common c o n f i g u r a t i o n  o f  i c e ,  i c e - 1 h ,  

a m o r e - o r - l e s s  p e r f e c t l y  h yd rogen  bonded sy stem  o c c u r s .  As 

t h e  te m p e r a tu r e  i s  r a i s e d  and t h e  s o l i d  m e l t s ,  c h a n g e s  occu r  

i n  t h e  sym m etry. W hether bonds b e tw e e n  m o le c u le s  a c t u a l l y  

b r e a k  or are  m e r e ly  d i s t o r t e d  i s  one o f  th e  d i f f e r e n c e s  

b e tw e e n  th e  two main c l a s s e s  o f  m od els  f o r  l i q u i d  w a t e r .  As 

monomeric m o le c u le s  ap p ear  in  t h e  g a s  p h a se  i t  i s  r e a s o n a b le  

t o  su p p o se  t h a t  some monomers w i l l  b e  p r e s e n t  in  th e  l i q u i d  

s t a t e  and c e r t a i n l y  t h a t  some m o le c u le s  w i l l  be  h yd rogen  

bonded t o  l e s s  th a n  f o u r  n e ig h b o u r s .  S t r u c t u r a l  m odels  f o r  

l i q u i d  w a te r  have b e e n  e x t e n s i v e l y  c o v e r e d  in  r e v ie w  a r t i c l e s ^ ”  ̂

and h en ce  o n ly  b r i e f  d e t a i l s  w i l l  b e  g iv e n  h e r e .

Models p r o p o se d  a r e  o f t e n  govern ed  b y  th e  e x p e r im e n ta l  

e v id e n c e  th e y  a ttem p t t o  e x p l a i n  b u t  an a c c e p t a b le  model sh o u ld  

acco u n t f o r  a l l  p r o p e r t i e s .  The s t r u c t u r e s  f o r  l i q u i d  w a te r  

f a l l  i n t o  two c l a s s e s ,  'm ix tu re*  and 'co n tin u u m * . K e l l^  

s u g g e s t s  th e  f o l l o w i n g  d e f i n i t i o n s :  "A m ix tu re  model i s  

u n d e r s to o d  t o  d e s c r ib e  l i q u i d  w a te r  as an e q u i l ib r iu m  m ix tu re  

(o r  s o l u t i o n )  o f  s p e c i e s  t h a t  are  d i s t i n g u i s h a b l e  in  an 

in s t a n ta n e o u s  p ic tu r e "  and "a continuum  th e o r y  d e s c r i b e s  w a te r  

as h a v in g  e s s e n t i a l l y  c o m p le te  hydrogen  b o n d in g ,  a t  l e a s t  a t  

low te m p e r a tu r e s  b u t  as h a v in g  a d i s t r i b u t i o n  o f  a n g l e s ,  

d i s t a n c e s  and bond e n e r g i e s " .

Continuum Model

Continuum m odels d e s c r i b e  l i q u i d  w a te r  as an e s s e n t i a l l y  

co m p le te  hydrogen bonded netw ork whose m o le c u la r  i n t e r a c t i o n s  

have a c o n t in u o u s ,  smooth and s i n g l e  peaked d i s t r i b u t i o n  o f  

e n e r g i e s  ra n g in g  from  i c e - l i k e  a t  one extrem e t o  a lm ost g a s ­

l i k e  at th e  o t h e r .  B e r n a l  and Fow ler^  p rop osed  th e  f i r s t



P ip u re  1 .2  P o s s i b l e  fram eworks o f  hydrogen bonded

w a te r  m o le c u le s



continuum model i n  which th e y  p o s t u l a t e d  t h r e e  d i f f e r e n t  

i n t e r m o l e c u l a r  a r r a n g e m e n ts :  ( i )  I c e - t r i d y m i t e - l i k e  ( f o u r  

c o - o r d i n a t e d )  below U^C, ( i i )  Q u a r t z - l i k e  ( f o u r  c o - o r d i n a t e d )  

be tween U and 200^0, ( i i i )  Ammonia- l ike ,  c l o s e  pack ed ,  200- 

3U0^C. These forms p a s s  c o n t i n u o u s l y  i n t o  each  o t h e r  w i th  

change in  t e m p e r a t u r e  and t h e  l i q u i d  rem ains  c o m p le te ly
9

homogeneous. The model p rop o sed  by Pople  s u g g e s t s  t h a t  as 

i c e  m e l t s  no hydrogen bonds b r e a k ,  t h e y  m ere ly  d i s t o r t  and 

bend .

h i x t u r e  f o d e l

The m ix tu re  model d e s c r i b e s  l i q u i d  w a t e r  as an e q u i l i b r i u m  

m ix tu re  of m o le c u la r  s p e c i e s  w i th  d i f f e r e n t  numbers of  

hydrogen bonds p e r  m o le c u le .  The s i m p l e s t  m ix tu re  models a re  

t h o se  in  which only  two s p e c i e s  a re  p o s t u l a t e d .  P r o p e r t i e s  

of  th e  l i q u i d  a re  t h e n  e x p l a i n e d  in  te rm s o f  t h e  e q u i l i b r i u m

^‘■‘2 ^ 'b u lk y  s p e c i e s  ^  ^^*2^^dense s p e c i e s

where th e  b u lk y  s p e c i e s  i s  c o n s id e re d ,  t o  be an * i c e - l i k e *  

c l u s t e r  of  hydrogen bonded m o le c u le s ,  goid t h e  dense  s p e c i e s  

i s  assumed t o  be more c l o s e l y  packed.

I n t e r s t i t i a l  models a re  a c l a s s  of  m ix tu re  models in  

which one of  th e  s p e c i e s  forms a hydrogen-bonded framework, 

and th e  o t h e r  s p e c i e s  r e s i d e s  i n  c a v i t i e s  w i t h i n  th e  f ram e ­

work. As t h e  t e m p e r a tu re  i s  i n c r e a s e d ,  t h e  e x t e n t  of  the  

hydrogen-bonded s t r u c t u r e  d e c r e a s e s  w h i le  a d e c re a se  i n  

te m p e ra tu re  causes  an i n c r e a s e  in  s t r u c t u r e .  These t e m p e ra tu re  

changes have l e d  t o  the  u se  of  th e  te rms ' s t r i c t u r e  making* 

and ’s t r u c t u r e  b r e a k i n g * .

A c l o s e l y  r e l a t e d  model proposed  by Pauling^^*^^ su g g e s t s  

t h a t  w a te r  foriûs c l a t h r a t e  cages  as do i n e i-t gases  o r  h y d ro -



c a r t o n s .  P a u l in g  p r o p o s e s  t h a t  l i q u i d  w a t e r  may resem ble

t h e  c h l o r i n e  h y d r a t e  w i th  twenty  hydrogen-bonded  w a t e r

m o le c u le s  fo rm ing  an open p e n ta g o n a l  do decahedra  i n  which

non-hydrogen-bonded  w a t e r  m olecu les  r e s i d e .

An im p o r ta n t  m ix tu re  model i s  t h e  c l u s t e r  model p roposed  
12 13by F rani: and ’.Yen ' . They s u g g e s t e d  t h a t  t h e  f o r m a t io n  of  

hydrogen  bonds in  w a t e r  i s  a c o - o p e r a t i v e  phenomenom.

é

Clusters

F ig u re  1 .3  C l u s t e r s  of  w a te r  m o lecu les  as p roposed  by

Frank and Wen^^*^^.

A s s o c ia t i o n  of  two w a te r  m o lecu le s  by hydrogen bonding  

s t i m u l a t e s  a s s o c i a t i o n  w i th  o t h e r  w a te r  m o le c u le s .  C l u s t e r s  

of  w a te r  m olecu les  hav ing  a l i f e  t ime in  th e  o r d e r  of 10"^ '  

seconds a re  c o n s t a n t l y  fo rm in g  and d i s s o l v i n g .  T’emethy and 

S c h e ra g a '^  a p p l i e d  a s e m i - q u a n t i t a t i v e  a n a l y s i s  t o  th e  c l u s t e r s



and showed t h a t  t h e  a v e r a g e  c l u s t e r  s i z e  d e c r e a s e d  from  

91 t o  25  m o le c u le s  in  t h e  0 t o  70°C te m p e r a tu r e  r a n g e .

1 .3  S p e c t r o s c o p ic  e v id e n c e

I t  s h o u ld  b e  p o s s i b l e  t o  d i f f e r e n t i a t e  b e tw e e n  t h e  two  

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

l i q u i d  w a te r  w hich  i s  a v e r y  s e n s i t i v e  p rob e  o f  hydrogen  

b o n d in g .  The v i b r a t i o n a l  t i m e - s c a l e  i s  o f  t h e  o rd er  o f  10 ^^ 

seco n d s  and can  b e  u se d  t o  probe d i r e c t  m o le c u la r  e n v ir o n m e n ts .  

The f r e q u e n c y  o f  an OH s t r e t c h i n g  v i b r a t i o n  d e c r e a s e s  as th e  

s t r e n g t h  o f  t h e  hyd rogen  b o n d in g  i n c r e a s e s .

The m ix tu re  model p r o p o se s  b ro k en  and unbroken h yd rogen  

b o n d s ’and i f  t h i s  model i s  c o r r e c t ,  ea ch  OH s t r e t c h i n g  band  

sh o u ld  c o n s i s t  o f  two s u b -b a n d s ,  t h e  one due t o  n o n -h y d r o g e n -  

bonded OH groups b e in g  a t  h ig h e r  f r e q u e n c y .  T h is  band sh o u ld  

i n c r e a s e  in  i n t e n s i t y  a t  h ig h e r  t e m p e r a tu r e s .

For th e  continuum  model t o  b e  c o r r e c t ,  th e  OH s t r e t c h i n g  

band sh o u ld  b e  a s i n g l e  b ro a d  b an d , m oving g r a d u a l ly  t o  h ig h e r  

f r e q u e n c ie s  as th e  te m p era tu re  i s  r a i s e d .

In p r a c t i s e ,  s p e c t r o s c o p y  d o e s  n o t  p ro v e  e i t h e r  model

c o r r e c t  as t h e  bands w h ich  are b road  and in  some c a s e s  o v e r la p ,

can b e  i n t e r p r e t e d  i n  d i f f e r e n t  w a y s .  Gorbunov and 
15F aberukhin  have e x p la in e d  r e s u l t s  i n  term s o f  a continuum  

model w hich  w ere p r e v i o u s l y  s u g g e s t e d  by th e  a u th o r s  as  

e v id e n c e  f o r  a m ix tu r e  modelI

F a lk  and Ford^^*^^ s t u d ie d  a d i l u t e  s o l u t i o n  o f  HOD in  

HgO and D^O and fou nd  t h a t  each  fu n d am en ta l band showed a 

s i n g l e  maximum. An i n c r e a s e  in  te m p e r a tu r e  ca u sed  a grad u a l  

s h i f t  o f  th e  e n t i r e  band and th e r e  v/as a co m p le te  a b se n c e  o f
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s h o u l d e r s .

100

120 22
20 ' 123'

3800 2200 12003000
Frequency (cm^)

F ig u r e  1 M  S p e c tr a  o f  th e  t h r e e  fu n d am en ta l bands o f  

HOD r e c o r d e d  a t  h ig h  and low  t e m p e r a tu r e s  (F a lk  and Ford^^)

They c o n c lu d e d  t h a t  t h e i r  r e s u l t s  f u l l y  su p p o rt  a continuum  

model and "are in c o m p a t ib le  w i t h  th e  e x i s t e n c e  i n  w a te r  o f  

any d i s c r e t e  m o le c u la r  s p e c i e s  d i f f e r i n g  i n  th e  e x t e n t  o f  

h yd rogen  b o n d in g " .  W all and Hornig^® s t u d i e d  th e  same 

sy s te m  by Raman s p e c t r o s c o p y  and c o u ld  f i n d  no e v id e n c e  t o  

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

m o le c u le s  in  l i q u i d  w a t e r .

The a l t e r n a t i v e  e x p la n a t io n  o f  t h e  Raman bands o f  d i l u t e
4 q PQ p4

HOD in  Ĥ O and D^O was g iv e n  b y  V /a lra fen  ’ . I.'arked

asymmetry v/as o b se r v e d  in  th e  bands a t  3 3 0 0 -3 7 0 0  cm“  ̂ and 

2 4 0 O-2 7 OO cm~  ̂ and t h i s  was n o t  in  accord  w ith  a continuum  

m od el.  U s in g  an a n a lo g u e  com p u ter , t h e  bands were a n a ly se d  

i n t o  tv/o G aussian  component bands ; th e  peaks a t  3 6 3 O cmT  ̂

and 26 5 0  cm”  ̂ a s s ig n e d  t o  non h yd rogen  bonded OH groups and 

and th e  peaks a t  3435  cm  ̂ and 2520 cm  ̂ t o  hydrogen  bonded  

OH i n t e r a c t i o n s .  V a r ia b le  te m p e r a tu r e  s t u d i e s  produced  an 

i s o s b e s t i c  p o in t  at 2570 cm"  ̂ i n d i c a t i n g  th e  e x i s t e n c e  o f  

components h a v in g  o p p o s i t e  v a r i a t i o n s  o f  i n t e n s i t y  w ith



t e m p e r a tu r e .

25002700 2300
Frequency, cnrr'

F ig u r e  1 ,5  S p e c tr a  o f  HOD a t  v a r io u s  t e m p e r a t u r e s .
(Walrafen19'20,21)

Thus e v id e n c e  f o r  w a te r  in  two e n v iro n m e n ts  i s  p r o v id e d  "by 

th e  e x p e r im e n ta l  o b s e r v a t io n  o f . an i s o s b e s t i c  p o i n t .

However t h i s  same d a ta  o f  W a lra fen  i s  u se d  b y  S c h i f f e r  

in  c la im in g  su p p o rt  f o r  th e  continuum  m odel.

Hartman^^ o b se r v e d  an i s o s b e s t i c  fr e q u e n c y  a t  3U73 cm~  ̂

from h i s  in f r a r e d  s t u d i e s  o f  HOD in  DgO.

22

I

I
Ic T«C

27
4 7

3 4 0 0  cm “^
100

^Frequency , cm”^

F ig u r e  1 . 6  S p e c tr a  o f  HOD i n  DqO at v a r io u s  tem p era tu res

(Hartman^^)
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2 LS e n io r  and V e r r a l l  c la im e d  e v id e n c e  f o r  a m ix tu r e  

model w ith  t h e i r  i s o s b e s t i c  p o in t  a t  2575 cm” in  th e  in f r a r e d  

s p e c t r a  o f  HOD.

15

.80 5
Û.

2300 2500 2700
Frequency, cm-'

F ig u r e  1 .7  I n f r a r e d  s p e c t r a  o f  HOD a t  v a r io u s

te m p e r a tu r e s  ( S e n io r  and V e r r a l l^ ^ )

O vertone bands b e tw e e n  5000 cm”  ̂ and 11 000 cm”  ̂ show ing

i s o s b e s t i c  p o i n t s  have b e e n  c la im e d  as e v id e n c e  f o r  a m ix tu re

model b u t  t h e s e  bands a r e  more d i f f i c u l t  t o  a s s ig n  as t h e r e

are o f t e n  c o m b in a t io n s  o f  bands w hich  o v e r la p .
25W orley and K lo tz  s t u d i e d  th e  o v e r to n e  s p e c t r a  o f  

6M hod in  DgO and r e p o r t e d  an i s o s b e s t i c  p o in t  a t  6812 cm” . 

They a n a ly se d  th e  s p e c t r a  i n t o  f o u r  b a n d s ,  a s s i g n i n g  th e  

w e l l  r e s o l v e d  band a t  7 0 6 0  cm  ̂ t o  t h e  f r e e  OH s t r e t c h  and 

o th e r  bands a t  6 5 5 0 ,  6U25 and 6000 cm~  ̂ t o  v a r io u s  o v e r to n e  

modes o f  d i f f e r e n t  hyd rogen  bonded s p e c i e s .
26B u i j s  and Choppin s t u d ie d  th e  w a te r  s p e c t r a  a t  ~ 8 3 3 0

-1cm a s s o c i a t e d  w i t h  th e  c o m b in a t io n  + VJj» smd a s s ig n e d

th r e e  components a t  8 6 2 0 ,  8330 and 8000 cm”  ̂ t o  w a te r  

m o le c u le s  w i th  no OH groups bonded , one OH group bonded and 

two OH groups bonded r e s p e c t i v e l y .

The m a jo r i ty  o f  s p e c t r o s c o p i s t s  are  in  agreement w ith  

th e  m ix tu re  model approach b u t  d i s a g r e e  t o  a c o n s id e r a b le
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e x t e n t  on th e  e s t i m a t i o n s  o f  th e  p e r c e n t a g e  o f  "broken  

hydrogen  bonds" in  w a t e r .  F a lk  and Ford^^ l i s t e d  some 

th e  e s t i m a t e s  w hich  v a r y  from  7 1 .5 ^  t o  0 . 1 ^ .

1 .U M odels f o r  Aqueous S o l v a t i o n

( i )  N o n - e l e c t r o l y t e s

N o n - e l e c t r o l y t e s  w h ich  do n o t  c o n t a in  a f u n c t i o n a l  

group are  l a r g e l y  r e j e c t e d  b y  w a te r  and th e  s o l u b i l i t i e s  

o f  t h e s e  s o l u t e s  a re  lo w .  In  term s o f  F r a n k ’s t h e o r y ,  t h e  

w a te r  s t r u c t u r e  w i l l  b e  m o d if ie d  b y  t h e  n o n - i n t e r a c t i n g  

n o n - e l e c t r o l y t e s  b e i n g  accommodated w i t h i n  th e  l o c a l  w a te r  

s t r u c t u r e  i f  th e y  can  occupy one o r  more o f  th e  i n t e r s t i t i a l  

s i t e s  w i t h in  t h e  h yd rogen  bonded fram ew ork. A d d i t io n s  o f  

s m a l l  amounts o f  s o l u t e  are  accommodated b y  d i s p l a c i n g  w a te r  

m o le c u le s  from th e  c a v i t i e s  w hich  th e n  i n t e g r a t e  i n t o  th e

(^ 2 ^ )b u lk y  s p e c i e s  l a t t i c e .  T h is  s t r u c t u r e  p rom otin g  c a p a c i t y  

depends on th e  s i z e  o f  th e  m o le c u le .

I f  th e  s o l u t e  has e i t h e r  a c i d i c  or  b a s i c  groups i t  i s  

l i k e l y  t o  form hydrogen  bonds w i th  w a te r  and c o n s e q u e n t ly  

m odify  th e  l o c a l  s t r u c t u r e .  An e x c e s s  o f  groups

o r  o f  non-bonded l o n e - p a i r s  may b e  g e n e r a t e d .  A m o le c u le  

such as ^ b u ta n o l w i l l  hydrogen  bond t o  w a te r  th rou gh  i t s  

OH group and th e  n o n - i h t e r a c t i n g  group w i l l  b e  accommodated 

in  th e  w a te r  fram ew ork.

P a u l i n g ’ s s u g g e s t i o n  o f  a w a te r  h y d ra te  model f o r  

l i q u i d  w a ter  can  b e  e x te n d e d  t o  d e s c r i b e  aqueous s o l u t i o n s .  

Water can b u f f e r  th e  s t r u c t u r a l  i n t e r f e r e n c e  o f  a d d i t io n  o f  

s o l u t e  by e n c l o s i n g  th e  m o le c u le  in  a c l a t h r a t e  c a g e .
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The c a g e s ,  w h ich  can  h ave  a v a r i e t y  o f  s i z e s  and s h a p e s ,  

may become d i s t o r t e d  o r  w a te r  m o le c u le s  can b e  o m it te d  t o  

accommodate t h e  l a r g e r  s o l u t e  m o l e c u l e s .  The c a g e s  w i l l  b e  

most fa v o u r e d  a t  low  te m p e r a tu r e s  and w i l l  b e  more te m p e r a tu r e  

s e n s i t i v e  th a n  b u lk  w a te r  s t r u c t u r e .

F ig u r e  1 .8  Examples o f  c l a t h r a t e  c a g e s  a d a p t in g  t o

accommodate s o l u t e  m o le c u le s .
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C i l )  E l e c t r o l y t e s

The most common p i c t o r i a l  m odels  f o r  i o n i c  s o l v a t i o n  

c o n s i s t  o f  c o n c e n t r i c  r e g io n s  o f  s o l v e n t  m o le c u le s  around  

th e  i o n s .
27Horne ' s u g g e s t s  f o u r  r e g io n s  w h ich  can  b e  i d e n t i f i e d .  

(S e e  F ig u r e  1 . 9 )  A d ja c e n t  t o  t h e  io n  i s  i t s  'p r im a ry  

h y d r a t io n *  s h e l l  o f  f o u r  s t r o n g l y  b ou n d , t i g h t l y  e l e c t r o -  

s t r i c t e d  w a te r  m o le c u le s  ( a ) .  R eg io n  (B) i s  a Frank and 

Wen c l u s t e r ,  b ey o n d  w h ich  (C) c o n s i s t s  o f  b rok en  w a te r  

s t r u c t u r e .  At some c o n s id e r a b l e  d i s t a n c e  from t h e  i o n ,  ( d ) ,  

th e  s t r u c t u r e  o f  w a te r  resum es i t s  'norm al* f r a c t i o n  o f  

hyd rogen  b o n d in g .
1 2Frank and Wen s u g g e s t e d  a s i m i l a r  model b u t  o m it te d  

th e  r e g io n  B d e s c r ib e d  a b o v e .

F ig u r e  1 . 1 0  Frank and Wen p i c t o r i a l  model f o r  w a te r

The b rok en  down w a te r  s t r u c t u r e  o f  r e g io n  C i n c r e a s e s  w ith  

io n  s i z e ,  i n c r e a s in g  th e  e x t e n t  o f  w a te r  s t r u c t u r e  b r e a k in g .  

For s m a ll  i o n s ,  e . g .  Li'*’ and F , r e g io n  C d isa p p e a r s  

c o m p le te ly  as th e  i o n s ,  w hich  are  s t r u c t u r e  form ers  a re  

in c o r p o r a te d  in  th e  w a te r  s t r u c t u r e .
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1 . 5  D i s c u s s i o n

Many m odels  f o r  l i q u i d  w a te r  a r e  d e s ig n e d  t o  rep ro d u ce

th e  p r o p e r ty  o f  w a te r  u n d er  i n v e s t i g a t i o n  and are t h e n

e x te n d e d  t o  f i t  o t h e r  e x p e r im e n ta l  r e s u l t s .  In  t h i s  manner

th e  m odels  becom e c o n t r i v e d .
28 29Symons ' has  b u i l t  up a p i c t o r i a l  model f o r  l i q u i d  

w a te r  by f i r s t  c o n s i d e r i n g  monomeric w a te r  m o le c u le s  w i th  

two a c i d i c  and two b a s i c  s i t e s  w h ich  can  i n t e r a c t  t o  g iv e  

d im e r s .  A d im er ,  w i t h  s i x  r e a c t i v e  s i t e s  w i l l  te n d  t o  

s c a v e n g e  monomers, c e r t a i n  s i t e s  b e i n g  more r e a c t i v e  th an  

o t h e r s .  As th e  l i n e a r  p o lym ers  grow , t h e r e  i s  a p o s s i b i l i t y
r

o f  c y c l i z a t i o n  o f  c h a in -b r a n c h in g .  C h a in -b r a n c h in g  can  l e a d
V

t o  c h a i n - c r o s s i n g  and u l t i m a t e l y ,  l a r g e  t h r e e  d im e n s io n a l  

p olym ers  w i l l  b e  fo rm ed . P o ly m er-p o ly m er  i n t e r a c t i o n s  w i l l  

o c c u r  so  t h a t  pure l i q u i d  w a te r  a t  low  te m p e r a tu r e s  c o u ld  

be c o n s id e r e d  as a ' s i n g l e *  u n i t .

M is-m a tch in g  w i l l  o c c u r  r e s u l t i n g  in  v e r y  b e n t  hydrogen  

bonds or  u n u s u a l ly  lo n g  o n e s .  D i s t o r t i o n  w i l l  c a u se  bonds  

t o  b r e a k  and th e n  new ones  re fo rm . Non-bonded OH groups  

( oh) f r e e  w i l l  b e  p r e s e n t  due t o  t h e  a b se n c e  o f  non-bonded  

lo n e  p a ir s  (LP)^^^^ th e  v i c i n i t y  b u t  a p e r p e t u a l  r e fo rm in g  

o f  th e  groups w i l l  o c c u r .

Any added monomer w i l l  be  q u i c k l y  sca v e n g e d  b y  one o f  

th e  many r e a c t i v e  s i t e s  and t h e r e  i s  no r e a so n  t o  p r o p o se  

th e  p r e s e n c e  o f  monomers in  l i q u i d  w a te r  as some m odels  d o .

In a su r v e y  o f  p u b l i s h e d  in f r a r e d  d a ta ^ ^ ,  no s p e c t r o s c o p i c  

e v id e n c e  c o u ld  b e  found  f o r  monomeric w a te r .

S o lv a t io n  o f  a s o l u t e  m o le c u le  w ith  a c i d i c  or  b a s i c  

groups w i l l  in v o lv e  th e  fo r m a t io n  o f  h ydrogen  bonds b e tw een  

w a ter  and s o l u t e  and t h i s  w i l l  change th e  c o n c e n t r a t io n  o f

(O H )free'
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C a tio n  s o l v a t i o n  i s  v i a  l o n e  p a i r s ,  r e s u l t i n g  i n  an 

i n c r e a s e  in  c o n c e n t r a t i o n  o f  The two lo n e  p a i r s

on th e  w a te r  oxygen  may b o t h  b e  i n v o lv e d  in  b o n d in g  t o  th e  

c a t i o n  as in  F ig u r e  1 . 1 1 a  o r  a l t e r n a t i v e l y  as  in  F ig u r e  1 . 1 1 b  

th e  oxygen may a l s o  b e  i n v o lv e d  i n  a hydrogen  bond w i t h  an 

a d ja c e n t  w a te r  m o le c u le .

\ 0 - Y

(a )  (b) (c)

F ig u r e  1. 11 C a t io n  and a n io n  s o l v a t i o n  b y w a t e r .

A nion s o l v a t i o n  i s  c o m p lim en ta ry ,  fo rm in g  h ydrogen  bonds w i th  

w a te r  and g e n e r a t in g  T hese and

groups are a b le  t o  i n t e r a c t  and t h e  n e t  r e s u l t  o f  e l e c t r o l y t e  

s o l v a t i o n  w i l l  b e  o n ly  a s m a ll  change in  th e  c o n c e n t r a t io n  o f  

each  s p e c i e s .

Aqueous s o l v a t i o n  i n v o l v e s  ch a n g es  in  t h e  w a te r -w a te r  

bond s t r e n g t h s  and th e  fo r m a t io n  o f  w a t e r - s o l u t e  b o n d s .

These bonds can b e  m o n ito red  s p e c t r o s c o p i c a l l y ,  u s in g  nmr, 

u l t r a v i o l e t  and in f r a r e d  m eth od s . Each o f  th e  t e c h n iq u e s  

has i t s  own m e r i t s  as th e y  o p e r a te  on d i f f e r e n t  t i m e s c a l e s ,  

s o  g i v i n g  d i f f e r e n t  ' p i c t u r e s ' .  NMR o p e r a te s  on a t im e s c a l e
_ p

o f  10 seco n d s  w hereas t h e  v i b r a t i o n a l  t im e s c a l e  i s  o f  th e  
“1 2o r d e r  o f  1 0 ” s e c o n d s .  I n f r a r e d  s p e c tr o s c o p y  p ro b es  

m o le c u la r  en v iro n m en ts  and can a c c u r a t e l y  ' s e e '  th e  d i f f e r e n t
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h yd rogen  b o n d in g  e n v ir o n m e n ts ,  a l th o u g h  bands are b road  and 

d i f f i c u l t  t o  i n t e r p r e t ,  NMR p ea k s  are  sharp  and w e l l - d e f i n e d  

b u t  th e y  are t im e  a v e r a g e s  o f  a l l  th e  d i f f e r e n t  bands  

c o n t r i b u t i n g  t o  th e  t o t a l  r e s o n a n c e .

Room te m p e r a tu r e  i n f r a r e d  b an d s o f  th e  OH and OD 

fu nd am en ta l s t r e t c h i n g  v i b r a t i o n s  are  b road  and o v e r la p  

c o n s id e r a b l y ,  making i n t e r p r e t a t i o n  d i f f i c u l t .  The f r e q u e n c i e s
cu-vdi

o f  th e  two fu n d a m en ta l  OH s t r e t c h i n g  v i b r a t i o n s , and

o f  th e  f i r s t  o v e r to n e  o f  t h e  b e n d in g  v i b r a t i o n ,  2^ ^ , l i e  

c l o s e  t o  one a n o t h e r .

The s i t u a t i o n  i s  e a s e d  by  u s i n g  i s o t o p i c a l l y  d i l u t e  

s o l u t i o n .  HOD in  H^O o r  D^O h as  no i n t e r m o le c u la r  c o u p l in g  

o f  v i b r a t i o n s  and t h e  t h r e e  fu n d am en ta l bands are w e l l  

s e p a r a t e d .

More u s e f u l  in fo r m a t io n  can  b e  g le a n e d  from th e  s p e c t r a  

i f  th e  tem p era tu re  o f  th e  s o l u t i o n  i s  lo w e r e d ,  c a u s in g  bands  

t o  narrow and have b e t t e r  r e s o l u t i o n .

The o th e r  a l t e r n a t i v e  i s  t o  s tu d y  th e  o v e r to n e  s p e c t r a  

o f  HOD. Whereas in  th e  fu n d a m en ta l r e g io n  th e  i n t e n s i t y  o f  

th e  OH^ound i s  g r e a t e r  by a f a c t o r  o f  20  or  more than

th e  i n t e n s i t y  o f  th e  (^ ^ ) f p 00  b a n d , in  th e  o v e r to n e  r e g io n s  

th e  i n t e n s i t y  o f  th e  and (^^)-bound are  a lm ost

th e  same. A ls o  th e  s e p a r a t i o n  b e tw e e n  th e  two bands i s  much 

l a r g e r  than  in  th e  fu n d a m e n ta l ,  making th e  s p e c t r a  e a s i e r  t o  

a n a ly s e .  E x p e r im e n t a l ly ,  th e  p a t h le n g t h  o f  t h e  c e l l s  u se d  t o  

o b ta in  t h e s e  s p e c t r a  are  much more c o n v e n ie n t .
, - I n

In th e  se c o n d  o v e r to n e  r e g io n  (^10 000 cm ) th e

i n t e n s i t y  d i f f e r e n c e s  have changed  t o  such  an e x t e n t  t h a t
31o n ly  th e  band i s  c l e a r l y  d e t e c t a b l e .
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S tr u c tu r e  Making and B re a k in g

The term s s t r u c t u r e  making and b r e a k in g  are  u se d

e x t e n s i v e l y  when aqueous s o l u t i o n s  a re  d i s c u s s e d .  The term s

were o r i g i n a l l y  u se d  t o  d e s c r i b e  th e  e f f e c t  o f  a change i n
8tem p era tu re  on t h e  s t r u c t u r e  o f  w a t e r .  B e r n a l  and F o w le r  

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

e i t h e r  s t r u c t u r e  making o r  b r e a k in g  t o  o c c u r  w h ich  t o  a f i r s t  

ap p ro x im a tio n  i s  s i m i l a r  t o  a change in  t e m p e r a tu r e .  They 

d e f in e d  th e  s t r u c t u r a l  t e m p e r a t u r e ,  Tg^^, as t h a t  te m p e r a tu r e  

at w hich  pure w a te r  w ould  have e f f e c t i v e l y  th e  same in n e r  

s t r u c t u r e .
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CHAPTER TWO

EXPERIMENTAL

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

V i b r a t i o n a l  s p e c t r a  were r e c o r d e d  u s i n g  s e v e r a l  

i n s t r u m e n t s .  F o r  work i n  t h e  u l t r a v i o l e t  and n e a r  i n f r a r e d  

r e g io n s  a UNICAM SP700 was u s e d .  The i n f r a r e d  s p e c t r a  were 

r e c o rd e d  on a LTICAM SP100 and a t  a l a t e r  s t a g e  on a PERKIN- 

ELMER 580.

IT'R s h i f t s  were measured on a JOEL 10OmHz s p e c t r o m e te r .

2 .2  I n s t r u m e n t a t i o n

( i )  Unicam S??00

The Unicairi SP700 i s  a double  beam r e c o r d i n g  s p e c t r o ­

pho tom eter  w i th  a range  from 5U 000 t o  2800 cm””' . S p e c t r a  

were run a t  v a r io u s  t e m p e r a t u r e s  by c i r c u l a t i n g  w a te r  a t  a 

d e s i r e d  t e m p e r a tu re  th ro u g h  t h e  c e l l  mounting b lo c k  from a 

t h e r m o s t a t  b a t h .  Tem pera tures  were measured u s i n g  an 

e l e c t r o n i c  thermometer  w i t h  i t s  therm ocouple  a t t a c h e d  t o  th e  

s id e  of th e  c e l l .  Tem pera tu res  were r e c o rd ed  t o  an accuracy  

of 11K.

Work in  th e  u l t r a v i o l e t  r e g io n  of  t h e  spectrum  was 

no rm al ly  c a r r i e d  out u s i n g  s to p p e r e d  s i l i c a  c e l l s  of  1 ,  5 o r  

10 mm p a t h l e n g t h  as a p p r o p r i a t e ,  WTien s h o r t e r  p a t h l e n g t h s  

were r e q u i r e d ,  demountable c e l l s ,  as i l l u s t r a t e d  in  F ig u r e
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F ig u r e  2 .1  Dem ountable c e l l s  u se d  f o r  a )  In fr a r e d  

and b )  u l t r a v i o l e t  w ork .

(a)

( 1 1 )

/ \

V

( 1 0 )

o 

( 1 1 )

/ \

V
Q )

(14) ( 1 2 )

(b )

( 2 ) 0



21

=  (!;(/)

F ig u re  2.2 Outer  j a c k e t  of  th e  c e l l  h o l d e r  o f  th e

SP1 00
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2 . 1 b ,  were u s e d .  Twenty and f o r t y  m i l l i m e t r e  c e l l s  were  used  

in  t h e  n e a r  i n f r a r e d  f o r  work on t h e  f i r s t  and second 

o v e r to n e s  of  w a t e r  r e s p e c t i v e l y .  A l l  c e l l s  were t h o r o u g h ly  

c l e a n e d  b e f o r e  u se  by r e p e a t e d l y  w ash ing  w i th  d i s t i l l e d  w a t e r ,  

r i n s i n g  w i th  a r e a d i l y  v o l a t i l e  s o l v e n t  and a p p ly in g  g e n t l e  

h e a t .

( i i )  Unicam S?100

I n i t i a l l y  t h e  Unicam SP100 i n f r a r e d  s p e c t r o p h o t o m e t e r  

was used  f o r  s t u d i e s  i n  t h e  hOOO -  3000 cm r e g i o n  as i t  

had been  o p e ra te d  by p r e v io u s  w ork e rs  f o r  low t e m p e r a tu r e  

r e s e a r c h .

V a r ia b l e  t e m p e r a t u r e s  were o b t a in e d  u s i n g  a u n i t  

c o n s i s t i n g  of  f o u r  main p a r t s : -  ( i )  Outer  J a c k e t ,  ( i i )  C e l l  

H o lde r  and R e f r i g e r a n t  V e s s e l ,  ( i i i )  Sample C e l l  w i t h  Thermo­

coup le  and ( i v )  a Temperature  C on t ro l  U n i t .

The chrome p l a t e d  n i c k e l  o u t e r  j a c k e t  (F ig u re  2 .2 )  

u n i t e d  th e  c e l l  h o l d e r  and r e f r i g e r a n t  ciiamber t o  t h e  s p e c t r o ­

pho tom eter  sample chamber and v/as vacuum t i g n t .  The j a c k e t  

v/as f i t t e d  w i th  demountable UaCl windows ( 1 ) ,  h e a t e d  t o  

s l i g h t l y  above ambient t e m p e r a t u r e  by an e x t e r n a l  h e a t e r  (2) 

t o  p rev e n t  c o n d e n s a t io n  from t h e  a tm osphere .  The r e c t a n g u l a r  

back  p l a t e  (3) e n su red  th e  c o r r e c t  a l ignm ent  of  the  sample 

c e l l .

The c e l l  h o l d e r  (U) was connec ted  d i r e c t l y  t o  t h e  b a s e  

of  th e  s t a i n l e s s  s t e e l  r e f r i g e r a n t  v e s s e l  (5) (F ig u re  2 . 3 ) .  

F a c i l i t i e s  f o r  vacuum c o n n e c t io n  ( 6 ) ,  h e a t e r s  (7) end 

thermocouple  l e a d  (8)  were a r r a n g e d  on t h e  top  p l a t e  (9)  of 

t h e  u n i t .
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The sample c e l l  u sed  was t h e  Beckman -  RIIC FK-01 ty p e  

( F i g u r e  2 . 1 a ) .  This  was a v a r i a b l e  p a t h l e n g t h  vacuum t i g h t  

l i q u i d  c e l l  f i t t e d  w i t h  a p p r o p r i a t e  windows. CaF^ windows 

were  used  in  t h e  i|000 -  2000 cm r e g i o n  and AgCl windows 

f o r  lower  wavenumbers.  D e s i r e d  p a t h l e n g t h s  were o b t a i n e d  

u s i n g  t e f l o n  s p a c e r s  (10) be tween t h e  two windows ( 1 1 ) .  

F i l l i n g  p o r t s  (12) were s e a l e d  w i th  s t a i n l e s s  s t e e l  screw 

p lu g s  and t e f l o n  w a s h e r s .  In  o r d e r  t h a t  t h e  t e m p e r a t u r e  of  

t h e  c e l l  cou ld  be  m easu red ,  an a c c e s s  h o le  ( 1 3 ) in  t h e  f r o n t  

p l a t e  (lij.) was used  t o  p o s i t i o n  a th e rm ocoup le  j u n c t i o n  

a d j a c e n t  t o  th e  c e l l  w i n d o w s ( l l ) .

The SPECAC 20 .100  v a r i a b l e  t e m p e r a t u r e  c o n t r o l  u n i t  

( F ig n r e  2.U) h e a t e d  b o t h  t h e  o u t e r  windov/s of  th e  j a c k e t  and

th e  i n t e r n a l  c e l l .  Us ing  t h e  SPECAC u n i t ,  i t  was p o s s i b l e

f o r  th e  c e l l  t e m p e r a t u r e  t o  be  c o n t r o l l e d  w i t h i n  t h e  range  

88K t o  523K t o  an acc u ra c y  of  IK.

Low Temperature  S o e c t r a

Lcwr t e m p e r a tu re  s p e c t r a  were o b ta in e d  by p l a c i n g  a 

s u i t a b l e  r e f r i g e r a n t  in  t h e  r e f r i g e r a t i o n  v e s s e l .  In  t h i s  

work, l i q u i d  n i t r o g e n  was used  in  a l l  c a s e s .

The f i l l e d  sample c e l l  was p l a c e d  in  t h e  c e l l  h o l d e r  

and locked  in  p o s i t i o n  by  t i g h t e n i n g  th e  clamp screw ( l 6 )  and 

th e  thermocouple  i n s e r t e d  in  t h e  h o l e  (17) in  t h e  f r o n t  p l a t e .

The c e l l ,  c e l l  h o l d e r  and r e f r i g e r a n t  v e s s e l  were p l a c e d

i n s i d e  th e  o u t e r  j a c k e t  and r o t a t e d  u n t i l  t h e  l o c a t i n g  p in  

(18) was in p o s i t i o n ,  e n s u r i n g  t h a t  t h e  c e l l  was a l i g n e d  

sq u a re  t o  the  o p t i c a l  beam.

A vacuum pump was con nec ted  t o  th e  o u t l e t  (6) on th e  

to p  p l a t e  and th e  u n i t  e v a c u a te d .  %ith  th e  'windows” h e a t e r
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temperature
indicator (19)

W IN D O W S C E L L
ON ON

OFF OFF

switch

temperature scale
socket for 
heater temperature 

dial (20)
thermocouple

socket

F i pure  2.U Tem pera ture  c o n t r o l  u n i t

of t h e  t e m p e ra tu re  c o n t r o l  u n i t  a t  ON, l i q u i d  n i t r o g e n  was 

poured  i n t o  t h e  r e f r i g e r a n t  chamber. The p o i n t e r  (19) 

i n d i c a t e d  the  t e m p e r a tu r e  of t h e  c e l l  and h o l d e r  and when th e  

te m p e ra tu re  had f a l l e n  below t h a t  r e q u i r e d ,  t h e  t e m p e r a tu re  

d i a l  (20) was s e t  t o  t h e  r e q u i r e d  t e m p e r a tu re  and t h e  " c e l l "  

h e a t e r  sw itched  ON.

The t e m p e r a tu re  c o n t r o l l e r  r e g u l a t e d  t h e  power s u p p l i e d  

t o  th e  c e l l  h e a t e r  and b ro u g h t  th e  c e l l  u n i t  t o  th e  d i a l - s e t  

t e m p e r a tu re .  This  v/as i n d i c a t e d  by th e  t e m p e r a tu re  i n d i c a t o r  

showing the  same t e m p e r a tu re  r e a d in g  as th e  t e m p e r a tu re  d i a l .  

When th e  d e s i r e d  t e m p e r a tu re  was o b t a i n e d ,  f i v e  m inutes  were 

a l lowed to  e l a p s e  b e f o r e  any s p e c t r a  were o b ta in e d .
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( i i i )  P e r k in  Elmer 580

In t h e  c o u rse  of  t h i s  r e s e a r c h  v/ork, t h e  Uni cam S^MOO 

bro ke  down and b e in g  an o ld  machine to ok  c o n s i d e r a b l e  t im e 

and money t o  r e p a i r .  In  o r d e r  t o  a v e r t  any d i s c o n t i n u i t y  in  

t h e  r e s e a r c h ,  t h e  lov/ t e m p e r a t u r e  a t t a c h m e n t s  were t r a n s f e r r e d  

t o  a n o th e r  i n s t r u m e n t .  The P e r k in  Elmer 580 I n f r a r e d  S p e c t r o ­

pho tom e te r  had a l a r g e  c e l l  compartment and by c u t t i n g  

c i r c u l a r  h o l e s  i n  t h e  r o o f  o f  t h e  c e l l  compar tm ent ,  t h e  low 

t e m p e r a tu re  j a c k e t s  were  suspended  w i th  t h e  c e l l s  i n  th e  

c o r r e c t  p o s i t i o n  r e l a t i v e  t o  th e  l i g h t  beam.

This machine had s e v e r a l  a d v an tag e s  ove r  th e  U!"ICAK 

SP100, p a r t i c u l a r l y  as i t  was much q u i c k e r  and e a s i e r  t o  u s e .  

The absorbance  s p e c t r a  o b t a in e d  gave a d i r e c t  i n d i c a t i o n  of 

c o n c e n t r a t i o n  u n l i k e  t h e  p r e v io u s  i n s t r u m e n t  from which only 

t r a n s m i s s i o n  s o e c t r a  were o b t a i n e d .

( i v )  J o e l  IOOllhz s p e c t r o m e t e r  •

The nmr s p e c t r a  were reco rd ed  on a J o e l  ?S100 UL'R 

s p e c t r o m e t e r  i’i t t e d  w i th  a v a r i a b l e  t e m p e r a tu re  c o n t r o l  u n i t .  

Tempera tures  were measured a c c u r a t e l y  w i th  a Comark E l e c t r o n i c  

Thermometer. The o p e r a t i n g  f r e q u e n c i e s  u sed  were 100 mihz f o r  

H and qO mHz f o r  P s t u d i e s .  S p e c t r a  were i n d i v i d u a l l y  

c a l i b r a t e d  u s in g  s i d e  b a n d s .

A bso lu te  chemical  s h i f t s  cannot  be  measured so i t  i s  

u s u a l  t o  measure s h i f t s  from th e  resonance  p o s i t i o n  of  a 

s u i t a b l e  s t a n d a r d .

For  the  H nn r  of t h e  v /a t e r /b a se  m ix tu re s  s t u d i e d ,  a 

p ro to n  resonance  of th e  added b ase  cou ld  be u s e d ,  p rov ided  t h a t  

i t  d id  n e t  s h i f t  w i th  a change in  c o n c e n t r a t i o n .  A l t e r n a t i v e l y ,
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a n o n - i n t e r a c t i n g  i n t e r n a l  r e f e r e n c e  can be added in  ve ry  lov/
31c o n c e n t r a t i o n .  The P nmr s h i f t s  were measured u s i n g  a 

c a p i l l a r y  c o n t a i n i n g  P^O^ as e x t e r n a l  r e f e r e n c e .

2 .3  M a t e r i a l s

Water was produced by d i s t i l l a t i o n  o f  d e i o n i s e d  w a te r  

from a l k a l i n e  p o ta s s iu m  perm angana te  u n d e r  n i t r o g e n .  D^O 

was used  as o b ta in e d  from N erck ,  Sharpe and Dohme,

S p e c t ro g ra d e  methyl  c y a n id e  was r e f l u x e d  ove r  PgO^ b e f o r e  

d i s t i l l a t i o n ,  t h e  f r a c t i o n  be tw een  80 and 82^C b e i n g  c o l l e c t e d  

and s t o r e d  o v e r  m o le c u la r  s i e v e s .

S p e c t ro g ra d e  methanol was r e f l u x e d  ove r  magnesium and 

i o d in e  p r i o r  t o  d i s t i l l a t i o n ,  t h e  f r a c t i o n  be tw een  61+ and 65^C 

b e i n g  c o l l e c t e d  end s t o r e d  ove r  m o le c u la r  s i e v e s .

A l l  o t h e r  s o l v e n t s  used  were a n a l y t i c a l  g r a d e .  I n f r a r e d  

s p e c t r a  were run t o  d e t e c t  any w a t e r  p r e s e n t .  D i s t i l l a t i o n s  

were c a r r i e d  out when n e c e s s a r y  and a l l  s o l v e n t s  were s t o r e d  

over  m o le cu la r  s i e v e s .

D e u te r a t e d  s o l v e n t s  were u s e d  as o b t a i n e d .

S a l t s  were d r i e d  in  a vacuum oven a t  an a p p r o p r i a t e  

t e m p e r a tu re  f o r  a t  l e a s t  21+ h o u rs  and th e n  s t o r e d  in  a 

d e s s i c a t o r  over  PgO^ p r i o r  t o  u s e .

S a l t s  t o  be  used  in  n e a r  i n f r a r e d  s p e c t r a l  i n v e s t i g a t i o n s  

were r e c r y s t a l l i s e d  from D^O b e f o r e  d r y i n g ,  in  o r d e r  t h a t  any 

r e s i d u a l  w a te r  would be D^O, riot and hence would have no

e f f e c t  on th e  s p e c t r a .

S a l t s  w i th  r e p l a c e a b l e  p r o to n s  were d e u t e r a t e d  by 

s u c c e s s iv e  r e c r y s t a l l i s a t i o n s  from The rep lacem en t  u rocess

was fo l low ed  by nmr and i n f r a r e d  t e c h n iq u e s .
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2 , U  P r e p a r a t i o n  o f  S o l u t i o n s

A l l  s o l u t i o n s  were p r e p a r e d  by  w eigh t  and th e  v a lu e s  

u s e d  t o  c a l c u l a t e  m ola l  c o n c e n t r a t i o n s  f o r  s a l t  s o l u t i o n s  

and mole f r a c t i o n s  f o r  n o n - e l e c t r o l y t e  s o l u t i o n s .

( i )  f o r  n e a r  i n f r a r e d  work.

A s t a n d a r d  s o l u t i o n  o f  i n  D^O was p r e p a r e d  w i th

th e  c o n c e n t r a t i o n  such t h a t ,  a f t e r  d i l u t i o n  by  of  a f i x e d

a l i q u o t  (1 .0 0 0g )  t o  t h e  f i n a l  volume (5cm^), t h e  c o n c e n t r a t i o n  

was 3N HgO in  D^O. 'Ahen run  a g a i n s t  D^O a s t a n d a r d  spectrum  

of  HOD was p ro d u ce d ,  a g a i n s t  which a l l  o t h e r  s p e c t r a  cou ld  be 

compared, as a l l  t h e  sample s o l u t i o n s  c o n ta in e d  t h e  same 

c o n c e n t r a t i o n  of OH o s c i l l a t o r .

S tan da rd  c o n c e n t r a t e d  s o l u t i o n s  o f  e l e c t r o l y t e s  and 

n o n - e l e c t r o l y t e s  in  D^O were p r e p a r e d .  S o l u t i o n s  were p r e p a r e d  

in  s e t s  of  tv/o 5cm^ g r a d u a t e d  f l a s k s  by mixing s u i t a b l e  

a l i q u o t s  of e l e c t r o l y t e / n o n - e l e c t r o l y t e  s t a n d a r d  s o l u t i o n  

w i th  th e  f i x e d  q u a n t i t y  of  s t a n d a r d  HOD s o l u t i o n  (l.OOOg).

TliC same q u a n t i t y  of e l e c t r o l y t e / n o n - e l e c t r o l y t e  s t a n d a r d  

s o l u t i o n  v/as added t o  t h e  r e f e r e n c e  f l a s k ,  t h e  HOD o m i t t e d ,  

and b o th  the  s o l u t i o n s  d i l u t e d  t o  t h e  mark w i th  D^O-

Great  c a r e  had t o  be tak e n  when p r e p a r i n g  s o l u t i o n s  and 

in  p a r t i c u l a r  when adding  th e  f i x e d  q u a n t i t y  of  s t a n d a r d  HOD 

s o l u t i o n .  The w eigh t  of t h i s  s o l u t i o n  (l .GOOg) had t o  be 

a c c u r a t e  t o  t h r e e  decimal  p l a c e s  fo r  th e  s p e c t r a  t o  have 

r e p r o d u c i b l e  b a s e l i n e s  and i s o s b e s t i c  p o i n t s  as th e  s p e c t r a  

were so s e n s i t i v e  t o  OH o s c i l l a t o r  c o n c e n t r a t i o n .

Hence c o n s i d e r a b l e  t ime and e f f o r t  was sp e n t  on p r e p a r i n g  

t h e  s o l u t i o n s  in  o rd e r  t h a t  th e  r e s u l t i n g  s p e c t r a  were 

comparable and m eaningful  r e s u l t s  o b t a i n e d .
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The o v e r to n e  s p e c t r a  of m ethano l  used  a 1 :10  r a t i o  of  

CK^OHrCD^OD v e r s u s  CD^OD w i th  s a l t / s o l v e n t  added i n  eq u a l  

amounts t o  b o th  s o l u t i o n s .

( i i )  f o r  i n f r a r e d  work.

S o l u t i o n s  were made as above b u t  u s i n g  0 .0 1 W HOD

in  DgO when lo o k in g  a t  t h e  OH s t r e t c h  and D^O i n  H^O when

i n v e s t i g a t i n g  t h e  OD r . t r e t c h .

( i i i )  f o r  u l t r a v i o l e t  work.

A f i x e d  a l i q u o t  (l .OGOg) o f  a s t o c k  l ”/HeCN s o l u t i o n

(0 .5  X 10~^H) was added t o  each  10 cm^ sample f l a s k ,  v a r y i n g

amounts of  s t o c k  cosolvent /KeCN s o l u t i o n  added and t h e  f l a s k  

d i l u t e d  t o  th e  mark w i th  KeCN. R e fe ren c e  s o l u t i o n s  o m i t t e d  t h e  

l ”/HeCN s o l u t i o n .

As in  t h e  n e a r  i n f r a r e d  work,  ex treme c a r e  had t o  be 

t a k e n  when w eigh ing  out s o l u t i o n s .  This  v/as p a r t i c u l a r l y  t r u e  

f o r  the  io d id e  component in  o r d e r  t o  o b t a i n  r e p r o d u c i b l e  

b a s e l i n e s  and i s o s b e s t i c  p o i n t s .

For  th e  i n f r a r e d  work on t h e  I / s o l v e n t  s y s te m s ,  t h e  

s o l u t i o n s  were p r e p a r e d  in  a s i m i l a r  mianner b u t  u s i n g  h i g h e r  

c o n c e n t r a t i o n s  o f  i o d i d e .

S p e c t r a  were reco rd ed  as soon as p o s s i b l e  a f t e r  t h e  

s o l u t i o n s  had been  p r e p a r e d  t o  d e c r e a s e  i n a c c u r a c i e s  caused  

by d e t e r i o r a t i o n  o f  t h e  sam p le s .  S t o r a g e ,  when n e c e s s a r y ,  

was in  the  d a r k ,  t o  p r e v e n t  t r i - i o d i d e  f o r m a t io n .
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SECTION A

AQUEOUS SOLVATION OF NON-ELECTROLYTES

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

Aqueous s o l v a t i o n  o f  n o n - e l e c t r o l y t e s  was s t u d i e d  by  

m o n ito r in g  t h e  s p e c t r a l  ch a n g es  c a u se d  b y  a d d i t i o n  o f  an 

un ch arged  s p e c i e s  t o  w a t e r .  The s o l v a t i o n  o f  b a s e s ,  a l c o h o l s ,  

am ines and am ides was i n v e s t i g a t e d  m a in ly  b y  l o o k in g  a t  th e  

n e a r  and fu nd am en ta l i n f r a r e d  OH s t r e t c h e s  o f  th e  w a te r  

m o le c u le .  and nmr s p e c t r o s c o p y  ( f o r  HMPA) w ere u se d  

t o  e x t e n d  th e  s t u d y .

A.1 Aqueous s o l v a t i o n  o f  b a s e s

A«1 .1 P r e v io u s  work in  t h e  in f r a r e d  r e g io n

I n fr a r e d  t e c h n iq u e s  are  u s e f u l  f o r  s t u d y in g  hydrogen  

b o n d in g  b e tw een  p r o to n  donor and a c c e p t o r  m o le c u le s  in  * in e r t *  

m ed ia . Mohr e t . a l .  s t u d i e d  t h e  in f r a r e d  s p e c t r a  o f  w a te r  

p lu s  b a se  in  carbon  t e t r a c h l o r i d e .  (F ig u r e  A.1 ) The 

sy m m etr ica l  w a te r  m o le c u le  e x h i b i t s  c o u p le d  bands (sym m etr ic  

s t r e t c h )  and (asym m etr ic  s t r e t c h ) .  At low b a s e  c o n c e n t r a t io n

Mohr i d e n t i f i e d  th e  1 :1 com plex HOH B h a v in g  one narrow

a b s o r p t io n  n ea r  t o  t h a t  f o r  ree^ one broad

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



31

CO

K-

32003600 34003800
r  (CM"')

F ig u r e  A.1 a The OH s t r e t c h i n g  r e g io n  f o r  ^ 0 .1  UM 

p y r id a z in e  and ~0.01M w a te r  in  CCl^ (Wohr^^)

th e  a s s o c i a t i o n ,  N ^ o n d ed ^ ' At h ig h e r  h a s e  c o n c e n t r a t i o n s ,  th e

s p e c i e s  B HOH B was i d e n t i f i e d ,  f o r  weak h a s e s  hy  two

h road  hands i n  th e  low  fr e q u e n c y  r e g io n  and f o r  s t r o n g e r  

h a s e s  hy one h an d , th e  two v i b r a t i o n s  h a v in g  t h e  same fr e q u e n c y ,  

In a s tu d y  o f  th e  same s y s t e m ,  Saumagne^^, Glew^^ and 

o th e r s  found  a l i n e a r  c o r r e l a t i o n  b e tw een  th e  v a lu e s  o f

( ^ L s s o c ia t e d )  “ ^ ^ 3  ( & r e e )  j o t t e d  a g a in s t  one a n o th e r

f o r  b o th  th e  sym m etric (B HOH B) and asym m etric  (B— -HOH)
35s p e c i e s .  More r e c e n t l y ,  B e llam y e t . a l .  have ex ten d ed  th e  

p l o t  t o  in c lu d e  c r y s t a l  h y d r a te s  where th e  w a te r  m o le c u le s  

are s y m m e tr ic a l ly  hydrogen  bonded t o  a n io n s .  (F ig u r e  A .2 )
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F ig u r e  A .2 In te r d e p e n d e n c e  o f  and f o r  w a te r  in  

v a r io u s  s o l v e n t s  and c r y s t a l  h y d r a t e s . (B e llam y^ ^ )

L in e  oc c o r r e l a t e s  d a ta  f o r  u n sy m m e tr ic a l  w a te r  HOH X;

L ine  p  f o r  sy m m e tr ic a l  w a te r  X HOH X and l i n e  ^ r e p r e s e n t s

Vg = Vgg and i s  u se d  f o r  i n c l u d i n g  d a ta  f o r  HOD sy s te m s  f o r  

co m p a ra tiv e  p u r p o s e s .

1 ;1 Com plexes A CH^CN/CCl^^; B c y c lo h e x a n o n e /C C l^ ;  C DMSO/CCl^;

D n itr o b e n z e n e /C C l^ ;  E tr io x a n /C C l^ ;  F CH^CN/ 

CCl^; G e t h y la c e t a t e / C C l ^ ;  H a c e to n e /C C l^ ;

J d lo x a n /C C l^ ;  K e t h y le t h e r /C C l^ ;  L n ,n - d im e t h y l -  

form am ide/C C l^; M p y r id a z in e /C C l^ ;  N p y r i d i n e /  

CCl^; P U - p ic o l in e -N -o x id e /C C li^ .

2 :1  Complexes 1 HgO v a p o u r;  2 N2 - m a t r ix ;  3 p e r f lu o r d b e n z e n e ;

U CCl^; 5 p e r c h l o r o e t h y l e n e  ; 6 1 , 1 , 1 - t r l c h l o r o -  

e t h a n e ; 7 1 , 2 - d i c h l o r o e t h a n e ;  8 e t h y le n e  o x id e ;

9 p r o p y le n e  oxide,; 10  1 , 4  d io x a n e ;  11 t e t r a -  

h y d r o fu r a n ;  12 NaClO^.HgO; 13  LiC10 ^ . 3 H2 0 ;

1 lt 15 B afC lO yjg .H gO ;

16  B a (B rO j)2 .HgO; 17 B aflC yjg .H gO ; 18  CafBrO^jg;  

19 S r (B r O ,)g ;  20 n i trom eth an e ; 21 n i t r o b e n z e n e ;

22 d i m e t h y l p h t h a l a t e ; 23 CH^CN; 2 I4. e t h y l a c e t a t e ; 

25 m e t h y la l ;  26 a c e t o n e ;  27 d io x a n e ;  28 e t h y l -  

e t h e r ;  29 n ,n  d im e th y l  form am id e;.

HOD Hydrate D ata a Sr(BrO^)2»H20; b B a(B r0^ )2 .H 20;

c B a fC lO jïg .ü g O ; d NaC10 ^.H2 0 ; 

e L iC 10^ .L iC 10^ .3H 20.
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Choppin and Hornung^^ a n a ly s e d  t h e  a b s o r p t io n  band o f  w a te r  

i n  t h e  6600 -  7 5 0 0  cm"’̂  r e g io n  f o r  H ^O/base/CCl^ s y s te m s  in  

term s o f  s e v e n  com p o n en ts .  A model f o r  w a te r  i n v o l v i n g  t h r e e  

s p e c i e s  w i t h  0 ,  1 and 2 h y d ro g en s  p a r t i c i p a t i n g  in  h yd rogen  

b o n d in g ,  e x p la in e d  t h e  r e s o l v e d  s p e c t r a .

G e n tr ic  e t . a l . ^ ^  exam ined  th e  b e n d in g  mode, Vg» a t  

H 650  cm”  ̂ o f  w a t e r /b a s e  m ix t u r e s .  The a ssy m e tr y  o f  t h e  peak

was a t t r i b u t e d  t o  HOH B and B HOH B c o m p le x e s ,

t h e  p r o p o r t io n  o f  t h e  s p e c i e s  d e p en d in g  on t h e  m o le c u la r  s i z e  

o f  th e  b a s e .

F r a t i e l l o  and Luongo s t u d i e d  t h e  aqueous s o l v a t i o n  o f  

d io x a n e  b y  m o n ito r in g  t h e  s h i f t  o f  t h e  CH s t r e t c h ,  CH 

d e fo r m a t io n  and C-0 s t r e t c h  in  t h e  i n f r a r e d  r e g io n  a c r o s s  t h e  

e n t i r e  m ole f r a c t i o n  r a n g e .  The s h i f t  t o  lo w e r  f r e q u e n c y  o f  

t h e  C -0  s t r e t c h i n g  mode i n d i c a t e d  t h a t  h y d ro g en  bond fo r m a t io n  

was at t h i s  s i t e .

The fundam enta l OH s t r e t c h  f o r  w a te r  in  th e  3000  -  Z|000

cm”  ̂ r e g io n  i s  a b road  f e a t u r e l e s s  band and h as  p roved  o f

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

can b e  s i m p l i f i e d  u s i n g  HOD b u t  s t i l l  v e r y  l i t t l e  in fo r m a t io n
39can b e  o b t a in e d .  C o g ley  e t . a l .  s t u d i e d  th e  fundam enta l  

in f r a r e d  s p e c t r a  o f  H^O, D^O and HOD i n  p r o p y le n e  c a r b o n a te

and c o n c lu d e d  t h a t  th e  u n i t s  HOH B and B HOH B were

formed in  p r e f e r e n c e  t o  t h e  a g g r e g a t io n  o f  w a te r  m o le c u le s .

The in f r a r e d  s p e c t r a  o f  b in a r y  m ix tu r e s  o f  w a te r  (HOD and HgO) 

and f o u r  c o - s o l v e n t s  ( a c e t o n i t r i l e , d io x a n e ,  d im e th y ls u lp h o x id e  

and h ex am eth y lp h osp h oram id e) were s t u d i e d  s y s t e m a t i c a l l y  by  

N arvor , G e n tr ic  and Saumagne^^ who found e v id e n c e  f o r  th e  

p r e s e n c e  o f  v a r io u s  t y p e s  o f  hydrogen  bonded com plexes  and 

co n f ir m ed  th e  e x i s t e n c e  o f  1 :2  com p lexes  o f  w a ter  :s o l v e n t .
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A u s e f u l  a l t e r n a t i v e  i s  t o  s tu d y  t h e  o v e r to n e  spectru m

o f  w a te r  a l th o u g h  t h e  a s s ig n m e n t  o f  t h e  b ands i s  n o t  so

c l e a r  c u t  as  i n  t h e  fu n d a m e n ta l .  The w a te r  spectrum  a t

7000  cm  ̂ h as  b e e n  a s s ig n e d  t o  +3^ b y  Choppin^^ who a n a ly s e d

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

w i t h  0 ,  1 or  2 h yd rogen s  b o n d e d .  The s p e c t r a  o f  a c e t o n e /w a t e r

and d io x a n /w a t e r  m ix tu r e s  w ere s i m i l a r ,  t h e  a d d i t i o n  o f  b a s e

h a v in g  l i t t l e  e f f e c t  on t h e  component p e a k s .  The c o n c l u s i o n

t h a t  th e  weak b a s e s  i n t e r a c t e d  o n ly  s l i g h t l y  w i t h  th e  w a te r
U2was in  o p p o s i t i o n  t o  work b y  McCabe and a l s o  Burneau and 

C orset^^  who a n a ly se d  s i m i l a r  s p e c t r a  and c o n c lu d e d  t h a t

HOH B and B HOH B u n i t s  w ere form ed , d ep en d in g  on

c o n c e n t r a t i o n .

However, Choppin^^ d id  co n ced e  t h a t  i f  b a s e - w a t e r  com p lexes  

are  p r e s e n t  i t  i s  p r o b a b le  t h a t  t h e y  w ou ld  absorb a t  t h e  same 

f r e q u e n c i e s  as th e  w a te r  m o le c u le s  w i t h  one and two hydrogen  

bonds and would t h e r e f o r e  b e  u n d e t e c t e d  in  t h e i r  a n a l y s i s .

Bonner and C h o i ^  u t i l i s e d  t h e  c o m b in a t io n  band

('^5200 cm”  ̂ ) o f  w a ter  i n  o r g a n ic  s o l u t e s  as t h e r e  w ere no 

i n t e r f e r i n g  w a te r  bands a t  a d ja c e n t  w a v e le n g t h s .  (T h is  band  

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

o f  h y d r o x y l i c  s o l v e n t s  as  i t  a v o id s  i n t e r f e r e n c e  from th e  OH 

s t r e t c h i n g  modes i n  a l c o h o l s  e t c . )  1:1 and 1 :2  w a t e r : s o l v e n t  

com p lexes  were i d e n t i f i e d  f o r  v a r io u s  b a s e s  in  s t u d i e s  o v er  t h e  

e n t i r e  c o n c e n t r a t io n  r a n g e .  The p o s i t i o n s  o f  th e  bands v a r ie d  

w it h  th e  d eg ree  o f  hyd rogen  b o n d in g  and t h e  b a s i c i t y  o f  th e  

s o l v e n t .  I n t e r a c t i o n s  b e tw een  w a te r  and b a s e  w ere found  t o  be  

w ea k est  in  n itr o m e th a n e  and s t r o n g e s t  in  d im e t h y ls u lp h o x id e .

Of c o u r s e ,  o t h e r  t e c h n iq u e s  have b een  w id e ly  u se d  t o
U5s tu d y  t h e s e  s y s t e m s .  One random exam ple i s  th e  work o f  Fox
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who s tu d ie d  th e  n->*rr* a b so r p t io n  band f o r  aqueous a c e to n e  

in  th e  u l t r a v i o l e t ,  p l o t t i n g  th e  s h i f t  in  as a f u n c t io n

o f  c o n c e n t r a t io n .  An i n i t i a l  h ig h  fr e q u e n c y  s h i f t ,  found o n ly  

at low tem p era tu res  was a t t r i b u t e d  t o  th e  enhancement o f  

w a te r -w a te r  i n t e r a c t i o n s .

A .1 .2  Near In fr a r e d  R e s u l t s

T his  work was d e v i s e d  in  ord er  t o  a ttem pt t o  g a in  more 

u n d ersta n d in g  o f  th e  s t r u c t u r e  o f  aqueous s o l u t i o n s  and t o  

produce a d e s c r i p t i o n  w hich  was in  agreement w ith  th e  d a ta  

o b ta in e d .  A t te n t io n  was p r im a r i ly  fo c u s e d  on th e  w a ter  r ic h  

r e g io n  o f  aqueous s o l u t i o n s  o f  s e v e r a l  a p r o t ic  b a s e s .

A 3M s o l u t i o n  o f  HOD in  D^O produced th e  spectrum  shown 

in  F ig u r e  A .3 in  th e  6000 -  7600 cm"  ̂ r e g io n .  I t  i s  customary^^  

to  a s s ig n  th e  peak at 7120 cm”  ̂ t o  f r e e  OH g ro u p s,  

as th e  band at room tem p eratu re  c o r r e l a t e s  w ith  th a t  at  

7150  cm  ̂ at h ig h  te m p e r a tu r e s .  The room tem perature band 

r e p r e s e n ts  th e  l i m i t  o f  w eakly  bound o s c i l l a t o r s  and s in c e  

th e  l i m i t  i s  th e  f r e e  o s c i l l a t o r  i t  must have a c o n t r ib u t io n  

from th e  c o m p le te ly  f r e e  OH grou p s. The s h i f t  from th e  h ig h  

tem perature v a lu e  does not prove th e  p r e se n c e  o f  weak hydrogen  

bonds s in c e  th e  w ater  m o le c u le s  r e s p o n s ib le  w i l l  s t i l l  form 

th r e e  s tr o n g  hydrogen bonds and th e  e f f e c t  o f  th e s e  i s  t o  

s h i f t  th e  band due t o  o s c i l l a t o r s  s l i g h t l y  t o  low

f r e q u e n c i e s .

The broad maximum at 66OO cm”  ̂ i s  a s s ig n e d  to  s t r o n g ly

bound OH groups, (^^)-bound’ th e  p la te a u  r e g io n  which l i e s  

betw een and (OH)^g^^^is c o n s id e r e d  to  be due to

weakly hydrogen bonded OH grou p s, in c lu d in g  a l l  th e  b en t  and
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s t r e t c h e d  hyd rogen  b onds w hich  e x i s t  in  l i q u i d  w a te r  and are  

known c o l l e c t i v e l y  as  bound"

An in c r e a s e  i n  t e m p e r a tu r e ,  as  shown i n  F ig u r e  A .3 ,  

r e s u l t s  in  an i n c r e a s e  i n  t h e  h e i g h t  o f  th e  peak  a t  7 120  cm”  ̂

(accom p an ied  b y  a s l i g h t  s h i f t  i n  tow ard s  t h e  g a s -p h a s e

v a lu e  o f  71 5 0  cm”  ̂ ) and a d e c r e a s e  i n  h e ig h t  o f  th e  

p e a k .

The appearance  o f  t h e  i s o s b e s t i c  p o in t  a t  6800 cm”  ̂

s u g g e s t s  an e q u i l ib r iu m  b e tw e e n  t h e  two s p e c i e s  and

(O^)-bound w hich may b e  r e p r e s e n t e d  a s ,

(K g O ib o u n a  ( O K ) f r e e  +

/ . /

• ; o —H ^ , 0 — H + <3fco. ( I )
H I  X  /

The u n i t  and t h e  f r e e  lo n e  p a i r  ure

c o m p le te ly  s e p a r a te  from one a n o th e r  and are  n o t  s e e n  as th e  

l i m i t i n g  s i t u a t i o n  o f  v e r y  lo n g  o r  weak hydrogen  bonds w hich  

o c c u r  in  some s t r u c t u r a l  m o d e ls .

For pure w a t e r ,  an in c r e a s e  in  tem p era tu re  s h i f t s  

e q u i l ib r iu m  I t o  th e  r i g h t  and w i l l  a lw ays  r e s u l t  in  an eq u a l  

number o f  f r e e  l o n e  p a i r s  and f r e e  OH g r o u p s .  H ence,

^ = [ (° H > fr e e ] [ (^ P )fr e e 1  ( l l )

|^(OH)^ound]

The c o n t r o v e r s y ,  p r e v i o u s l y  m e n tio n e d , o f  th e  

c o n c e n t r a t io n  o f  groups i n  l i q u i d  w a te r  can n ot b e

r e s o lv e d  from t h e s e  s p e c t r a .  The e n t i r e  spectrum  at 25^0 c£Ui
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b e  c o n s id e r e d  a s  a b r o a d  e n v e lo p e  o f  many s u b -b a n d s ,  and a t  

a p a r t i c u l a r  wavenumber su c h  as 7120  cm  ̂ t h e r e  w i l l  b e  

a b s o r p t io n s  from  w ea k ly  bound OH o s c i l l a t o r s  a s  w e l l  as  

(O H )free  g r o u p s .  T h is  i s  i l l u s t r a t e d  i n  F ig u r e  A.U w h ich  

a n a ly s e s  th e  sp ectru m  i n t o  f o u r  com ponents u s i n g  th e  Dupont 

Curve A n a ly s e r .  S u b t r a c t io n  o f  t h e  peak  due t o  groups

d o e s  n o t  r e s u l t  in  z e r o  a b s o r p t io n  a t  7120  cm”  ̂ .

The d e c o n v o lu t io n  shown i s  n o t  u n iq u e ,  b u t  s e v e r a l  

su b se q u e n t  a t te m p ts  t o  c o n s t r u c t  t h e  HOD sp e ctru m  gave  v e r y  

s i m i l a r  r e s id u e  a b s o r p t io n s  a t  7 1 2 0  cm”\  The r e c o n s t r u c t i o n s  

w ere  a b le  a c c u r a t e l y  t o  rep ro d u ce  t h e  te m p e r a tu r e  e f f e c t  b u t  

w ere  l i m i t e d  b y  two f a c t o r s .

( i )  Only f o u r  p eak s  c o u ld  b e  u se d  a l th o u g h  t h e  spectrum  

p ro b a b ly  c o n s i s t s  o f  many more s u b -b a n d s .

( i i )  G au ss ian  p ea k s  w ere  u s e d  i n  t h e  d e c o n v o l u t i o n ,  b u t  i n  

f a c t  L o r e n tz ia n  or  a G a u s s ia n -L o r e n tz ia n  m ix tu r e  may be  

more a p p r o p r ia t e .  T h is  i s  p a r t i c u l a r l y  t r u e  i n  th e  r e g io n  

a s s ig n e d  t o  (OH^^^^e grou p s  where th e  spectru m  i s  v e r y  

s t e e p  s i d e d .

A d d it io n  o f  Base

The e f f e c t  on th e  sy s te m  o f  t h e  a d d i t i o n  o f  a s m a l l  

amount o f  b a s e  can  be s e e n  i n  F ig u r e s  A .5 - A .8 .  R e s u l t s  f o r  

a l l  th e  b a s e s  s t u d i e d  a re  c o l l a t e d  i n  F ig u r e  A .9 .  I t  i s  

d i f f i c u l t  t o  m easure th e  e x a c t  l o s s  o f  t h e  peak

b e c a u s e  o f  th e  s u b j e c t i v e  e s t i m a t e  o f  t h e  t a i l  i n  t h i s  r e g io n  

from th e  ( O H o s c i l l a t o r s .

In th e  m a jo r i ty  o f  c a s e s ,  t h e  peak  a t  7120  cm“  ̂ d e c r e a s e s  

in  i n t e n s i t y  w ith  a c o r r e s p o n d in g  i n c r e a s e  i n  t h e  6600 cm”  ̂

r e g i o n .  T h is  i s  a t t r i b u t e d  t o  a r e d u c t io n  in  t h e  c o n c e n t r a t io n
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Fiprure A .4 a )  D e c o n v o lu t io n  o f  th e  e p e c t m p  o f  HOD In

BgO,

Su^^tractlon o f  th e  peak a e e lg n e d  t o  

[ p H j f r e ,  £ » ^ P S «  /

7000

7000
Wavenumber (cm"’)
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o f  (OH). groups b y  t h e  s c a v e n g in g  e f f e c t  o f  t h e  added b a s e .f r e e
I t  can  b e  s e e n  from  F ig u r e  A .9 t h a t  f o r  d im e th y ls u lp h o x id e  

(DM80), hexam eth y lp h osp h orm id e (HMPA), d im eth y lform am id e  (DMP), 

d im e th y la c e ta m id e  (DMA), t e t r a h y d r o f u r a n  (THF) and t r i e t h y l -  

amine th e  l o s s  o f  I s  a p p r o x im a te ly  th e  sam e, w i t h in

th e  e x p e r im e n ta l  e r r o r .  T r ie t h y la m in e  i s  e x p e c t e d  t o  b eh ave  

as a monobase due t o  i t s  s i n g l e  l o n e  p a i r  o f  e l e c t r o n s  and 

t h e r e f o r e  i t  i s  c o n c lu d e d  t h a t  a l l  t h e  above a c t  as  monobases  

i n  aqueous s o l u t i o n .

yO  H 0 ^
/ ^ H .

)d—H

H
— H— B ase

H

"H,

p lu s  B ase

H

(I)

( I I I )

As th e  b a s e  i s  added i t  forms a bond w i t h  th e  

group o f  a w a ter  m o le c u le .  T h is  c a u s e s  e q u i l ib r iu m  ( l )  t o  

r e - a d j u s t  t o  com pensate  f o r  t h e  l o s s  o f  groups i n  th e

sy s te m  and h en ce  th e  o b se rv ed  d e c r e a s e  in  th e  peak a t  71 20  cm"  ̂

i s  l e s s  th an  e x p e c t e d .  As i t  i s  th e  l o s s  o f

o s c i l l a t o r s  w hich i s  o b se rv ed  t h e  s t r e n g t h  o f  t h e  b a s e  d oes  n o t  

a f f e c t  th e  spectrum  and r e s u l t s  f o r  th e  b a s e s  m en tion ed  above  

are a l l  s i m i l a r .

There are  e x c e p t i o n s  in  t h e  c a s e s  o f  m e th y lc y a n id e , 

a c e to n e  and t r im e t h y lp h o s p h a t e , a l l  weak b a s e s ,  w h ich  show 

a g a i n ,  n o t  a l o s s ,  in  th e  i n t e n s i t y  in  th e  r e g io n  o f  th e

( O H ) f r e e  P e a k .  In t h e s e  c a s e s ,  i t  i s  s u g g e s t e d  t h a t  th e  in c r e a s e
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i s  a t t r i b u t a b l e  t o  t h e  OH B p e a k .  The p o s i t i o n  o f  t h i s

band i s  b a se  dependant and th ough  f o r  s t r o n g  b a s e s  th e  band  

w i l l  n o t  i n t e r f e r e  w i t h  th e  m ea su rem en ts ,  in  th e  c a s e  o f  th e  

weak b a s e s ,  th e  OH B peak a p p ea rs  c o i n c i d e n t a l l y  in  th e

( O H ) f r e e  ^^Slon.
S in c e  th e  c o m p le t io n  o f  t h i s  work a p ap er  has appeared  

by P a q u e t te  and J o l ic o e u r ^ ^  w h ich  s t u d i e s  th e  e f f e c t  o f  a 

ran ge o f  b a s i c  a p r o t i c  s o l v e n t s  on one o f  th e  o v e r to n e  bands  

o f  w a t e r ,  ( + 2 1^) a t  10 000 cm”\  The o v e r la p p in g  r e s u l t s

compare fa v o u r a b ly  w i t h  th o se  q u o te d  h e r e  b u t  th e y  d i f f e r  

m arkedly in  th e  c o n c l u s i o n s  t h e y  draw compared t o  t h o s e  

s u g g e s t e d  in  t h i s  t h e s i s .  P a q u e t te  and J o l i c o e u r  made no

a l lo w a n c e  f o r  a b s o r p t io n  by  t h e  OH B o s c i l l a t o r s ,  c la im in g

th a t  t h e s e  would b e  s o  weak in  t h e  n e a r  in f r a r e d  r e g io n  t h a t  

th e y  w ou ld  n o t  b e  v i s i b l e .

W hile t h i s  s i t u a t i o n  may e x i s t  f o r  s t r o n g  b a s e s  i t  

c e r t a i n l y  w i l l  not f o r  th e  weak b a s e s  such  as m ethyl c y a n id e  

and a c e t o n e .  As th e  b a s e  s t r e n g t h  f a l l s  t h e  band due t o  th e

OH B o s c i l l a t o r s  w i l l  s h i f t  and make an i n c r e a s in g

c o n t r i b u t i o n  to  th e  7 1 2 0  cm”  ̂ p eak .

For w eakly  b a s i c  s o l v e n t s  th e  e f f e c t  i s  s o  g r e a t  t h a t  

th e r e  i s  an in c r e a s e  in  i n t e n s i t y  in  th e  r e g io n  d e s p i t e

th e  s u g g e s t io n  th a t  th e  (^ ^ ) fp e e  groups are  b e in g  s c a v e n g e d .  

However, P a q u ette  and J o l i c o e u r  d id  n o t  r e c o g n i s e  t h i s  and 

i n t e r p r e t e d  t h e i r  i n c r e a s e  in  term s o f  a ' s t r u c t u r e  b r e a k in g '  

e f f e c t .

From th e  r e s u l t s  o b ta in e d  in  t h i s  work i t  i s  n o t  p o s s i b l e  

t o  prove  th e  l o s s  o f  groups on a d d i t io n  o f  a weak

b a se  a lth o u g h  the  s p e c t r a  o b ta in e d  e x p e r im e n t a l ly  co u ld  be  

r e - g e n e r a t e d  u s in g  th e  Dupont Curve A n a ly se r  by a d e c r e a s e  in
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th e  peak  and t h e  a p p earan ce  o f  a new band w i t h i n  th e

same r e g i o n .

The s u g g e s t i o n  t h a t  th e  i n c r e a s e  i n  i n t e n s i t y  i s  ca u se d  

by a g a in  in  t h e  c o n c e n t r a t i o n  o f  groups can b e

d is p r o v e d  u s i n g  r e s u l t s  from  t h e  fu n d a m en ta l  OH s t r e t c h i n g  

r e g i o n  f o r  HOD i n  D^O. On a d d i t i o n  o f  a w eak ly  b a s i c  s o l v e n t  

su c h  as m eth y l c y a n id e  t h e r e  i s  no g ro w th  in  th e  

r e g io n  o f  3 6 6 O cm”  ̂ a s  shown i n  F ig u r e  A .1 2 .

There i s ,  h o w ev er , e v id e n c e  f o r  a band  in te r m e d ia t e  b e tw e e n  

t h e  p o s i t i o n  and b u lk  w a te r  w h ich  c o n f ir m s  t h e

c o n c l u s i o n  t h a t  on a d d i t i o n  o f  w e a k ly  b a s i c  s o l v e n t s  t o  w a t e r ,  

weak hyd rogen  b o n d in g  o c c u r s  and t h a t  bands can  b e  a s s ig n e d  

t o  t h i s  OH B u n i t .

A . 1 .5  Computer A n a ly s i s  o f  t h e  R e s u l t s

As can b e  s e e n  from t h e  a ttem p t  t o  d e c o n v o lu te  th e  HOD 

sp e c tru m , th e  h e ig h t  at 71 20  cm  ̂ was n o t  due c o m p le te ly  t o  

( o k ) f r e e  groups b u t  c o n ta in e d  a ' t a i l *  from t h e  (O ^ )^eak iy  

bound PGBks. Even i f  a l l  th e  (OH)^^^^ groups were sc a v en g ed  

t h e r e  would b e  a c o n s id e r a b le  r e s i d u a l  a b s o r p t io n  w hich  th e  

cu r v e  r e s o l v e r  s tu d y  has e s t im a t e d  t o  b e  60%  o f  th e  t o t a l  

peak h e i g h t .  I f  th e  r e m a in in g  kOfo o f  t h e  peak  h e ig h t  i s  

c o n s id e r e d  t o  b e  e q u iv a le n t  t o  a l l  t h e  g r o u p s , th e

ch an ges  on a d d i t io n  o f  b a s e s  c a n  b e  r e - s t a t e d  in  term s o f  

'p e r c e n ta g e  l o s s  o f

M ention h as  a lr e a d y  b e e n  made o f  t h e  c o n t r o v e r s y  

su r ro u n d in g  th e  e s t i m a t i o n  o f  th e  c o n c e n t r a t i o n  o f  (OH), 

groups in  pure w a te r  w ith  v a lu e s  r a n g in g  from 7 1 . 5  -  0 . 1%'
f r e e  

.16
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An a ttem p t h as  b e e n  made t o  e s t i m a t e  t h i s  c o n c e n t r a t i o n  from  

t h e  n e a r  in f r a r e d  r e s u l t s  b y  com p u ter  s i m u l a t i o n  o f  t h e  

ch an ge  in  c o n c e n t r a t i o n  on a d d i t i o n  o f  b a s e  f o r

d i f f e r e n t  c o n c e n t r a t i o n s  o f  ( ^ ^ ) f p e e  groups i n  pure w a t e r .

C o n s id e r in g  t h e  e q u i l i b r i u m ,

(O H )tound -  ( O H )fr e e  + ( ^ ^ f r e e

w h ich  l e a d s  t o  t h e  e q u i l ib r iu m  c o n s t a n t ,

K = r (O H )free ]  [ ( ^ ) f r e e l

^OH)bound]

w it h  c o n c e n t r a t i o n s  e x p r e s s e d  i n  term s o f  t h e  number o f  OH 

groups i n v o l v e d ,  as d i s t i n c t  from  t h e  number o f  w a te r  g r o u p s .

(^^)bound "

I n i t i a l  1 0 0
c o n c e n t r a t io n

E q u il ib r iu m
c o n c e n t r a t io n  1 - x  x  x

. .  K = j £  (IV )
1 - X

On in tr o d u c in g  th e  b a s e ,

(O H )free Base  > OH-----Base (V)

( t h e  e q u a t io n  i s  c o n s id e r e d  i r r e v e r s i b l e )

I f  y  m oles o f  monobase are  ad d ed ,

(OH)tound "----------------------------  ̂ + °H— Base

1 - X  X  x - y  X  y

.'. K = x ( x - y )  (V I )
1 - X
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T aking any r e a s o n a b le  v a lu e  f o r  t h e  p e r c e n t a g e  o f  

p r e s e n t  i n i t i a l l y  i n  t h e  pure w a t e r ,  K can  b e  c a l c u l a t e d  

from  e q u a t io n  ( I V ) .  Assum ing t h a t  K d oes  n o t change  

a p p r e c ia b ly  on a d d i t i o n  o f  b a s e ,  y  m o les  o f  b a s e  can  b e  added  

and ( x - y )  t h e  new f r a c t i o n  o f  n on -b on d ed  OH groups a t  

e q u i l ib r iu m  can  b e  c a l c u l a t e d .

The com puter program in  A ppendix  1 was u s e d  t o  do t h i s  

b y  f i r s t  r e - a r r a n g in g  e q u a t io n  ( V l ) .

K(1 - x )  = x^ -  x y

K -  Kx = x^ -  xy

x^ -x y  + Kx -  K = 0

A p p ly in g  th e  g e n e r a l  q u a d r a t ic  fo r m u la  x  = -b+Yb^-hac and
2a

c h o o s in g  th e  r o o t  w h ich  g i v e s  a s e n s i b l e  an sw er , x - y  i s  

c a l c u l a t e d .  The com puter  program a l lo w s  f o r  a d d i t i o n  o f  

d i f f e r e n t  amounts o f  b a s e  and p r o d u c e s  a p l o t  o f  l o s s  o f  

(O H )free  a g a in s t  added b a s e  c o n c e n t r a t i o n .  T h is  i s  shown in  

F ig u r e  A ,10 when d i f f e r e n t  i n i t i a l  c o n c e n t r a t io n s  o f  

f o r  pure w a te r  are c o n s id e r e d .  The e x p e r im e n ta l  l o s s  on 

a d d i t i o n  o f  b a s e  i s  a l s o  p l o t t e d  and can b e  s e e n  t o  a g r e e  w ith  

a v a lu e  o f  about 4-5% f o r  th e  c o n c e n t r a t i o n  o f

T h is  v a lu e  would seem a r e a s o n a b le  one b u t  i t  must b e

c o n s id e r e d  as very  approxim ate as e r r o r s  in  c a l c u l a t i n g  i t  

are  l a r g e .  D i f f e r e n c e s  in  peak h e i g h t  on add ing  b a s e  are  

s m a l l ,  r e s u l t i n g  in  l a r g e  e r r o r s  and th e  e s t i m a t i o n  o f  th e  

p e r c e n t a g e  o f  th e  peak a t  7120 cm"  ̂ b e in g  due t o  

groups i s  s u b j e c t i v e .  However, a m e a n in g fu l  v a lu e  i s  o b ta in e d  

and t h e  r e s u l t s  are c o n s id e r e d  t o  b e  u n iq u e  and i n f o r m a t iv e .

Luck and D i t te r ^ ^  e s t im a te d  a v a lu e  o f  ca.12%  

a t  25^0 from s t u d i e s  o f  HOD in  D^O in  th e  7120 cm  ̂ r e g io n  over
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F ig u r e  A .10 Computer p l o t  o f  l o s s  o f  a g a in s t

added b a s e  c o n c e n t r a t i o n  f o r  d i f f e r e n t  i n i t i a l  c o n c e n ­

t r a t i o n s  o f  (OH)^j.^^ f o r  pure  w a t e r .

(----------------- E x p er im en ta l  Curve)

 ̂ 80

096 092 0 88 0 84
Mole Fraction of Water

060

a w ide tem p era tu re  r a n g e .  T h is  i s  c o n s id e r a b ly  g r e a t e r  th a n  

th e  v a lu e  q uoted  h e r e ,  b u t  i s  p r o b a b ly  an up p er  l i m i t  r a t h e r  

th an  a p r e c i s e  v a l u e .  T h e ir  h ig h  te m p era tu re  r e s u l t s  r e l a t e  

t o  th e  m o le c u le  HOD w h i l s t  th e  room tem p era tu re  r e s u l t  i s  

f o r  th e  s p e c i e s  ^ 0 — H h a v in g  t h r e e  hydrogen  b o n d s .

E x t i n c t i o n  c o e f f i c i e n t s  f o r  th e  two s p e c i e s  w i l l  d i f f e r  and 

Luck a l s o  has th e  problem  o f  c o n t r i b u t i o n s  from o th e r  bands  

t o  th e  a b so r p t io n  at 7120 cm .



53

A . 1 .4  I n f r a r e d  R e s u l t s

49B rin k  and F a lk  c o n d u c te d  a t y p i c a l  s tu d y  o f  HOD in  

DgO w ith  a d d i t i o n  o f  DM80, b y  m o n ito r in g  t h e  fu nd am en ta l OH 

s t r e t c h  in  t h e  in f r a r e d  r e g i o n .  The s p e c t r a  w ere  v e r y  b r o a d ,  

making s m a l l  ch a n g es  d i f f i c u l t  t o  d e t e c t ,  suid as no s i g n i f i c a n t  

ch a n g es  o c c u r r e d ,  t h e y  c o n c lu d e d  t h a t  DMSO d id  n o t  have any 

n o t a b le  e f f e c t  on t h e  s t r u c t u r e  o f  w a t e r .

T h is  work has b e e n  r e p e a t e d  and t h e  same r e s u l t s  

o b ta in e d  b u t  a d d i t i o n a l  in fo r m a t io n  was a c q u ir e d  b y  f r e e z i n g  

th e  s o l u t i o n s  t o  g l a s s y  s o l i d s  a t  low  t e m p e r a t u r e s .  Only 

s o l u t i o n s  e x h i b i t i n g  no p h a se  s e p a r a t i o n  on s o l i d i f i c a t i o n  

were u s e d .  Where p h a se  s e p a r a t i o n  d id  o c c u r  i t  r e s u l t e d  in  

a sudden b r e a k  in  a smooth band or  a d i s t o r t e d  b a s e l i n e  and 

t h e s e  r e s u l t s  have b e e n  ig n o r e d .  The g l a s s y  s o l i d s  were  

c o n s id e r e d  as i n f i n i t e l y  v i s c o u s  l i q u i d s  and t h e  v iew  was 

ta k en  t h a t  t h e i r  s t r u c t u r e  r e s e m b le s  t h a t  o f  t h e  ' s t a t i c *  

s t r u c t u r a l  f e a t u r e s  o f  th e  l i q u i d .

A lth ough  a s y s t e m a t i c  s tu d y  o f  s e v e r a l  b a s e s  was 

im p o s s ib le  due t o  th e  d i f f i c u l t y  o f  o b t a in in g  good g l a s s e s ,  

some s p e c t r a  were o b ta in e d  w h ich  showed a d d i t i o n a l  d e t a i l s  

from t h o s e  o b ta in e d  i n  th e  l i q u i d  s t a t e .

F ig u r e  A .11 shows a low  tem p era tu re  spectru m  o f  aqueous  

d im e th y ls u lp h o x id e  w hich  has a b road  band in  t h e  33 0 0  cm"  ̂

r e g io n  and s h o u ld e r s  a t  ^-3230 cm~  ̂ and *^3420 cm"  ̂ w hich  were  

not v i s i b l e  a t  room te m p e r a tu r e .

S p e c tr a  were o b ta in e d  f o r  t h e  w a te r /m e th y l  c y a n id e  and 

w a ter /h exam eth y lp h osp h oram id e  sy s te m s  as shown in  F ig u r e s  

A .1 2 and A .1 3 and a l l  th r e e  b a s e s  e x h i b i t e d  p ea k s  in  a 

s i m i l a r  manner t o  one a n o th e r .
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F ig u r e  A .11 I n fr a r e d  A b so r p t io n  In th e  OH s t r e t c h i n g  

r e g io n  f o r  HOD in  D^O c o n t a i n i n g  0 . 1 8 a f  d lg ie th y le u lp h o x id e  

A) 25°C B) ~15*C C) -1 2 5 ^ 0
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F ig u r e  A .12 I n f r e r e u  a b s o r p t io n  In th e  OH s t r e t c h i n g

r e g io n  f o r  HOD in  DoO c o n t a in i n g  O . l lm f  m ethyl c y a n id e , 

a ) 25°C B)-115®C
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F le u r e  A.11 I n f r a r e d  a b s o r p t io n  In th e  OH s t r e t c h i n g  r e g io n

f o r  HOD in  D^O c o n t a i n i n g  0 . 1 1mf HMPA A) 2 5 °C B) - 2 5 °C C)-125^C

in
CO

1 1
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As d i s c u s s e d  i n  t h e  p r e c e e d in g  s e c t i o n  ( A .1 . 2 )  th e  

b a s e s  were th o u g h t  t o  a c t  a c c o r d in g  t o  th e  e q u a t io n ,

^^2^^bulk
H H

H

p lu s  Base

—B X
The m ajor f e a t u r e  a t  ^ 3300  cm”  ̂ was a s s ig n e d  t o  b u lk  

w a te r  and appeared  a t  h ig h e r  f r e q u e n c i e s  th a n  t h e  pure i c e  

band due t o  t h e  i n c l u s i o n  o f  a l a r g e r  range o f  hydrogen  bond  

l e n g t h s  and bond a n g le s  (HOD i n  D^O a t  -125°C  has a narrow  

band at 3280 cm”  ̂ ) .

The s h o u ld e r s  a t  3230  cm~^ and 3420  cm~  ̂ appeared  t o  

be independant o f  b a s e  and w ere a s s ig n e d  t o  bonds X and p  

r e s p e c t i v e l y .  Both bonds were due t o  th e  f r e e  lo n e  p a i r  

g r o u p s ,  th e  p  bond b e in g  p r e d i c t e d  t o  b e  w eaker th an  an 

av erage  w a te r  bond and s o  a p p e a r in g  on th e  h ig h  fr e q u e n c y  

s i d e  o f  th e  b u lk  w a ter  b an d , w h ereas  t h e  ^ bond w i l l  be  s t r o n g e r  

than  a v era g e  and c o u ld  r e s u l t  i n  th e  band at 3230 cm \

The band (oc) due t o  w a te r  bonded t o  b a s e  which would  

be s o lv e n t -d e p e n d a n t  was n o t  o b se r v e d  and i t  was c o n c lu d ed  t h a t  

i t  was c o n c e a le d  b e n e a th  th e  b r o a d ,  b u lk  w a te r  band on a l l  

o c c a s i o n s .  The c l o s e n e s s  o f  t h e  two bands would e x p l a i n  th e  

la c k  o f  s h i f t  o b se rv ed  a t  room te m p era tu re  and th e  two (LP). 

bands m ere ly  add t o  th e  o v e r a l l  w id th  o f  th e  band.
f r e e
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A .1 . 5  NMR work

I n f r a r e d  and nmr t e c h n iq u e s  ca n n o t  s o l v e  a l l  t h e  p rob lem s  

i n d i v i d u a l l y ,  b u t  must b e  u se d  t o  com plement one a n o th e r .  Most 

nmr s t u d i e s  o f  w a t e r /b a s e  s y s te m s  f o c u s  a t t e n t i o n  on th e  w a te r  

p r o to n s  a l th o u g h  some s o l v e n t  n u c l e i  can  b e  m o n ito r e d .  The 

w a te r  p r o to n s  r e s u l t  i n  a s i n g l e  narrow peak  w h ich  i s  an 

a v e r a g e  o f  a l l  th e  s i g n a l s  from  ound ^ ^ free*  On 

i n c r e a s i n g  th e  t e m p e r a tu r e ,  t h e  band s h i f t s  t o  h ig h  f i e l d  due 

t o  a g e n e r a l  w ea k en in g  o f  a l l  t h e  b o n d s .

C hem ical s h i f t s  are  m easured r e l a t i v e  t o  a r e f e r e n c e  

s i g n a l  and b o th  t h i s  and th e  sam p le  spectrum  must b e  d i s p la y e d  

s im u l t a n e o u s l y .  In  aqueous m ix tu r e s  t h e  s h i f t  o f  th e  w a te r  

p r o to n s  i s  o f t e n  m easured w ith  r e s p e c t  t o  some p eak  i n  th e  

s o l u t e  jspectrum b u t  t h i s  method becom es u n s a t i s f a c t o r y  when 

i n t e r a c t i o n s  b e tw een  th e  s o l u t e  and w a te r  c a u se  th e  r e f e r e n c e  

s i g n a l  t o  move. A l t e r n a t i v e l y ,  a t h i r d  n o n - i n t e r a c t i n g  

component may be added as a r e f e r e n c e  or  an e x t e r n a l  s ta n d a rd  

u s e d ,  b u t  th e  n eed  f o r  b u lk  s u s c e p t i b i l i t y  c o r r e c t i o n s  may

d e c r e a s e  th e  a c c u r a c y .
50 1Glew e t . a l .  m easured H nmr c h e m ic a l  s h i f t s  f o r  aqueous  

s o l u t i o n s  o f  s e v e r a l  b a s e s  and a t  h ig h  s o l u t e  c o n c e n t r a t io n  

o b se r v e d  s h i f t s  t o  h ig h  f i e l d  a r i s i n g  from th e  fo r m a t io n  o f  

weak w a t e r - s o l u t e  hydrogen  bonds and th e  l o s s  o f  s t r o n g  w a t e r -  

w a te r  hydrogen b o n d s .  Sm all s o l u t e  c o n c e n t r a t io n s  showed a 

low  f i e l d  s h i f t  in  some c a s e s  i n d i c a t i n g  s t r o n g e r  w a te r -w a te r  

hydrogen  bonds due t o  fo r m a t io n  o f  a w a t e r - s h e l l  around th e

w ea k ly  i n t e r a c t i n g  i n t e r s t i t i a l  n o n - e l e c t r o l y t e s .
51Wen and H ertz  a l s o  o b t a in e d  i n i t i a l  d o w n f ie ld  s h i f t s  

f o r  w a te r /b a s e  sy s te m s  w hich th e y  decomposed i n t o  'p o la r *  smd 

'n o n -p o la r *  c o n t r i b u t i o n s .  They^^ and Oakes^^ c o n c lu d e d  t h a t
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t h e  i n i t i a l  d o w n f ie ld  s h i f t  was n o t  s im p ly  th e  r e s u l t  o f  

a s t r u c t u r a l  e f f e c t  h u t  had c o n t r i b u t i o n s  from  th e  b a s i c i t y  

or  a c i d i t y  o f  t h e  c o s o lv e n t  r e l a t i v e  t o  w a t e r .

rH C\ / H
A

OR

H— 0

The b a s e  B w i l l  form h y d ro g en  bonds w i th  th e  p r o to n s

o f  th e  w a te r  m o le c u le  and i f  t h e  B HOH bond i s  s t r o n g e r

th a n  th e  normal w a te r -w a te r  bond  th e n  a d o w n f ie ld  s h i f t  w i l l  

b e o b se r v e d .  A f u r t h e r  d o w n f ie ld  s h i f t  w i l l  be in d u ced  i f  

i t  i s  v e r y  s t r o n g  as t h i s  w i l l  c a u s e  th e  oxygen lo n e  p a i r s  

t o  become more b a s i c  and h en ce  a b le  t o  form s t r o n g e r  hydrogen  

bonds w ith  n e ig h b o u r in g  w a te r  m o le c u le s .

A s o l u t e ,  A, w hich  i s  more a c i d i c  th an  w a te r  w i l l  form  

hydrogen  bonds t o  th e  oxygen atoms o f  w a te r .  T h is  w i l l  

i n c r e a s e  th e  a c i d i t y  o f  th e  w a te r  p r o to n s  and c a u se  a s l i g h t  

d o w n f ie ld  s h i f t .

In t h e i r  nmr s tu d y  o f  b in a r y  s o l v e n t  m ix tu r e s  K in g sto n  

and Symons^^ i n t e r p r e t e d  th e  r e s u l t s  in  term s o f  th e  a c id /b a s e  

b e h a v io u r  and th e  g a in  or  l o s s  o f  g r o u p s .  A l l

s o l v e n t s  were found  t o  have some c o n t r i b u t i o n  from b o th  ty p e s  

o f  b e h a v io u r  b u t in  d i f f e r e n t  p r o p o r t io n s .  B u lk y , n e a r -  

s p h e r ic a l  groups w hich  in d u ce  w a t e r  c l a t h r a t e s  t o  form , r e s u l t  

in  a s c a v e n g in g  o f  (O ^)fpeg g r o u p s .



60

A . 1 . 6 NMR R e s u l t s

The r e s u l t s  o b t a in e d  in  t h e  w a te r  r i c h  r e g io n  a re  

sum m arised i n  F ig u r e  A .1 4 .  W ith t h e  e x c e p t i o n  o f  a few  v e r y  

weak b a s e s  t h e r e  i s  an i n i t i a l  p l a t e a u  r e g io n  and i n  some 

c a s e s  a s h i f t  t o  low f i e l d  b e f o r e  th e  su b se q u e n t  l i n e a r  t r e n d  

t o  h ig h  f i e l d .  The r e s u l t s  a re  i n  agreem ent w i th  t h o s e  o b ta in e d  

b y  o t h e r  workers^^*^^ and can b e  i n t e r p r e t e d  in  term s o f  t h e  

l o s s  o f  (OH )fpee groups w hich  was p r e v i o u s l y  d e t e c t e d  i n  t h e  

n e a r  i n f r a r e d .

NMR ' s e e s '  th e  p r o to n s  o f  t h e  groups as s i m i l a r

t o  t h e  p r o to n s  i n  th e  w a te r  monomer and th e y  must make a 

c o n s id e r a b l e  u p f i e l d  c o n t r i b u t i o n  t o  t h e  normal w a te r  r e s o n a n c e .  

I f  th e y  are  removed b y  a b a s e  t h e  w a te r  r e so n a n c e  w i l l  be  

s h i f t e d  d o w n f ie ld .

The low te m p e r a tu r e  in f r a r e d  r e s u l t s  s u g g e s t e d  t h a t  w h i le  

p r o to n s  hydrogen bonded t o  s t r o n g l y  b a s i c  c o s o l v e n t s  

e x p e r ie n c e d  v e r y  l i t t l e  s h i f t ,  t h o s e  a s s o c i a t e d  w i t h  th e

'g r o u p s '  were s h i f t e d  up and p o s s i b l y  a l s o  down, f i e l d .

%
\

' X, ■ X
There are tw ic e  as many p  p r o to n s  c a u s in g  an u p f i e l d  

s h i f t  as th e r e  are "6 p r o to n s  c a u s in g  a d o w n f ie ld  s h i f t  s o  th e  

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

groups sh ou ld  be u p f i e l d .

In th e  c a s e  o f  th e  weak b a s e s  such  as m e th y lc y a n id e  th e

B HOH p ro to n s  are s h i f t e d  u p f i e l d  and t h i s  t o g e t h e r  w ith

t h e  u p f i e l d  s h i f t  from th e  p r o to n s  outway th e  l o s s
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F ig u r e  A .1k Proton  r e so n a n c e  s h i f t  f o r  w a te r  ae: a f u n c t i o n

o f  th e  mole f r a c t i o n  o f  added b a s e .

LO (3 O  i£îCNJ ÇSJ r“ p
Ô  Ô  ^  Ô  Ô  

(  ULi c l  d )  a j n y  o ;  a A ^ e i a y  u ' M S
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o f  (O H )free  groups c a u s in g  an im m ed iate  u p f i e l d  s h i f t  w i th  no  

p l a t e a u  r e g io n  b e in g  o b s e r v e d .  In a l l  c a s e s  th e  l o s s  o f  

(O H )free  w i l l  n o t  b e  as  l a r g e  as  e x p e c t e d  due t o  t h e

r e a d ju stm e n t  o f  e q u i l ib r iu m  ( l ) .
53K in g s to n  and Symons s t u d i e d  t h e  e f f e c t  o f  b a s e  on 

m ethanol b y  m o n ito r in g  t h e  s h i f t  i n  t h e  m ethanol OH r e s o n a n c e .  

The a d d i t io n  o f  b a s e  c a u s e s  a r a p id  u p f i e l d  s h i f t  w i t h  no 

i n i t i a l  p la t e a u  r e g i o n .  In t h i s  i n s t a n c e  th e r e  i s  no d o w n f ie ld  

c o n t r i b u t i o n  a s s o c i a t e d ,  as i t  was i n  t h e  w a te r  c a s e ,  w i t h  an 

i n i t i a l  l o s s  o f  groups and i s  in  agreem ent w i t h  th e

s u g g e s t i o n  ( s e e  S e c t i o n  B .2 )  t h a t  t h e r e  are no 

grou p s i n  m ethanol a t  room te m p e r a tu r e .

A . i .7  Computer s im u l a t i o n

The nmr r e so n a n c e  f o r  w a te r  c o n t a in s  c o n t r i b u t i o n s  from  

p r o to n s  in  en v iro n m e n ts  ra n g in g  from bonded t o  c o m p le te ly  f r e e .  

I f  th e  s h i f t  f o r  p r o to n s  i s  and f o r  (0%

p r o to n s  i s  A  ̂ th e n  th e  o b se r v e d  s h i f t  f o r  pure w a te r  i s  g iv e n
j

as

Observed s h i f t  = ^0H)free1 *  *1 + ^°^^boundl ^ *

t o t a l  ^ h]  t o t a l  [oh]

To p r e d i c t  a s h i f t  f o r  w a ter  w i t h  added m onobase, an OH Base

s h i f t  must be c h o s e n ,  th e n

O bserved s h i f t  = | o H ) ^ ^ e j ^ ^^^^boundJ
t o t a l  [oî  t o t a l  [oh]

X

Ar foH b] X  s h i f t  OH B
t o t a l  [oh]
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The com puter program o f  A ppendix Two p r e d i c t s  th e  s h i f t  on 

s u c c e s s i v e  a d d i t io n s  o f  b a s e  and p l o t s  t h e  r e s u l t s  as shown 

in  F ig u r e  A .15 f o r  v a l u e s  o f  2 ,  U» 6 and Q% i n  pure

w a t e r .  The d i f f e r e n t  c u r v e s  on ea c h  p l o t  a r i s e  from t a k in g

d i f f e r e n t  v a lu e s  f o r  t h e  OH B ase s h i f t ,  as w i l l  o c c u r  f o r

b a s e s  o f  d i f f e r i n g  s t r e n g t h s .

The f o l l o w i n g  a s su m p t io n s  have t o  b e  made,

1 .  The OH^ound r e s o n a n c e  p o s i t i o n  d o e s  n o t  change o v e r  th e  

0 . 8 — » 1 .0  mf o f  w a t e r  s t u d i e d .

2 .  The OH Base r e so n a n c e  p o s i t i o n  d o es  n o t  change o v e r  th e

0 . 8 — > 1 .0  mf o f  w a te r  s t u d i e d .

3 .  The e q u i l ib r iu m  c o n s t a n t ,  K, d o es  n o t  ch a n g e .

The s h i f t s  show a r e a s o n a b le  s i m i l a r i t y  w i t h  th e  

e x p e r im e n ta l  c u r v e s  w i t h  an i n i t i a l  d ip  o r  p la t e a u  r e g io n  

b e f o r e  an u p f i e l d  s h i f t .  T h is  i s ,  h o w ev er ,  a v e r y  s im p le  

approach and can be made more s o p h i s t i c a t e d  by d eep er  

c o n s i d e r a t i o n  o f  v a r io u s  hydrogen  bond s t r e n g t h s .

1 - z  Z Z

S tr e n g th  o f  bonds;  n=norm al, s = s t r o n g ,  w=weak.

B ulk  s h i f t  = z X s h i f t  + 2z x s h i f t  (OH)^ +

z X s h i f t  (OH)g + 2z X s h i f t  (OH)^ +

z X s h i f t  (OH)g + ( l - z - 6 z )  x s h i f t  (OH)^



e u

On a d d i t i o n  o f  y  m oles  o f  m ondbase.

V o

V  . ' X "
<  X H, / I  /" H.

B

1 - z  z z - y

O bserved s h i f t  = ( z - y )  x  s h i f t  + y x s h i f t  (OH B)

+ 2 ( z - y )  X  s h i f t  (OH)^ + ( z - y )  x  s h i f t  (OH)^

+ 2 z  X s h i f t  (OH)^ + z X s h i f t  (OH)^ +

( 1 - z - 3 ( z - y ) - 3 z )  X s h i f t  (OH)^

The com puter p l o t s  shown in  F ig u r e  A . I 6 are  a r e s u l t  

o f  t h i s  more s o p h i s t i c a t e d  approach  b e in g  em ployed i n  th e  

com puter program o f  Appendix Three f o r  v a r io u s  c o n c e n t r a t io n s  

o f  groups in  pure w a t e r .  The e x p e r im e n ta l  r e s u l t s ,

a l s o  p l o t t e d ,  show t h a t  a k%  c o n c e n t r a t i o n  o f  (OH)^^^^ groups  

g i v e s  t h e  b e s t  f i t  f o r  DM80, THF and MeCN. The agreem ent i s  

good c o n s id e r in g  th e  s i m p l i s t i c  approach u se d  and th e  

a ssu m p tio n s  w hich  are made.
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F ig u r e  A .15 Computer s im u l a t i o n  o f  p r o to n  reso n a n c e

s h i f t s  f o r  w a te r  es a f u n c t i o n  o f  th e  mole f r a c t i o n  o f  

added b a s e ,  f o r  v a r io u s  c o n c e n t r a t i o n s  o f

Q. 5 0

5 2

6% 8%

•90 86 82 98 94 90

Mole Fraction of Water
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F ig u r e  A . 1 6 _____The com puter s im u l a t i o n s  o f  F ig u r e  A ,15

c o r r e c t e d  t o  a cco u n t f o r  a more s o p h i s t i c a t e d  a p p ro a ch .

47

4 8

49

Q-

52

94 90 86 82•9886 8294 9098
Mole Fraction of Water
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F ig u r e  A. 17 Computer s im u la t io n  o f  F le u r e  A. 16  

f o r  a U% c o n c e n t r a t i o n  o f  w ith  th e  a d d i t i o n

o f  e x p e r im e n ta l  p l o t s .

46

i
&4 7

^ 4 8 
c o
J
Û. 4  9

k
ê .50
cr.

5'1

MeCN

DM50

THF

5 2 096 092 088
Mole Fraction of Water

064 080
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A .2 Aqueous s o l v a t i o n  o f  a l c o h o l s

A .2.1 P re v io u s  nmr and i n f r a r e d  work

The s tu d y  of  w a t e r - a l c o h o l  m ix t u r e s  by nmr t e c h n iq u e s  

has  been  l i m i t e d  by th e  f a s t  r a t e  o f  h y d ro x y l  p r o t o n  exchange 

on t h e  nmr t i m e s c a l e  i n  t h e  w a t e r - r i c h  r e g i o n .  The s h i f t  of  

t h e  c o a l e s c e d  peak i s  g e n e r a l l y  a s s i g n e d  t o  th e  w a t e r  p r o t o n s  

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

Glew e t . a l .  , s t u d y i n g  t h e  e f f e c t s  of  t - b u t a n o l  on 

w a t e r  u s i n g  nmr s p e c t r o s c o p y ,  found  an i n i t i a l  d o w n f ie ld  

s h i f t  of  th e  averaged  h y d rox y l  r e s o n a n c e  fo l lo w ed  by  an 

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

Subsequent  workers^^ found  t h a t  t h o s e  a l c o h o l s  which 

a re  s o l u b l e  in  w a t e r  i n  a l l  p r o p o r t i o n s  e x h i b i t  a minimum in  

t h e  p l o t  of nmr s h i f t  v e r s u s  mole f r a c t i o n  which v/as a t t r i b u t e d  

t o  an i n i t i a l  s t r u c t u r i n g  fo l lo w ed  by a s t r u c t u r e  breakdown 

as th e  a lc o h o l  c o n c e n t r a t i o n  i n c r e a s e d .  ^Butanol  p roduced  

t h e  l a r g e s t  do w n f ie ld  s h i f t  in  t h e  a l c o h o l  s e r i e s  and t h e  

^ b u ta n o l  molecule  was assumed t o  f i t  sn u g ly  w i t h i n  the  w a te r  

l a t t i c e  and a t  t h e  same t im e ’t i g h t e n  u p ’ th e  hydrogen bonding  

o r  i n c r e a s e  the  amount o f  i t  a round th e  a lc o h o l  molecu le  

r e s u l t i n g  in  an i n i t i a l  do w n f ie ld  s h i f t .  There i s  a l i m i t  

t o  th e  amount of s t r u c t u r i n g  p o s s i b l e  w i t h i n  th e  w a te r  l a t t i c e  

and once t h i s  i s  reached  no f u r t h e r  i n c r e a s e  i s  p o s s i b l e .

As more a lc o h o l  i s  added t h e r e  a re  i n s u f f i c i e n t  w a te r  m olecu les  

a v a i l a b l e  t o  form hydrogen  bonded u n i t s  and a n e t  breakdown 

of  s t r u c t u r e  r e s u l t s  and hence a su b seq u e n t  u p f i e l d  s h i f t .

This  e x p la n a t i o n  i s  l e s s  c o m p e l l in g  in  th e  case  of  

methanol  which a l s o  c a u se s  a s h i f t  t o  lov/ f i e l d  b u t  does not
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c o n t a in  a b u lk y  g rou p . C o n t r ib u t io n s  t o  t h e  s h i f t  may come 

from  th e  a c i d / b a s e  e f f e c t  d i s c u s s e d  e a r l i e r  i n  S e c t i o n  A .1 ,5  

and t h i s  p o s s i b i l i t y  was s t u d i e d  by K in g s to n  and Symons 

b y  m o n ito r in g  th e  e f f e c t  o f  t e m p e r a tu r e .  They c o n c lu d e d  th a t  

th e  ^ b u ta n o l  e f f e c t  was a lm o st  e n t i r e l y  s t r u c t u r a l  i n  n a tu r e  

b u t  t h a t  t h e  m e th a n o l /w a te r  s y s te m  had a l a r g e  a c i d / b a s e  

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

S t u d ie s  o f  w a te r  and ^ b u ta n o l  u s i n g  th e  f i r s t  o v e r to n e  

in f r a r e d  reg ion ^ ^  showed a c l e a r  l o s s  o f  groups on

i n i t i a l l y  add ing  th e  a l c o h o l ,  f o l l o w e d  by a r e g io n  o f  

i n s e n s i t i v i t y .  The a l c o h o l  was a s s ig n e d  th e  r o l e  o f  s t r u c t u r e  

maker as i t s  a c t i o n  p a r a l l e l e d  t h a t  c a u s e d  b y  a d e c r e a s e  in  

t e m p e r a tu r e .

D e s p i t e  B on n er’ s c l a i m ^  t h a t  th e  ^2 '*’ '̂  co m b in a t io n  

band o f  w a te r  was p a r t i c u l a r l y  u s e f u l  f o r  s tu d y in g  th e  e f f e c t  

o f  a d d i t i o n  o f  a l c o h o l s  as  t h e r e  was no i n t e r f e r e n c e  from  

th e  a l c o h o l i c  OH g r o u p s ,  he lo o k e d  at o n ly  ojie a l c o h o l ,

1 - p e n t a n o l ,  and i d e n t i f i e d  1:1 and 1 : 2  w a te r  : a l c o h o l  co m p le x es .
56Waddington s t u d i e d  th e  e f f e c t s  o f  f o u r  a l c o h o l s  on 

th e  CD s t r e t c h  o f  D^O in  H^O i n  t h e  i n f r a r e d ,  b u t fou nd  l i t t l e  

or  no s h i f t  in  th e  band p o s i t i o n .  T h is  was b e c a u s e  th e  

oxygen  atom o f  w a te r  bonded t o  t h e  CD o s c i l l a t o r  was r e p la c e d  

by an oxygen atom o f  a l c o h o l  and t h i s  was u n l i k e l y  t o  have  

any d ram atic  e f f e c t  on th e  OD o s c i l l a t o r  f r e q u e n c y .
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A .2 . 2  Near in f r a r e d  r e s u l t s

F ig u r e s  A . 19 and A . 20 show t h e  e f f e c t  o f  t h e  a d d i t i o n  

o f  a l c o h o l s  on th e  OH o v e r to n e  sp ectru m  o f  HOD in  th e  n e a r  

i n f r a r e d .  A d d i t io n  o f  t h e  a l c o h o l s  c a u s e s  a marked d e c r e a s e

in  t h e  hand a t  7120  cm ^ a s s ig n e d  t o  (OH) f r e e o s c i l l a t o r s •

A lth o u g h  th e  drop v a r i e s  s l i g h t l y  b e tw e e n  a l c o h o l s ,  ( s e e  

F ig u r e  A .21) i t  i s  w i t h i n  th e  r a t h e r  l a r g e  e x p e r im e n ta l  e r r o r  

and i s  n o t  c o n s id e r e d  t o  be im p o r ta n t .  The l o s s  i s  

com parable t o  t h a t  c a u s e d  by  a d d i t i o n  o f  b a s e ,  r e p o r te d  in  

S e c t i o n  A ,1 . 2 ,  and s u g g e s t s  t h a t  t h e  a l c o h o l s  a re  a c t i n g  as  

m o n o -b a se s .

Mole fraction of added alcohol
02 03 04 0605 07

(CHJXOD

-15

F ig u r e  A .21 Change in  peak h e ig h t  as a f u n c t i o n  o f  

added a l c o h o l .
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Water has an e q u i v a l e n t  number o f  OH groups and lo n e  

p a i r s  and can  b e  c o n s id e r e d  as d i b a s i c  and d i a c i d i c  b u t  th e  

a l c o h o l s  d i f f e r  m arkedly  in  t h a t  t h e y  have  o n ly  one OH group  

and two lo n e  p a i r s .  W h i ls t  w a te r  a t  room tem p e r a tu r e  c o n t a in s  

a p e r c e n t a g e  o f  g r o u p s ,  m eth an o l has o n ly  a n e g l i g i b l e

c o n c e n t r a t i o n ,  as i s  shown in  th e  n e a r  in f r a r e d  r e g io n  where  

w a te r  e x h i b i t s  a peak due t o  ( r e e  such  a b so rb a n ce

i s  v i s i b l e  f o r  m e th a n o l .  Each m o le c u le  o f  a l c o h o l  h as  two 

l o n e  p a i r s  f o r  e v e r y  OH group s o  t h a t  any group can

im m e d ia te ly  b e  s c a v e n g e d  b y  th e  huge e x c e s s  o f  

grou p s t o  g iv e  u n i t s  su c h  as V I I ,

R R ?
0 —H----------0 —H-------- 0 — H"

; V II
II

H
I

R— 0 -----

N o rm a lly ,  in  th e  pure l i q u i d ,  a l c o h o l s  a c t  as mono 

p r o to n  donors and a c c e p t o r s  and th e  e f f e c t s  r o u g h ly  c a n c e l  

b u t d i l u t e  a l c o h o l s  in  w a te r  can  a c t  as d i - p r o t o n  a c c e p t o r s  

on demand, b e c a u s e  o f  t h e i r  s e c o n d  lo n e  p a i r  group and th e  

m o le c u le  th en  appears  t o  b e  a c t i n g  as a mono b a s e .
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A .2 . 3  NMR R e s u l t s

The problem  o f  t h e  r a t e  o f  OH p r o to n  exch a n g e  f o r  

aqueous s o l u t i o n s  o f  a l c o h o l s  h a s  r e c e n t l y  b e e n  overcom e  

by  u s i n g  low te m p e r a tu r e s  and l a r g e l y  d e u t e r a te d  s o l v e n t s .

The r e s u l t s  f o r  some s im p le  a l c o h o l s  are  shown i n  F ig u r e  A .22 

w h ich  d i s p l a y s  t h e  low  f i e l d  s h i f t s  o f  t h e  w a te r  p r o t o n s .

F ig u r e  A .23 shows b o t h  t h e  w a te r  p r o to n  R esonance and th e  

m eth a n o l p r o to n  r e s o n a n c e  as a f u n c t i o n  o f  t h e  mole f r a c t i o n  

o f  m e th a n o l .  Thus, a l th o u g h  p r e v i o u s l y ,  th e  i n i t i a l  d o w n f ie ld  

s h i f t  on a d d i t io n  o f  a l c o h o l  had b e e n  a s s ig n e d  t o  th e  w a te r  

p r o to n s^ ^ ”^ ,  i t  had n o t  b een  e s t a b l i s h e d  e x p e r i m e n t a l l y .

In a l l  c a s e s  t h e  ROH r e s o n a n c e  i s  t o  low f i e l d  o f  th e  

w a te r  reso n a n ce  and t h i s  can  b e  u n d e r s to o d  i f  th e  a l c o h o l s  

are c o n s id e r e d  t o  b e  more a c i d i c  th a n  w a te r  and h en ce  form  

s t r o n g e r  hydrogen bonds t o  a g i v e n  b a s e .  T h is  w ould  a l s o  

e x p l a i n  th e  o b s e r v a t io n  t h a t  b o t h  r e so n a n c e s  s h i f t  o v e r a l l  

t o  h ig h  f i e l d  on g o in g  from w a te r  t o  a l c o h o l .  The w a te r  p r o to n s  

in  an a l c o h o l i c  en v iron m ent are more b a s i c  and are t h e r e f o r e  

t o  h i g h f i e l d  o f  t h o s e  in  w a te r  and t h e  a l c o h o l  OH p r o to n s  in

an aqueous m ix tu re  are  more a c i d i c  and t h e r e f o r e  are  s h i f t e d

t o  low  f i e l d s .  There i s  how ever no c l e a r  agreem ent on th e  

r e l a t i v e  b a s i c i t i e s  o f  w a te r  and a l c o h o l s  and in  f a c t  T a ft  

e t . a l .  have reach ed  th e  o p p o s i t e  c o n c l u s i o n .

I t  i s  im portant t o  n o te  t h a t  t h e  i n i t i a l  d o w n f ie ld

s h i f t  o f  th e  w a te r  p r o to n  r e so n a n c e  o b serv ed  on a d d i t i o n  o f  

^ b u ta n o l  i s  a l s o  p r e s e n t  on a d d i t i o n  o f  m ethanol b u t  no i n i t i a l  

s h i f t  i s  o b serv ed  f o r  th e  a l c o h o l  OH r e s o n a n c e .  P r e v io u s ly  

th e  low f i e l d  s h i f t  o f  ^ b utan ol had b e e n  a s s ig n e d  t o  th e  

fo r m a t io n  o f  ' c l a t h r a t e  cages*  a s  a t  h ig h e r  te m p e r a tu r e s  t h i s  

s h i f t  was reduced t o  z e r o ,  but i t  i s  u n l i k e l y  th a t  m ethanol
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m o le c u le s  en co u ra g e  c a g e  f o r m a t io n .

The e x p l a n a t i o n  u s e d  f o r  t h e  n e a r  i n f r a r e d  r e s u l t s  can  

a l s o  be u se d  t o  u n d e r s ta n d  th e  nmr r e s u l t s .  I f  th e  a l c o h o l  

i s  c o n s id e r e d  t o  b e  d i b a s i c  and i f  th e  e f f e c t s  o f  m on o-d on atin g  

and a c c e p t in g  r o u g h ly  c a n c e l ,  th e n  th e  a l c o h o l s  can  b e  

c o n s id e r e d  as m o n o -b a se s ,
/

o ' ^  X

Hence th e  i n i t i a l  d o w n f ie ld  nmr s h i f t  can  be e x p la in e d  by th e  

l o s s  o f  (OH)fpgg grou p s as a l c o h o l  i s  added.

The p o s i t i o n  o f  th e  a l c o h o l  r e so n a n c e  d o w n f ie ld  o f  t h a t  

o f  th e  w a te r  reso n a n c e  can  p a r t l y  b e  e x p la in e d  s i n c e  th e  

a l c o h o l  m o le c u le s  a c t i n g  as d i b a s e s  w i l l  have in c r e a s e d  a c i d i t y ,  

r e s u l t i n g  in  a d o w n f ie ld  s h i f t  o f  t h e i r  OH o r o to n  r e s o n a n c e .  

I n i t i a l l y  a l l  th e  a l c o h o l s  w i l l  b e h a v e  in  t h i s  way, s c a v e n g in g  

(O H )free  g r o u p s ,  b u t as  th e  a l c o h o l  c o n c e n t r a t io n  i n c r e a s e s  

th e y  w i l l  a c t  as m onobases .
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A . 3 Agueous s o l v a t i o n  o f  am ines and am ides

A .3 .1  P r e v io u s  work

a) Amines
so

S t r a i t  and H r e r o f f  u se d  th e  c o m b in a t io n  bands o f  i n

th e  n e a r  in f r a r e d  t o  s tu d y  a s s o c i a t i o n  o f  t h e  NHg group o f

prim ary  am ines w i t h  r e c o g n iz e d  d on or  and a c c e p t o r  s o l v e n t s .

A r a t i o ,  R, o f  th e  a b so r b a n c e s  o f  t h e  two band p eak s  due t o

(N H )free  ^^^^^bound u se d  t o  i n d i c a t e  th e  ch a n g es  t a k in g

p l a c e  upon a s s o c i a t i o n .  The R v a lu e  was h ig h  f o r  p r o t i c

d o n o r s ,  e . g .  i s o p r o p y l  a l c o h o l ,  w h ich  i n t e r a c t s  w i th  th e  amine

as th e  b a s e  and was much lo w e r  when th e  amine a c t e d  as a

p r o to n  donor t o  s o l v e n t s  w ith  n - e l e c t r o n s  or  l o n e - p a i r

e l e c t r o n s  t o  d o n a te .

In nmr s t u d i e s  o f  hydrogen  b o n d in g  r e l a t i v e l y  l i t t l e

has b e e n  done t o  i n v e s t i g a t e  t h e  i n f l u e n c e  o f  hydrogen  b o n d in g

on th e  nmr s h i f t  o f  th e  atom w h ich  d o n a te s  th e  e l e c t r o n  p a i r

in  form in g  th e  hydrogen  bond. L itchm an e t . a l .^ ^ ' ^ ^ s t u d i e d
1 *5 1 Rn i t r o g e n - 1 5  nmr f o r  NH  ̂ and -^NMe^-solvent m ix tu r e s  and 

assumed th e  s h i f t s  had c o n t r i b u t i o n s  from two t y p e s  o f  

i n t e r a c t i o n s .  1 )  The i n t e r a c t i o n  o f  th e  n i t r o g e n  lo n e  p a i r  

e l e c t r o n s  w ith  s o l v e n t  m o le c u le  p r o to n s  and 2 )  i n t e r a c t i o n  o f  

s o l v e n t  m o le c u le  u n sh a red  e l e c t r o n  p a i r s  w ith  th e  amine p r o to n s  

I t  was co n c lu d ed  t h a t  i n t e r a c t i o n s  o f  th e  f i r s t  ty p e  made 

much l a r g e r  c o n t r i b u t i o n s  t o  th e  s h i f t s  th an  d id  th e  seco n d  

t y p e .

A s i n g l e  c r y s t a l  X -ray s tu d y  o f  s o l i d  ammonia b y  O lovsson  
62and Tem pleton s u g g e s t e d  t h a t  ea ch  ammonia m o le c u le  was 

in v o lv e d  in  s i x  hydrogen  b o n d s .  Each hydrogen o f  th e  ammonia 

m o le c u le  forms a hydrogen  bond and th e  f r e e  e l e c t r o n  p a ir
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form s t h r e e .

In th e  in f r a r e d  r e g i o n ,  h yd rogen  b o n d in g  o f  prim ary  

and s e c o n d a r y  a l i p h a t i c  am ines has  b e e n  s tu d ie d ^ ^ '^ ^  u s i n g  

th e  NH s t r e t c h i n g  v i b r a t i o n .  Hydrogen bonded and f r e e  ITH 

groups are  o b se r v e d  f o r  t h e  am ines i n  CCl^ w h ereas  th e  

o v e r to n e  s p e c t r a  o n ly  c o n t a in s  an a b s o r b t io n  due t o  f r e e  NH 

grou p s e x c e p t  a t  th e  l o w e s t  t e m p e r a t u r e s .

F a lk  s t u d i e d  t h e  i n f r a r e d  sp ectru m  o f  d i l u t e  HOD in  

th e  s o l i d  and l i q u i d  t r im e th y la m in e  h y d r a t e ,  Me^N.IOiHgO.

The OD band d i f f e r e d  o n ly  s l i g h t l y  from t h a t  in  l i q u i d  w a t e r ,  

show in g  th e  same d i s t r i b u t i o n s  o f  hydrogen  bond s t r e n g t h s  in  

th e  two m edia .

Hydrogen b o n d in g  b e tw e e n  am ines and a l c o h o l s  in  th e  gas  

p h ase  was s t u d i e d  b y  H u ss e in  and M i l le n  as i t  had th e  

a d v a n ta g e  o f  b e in g  f r e e  o f  l a t t i c e  v i b r a t i o n s  or  s o l v e n t  i n t e r ­

a c t i o n s  and p r o v id e s  th e  p o s s i b i l i t y  o f  o b s e r v in g  f i n e  s t r u c t u r e  

F req uency  d is p la c e m e n ts  o f  th e  OH s t r e t c h i n g  v i b r a t i o n  p r o v id e d  

a m easure o f  th e  r e l a t i v e  e l e c t r o n  d o n a t in g  a b i l i t i e s  o f  th e

f r e e  am ines in  th e  o rd er  Et^N > Et^NH — Me^N > Me^NH > EtNH^ >

MeNHg > NHj.

b ) Amides

H in ton  and coworkers^^ have u n d er ta k e n  e x t e n s i v e  s t u d i e s  o f

aqueous amide s o l u t i o n s  u s i n g  nmr s p e c t r o s c o p y .  With th e

e x c e p t io n  o f  form am ide, th e  f i r s t  a d d i t i o n  o f  amide t o  w a te r

p ro d u ces  a low f i e l d  s h i f t  in  th e  w a te r  re so n a n c e  p o s i t i o n ,

i n d i c a t i v e  o f  s t r u c t u r e  p ro m o tio n  o r  a ' t i g h t e n i n g *  o f  w a te r
50hydrogen  b o n d s .  F o l lo w in g  th e  model o f  Glew*  ̂ u se d  t o  e x p l a i n  

th e  s t r u c t u r e  prom otion  o b se r v e d  w i th  d i l u t e  aqueous non­

e l e c t r o l y t e  s o l u t i o n s ,  t h e  enhanced hydrogen  b on d in g  b e tw een  

w a te r  m o le c u le s  was e x p la in e d  by s o l u t e  m o le c u le s  s t a b i l i z i n g
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a d ja c e n t  w a te r  i n t o  o r d e r e d ,  h y d ro g en  bonded s h e l l s .  A lso  

co m p e tin g  Is  a h ig h  f i e l d  s h i f t  c a u s e d  b y  amide m o le c u le s  

h yd rogen  bonded t o  w a te r  s i n c e  i t  i s  assumed t h a t  th e  w a t e r -  

amide h yd rogen  bond i s  n o t  as s t r o n g  as th e  w a te r -w a te r  

hydrogen  b o n d .

The s h i f t s  m easured are  t h e  w e ig h te d  a v era g e  o f  t h e s e  

two e f f e c t s  and th e  r e s u l t s  w ould  s u g g e s t  t h a t  th e  i n t e r ­

s t i t i a l  e f f e c t  d om in ates  on f i r s t  ad d in g  th e  amide f o l l o w e d  

b y  a n e t  s t r u c t u r e  b r e a k in g  e f f e c t  w i t h  i n c r e a s e d  amide 

c o n c e n t r a t i o n .  A lth o u g h  t h e  d a ta  f o r  t h e  formamide sy stem  

do n o t  i n d i c a t e  th e  p r e s e n c e  o f  i n t e r s t i t i a l  formamide  

m o le c u le s  t h i s  d o e s  n o t  mean t h e y  do n o t  e x i s t .  B ecause  o f  i t s  

s m a l l  s i z e  i t  i s  p o s s i b l e  t h a t  no w a te r  e x p a n s io n  has t o  ta k e  

p l a c e  and t h e r e f o r e  o n ly  s t r u c t u r e  b r e a k in g  i s  o b se r v e d .

For a l l  sy s te m s  e x c e p t  N -m eth y lfo rm a m id e , N -m e th y l-  

a c e ta m id e  and N -eth y lfo rm a m id e  t h e  h ig h  f i e l d  s h i f t  was 

c o n t in u o u s  on a d d i t i o n  o f  am ide. However, f o r  t h e  above th r e e  

am ides a d ram atic  low  f i e l d  s h i f t  was o b se rv ed  a t  low f i e l d  

c o n c e n t r a t io n  w hich  w ould i n d i c a t e  w e l l - o r d e r e d ,  t i g h t l y  

bonded w a te r  m o le c u le s ,  b u t  was n o t  e x p la in e d  by H in to n .

A d i f f e r e n c e  was a l s o  n o te d  i n  th e  s h i f t s  f o r  th e  c i s  

and t r a n s  NH p r o to n s  o f  form am ide, acetam id e  and propionam ide  

i n  aqueous s o l u t i o n s .  (The d e s i g n a t i o n  i s  r e l a t i v e  t o  th e  

hydrogen  or  a l k y l  groups on carbon.) The s h i f t  o f  th e  t r a n s  

p r o to n  i s  a f f e c t e d  most and a l th o u g h  b o th  c i s  and t r a n s  

p r o to n s  s h i f t  t o  h ig h  f i e l d ,  th e  d i f f e r e n c e  w ould  s u g g e s t  

s t r o n g e r  hydrogen  b o n d in g  at th e  c i s  p o s i t i o n .

Hydrogen b o n d in g  a t  th e  c a r b o n y l  oxygen was s u g g e s te d  

b y  th e  re so n a n ce  p o s i t i o n  o f  t h e  carb on  n u c le u s  s h i f t i n g  t o  

low f i e l d  in  aqueous formamide r e l a t i v e  t o  pure formam ide.
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A .3 .2  NIR r e s u l t s  f o r  am ines and am ides

F ig u r e s  A .2U -26  show t h e  e f f e c t  o f  th e  a d d i t io n  o f  

amines and am ides on th e  OH o v e r to n e  sp ectru m  o f  HOD in  th e  

n ea r  i n f r a r e d .  Of t h e  t h r e e  am ines s t u d i e d ,  t r i e t h y l a m i n e  

has a lr e a d y  b een  m en tio n ed  in  S e c t i o n  A . 1 . 2 ,  as show in g  a l o s s  

o f  groups c o n s i s t e n t  w i t h  t h e  o t h e r  m o n o -b a ses .

D ie th y la m in e  p roduced  a s i m i l a r  l o s s  in  th e  (O H )free peak b u t  

a l s o  a g a in  at ‘-6550cm ”*' w h ich  i s  p r o b a b ly  due t o  

groups as d ie th y la m in e  d i l u t e  i n  CCl^  ̂ g i v e s  a peak a t  6530cm”  ̂ . 

The a d d i t io n  o f  n -b u ty la m in e  a l s o  showed a l o s s  in  th e  

r e g io n  and th e  grow th o f  a new peak a t  6600cm”^ . The r e s u l t s  

s u g g e s te d  t h e  t h r e e  am ines w ere  a c t i n g  as m ono-bases and th e  

NH groups w ere n o t  in v o lv e d  w i t h  b o n d in g  t o  th e  w a te r .

Formamide, n -m e th y lfo r m a m id e , d im eth y lfo r m a m id e , 

a c e ta m id e ,  n -m e th y la c e ta m id e  and d im e th y la c e ta m id e  w ere th e  

amides u se d  in  t h i s  s t u d y .  D im e th y la c e t  amide (DI.îA) and 

d im e th y l f  ormamide (DIÆF) have a lr e a d y  b een  m en tion ed  ( S e c t i o n  

A .1 .2 )  as a c t i n g  as m on obases . Formamide p ro d u ces  a l o s s  o f  

(OH)^^ee c o n s i s t e n t  w i t h  a m ono-base b u t  a l s o  shows a g a in  

o f  a peak a t  ^6800 cm”^ . S i m i l a r  s p e c t r a  w ere o b ta in e d  f o r  

n -m eth y lform am id e , a ce ta m id e  and n -m e th y la c e ta m id e  w hich  

showed l o s s e s  in  th e  r e g io n  and th e  grow th o f  new

peaks in  th e  61+00 -  6800 cm”** r e g i o n .

The ^C=0 group i s  presum ed t o  a c t  as a b a s e  and bond  

to  groups b u t  i t  c o u ld  b e  a c t i n g  as a m ono-base or

as a d i - b a s e  in  d i f f e r e n t  c ir c u m s ta n c e s  d ep en d in g  upon 

c o n c e n t r a t io n  and s t e r i c  h in d r a n c e .

An e x p la n a t io n  o f  th e  s p e c t r a  can be o b ta in e d  by  

c o n s id e r in g  th e  amides to  a c t  as m ono-bases w i t h  th e  ^ C = 0  

bonding t o  groups and th e  NH groups rem ain in g  f r e e
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and p r o d u c in g  peaks in  th e  6U00 -  6600 r e g o n .  However,

th e  NH groups would h e  e x p e c te d  t o  hond t o  th e  lo n e  p a i r s  o f  

th e  oxygen  o f  th e  w a te r  m o le c u le ,  g e n e r a te d  h y  th e  OH groups  

b o n d in g  at th e  c a r b o n y l  grou p .

In th e  c a s e  o f  formamide and a c e ta m id e ,  i f  j u s t  one 

NH group bonds th e r e  w i l l  s t i l l  b e  a NH group f r e e  and 

r e s p o n s i b l e  f o r  th e  p ea k s  a p p e a r in g  in  t h e  sp e c tru m . In th e  

c a s e s  o f  n -m e th y la c e ta m id e  and n -m eth y lform am id e  where th e r e  

are  grow ths in  th e  r e g i o n  i t  i s  p o s s i b l e  t h a t  th e

groups o f  w a te r  are n o t  a b le  t o  bond w i th  th e  NH 

groups on th e  amides due t o  s t e r i c  h in d r a n c e  by th e  a d j o in in g  

m eth y l group .

However, f o r  t h e  s p e c t r a  t o  show a l o s s  o f  (O ^ )fp ee  

gro u p s  c o n s i s t e n t  w i th  t h e  monobase l i n e ,  formamide and 

a ce ta m id e  must b e  a c t i n g  as d i - b a s e s ,  a l th o u g h  why t h e y  sh o u ld  

do t h i s ,  i s  n o t  o b v io u s .

Hv Hv Hv
c = o — ---------------- c = o ----

H « f r e e  « f r e e

Me Me Me
;c=o" ;c = o —  T = o

X  / « \  X
« « f r e e  « f r e e

I t  i s  p o s s i b l e  t h a t  th e  lo n e  p a ir  o f  th e  n i t r o g e n  c o u ld  

b e  bonded to  OH groups and t h i s  i s  more l i k e l y  f o r  formamide 

and acetam id e w hich  do n o t  have m eth y l groups bonded t o  th e  

n i t r o g e n  and t h i s  would r e l i e v e  th e  ^C=0 group o f  b e in g  d i - b a s i c
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A . h  Aqueous Urea S o l u t i o n s

A.U.1 P r e v io u s  work

I t  has b e e n  r e c o g n iz e d  f o r  some t im e  t h a t  aqueous  

s o l u t i o n s  o f  u r e a  p o s s e s s  rem ark ab le  p r o p e r t i e s ,  e . g . e n h a n c i n g  

th e  s o l u b i l i t y  o f  h y d r o c a r b o n s^ ^ , a f f e c t i n g  th e  co n fo rm -
72 75a t i o n a l  p r o p e r t i e s  o f  a w id e  ran ge  o f  w a t e r - s o l u b l e  p o ly m e r s .  *

Urea i s  e x t e n s i v e l y  h y d rogen  bonded  in  t h e  s o l i d  s t a t e ^ ^ ,  and

has a s u p r i s i n g l y  h ig h  s o l u b i l i t y  in  w a te r  (>20M a t  2 5 ° )^ ^

w ith  w hich  i t  forms a lm o s t  i d e a l  s o l u t i o n s

The i n t e r e s t  in  aqueous u r e a  s o l u t i o n s  stem s from th e

a b i l i t y  o f  u r e a  t o  'd e n a tu r e *  b i o l o g i c a l l y  a c t i v e  m o le c u le s

n o t a b ly  p r o t e i n s .  Kauzmann r e c o g n i s e d  t h e  ten d a n c y  o f

n o n -p o la r  s i d e  c h a in s  o f  p r o t e i n s  t o  adhere  t o  one a n o th e r  i n

aqueous s o l u t i o n s ,  i . e .  form h y d ro p h o b ic  b o n d s ,  and s u g g e s t e d

t h a t  t h i s  c o u ld  b e  an im p o rta n t  f a c t o r  in  th e  s t a b i l i s a t i o n
72o f  p a r t i c u l a r  c o n fo r m a t io n s  o f  p o ly p e p t id e  c h a in s  . The

d é n a t u r a t io n  o f  p r o t e i n s  b y  u r e a  i s  th o u g h t  t o  be  b rou gh t

about by th e  d e s t r u c t i o n  o f  h yd ro p h o b ic  bonds c a u sed  by u r e a

d e s t a b i l i s i n g  th e  w a te r  s t r u c t u r e .

Two d i f f e r e n t  ap p roach es  h ave  b e e n  u se d  t o  accou n t f o r

th e  o b se rv ed  p h y s i c a l  p r o p e r t i e s  o f  u r e a -w a te r  m ix t u r e s .
76

S to k e s  u se d  th e  id e a  o f  u r e a  a s s o c i a t i o n ,  w hich in  d i l u t e  

s o l u t i o n s  p o s t u l a t e s  u r e a  d im e r iz a t io n  as th e  dominant p r o c e s s ,  

and a t  h ig h e r  c o n c e n t r a t io n  th e  s t e p w i s e  a d d i t io n  o f  u r e a  

o c c u r s .
78MacDonald s t u d i e d  th e  e f f e c t  o f  u r e a  on th e  f l u i d i t y  

o f  w a t e r ,  c o n c lu d in g  t h a t  u rea  a c t s  a s  a s t r u c t u r e  b r e a k e r ,  

and th a t  th e  c o n c e n t r a t io n  dépendance o f  th e  r e s u l t s  s u g g e s t e d
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c l u s t e r i n g  o f  u r e a  a t  2 Molar and a b o v e .  T h is  a g r e e s  w i th  

th e  work o f  V oid  e t  . a l .  who s t u d i e d  a c i d -  and b a s e -  

c a t a l y s e d  p r o t o l y s i s  i n  u r e a  s o l u t i o n s  by nmr t e c h n iq u e s  and 

found  e v id e n c e  f o r  a g g r e g a t e s  o f  u r e a  a t  2 - 3  m olar  

c o n c e n t r a t i o n s .
PtOX -ray  d i f f r a c t i o n  s t u d i e s  by Adams o f  aqueous  

s o l u t i o n s  o f  u r e a  i n d i c a t e d  u r e a - u r e a  i n t e r a c t i o n s  a t  l a r g e  

u r e a  c o n c e n t r a t io n s  b u t  a s s o c i a t i o n  was c o n s id e r e d  e x tr e m e ly  

u n l i k e l y  a t  low  c o n c e n t r a t i o n s .

The se c o n d  model i s  t h a t  o f  Prank and Franks who 

assume w a te r  t o  b e  d e s c r ib e d  a s  a m ix tu r e  o f  d i s t i n g u i s h a b l e  

s p e c i e s ,  c o - e x i s t i n g  in  e q u i l i b r i u m  and m ix in g  i d e a l l y .  

(^ 2 ° )b u lk y  '' ^ ® 2°h en B e B ec a u se  o f  i t s  g e o m e tr y ,  u r e a

i s  u n a b le  t o  b e  in c o r p o r a te d  i n t o  t h e  t e t r a h e d r a l l y  hydrogen  

bonded b u lk y  s p e c i e s  b u t  i s  a l lo w e d  t o  mix w i t h  th e  d en se  

s p e c i e s .  I t  a c t s  as a d i l u e n t  and t h e  e f f e c t  i s  c o u n te r a c te d  

by a s h i f t  in  th e  e q u i l ib r iu m  from l e f t  t o  r i g h t .  Urea has  

reduced th e  d e g r e e  o f  w a t e r -w a te r  b o n d in g  w ith o u t  r e p l a c i n g  

i t  by  any u r e a - w a te r  hydrogen  b o n d s .

F in e r  e t . a l . ® ^  u se d  t h e i r  nmr s h i f t  and r e l a x a t i o n  

r e s u l t s  t o  t r y  and d i s t i n g u i s h  b e tw e e n  th e  two m o d e ls .  The 

u p f i e l d  s h i f t  o f  th e  w a te r  p r o to n  and s l i g h t  d o w n f ie ld  s h i f t  

o f  th e  u r e a  p r o to n  reso n a n ce  on i n c r e a s in g  th e  u r e a  

c o n c e n t r a t io n  were e v id e n c e  f o r  s l i g h t  lo n g  range s t r u c t u r e  

b r e a k in g  t e n d e n c ie s  and n e g l i g i b l e  s e l f - a s s o c i a t i o n  o f  u r e a .

The u p f i e l d  s h i f t  o f  th e  u r e a  r e so n a n c e  on i n c r e a s in g  th e  

tem p eratu re  s u g g e s t s  t h e  e x i s t e n c e  o f  some u r e a -w a te r  

i n t e r a c t i o n s  but t h e s e  are  p r o b a b ly  s h o r t - r a n g e  and s h o r t - l i v e d .  

The c o n c lu s io n s  f i t  t h e  model o f  Prank and Pranks w i t h  u r e a  

d i s p l a c i n g  th e  w a ter  e q u i l ib r iu m  from a b u lk y  s p e c i e s  w ith
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l o n g  range o r d e r  t o  a d e n s e  s p e c i e s  w i th  o n ly  s h o r t  range

s t r u c t u r e .  Urea c l o s e l y  r e s e m b le s  w a te r  in  i t s  a b i l i t y  t o

form  hydrogen bonds b u t  h a s  t h e  wrong geom etry  t o  ta k e  p a r t

in  e x te n d e d  w a te r  s t r u c t u r e s ,
82Subramanian e t . a l .  s t u d i e d  u r e a /w a t e r  s o l u t i o n s  by  

nmr s p e c tr o s c o p y  and fou n d  t h a t  r e l a t i v e  t o  p u re  w a t e r ,  th e  

w a t e r  p r o to n  r e so n a n c e  shows no s h i f t  up t o  an u r e a  

c o n c e n t r a t i o n  o f  7M, A d d it io n  o f  u r e a  t o  w a te r  c a u s e s  n e i t h e r  

p ro m o tio n  n o r  d e s t r u c t i o n  o f  t h e  s o l v e n t  s t r u c t u r e  and t h e  

u r e a  m o le c u le s  may s im p ly  be accommodated i n  t h e  b u lk  w a te r

c l u s t e r s  v i a  u r e a - w a te r  hydrogen  b o n d s .
84

V oid  u se d  nmr s p e c t r o s c o p y  t o  m easure t h e  c h e m ic a l  

s h i f t s  o f  th e  w a te r  p r o to n  r e so n a n c e  in  a v a r i e t y  o f  aqueous  

s o l u t i o n s  o f  u r e a - r e l a t e d  com pounds. The r e s u l t s  are  d i s p la y e d  

i n  F ig u r e  A .2 7 .
35 t

Wen and H ertz  added u r e a  t o  t h e  H^O/ BuOH sy stem  

b e i n g  s tu d ie d  by nmr s p e c t r o s c o p y .  The d o w n f ie ld  s h i f t  o f  

th e  p ro to n  r e so n a n ce  was enhanced b y  a d d i t io n  o f  u r e a .  

K in gston ^ ^  exam ined th e  sy stem  f u r t h e r  and c o n c lu d e d  t h a t  

a d d i t i o n  o f  th e  u r e a  c a u s e s  th e  w a te r  s t r u c t u r e  t o  b e  broken  

down and th e  ^ b u ta n o l can  have a g r e a t e r  e f f e c t  on fo rm in g  

new s t r u c t u r e .

Barone e t . a l . e x t e n d e d  t h e  work o f  Finer^^ t o  in c lu d e  

a l k y l  u r e a s .  In a l l  th e  c a s e s  s t u d i e d  th e  w a te r  s i g n a l  was 

i n i t i a l l y  s h i f t e d  d o w n f ie ld  b e f o r e  moving b ack  tow ards th e  

v a lu e  f o r  pure w a te r  and th en  u p f i e l d .

A lthough a la r g e  amount o f  work has b e e n  c a r r i e d  out  

on aqueous u r e a  sy s te m s  th e  e f f e c t  o f  th e  s o l u t e  on th e  

hydrogen b on d in g  in  w a t e r ,  o f t e n  e x p r e s s e d  as ' s t r u c t u r e  

making' or ' s t r u c t u r e  b r e a k in g '  i s  s t i l l  s u b j e c t  t o  a g r e a t
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F ig u r e  A .27 ^R nmr s h i f t  f o r  w a te r  on a d d i t io n

o f  s o l v e n t s . (V old^^)
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d e a l  of c o n t r o v e r s y .  Suppor t  f o r  u r e a  as a ' s t r u c t u r e
88b r e a k e r '  i s  g iv e n  by th e  raman s t u d i e s  o f  W alra fen  and

89t h e  n e a r  i n f r a r e d  work of  B a ro n e ,  R izzo  and V i t a g l i a n o

The m a j o r i t y  o f  workers  would ag re e  w i th  t h i s  view b u t  Abu- 
78Hamdiyyah f a v o u r s  s t r u c t u r e  making a l t h o u g h  h i s  p a p e r  and

th e  whole co n cep t  of  s t r u c t u r e  making and b r e a k i n g  has been
90s e r i o u s l y  q u e s t i o n e d  by H o l t z e r  and Emerson .

91 92James and F r o s t  ' s t u d i e d  t h e  e f f e c t  of  u r e a  on t h e  

l i b r a t i o n a l  band of  w a t e r  and s u g g e s t e d  u r e a  bonded to  w a te r  

th rough  i t s  f o u r  hydrogen atoms and c a rb o n y l  oxygen and i s  

s u i t e d  by symmetry t o  f i t  i n t o  t h e  w a t e r  s t r u c t u r e  a l th o u g h  

i t s  s i z e  i s  r a t h e r  l a r g e r  t h a n  t h a t  o f  w a t e r .

Swenson^^ s t u d i e d  th e  e f f e c t  of  u r e a  and r e l a t e d  

compounds on th e  CD s t r e t c h  o f  HOD in  t h e  i n f r a r e d ,  b u t  found 

only minor  s h i f t s  in  t h e  band p o s i t i o n .  T h is  i n d i c a t e d  t h a t  

th e  s t r e n g t h  of  th e  hydrogen t o n d  i n t e r a c t i o n s  between s o l u t e  

and w a te r  m o lecu les  a re  s i m i l a r  t o  th o s e  between m olecu les  in  

pure  w a te r .

A.4 .2  NIR r e s u l t s  f o r  u r e a  and two d e r i v a t i v e s

F ig u r e s  A .28 and A .29 show th e  e f f e c t s  of  1 ,3  d i m e t h y l ­

u r e a  and t e t r a m e t h y l u r e a  on th e  OH o v e r to n e  spectrum of HOD 

in  th e  n e a r  i n f r a r e d .  Of th e  t h r e e  u r e a  d e r i v a t i v e s  s t u d i e d ,  

u r e a  g ives  a s l i g h t  i n c r e a s e  in  t h e  P^ak,  1 ,3 - d im e th y l

u r e a  g ives  a l o s s  c o n s i s t e n t  w i t h  a mono-base and t e t r a m e t h y l ­

u r e a  g ives  a g r e a t e r  l o s s .  The f i r s t  two compounds a l s o  show 

a oeak growing a t  '--6800 cm  ̂ . Urea i s  presumed t o  behave as 

a base  a t  th e  ^C=0 group and bond to  e i t h e r  one o r  two 

groups .  The FH groups a re  a l s o  a v a i l a b l e  f o r  bond ing  to  lone
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p a i r s  on t h e  oxygen o f  t h e  w a te r  m o le c u le .  The f o l l o w i n g  

scheme i s  s u g g e s t e d ,

  Ke  ̂   Me_ Me

H

fr e e  -x ^ ^ " fr e e
^ C = 0   ^ = 0 ------

X r e e  X r e e  ««

t o  e x p l a i n  th e  o v e r a l l  l o s s  o r  g a in  in  t h e  peak and

th e  ap pearance o f  th e  (^ ^ ) fp g e
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SECTION B

AQUEOUS SOLVATION OF ELECTROLYTES

I n t r o d u c t io n

Aqueous s o l v a t i o n  o f  e l e c t r o l y t e s  was s t u d ie d  b y  

m o n ito r in g  th e  s p e c t r a l  ch an ges  c a u s e d  on t h e i r  a d d i t i o n  t o  

w a t e r .  I n v e s t i g a t i o n  o f  th e  n e a r  i n f r a r e d  OH s t r e t c h  o f  w a te r  

was t h e  main te c h n iq u e  u se d  b u t  r e s u l t s  from o t h e r  b r a n c h e s  o f  

s p e c t r o s c o p y  were c o n s id e r e d  when draw in g  c o n c l u s i o n s .

B.1 I n fr a r e d  S tu d ie s

B. 1 . 1  P r e v io u s  work

As in  th e  s tu d y  o f  n o n - e l e c t r o l y t e s ,  i n e r t  media can be

u se d  f o r  s t u d y in g  s o l v a t i o n  by a s i n g l e  s o lv e n t  m o le c u le  b u t

i t  i s  d i f f i c u l t  t o  e x te n d  th e  r e s u l t s  t o  b u lk  s o l v e n t s .  Kuntz  
9Uand Cheng have s t u d ie d  i o n i c  s o l v a t i o n  u s i n g  d i l u t e  s o l u t i o n s  

o f  w a te r  in  a p r o t ic  s o l v e n t s .  I n f r a r e d  bands were d e t e c t e d

f o r  OH a n io n  and c a t i o n  OH s o l v e n t  i n t e r a c t i o n s  and

a s s o c i a t i o n  c o n s t a n t s  c a l c u l a t e d .

U n fo r tu n a te ly  th e  in f r a r e d  s p e c t r a  o f  e l e c t r o l y t e s  in  

b u lk  w a ter  are  n o t v ery  in fo r m a t iv e  as th e  bands are v e r y  

broad  e n v e lo p e s  and no d e f i n i t e  c o n c l u s i o n s  can be drawn.
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F ig u re  B.1 S h i f t  in f r e q u e n cy  of the  OH band f o r

HOD in D̂ C as a  f u n c t i o n  of  th e  c o n c e n t r a t i o n  of 

d i s s o l v e d  G a l t . (Hartman^^)
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I s o t o p i c  d i l u t i o n  by D^O does s i m p l i f y  t h e  s p e c t r a ,  b u t  

e x cep t  in  one o r  two s p e c i a l  c a s e s ,  a d d i t i o n  of  e l e c t r o l y t e s  

does no t  p roduce  any d r a m a t i c  e f f e c t .

The i n f o r m a t i o n  a v a i l a b l e  has  been  summarised i n  a 

r e c e n t  rev iew^^  and K a r tm a n 's^ ^  s tu d y  o f  H0D/D2Q / s a l t  sys tem s 

produced a s h i f t  in  o f  t h e  OH o s c i l l a t o r  f o r  a l a r g e

number o f  d i f f e r e n t  s a l t  s o l u t i o n s .  The p l o t  o f  s h i f t  of 

band maxima a g a i n s t  c o n c e n t r a t i o n  shows, i n  g e n e r a l ,  a s h i f t  

t o  h ig h  f r e q u e n c y  by a l k a l i  h a l i d e s ,  t h e  l a r g e s t  by NaClO^, 

whereas sodium a c e t a t e  p roduced  a lov; f r e q u e n c y  s h i f t ,

(See F ig u r e  B . 1 ) The g e n e r a l  c o n c l u s i o n  was t h a t  an ions  

have a much g r e a t e r  e f f e c t  t h a n  th e  c a t i o n s  and I <Br”< C l’’<F“’ 

f o r  o r d e r  of  i n c r e a s i n g  av e rage  hydrogen bond s t r e n g t h  in  

s o l u t i o n .

While some workers  b e l i e v e d  t h a t  a d d i t i o n  of  an 

e l e c t r o l y t e  caused  th e  w a t e r  s t r u c t u r e  t o  be b ro k e n ,  o t h e r s  

s u g g e s te d  t h a t  th e  io n s  form new bonds t o  w a te r  and become 

h y d r a t e d .
Q ̂  8

W alrafen^ s t u d i e d  s e v e r a l  d i f f e r e n t  bands in  the  

Raman s p e c t r a  of  aqueous s o l u t i o n s  and concluded  t h a t

e l e c t r o l y t e s  caused  th e  b r e a k a g e  of  OH 0 b o n d s ,  the  bromide

ion b e in g  t h e  most e f f e c t i v e  and th e  c a t i o n s  hav ing  ve ry  l i t t l e  

e f f e c t .

In a Raman s tudy  of  e l e c t r o l y t e  s o l u t i o n s .  Wall and
99Hornig found l a r g e  i n t e n s i t y  and bandw id th  changes in  th e  

o r d e r  F~<H20<Cl~<Br~<I~. They concluded  t h a t  t h e r e  was no 

i n d i c a t i o n  of any i o n - w a t e r  a s s o c i a t i o n  l e a d in g  t o  the  c h a n g e s ,  

as would be im p l ied  by th e  r i g i d  h y d r a t i o n  model.

Wyss and Fa lk^^^  s t u d i e d  NaCl in  HOD and cou ld  f i n d  no 

ev idence  f o r  sh o u ld e r s  o r  sub -bands  in  the  OH peak ,  even a t
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-3 0 °  C. T h is  i n d i c a t e d  t h a t  t h e  OH Cl bond has  a s i m i l a r

d i s t r i b u t i o n  of  f r e q u e n c i e s  t o  OH 0. The l a r g e  bandw id ths

su g g e s t  OK C l"  has  a v a r i e t y  o f  e n e r g i e s  due t o  t h e  w a te r

m olecu les  a round  C l"  h a v in g  a v a r i e t y  o f  o r i e n t a t i o n s  w i th

no s t r o n g  p r e f e r e n c e  f o r  any s i n g l e  w e l l  d e f i n e d  c o n f i g u r a t i o n .
1 01Recent work has  shown t h a t  t h e s e  b r o a d  and r e l a t i v e l y  

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

r e a s o n a b le  r e s o l u t i o n  on f r e e z i n g  t o  t h e  g l a s s y  s t a t e .  

G e n e r a l l y ,  t h e  OH groups bonded d i r e c t l y  t o  t h e  an io n s  g ive  

r i s e  t o  narrow  components u s u a l l y  on t h e  h ig h  f r e q u e n c y  s i d e  

of  th e  band f o r  pure  s o l v e n t  (F ig u r e  B . 2 ) .  The c a t i o n  e f f e c t s  

a re  g e n e r a l l y  s m a l l e r  and r e s u l t  in  an a p p a r e n t  s h i f t  of  t h e  

main s o l v e n t  b a n d .

•Important e x c e p t i o n s  t o  t h e  u n i n f o r m a t i v e ,  room

te m p e r a tu re  s p e c t r a  ment ioned  above a re  t h o s e  o b t a in e d  from

s o l u t i o n s  of  p e r c h l o r a t e s  and f l u o r o b o r a t e s . These show a

r e s o lv e d  CH s t r e t c h i n g  component on th e  h ig h  f r e q u e n c y  s id e

of th e  main i n f r a r e d  and raman band .  S o l u t i o n s  of  p e r c h l o r a t e

w i th  d i f f e r e n t  c a t i o n s  g ive  t h e  same e f f e c t  and th e  band

i n c r e a s e s  in  i n t e n s i t y  as t h e  p e r c h l o r a t e  c o n c e n t r a t i o n  i s

i n c r e a s e d .  The p e r c h l o r a t e  and f l u o r o b o r a t e  s o l u t i o n s  show

a d i f f e r e n c e  o f  1 6cm  ̂ in  th e  r e s o l v e d  peak p o s i t i o n

s u g g e s t i n g  t h a t  th e  bond s t r e n g t h  i s  dependant  upon th e

a n io n .  The oeak has been  a s s ig n e d  t o  g ro u p s ,

t o  OK groups weakly bonded t o  t h e  a n i o n s , a n d  t o  
106b o t h

W a l r a f e n ^ s u g g e s t e d  th e  peak was due t o  (OH)^^^^

groups b e c a u se  HOD s o l u t i o n s  e x h i b i t  a band in  n e a r l y  th e  

same r e g io n  t h a t  grows s t r o n g l y  on warming and i s  a s s ig n e d  t o  

(OH)^ree g ro u p s .  W alrafen  t h u s  concluded t h a t  p e r c h l o r a t e
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io n s  are  ’ s t r u c t u r e  b r e a k e r s ’ .

However o t h e r  w ork ers  have fa v o u r e d  th e  s u g g e s t i o n  

th a t  th e  h ig h  fr e q u e n c y  band i s  a s s o c i a t e d  w ith  w a ter  

s o l v a t i n g  p e r c h l o r a t e  i o n s .  T h is  i s  su p p o rted  by  

c r y s t a l l o g r a p h i c  d a ta  f o r  LiClO^.^HgO w hich p o i n t s  t o  a weak 

hydrogen  bond b e tw e e n  w a te r  and t h e  p e r c h lo r a t e  i o n s .

B rin k  and Falk^^^ found a lm ost  i d e n t i c a l  s t r e t c h i n g  

f r e q u e n c ie s  f o r  HOD f o r  th e  h y d r a te s  and aqueous s o l u t i o n s  

o f  NaClO^.HgO and LiClO^.jHgO w h ich  p o in te d  t o  a weak 

hydrogen bond b etw een  w a te r  and p e r c h lo r a t e  io n .

In an a ttem p t t o  d i s t i n g u i s h  b etw een  th e  two h y p o t h e s e s , 

r e c e n t  work^^^ has b e e n  c a r r i e d  out on th e  low tem p eratu re  

in f r a r e d  s p e c t r a  o f  p e r c h l o r a t e  io n s  in  m ethanol and w a te r .

For m e th a n o l ic  s o l u t i o n s  at 1 20K t h e r e  was no s ig n  o f  th e  

band a t  35UO cm"  ̂ and i t  was c o n c lu d e d  t h a t  th e  room tem p era tu re  

band was n ot due t o  (0^)fj,Q e g r o u p s .  The aqueous s o l u t i o n s  

r e t a i n e d  th e  h ig h  fr e q u e n c y  peak  a t  low te m p e r a tu r e s  a lth o u g h  

th e  a rea  u n d er  th e  peak was r ed u ced  by T h is  s u g g e s t e d

t h a t  a t  room te m p e r a tu r e  th e  h ig h  fr e q u e n c y  band has  

c o n t r i b u t i o n s  from grou p s and from w a te r  s o l v a t i n g

p e r c h l o r a t e  i o n s .
PR

W orley and K lo tz  s t u d i e d  th e  e f f e c t  o f  e l e c t r o l y t e s  

on th e  n e a r  in f r a r e d  s p e c t r a  o f  HOD in  D^O. The sharp  peak  

a t  7 062  cm  ̂ was a t t r i b u t e d  t o  a l l  non-bonded  OH s p e c i e s  and 

t h e  a b so r b a n ce  a t  6 l|.27cm”  ̂ t o  a l l  OH groups in  a bonded s t a t e .

They e x p r e s s e d  t h e i r  r e s u l t s  i n  term s o f  a q u a n t i t y  R, g iv e n

b y  th e  r a t i o  A bsorbance a t  6 U27cm~^ .
A bsorbance a t  7 062cm~^

When th e  te m p e r a tu r e  i n c r e a s e d ,  R d e c r e a s e d  and th e  

r a t i o  R was s e e n  as  a m easure o f  w a t e r -w a te r  i n t e r a c t i o n  at  

ea ch  t e m p e r a tu r e .  When v a r io u s  s a l t s  were added t o  th e  HOD
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t h e  r a t i o  R changed .  Worley and K lo tz  compared t h e s e  

changes  w i t h  th o se  a s s o c i a t e d  w i th  a change i n  t e m p e r a tu re  

and produced " s t r u c t u r a l  t e m p e r a t u r e s " ,  as  p ro p o se d  by B e rna l
Q

and Fowler  . I f  on a d d i t i o n  o f  s a l t ,  R i n c r e a s e d ,  t h e  s a l t  

was c a l l e d  a ’ s t r u c t u r e  m ake r ’ , i f  R d e c r e a s e d ,  i t  was c a l l e d  

a ’ s t r u c t u r e  b r e a k e r ’ .

Bunzl"*^^ s t u d i e d  t h e  e f f e c t  of  t e t r a - n - a l k y l  ammonium 

b rom ides  on th e  w a t e r  band a t  10 OOOcm"^, c o n c lu d in g  t h a t  

(C^H^)^NBr and (C^H^)^NBr were s t r u c t u r e  m akers ,  (CH^)^NBr 

a s t r u c t u r e  b r e a k e r ,  and (C2H^)^NBr has l i t t l e  o v e r a l l  e f f e c t ,  

The s e n s i t i v i t y  of  t h e  o v e r to n e  i n f r a r e d  s p e c t r a
1 09t o  added e l e c t r o l y t e s  i n c r e a s e s  w i th  t e m p e r a tu r e  and Luck 

u t i l i s e d  t h i s  w i th  t e m p e r a t u r e s  up t o  1I|.0°C, d i s c u s s i n g  th e  

r e s u l t s  in  te rm s  of s t r u c t u r a l  t e m p e r a t u r e s .

D i f f e r e n c e  s p e c t r a  a re  o b t a in e d  by p l a c i n g  an aqueous 

s o l u t i o n  in  th e  sample c e l l  and pure  w a te r  in  t h e  r e f e r e n c e  

c e l l .  The mis-match  in  t h e  c o n c e n t r a t i o n  of  w a t e r  in  each 

beam i s  c o r r e c t e d  by u s i n g  a v a r i a b l e  p a t h l e n g t h  c e l l  and 

a d j u s t i n g  a c c o r d i n g l y .
110J o l i c o e u r  e t . a l .  u se d  d i f f e r e n c e  s p e c t r a  t o  s tu d y  

aqueous s o l u t i o n  of  o rg a n ic  s a l t s  in  the  o v e r to n e  r e g i o n .  

Bu^NBr showed a l o s s  i n  the  r e g i o n ,  w h i le  NaBRh^

showed a g a in .  Using th e  con cep t  of  B erna l  and Fow ler ,

Bu^N'*’ was a s s ig n e d  a s t r u c t u r e  maker and BPh^" a s t r u c t u r e
111 + b r e a k e r .  A f u r t h e r  s tu d y  a s s ig n e d  R^N (R = Me to  nBu)

as a s t r u c t u r e  maker and n o te d  t h a t  " ^ s t r u c tu r a l  d e c re a s e d

as the  s o l u t i o n  t e m p e r a tu re  i n c r e a s e d .
112McCabe and F i s h e r  u se d  d i f f e r e n c e  s p e c t r a  of

aqueous s o l u t i o n s  of  a l k a l i  h a l i d e s  v e r s u s  w a te r  in th e  
-17 000cm re g io n  + The s p e c t r a  were r e s o lv e d  i n t o



103

two co m p o n en ts ,  one r e p r e s e n t i n g  t h e  h y d r a t io n  o f  t h e  s o l u t e  

and t h e  s e c o n d  th e  volume o f  th e  h y d r a te d  s o l u t e ,  and from  

t h e s e ,  h y d r a t io n  numbers w ere c a l c u l a t e d ,

Bonner and c o - w o r k e r s ' * ^ h a v e  i n v e s t i g a t e d  th e  

^ *2  ̂^  band at 8 000 -  9 000 cm"  ̂ f o r  aqueous s o l u t i o n s  o f

s e v e r a l  e l e c t r o l y t e s  and o b se r v e d  a l l  c a t i o n s  as  ’ s t r u c t u r e -  

makers ’ in  t h e  o rd er  H'*’>Li''’>Cs'* >̂Rb'*> K**’> Na**' and a l l  a n io n s  as  

*s t r u c t u r e - b r e a k e r s * in  t h e  o rd er  = CIO^” = N0^~> l ”>B r'

>C1">P".

B.1 .2  Near I n fr a r e d  R e s u l t s

The e f f e c t  o f  v a r io u s  e l e c t r o l y t e s  on th e  n e a r  in f r a r e d  

spectru m  o f  HOD in  D^O at 25°C can b e  s e e n  in  F ig u r e s  B .3 - 1 1 .  

I s o s b e s t i c  p o i n t s  appear a t  6 BOOcm”  ̂ and are accom panied b y  a 

g a in  or l o s s  in  th e  (O ^ )fp ee  a t  7 1 20cm“\  The r e s u l t s

can b e  d i s p l a y e d ,  as in  F ig u r e  B . 1 2 ,  w ith  th e  change in  peak  

h e ig h t  v e r s u s  c o n c e n t r a t io n  f o r  many d i f f e r e n t  s a l t s .  From 

t h e s e  g r a p h s ,  th e  change on a d d i t io n  o f  1 m o la l o f  s a l t  can  

be found  and t h e s e  are  t a b u la t e d  f o r  a l l  th e  s a l t s  s t u d ie d  in  

T ab le  One. The v a lu e  f o r  CIO^” s a l t s  i s  n o t  in c lu d e d  b e c a u s e ,  

as was d i s c u s s e d  p r e v i o u s l y  f o r  th e  in f r a r e d  d a t a ,  t h i s  change  

i s  n o t  th o u g h t t o  b e  s im p ly  a m easure o f  groups b u t

t o  have a c o n t r i b u t i o n  from a weak bond b etw een  CIO^" and w a te r  

w hich  appears  c o i n c i d e n t a l l y  in  t h i s  a r e a .

A s im p le  model f o r  th e  s o l v a t i o n  o f  e l e c t r o l y t e s  can  b e

• ^
H ‘ ✓
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c o n s id e r e d  in  w h ich  th e  c a t i o n  b o n d in g  t o  th e  oxygen  o f  w a te r  

v i a  i t s  lo n e  p a i r s  w i l l  produce groups and t h e  an ion

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

When an e l e c t r o l y t e  i s  d i s s o l v e d  i n  w a te r  th e  n e t t  e f f e c t  w i l l  

b e  e i t h e r  a g a in  o r  a l o s s  in  t h e  peak .

The p r e s e n t  work began  w i t h  th e  o b s e r v a t io n  t h a t  th e  

e f f e c t  o f  sodium t e t r a p h e n y lb o r id e  was o p p o s i t e  t o  t h a t  f o r  th e  

te tra -a lk y la m m o n iu m  salts '*  Sodium t e t r a p h e n y lb o r id e  g r e a t l y  

en h a n ces  th e  c o n c e n t r a t i o n  and t o  a f i r s t

a p p r o x im a t io n ,  t h e  r e a s o n  f o r  t h i s  i s  t h a t  o n ly  th e  c a t i o n s  

a re  s o l v a t e d  and t h e s e  bond t o  l o n e  p a i r s ,  g e n e r a t in g  an 

e x c e s s  o f  g r o u p s .

(OH)b ound X X
+c

H

H

On a d d i t io n  o f  tetrabutylam m onium  brom ide t o  w a te r  th e  

a n io n s  are s t r o n g l y  s o l v a t e d  and th e y  bond t o  OK g r o u p s .

(OH)bound X H

H

+A

X H

H
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The B^h^ and io n s  a re  c o n s id e r e d  t o  have only a sm a l l

e f f e c t  on th e  c o n c e n t r a t i o n  o f

T h is  i s  in  com ple te  c o n t r a s t  w i t h  t h e  c o n c l u s i o n s  o f

o t h e r  w o r k e r s ^ w h o  have a t t r i b u t e d  t h e  l o s s  of  (0H)_f r e e
t o  a s t r u c t u r e - m a k i n g  e f f e c t  of  t h e  ion  and have ig n o r e d

th e  r o l e  of  t h e  a n io n s .  The r e s u l t s  p r e s e n t e d  h e re  d i s a g r e e  

as they  show a c l e a r  an ion  e f f e c t  w i th  t h e  1 :1 e l e c t r o l y t e s

b u t  no t r e n d  w i th  t h e  s i z e  o f  th e  a l k y l  g ro u p ,  R.

When m easur ing  th e  change in  c o n c e n t r a t i o n  of 

groups th e  same problems a r i s e  as in  S e c t i o n  A, as a com ple te  

l o s s  of does n o t  c o r r e sp o n d  w i th  z e ro  a b s o r p t i o n  a t

7 120cm . Hence th e  change i n  peak h e i g h t  has been  measured

in  a r b i t r a r y  u n i t s  and no a t t e m p t  has been  made t o  e s t i m a t e  

a b s o l u te  v a lu e s  f o r  t h e  c o n c e n t r a t i o n  of  (^^ ) fp ee*  Some of  

t h e  changes measured a re  s m a l l ,  t h e r e f o r e  e r r o r s  a re  l a r g e  

and i t  has b een  n e c e s s a r y  t o  u se  c o n c e n t r a t i o n s  of g r e a t e r  

th an  1 molal  f o r  most s a l t s  in  o r d e r  t o  o b t a i n  r e l i a b l e  d a t a .

I f  t h e  changes a re  a d d i t i v e ,  as i s s u g g e s t e d ,  th e n  th e  

s a l t  s h i f t s  can be s e p a r a t e d  i n t o  c o n t r i b u t i o n s  from each io n .  

With the  a r b i t r a r y  assum pt ion  t h a t  B?h^ and R^N^ b o t h  have 

s l i g h t  s t r u c t u r e  b r e a k i n g  e f f e c t s  a t  25^C, i n d i v i d u a l  ion 

s h i f t s  a re  c a l c u l a t e d  and d i s p l a y e d  in  Table  Two. The v a lu e s  

reproduce  a l l  th e  s a l t  s h i f t  d a t a  r e c o r d e d ,  w i t h i n  

e x p e r im e n ta l  e r r o r .

I t  i s  p o s s i b l e  t o  o b t a i n  rough v a lu e s  f o r  s o l v a t i o n  

numbers f o r  t h e s e  io n s  i f  t h e  s p e c t r a l  change i s  r e l a t e d  t o  

th e  f i r s t  s o l v a t i o n  s h e l l  of t h e  i o n s .  Using t h i s  crude 

ap p ro x im a t io n ,  i t  i s  s o l e l y  th e  p r im ary  s o l v a t i o n  number t h a t  

c o n t r o l s  the  c o n c e n t r a t i o n  and not  th e  s t r e n g t h  of

th e  bonds .  Ions such as Li and F a re  b o th  e x p e c te d  t o  have
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TABLE ONE

E x p er im e n ta l  changes  in  th e  peak  h e i g h t  a t  7 120cm  ̂ of  HOD

in  D^ O a t  25^0 on a d d i t i o n  o f  s a l t s

S a l t  E x p e r im e n ta l  change P r e d i c t e d  change 
f o r  1W s o l u t i o n  (cm)

E r r o r

NaBPh^ + 1 .9 + 1 .9

NaNOj + 0 .5 + 0 .7 -  0 .2

NaF + 0.1 + 0.1

NaCl + 0 .2 + 0 .2

Nal ■f 0 .9 + 0 .65 + 0 .25

KNÔ + 0 .9 + 0 .9

KF + 0.1 + 0 .3 -  0 .2

KOI + 0 . 4 + 0 ,4

KBr + 0 .5 + 0 .5

KI + 0 .8 + 0 .85 + 0 .05

CsNCy + 0 .8 + 0 .8

CsCl + 0 .3 + 0 .3

CsBr + 0 .5 + 0 .4 + 0.1

LiCl + 0.1 + 0 .15 - 0 .05

LiBr + 0 .3 + 0 .25 + 0 .05

Klv'nO,U 0 .0 0 .0

K'e^NCl -  0 .8  '\
Et^NCl -  1 .0 X -  0 .85 -  0.75 + 0.1
Bu^NCl -  0 .75 ,1
Me,NBr -  0 .3 5 '
Et^NBr -  0 .6 r — 0 . 48 -  0 .65 -  0 . 17
Bu,NBr - 0 .5  ,

MgSO|^ -  1 .1 -  1.13 -  0 .03



T ab le  One c o n t d .

I I 7

S a l t  E x p e r im e n ta l  change P r e d ic t e d  change  
f o r  1M s o l u t i o n  (cm)

E rror

K2 S0 4
+ 0 .8 7 + 0 .8 7

NagCO? + 0 .3 5 + 0 .3 5

Rbl + 0 .9 5 0 .9 5

AgNCy + 0 . 6 5 + 0 . 6 5

CĤ COOK - 0 . 0 5 - 0 . 0 5

CHjCOOTl - 0 . 2 - 0 . 2

KCNO + 0 . 8 + 0 . 8

KCN + 0 .5 0 .5

NaîTO^ + 0 . 4 + 0 . 4

KgCrO^ + 0 . 6 + 0 . 6
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TABLE TWO

Ion I n d i v i d u a l  Ion S h i f t (cm) S o l v a t i o n  Number

a) Na"*̂  + 1 . 4  4 . 7

K'*’ + 1 . 6  5 . 3

Cs'*’ + 1 . 5  5 . 0

Li"  ̂ + 1 .3 5  4 . 5

+ 0 . 4 5

BPh^” + 0 . 5

F“ -  1 . 3  4 . 3

C l '  -  1 . 2  4 . 0

Br” -  1. 1 3 . 7

1 “ -  0 .7 5  2 .5

FO j- -  0 . 7  2 .3

b )  + 1 . 2  4 . 0

Ag**” + 1 .3 5  4 .5

Rb"̂  + 1 .7  5 . 7

Tl'*' + 1 .4 5  4 . 8

80 ^ 2 -  -  2 .3 3  7 . 7

COj' -  2 .4 5  8 .1

CN" -  1 .1  3 . 7

CNO' -  0 .8  2 .7

TTOg” -  1 . 0  3 . 3

MnO^^~ -  1 . 6  5 .3

C v O ^ '  -  2 . 6  8 .7

CH^COO” -  1 .6 5  5 .5
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s o l v a t i o n  numbers c l o s e  t o  f o u r ,  s o  i f  a v a lu e  o f  +3 u n i t s  

i s  a s s i g n e d  t o  th e  g a in  o r  l o s s  o f  one group th en

th e  s o l v a t i o n  numbers o f  T ab le  Two a r e  d e r i v e d .

T h ese  r e s u l t s  are  i n  agreem ent w i t h  t h e  s t u d i e s  o f  

n o n - e l e c t r o l y t e s  in  S e c t i o n  A, as  t h e  l o s s  o f  

c a l c u l a t e d  f o r  th e  c h l o r i n e  io n  i s  f o u r  t im e s  t h a t  p r e v i o u s l y  

n o te d  f o r  t h e  m o n o -b a se s .  C o n s id e r in g  th e  s i m p l i s t i c  

approach u s e d ,  r e a s o n a b le  s o l v a t i o n  numbers have b een  o b ta in e d  

w h ich  b e a r  com p arison  w i t h  th e  r e s u l t s  o f  o t h e r  w o r k e r s .

A more s o p h i s t i c a t e d  approach  would c o n s id e r  th e
2 +p o s s i b i l i t y  o f  a c a t i o n  su ch  as  Mg b o n d in g  t o  b o th  lo n e  

p a i r s  o f  t h e  o x y g e n ,  h en ce  l i b e r a t i n g  d o u b le  th e  number o f  

(O H )free  s r ° u p s .

M g ^ -  0 (  Mg-"^--------

"-'-o

117P r e v io u s  w orkers h ave  found  t h e  n i t r a t e  io n  t o  be  

a s s y m m e tr ic a l ly  b o n d ed . The o x y g en s  may be bonded t o  n on e ,  

one o r  two OH groups and th e  v a lu e  o f  2 .3  q u oted  h e r e  s u g g e s t s  

some co m b in a t io n  o f  t h e s e  d i f f e r e n t  p o s s i b i l i t i e s .

, „ k '
/ O '

0— NC
IX X

Many o f  th e  w ork ers  quoted  p r e v i o u s l y  in  t h i s  S e c t io n  

do n o t  c a l c u l a t e  s o l v a t i o n  numbers from t h e i r  s p e c t r o s c o p i c
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s t u d i e s  b u t  are  c o n t e n t  m e r e ly  t o  q u o te  ch a n g es  in  ' s t r u c t u r a l  

t e m p e r a tu r e '  o r  t o  c l a s s i f y  s a l t s  a s  s t r u c t u r e -m a k e r s  or  

b re  ake r s  •

However, c o m p a r iso n s  can  b e  made w i t h  r e s u l t s  o b ta in e d

in  o t h e r  a r e a s  o f  c h e m is t r y .  The n e u t r o n  d i f f r a c t i o n  s t u d i e s

o f  S o p er  e t .a l . '* ^ ^  p ro d u ced  a s o l v a t i o n  number f o r  c h l o r i n e

o f  b e tw e e n  f i v e  and s i x .  The X -ray  d i f f r a c t i o n  r e s u l t s  o f  
119L i c h e r i  e t . a l .  s u g g e s t  t h a t  s i x  w a t e r  m o le c u le s  are

o c t a h e d r a l l y  d i s p l a c e d  about th e  brom ine io n  and Maeda e t . a l . ^ ^ ^

s u g g e s t  s o l v a t i o n  numbers o f  f o u r  and s i x  f o r  sodium  and
1 21i o d id e  io n s  r e s p e c t i v e l y .  N a rten  and cow ork ers  s u g g e s t

s o l v a t i o n  numbers o f  s i x  f o r  c h l o r i n e  and f o u r  f o r  io d id e
122 1 2̂ 5w h i l s t  L i c h e r i  e t . a l .  ' g i v e  v a l u e s  o f  s i x  or e i g h t  f o r  

c a lc iu m ,  s i x  f o r  c h l o r i n e  and s i x  f o r  b ro m in e .

The r e s u l t s  q u o ted  h e r e  are  com parable  w i t h  t h o s e  found  

by o t h e r  w ork ers  and i t  w ould  appear t h e r e f o r e  t h a t  t h i s  

method d oes  have some c o n t r i b u t i o n  t o  make t o  f u r t h e r i n g  th e  

s tu d y  o f  th e  s o l v a t i o n  o f  e l e c t r o l y t e s ,  d e s p i t e  th e  many 

p o t e n t i a l  s o u r c e s  o f  e r r o r  and th e  v e r y  s i m p l i s t i c  approach  

u s e d .
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The o v e r to n e  r e g io n  f o r  m eth an ol s o l u t i o n s  i s  l e s s  

u s e f u l  t o  s tu d y  b e c a u s e  o f  t h e  a b se n c e  o f  any r e s o l v e d  p ea k s  

a s s i g n a b l e  t o  g r o u p s .  T h is  i s  b e c a u s e  o f  th e

s c a v e n g in g  o f  p o t e n t i a l l y  f r e e  OH groups b y  th e  huge e x c e s s  

o f  ' f r e e *  lo n e  p a i r s  t o  g i v e  s t r u c t u r e s  su ch  as

Me Me Me Me
— — —(Î) -  ' ■ H “ “ —0  T ^ H — ——(!) — H ———0  — —H  — — —

! ( V I I I )
H
U

Me-0

F ig u r e  B.13 shows t h e  e f f e c t  o f  te m p era tu re  on th e  OH 

s t r e t c h i n g  o v e r to n e  o f  CH^OH in  CD^OD. No c l e a r l y  d e f in e d  

(O H )free  Peak i s  v i s i b l e  ( c f .  th e  peak at 7 1 2 0 cm '^ fo r  (OH)^^^^ 

in  HOD), m ere ly  a p l a t e a u  r e g io n  (6  8 0 0 -» 7  200cm '^ ) s i m i l a r  

t o  t h a t  a s s o c i a t e d  w i th  (0% )weakly bound th e  w a ter  sp e c tru m .
A

A d d it io n  o f  NaBPh^ r e s u l t s  in  a broad  peak a t  7 010cm 

I t  seems u n l i k e l y  t h a t  BPh^” would form hydrogen  bonds w ith  

m e th a n o l,  b u t  Na"̂  can bond t o  th e  m ethanol l o n e  p a i r ,  th u s  

c r e a t i n g  an e x c e s s  o f  OH g r o u o s .  T h ese  can bond t o  th e  m ethanol  

c h a in s  as shown (v m )  and th e  7 010cm  ̂ band i s  a s s ig n e d  t o  

th e  OH groups marked * .

A d d it io n  o f  sodium p e r c h l o r a t e  t o  m ethanol p rod u ces  

a r e l a t i v e l y  narrow band a t  7 050 cm  ̂ w hich  i s  a s s ig n e d  t o  

OH groups bonded t o  010^ i o n s .  T h is  i s  w ea k er , but b e t t e r  

d e f in e d  than  th e  <x band p ro b a b ly  b e c a u s e  th e  n e g a t iv e  ch arge  

h e lp s  to  make th e  b o n d in g  more p r e c i s e .



122

O

ë
u,o

VTZJoE
tx
cv4
ü

00
3:O
4)

b
4)
CO4->
t ,
C
>
o

+JccL

ce

0)L

ü
OS

s

4)
Ü
C
4)C2K
Q

CD
Tf
C
ce

g
:34->
C5
L,
4)
Oi
e
ü
4^

O

o

4->
Oc
£
es

o
cc

8
61

CN
OO

O

(Un
E

i

ôDUT?qjosqv



123

On S t r u c t u r e  Kaklnp and B re ak in g
g

Since  B e rn a l  and Fow ler  i n t r o d u c e d  th e  term ' s t r u c t u r a l  

t e m p e r a t u r e '  t h e  e f f e c t s  of  e l e c t r o l y t e s  and n o n - e l e c t r o l y t e s  

on th e  p r o p e r t i e s  of  w a t e r  have o f t e n  b e e n  d i s c u s s e d  in  te rm s 

of  ' s t r u c t u r e - m a k i n g *  and ' s t r u c t u r e - b r e a k i n g *  which 

c o r r e s p o n d  t o  a f a l l  o r  r i s e  i n  t e m p e r a t u r e .  The r e s u l t s  

p r e s e n t e d  h e re  a re  n o t  e x p r e s s e d  in  term s of  e q u i v a l e n t  

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

and i n c o r r e c t  c o n c l u s i o n s  can be drawn.

' S t r u c t u r e - m a k i n g '  i s  g e n e r a l l y  d e f i n e d  by v i b r a t i o n a l  

and nmr s p e c t r o s c o p i s t s  as c a u s in g  a l o s s  of  groups

and a ' s t r u c t u r e - b r e a k e r '  as a g e n e r a t o r  of  g ro u p s .

When w a te r  i s  h e a t e d  th e  s t r u c t u r e  i s  g e n u in e ly  b ro k en  

as th e  i n c r e a s e  of  groups  i s  eq u a l  t o  t h e  i n c r e a s e

in  (LP)fpee  g ro u p s .  However, on a d d i t i o n  of  a b a se  t h e  

(OH)f^ee groups a re  scaveng ed ,  p ro d u c in g  an excess  of  

I n f r a r e d  t e c h n iq u e s  s t u d y i n g  th e  c o n c e n t r a t i o n  of  

groups would deduce t h a t  ' s t r u c t u r e - m a k i n g '  had o c c u r r e d ,  b u t  

had a t t e n t i o n  been  fo c u s e d  on ' s t r u c t u r e - b r e a k i n g '

would have been d e c l a r e d .

S i m i l a r l y  on d i s s o l v i n g  an e l e c t r o l y t e  in  w a t e r ,  c a t i o n s  

scavenge groups  and an io n s  scavenge g ro u p s ,

the  n e t t  e f f e c t  depend ing  on t h e  s o l v a t i o n  number of  th e  i o n s .

On d i s s o l v i n g  R^NCl s a l t s  in  w a te r  t h e r e  i s  a marked f a l l  in

(OH). c o n c e n t r a t i o n  compared t o  an i n c r e a s e  f o r  NaBPh, .' f r e e  k

The o v e r a l l  r e a so n  t o  a f i r s t  ap p ro x im a t io n  i s  t h a t  f o r  R^HCl 

only the  an ions  a re  s t r o n g l y  s o l v a t e d  and bond to  OH groups 

w h i le  f o r  NaBPh^ only  th e  c a t i o n s  a r e  s o l v a t e d ,  bond ing  to  lone  

p a i r s  and g e n e r a t i n g  Obviously  th e  terms ' s t r u c t u r e -



1 2 k

making* and ’ s t r u c t u r e - b r e a k i n g ’ a re  m is l e a d i n g ,  a s ,  i f  

a t t e n t i o n  had b e e n  f o c u s e d  on t h e  s i g n s  o f  th e

e q u i v a l e n t  t e m p e r a tu r e s  w ould  b e  r e v e r s e d .
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SECTION C 

SOLVATION OF IODIDE IONS

I n t r o d u c t io n

The s o l v a t i o n  o f  i o d id e  io n s  has  b e e n  s t u d i e d  u s i n g  

u l t r a v i o l e t  and i n f r a r e d  s p e c t r o s c o p y .

A d d i t io n  o f  a p r o t i c  s o l v e n t  t o  i o d id e  io n s  in  m eth y l  

c y a n id e  was m o n ito r e d  u s i n g  t h e  OH o s c i l l a t o r  o f  th e  c o s o lv e n t  

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

th e  io d id e  io n s  in  th e  u l t r a v i o l e t  r e g i o n .

A ttem p ts  have b e e n  made t o  c a l c u l a t e  e q u i l ib r iu m  c o n s t a n t s  

from th e  s p e c t r a  and t h e  two methods a re  c o n s i s t e n t  w i t h in  

e x p e r im e n ta l  e r r o r .

The a d d i t i o n  o f  c e r t a i n  s o l v e n t s  t o  aqueous io d id e  was 

i n v e s t i g a t e d  and a t te m p ts  made t o  u n d e r s ta n d  th e  c a u se s  o f  

s o l v e n t  and s a l t  s h i f t s .

0 .1  U l t r a v i o l e t  S tu d ie s

C.1 .1 P r e v io u s  work

A lthough  e a r l y  s p e c t r o s c o p i c  s t u d i e s  o f  s o l v a t i o n  were  

m ain ly  in  t h i s  a r e a ,  u l t r a v i o l e t  s p e c tr o s c o p y  has n ot b e e n  

v e r y  w id e ly  or  s i g n i f i c a n t l y  a p p l i e d  t o  th e  s tu d y  o f  aqueous  

s o l u t i o n s .  P robab ly  th e  most s t u d i e d  system  i s  t h a t  o f  aqueous  

i o d id e  i o n s .

The u l t r a v i o l e t  a b s o r p t io n  spectrum  o f  io d id e  in  s o l u t i o n
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12Uc o n t a i n s  a w e l l  r e s o l v e d  d o u b le t  w h ich  h a s  b e e n  shown ^ 

t o  b e  due t o  t r a n s f e r  o f  an e l e c t r o n  from th e  io n  t o  t h e  

su r r o u n d in g  s o l v e n t .  Hence t h e  spectru m  b e lo n g s  t o  t h e  

g e n e r a l  group known as  c h a r g e  t r a n s f e r  t o  s o l v e n t  ( C .T .T .S . )  

s p e c t r a .

S in c e  th e  ground s t a t e  i s  t h e  s o l v a t e d  i o n ,  i t  i s  

c o n s id e r a b l y  i n f l u e n c e d  by  t h e  s o l v e n t  as  i s  th e  e x c i t e d  s t a t e  

in  w hich  t h e  s o l v e n t  p l a y s  an i n t e g r a l  p a r t .  Thus, C .T .T .S .  

t r a n s i t i o n s  are  u n u s u a l ly  e n v i r o n m e n t - s e n s i t i v e  and 

c o n s e q u e n t ly  are u s e f u l  t o  p rob e ch a n g es  in  s o lv e n t  s t r u c t u r e  

w ith  t e m p e r a tu r e ,  p r e s s u r e  and on a d d i t i o n  o f  s o l v e n t  or  

s o l u t e .

An im p ortan t a d v a n ta g e  o f  C .T .T .S .  s p e c t r a  i s  t h a t  

in fo r m a t io n  i s  o b ta in e d  f o r  a s i n g l e  i o n i c  s p e c i e s ,  in  c o n t r a s t  

w ith  many s t u d i e s  o f  s a l t  s o l u t i o n s  in  w h ich  problem s a r i s e  

when a s s i g n i n g  c o n t r i b u t i o n s  from c a t i o n s  and a n io n s .

A r e v ie w  o f  e x p e r im e n ta l  f i n d i n g s  and t h e o r e t i c a l

m odels f o r  C .T .T .S .  t r a n s i t i o n s  was p u b l i s h e d  by Blandamer  
1 26and Fox and a l th o u g h  a l a r g e  amount o f  d a ta  i s  a v a i l a b l e  t h e  

p rop osed  m odels are  o n ly  m o d e r a te ly  s u c c e s s f u l .  The two main 

c l a s s e s  o f  models u se d  in  q u a n t i t a t i v e  t r e a tm e n ts  w i l l  b e  o n ly  

b r i e f l y  m en tio n ed . A l l  m odels  have th e  common c o n cep t  o f  th e  

e x c i t a t i o n  o f  an e l e c t r o n  o r i g i n a l l y  on th e  io n  i n t o  a new 

o r b i t  e x te n d in g  o v e r  a r e g io n  o f  s o lv e n t  m o le c u le s .  B oth  

c l a s s e s  o f  m odels u s e  th e  same c y c l e  as t h e i r  s t a r t i n g  p o in t  

and assume t h a t  th e  arrangem ent o f  s o l v e n t  m o le c u le s  around  

th e  io n  i s  th e  same in  b o th  th e  ground and e x c i t e d  s t a t e s .
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I - ( H 2 0 ) ^ ^ W ( H 2 0 ) ^  + 4 I-gas"®gas

Emax ®3

(I- 4 e - ) ( H 2 0 )^  < ---------------^ ----------------------------  KHgO)^ 4

From th e  c y c l e  I t  f o l l o w s  t h a t ,

®max = 4 Eg 4 E3  4

1 26The d i f f u s e  model p r o p o se d  b y  S t e i n  and T r e in in  

p r o d u c e s  th e  f o l l o w i n g  e q u a t io n  f o r  an aqueous s o l u t i o n  a t  2 5 °C.

\ a x  (eV) = I , P .  - A H ° ( I - )  4 -  3 6 . U

where I . P .  = i o n i s a t i o n  p o t e n t i a l  o f  th e  io d id e  io n .

AHg(l«) = E n th a lp y  o f  s o l v a t i o n .

= r a d iu s  o f  s o l v e n t  c a v i t y .

The im p ortan t term i s  t h e  t h i r d  one w hich  c o n t a in s  a r a d iu s  

p ara m eter  d e f i n i n g  th e  i o n i c  c a v i t y ,  t h i s  b e in g  c h a r a c t e r i s t i c  

o f  th e  ground s t a t e .

The c o n f in e d  model p r o p o se d  by Smith and Symons^ 

p rod u ces  an e q u a t io n  o f  th e  same form b u t  much s im p le r .

Bmax = I'P" +
8mr^

where I . P .  = i o n i s a t i o n  p o t e n t i a l  o f  th e  io d id e  io n .  

h = P la n c k ’ s c o n s t a n t ,  

m e mass o f  th e  e l e c t r o n ,  

r^ = r a d iu s  o f  th e  p o t e n t i a l  en erg y  w e l l .

The e x c i t e d  e l e c t r o n  was p la c e d  w i t h i n  a p o t e n t i a l  en erg y  w e l l  

w ith  i n f i n i t e l y  s t e e p  w a l l s .  Thus in  t h i s  c a s e  E^^^ depends
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F ig u r e  C.1 The s h i f t  In band maxima f o r  th e

CTTS s p e c ^ ^  o f  ma a f u n c t i o n  o f  added s o l v e n t .

2 1270
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on the  r a d i u s  of  th e  p o t e n t i a l  ene rgy  w e l l  d e f i n i n g  th e  

e x c i t e d  s t a t e  and on t h e  i o n i s a t i o n  o o t e n t i a l .  The e x p r e s s i o n  

f o r  c o n t a i n s  no te rm s  which r e l a t e  t o  th e  ground s t a t e .

The two models d i f f e r  as t o  w h e th e r  a l t e r a t i o n s  in  Emax
can be a t t r i b u t e d  t o  ch anges  i n  t h e  ground o r  e x c i t e d  s t a t e  and

as t o  t h e  e x t e n t  t o  which t h e  e x c i t e d  s t a t e  i s  l o c a l i s e d .

R , in  th e  d i f f u s e  model i s  t h e  d i s t a n c e  between th e  i o n - c e n t r e  d
and the  i n s i d e  edge o f  t h e  s o l v e n t  m o lecu le s  w h i l s t  r ^  i s  th e  

d i s t a n c e  be tw een  th e  ion  c e n t r e  and th e  i n n e r  s u r f a c e  of  t h e  

p o t e n t i a l  energy  w e l l .

Q u a n t i t a t i v e  t r e a t m e n t s  of  C .T .T .S .  s p e c t r a  h a v e ,  m ain ly ,  

a t t e m p te d  t o  c o r r e l a t e  th e  v a r i a t i o n  of  E^^^ w i th  changes  in  

t e m p e r a t u r e ,  p r e s s u r e  and s o l v e n t .  L i t t l e  a t t e n t i o n  has been  

g iv en  t o  bandw id th  and i n t e n s i t y .

Bandwidth i s  governed  by th e  range  of  i o n - s o l v e n t  

s t r u c t u r e s  p r e s e n t  and can be t a k e n  as a measure of p r e c i s i o n  

of  s o l v a t i o n ,  the  n a r r o w e r  the  b a n d ,  th e  more p r e c i s e  th e  

s o l v a t i o n .  Widths i n c r e a s e  w i th  t e m p e r a tu re  in  o a r a l l e l  w i th

th e  s h i f t  in  E^ ^ as hydrogen bonds become lo n g e r  and th e  number
rr*BX

of  d i f f e r e n t  u n i t s  i n c r e a s e s .

Dépendance of  E^^^ on s o l v e n t

E^ax io d id e  shows extreme s e n s i t i v i t y  to  s o l v e n t  as

shown in  F ig u r e  C.1 . In g e n e r a l ,  ions  in  p r o t i c  s o l v e n t s  

e x h i b i t  n igh  energy bands compared t o  a p r o t i c  s o l v e n t s .
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Dépendance o f  on t e m p e r a t u r e

"^he s e n s i t i v i t y  of  t h e  a b s o r p t i o n  maxima t o  t e m p e r a t u r e

i s  the  most n o t a b l e  f e a t u r e  o f  C .T .T .S .  s p e c t r a .  s h i f t s

t o  lower  e n e r g i e s  w i th  an i n c r e a s e  in  t e m p e r a t u r e .  S h i f t s  a re

l i n e a r  and C .T .T .S .  s p e c t r a  f o r  a g iv en  io n  in  a g iv en  s o l v e n t

can be c h a r a c t e r i z e d  by t h e  s l o p e  in  d E ^ a x /d ? '  F i g u r e  C.2

shows t h a t  s o l v e n t s  g i v i n g  a low E have a l a r g e  dE /dT
n i8 .x  m  s x

and v ice  v e r s a .  This  can be e x p la in e d  u s i n g  a model in  which 

i o n - s o l v e n t  s e p a r a t i o n  v a r i e s  w i th  t e m p e r a tu re  and c o n t r o l s

th e  energy of  th e  t r a n s i t i o n .  The p r o to n  d o n a t i n g  s o l v e n t s

form s h o r t  hydrogen bonds t o  i o d id e  which a re  on ly  s l i g h t l y  

a f f e c t e d  by t e m p e r a tu re  whereas  s o l v e n t s  fo rm ing  only  weak 

hydrogen bonds can move f u r t h e r  away from t h e  io n  a t  h ig h  

t e m p e r a t u r e s .

Deoendance of  E on P r e s s u r e  --------------------------jr.ax----------------------

Changes in  p r e s s u r e  a t  c o n s t a n t  t e m p e r a tu re  produce
1 29l i n e a r  s h i f t s  w i th  th e  e x c e p t i o n  of aqueous s o l u t i o n s  

The s h i f t s  a re  t o  h igh  e n e r g i e s  as th e  p r e s s u r e  i n c r e a s e s

and can be i n t e r p r e t e d  s im ply  as a com press ion  of t h e  s o l v e n t

cage su r ro u n d in g  th e  io n .

For  aqueous s o l u t i o n s ,  a f t e r  an i n i t i a l  ’n o r m a l ’ s h i f t  

t h e  p r e s s u r e  e f f e c t  i s  r e d u c e d .  The io d id e  ion  seems t o  be 

b u f f e r e d  a g a i n s t  more p r e s s u r e  changes in  an u n u sua l  manner,  

p o s s ib l y  due to  th e  t h r e e  d im ens io n a l  s t r u c t u r e  of w a t e r .

E f f e c t  of  added c o - s o l v e n t

The a b s o r p t io n  s p e c t r a  in  mixed s o l v e n t s  show a g ra d u a l  

t r a n s i t i o n  between the  v a lu e s  of  E f o r  th e  two pure
ITSLX

1 ^0s o lv e n t s  . A o l o t  of E a g a i n s t  mole f r a c t i o n  i s  no t  amax
s t r a i g h t  l i n e  and s u g g e s t s  t h a t  e n e r a l l y ,  io d id e  p r e f e r s  an
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F lp u re  C .2  Band maxima f o r  the  CTTS s p e c tr a

o f  I~  ae a fu n c t io n  o f  I t s  tem perature s e n s i t i v i t y

(dg ^^ /dT ) f o r  a range o f  s o l v e n t s  (oc i s  f o r  KI c r y s t a l s )

EtOH
130

MeOH

BuOH

125

Ethylene CO •Propylene CO3

•DME
•(MeO),CO

3 1 2 0

OCN

MeCN
115

110
HMPA

NH
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en viron m ent h a v in g  a d i f f e r e n t  c o m p o s i t io n  from  t h a t  o f  th e  

h u lk  m ix tu r e .
1 51The b e h a v io u r  o f  aqueous s o l u t i o n s  i s  more com plex  

as shown i n  F ig u r e  C . 1 . The sh a rp  i n i t i a l  h ig h  e n e r g y  s h i f t  

c a u se d  by t h e  a d d i t i o n  o f  d io x a n  h as  b e e n  i n t e r p r e t e d  as  an 

in c r e a s e d  p r e c i s i o n  in  th e  way w a te r  su r ro u n d s  ea ch  io n  as  

th e  io d id e  i s  f o r c e d  i n t o  a s p e c i a l  ty p e  o f  w a te r  l a t t i c e  

and a l s o  a s  a l o s s  o f  one w a te r  m o le c u le  from t h e  s o l v a t i o n  

s h e l l  c a u s in g  t h e  r e m a in in g  h yd rogen  bonds t o  become s t r o n g e r .

A d d it io n  o f  low c o n c e n t r a t i o n s  o f  ^ u t y l  a l c o h o l  s h i f t s
1 52th e  a b s o r p t io n  band t o  h ig h  e n e r g i e s  and narrow s i t  in  a 

way which c l o s e l y  r e se m b le s  t h a t  o f  lo w e r in g  t h e  te m p e r a tu r e .

A l i m i t  i s  rea ch ed  a t  c a .  0 .0 5  m ole f r a c t i o n  o f  a l c o h o l  and 

no f u r t h e r  ch a n g es  o cc u r  u n t i l  t h e r e  i s  an e x c e s s  o f  a l c o h o l .  

T h is  has b e e n  i n t e r p r e t e d  as a t i g h t e n i n g  o f  t h e  i o d i d e -  

hydrogen  b onds as s o l v a t i o n  becom es more s p e c i f i c .

The c a u s e s  o f  t h e s e ,  and o t h e r ,  s o lv e n t  s h i f t s  w i l l  be  

d i s c u s s e d  l a t e r  in  more d e t a i l .

C.1 .2  U l t r a v i o l e t  work and r e s u l t s

The sy s te m  ch o sen  t o  probe t h e  c a u s e s  o f  s o lv e n t  s h i f t s  

was io d id e  in  m ethyl c y a n id e  (iv'eCN) w ith  added p r o t i c  s o l v e n t .  

Methyl c y a n id e  was c o n s id e r e d  s u i t a b l e  as i t  i s  a b a s i c ,  a p r o t ic  

s o lv e n t  w hich  i s  t r a n s p a r e n t  in  t h e  u l t r a v i o l e t .  M ethanol,  

w a te r  and e t h y le n e  g l y c o l  were u s e d  as th e  p r o t i c  s o l v e n t s  

and m eth y len e  c h lo r id e  was u se d  as a n e a r ly  i n e r t  a p r o t ic  

s o lv e n t  f o r  com p arative  p u r p o s e s .

’;Vhen a s o l u t e  i s  d i s s o l v e d  in  two s o l v e n t s  th e  s p e c t r a  o f  

th e  s o l u t e  g r a d u a l ly  ch an ges  from t h a t  o b se rv ed  in  one pure
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s o l v e n t  t o  th e  o t h e r .  There are  two l i m i t i n g  ways in  w hich  

t h i s  change may o c c u r .  F i r s t l y ,  t h e  a b s o r p t io n  spectrum  

may g r a d u a l ly  s h i f t  from  i t s  p o s i t i o n  in  one pure s o l v e n t  t o  

i t s  p o s i t i o n  in  th e  o t h e r  v / i th o u t  any sudden ch an ges  in  band  

shape or  p o s i t i o n  and i s  d e s c r ib e d  as a "band s h i f t " .

S e c o n d ly ,  th e  i n i t i a l  a b s o r p t io n  spectrum  may b e  s e e n  t o  

d e c r e a s e  a t  th e  e x p e n se  o f  a new band and an i s o s b e s t i c  p o in t  

w i l l  be g e n e r a te d  s u g g e s t i n g  an e q u i l ib r iu m  b etw een  t h e  two 

s p e c i e s  r e s p o n s i b l e  f o r  th e  two b a n d s .

The C .T .T .S .  spectru m  f o r  i o d id e  ( 0 .5  x 10~^M K l)  in  

m eth yl c y a n id e  a t  25°C i s  a G au ss ian  band w ith  a maximum 

at UO 700cm"^ as shown in  F ig u r e  C .3 .  (®max th e  low  

en erg y  component o f  t h e  d o u b le t  was m o n ito r e d ,  i t  b e in g  

assumed t h a t  f o r  th e  h ig h  e n e r g y  band b eh a v es  in  a

s i m i l a r  m anner.)  G reat c a r e  had t o  b e  ta k e n  when ru n n in g  

t h e s e  s p e c t r a  as th e y  are  so  s u s c e p t i b l e  t o  m inute ch a n g es  in  

s o lv e n t  c o m p o s i t io n  and te m p e r a tu r e .  The w e ig h in g  o f  th e  

s t o c k  and sam ple s o l u t i o n s  was a c c u r a t e  t o  0 .0 0 1 g  and r e f e r e n c e  

s o l u t i o n s  were p rep a red  w ith  e q u a l  a c c u r a c y  and t o  th e  same 

c o m p o s it io n  as th e  sam ple  s o l u t i o n  b u t  o m it t in g  th e  i o d i d e .

Each s e t  o f  s p e c t r a  w ere run u s in g  t h e  same s t o c k  s o l u t i o n  

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

A d d it io n  o f  low c o n c e n t r a t io n s  o f  p r o t i c  s o lv e n t  r e s u l t e d  

in  a l o s s  o f  th e  band a t  UO 7 0 0 cm”  ̂ and th e  growth o f  new 

bands at h ig h e r  e n e r g i e s ,  w ith  th e  g e n e r a t io n  o f  i s o s b e s t i c  

p o i n t s . . The r e s u l t s  can  be s e e n  in  F ig u r e s  C .3 - C .5 .

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

t o  h ig h e r  e n e r g i e s  as shown in  F ig u r e  C . 6 .
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e t h y l e n e  g l y c o l

m ethanol

w a t e r

44

B
Ü

F i g u r e  C.6  S h i f t s  o f  th e

hand maxima f o r  i o d i d e  io n s

i n  mixed o r o t i c  and methyl  

c y a n id e  s o l v e n t s

0 .80.6 1.0

Mole f r a c t i o n  o f  c o s o l v e n t
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C . 1 .3  D i s c u s s i o n

The MeCN and MeOH s y s t e m

The C . T . T .S .  hand f o r  i o d i d e  in  m ethy l  c y a n id e  at  

UO TOOcm”  ̂ a t  25°C was r a p i d l y  l o s t  on a d d i t i o n  o f  s m a l l  

c o n c e n t r a t i o n s  o f  m ethano l  and a new hand was g e n e r a t e d  at

900cm”\  Even b e f o r e  t h i s  s e c o n d  hand was f u l l y  d e v e l o p e d ,  

a f u r t h e r  hand h eg a n  t o  appear  a t  c a .  U3 000cm  ̂ h u t  was n e v e r

v e r y  w e l l  d e f i n e d  as  f u r t h e r  a d d i t i o n s  o f  methanol  s h i f t e d  th e

peak t o  h i g h e r  e n e r g i e s .

The hand at  41 900cm~^ was a s s i g n e d  t o  an i o d i d e  io n  

hydrogen bonded t o  one m ethanol  m o le c u le  and th e  s e c o n d  hand  

at  c a .  43 OOOcm”  ̂ t o  an i o d i d e  io n  hydrogen bonded t o  two 

methanol m o l e c u l e s .  A f t e r  0 . 3  mole  f r a c t i o n  o f  methanol  th e  

s h i f t  became l i n e a r  and no e v i d e n c e  c o u ld  h e  found  f o r  t h e  

g a i n  or l o s s  o f  i n d i v i d u a l  h a n d s .

The i n i t i a l  s h i f t  o f  1 200cm  ̂ and th e  o v e r a l l  s h i f t  of

4  7C0cm~^ tem pts  one t o  s u g g e s t  a s o l v a t i o n  number o f  f o u r  f o r

i o d i d e .  This  i s  h o w ev er ,  t o o  s im p le  a s i t u a t i o n  and one has  

t o  c o n s i d e r  t h a t  s e c o n d a r y  and t e r t i a r y  s o l v a t i o n  must have  

an e f f e c t  on t h e  s t r e n g t h s  o f  th e  hydrogen  bonds formed t o  

i o d i d e .

I secon d ary
I _

 r  J'e

\ \ e  primary t e r t i a r y

Evidence  f o r  t h i s  comes from r e c e n t  work on t h e  low  

temperature  i n f r a r e d  s p e c t r a  o f  e l e c t r o l y t e s  in  methanol  

The OH peak f o r  a s i n g l e  methanol  m o le c u le  bonded t o  a h a l i d e
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i o n  was in  a d i f f e r e n t  p o s i t i o n  from th e  OH peak due t o  

m eth a n o l  bonded t o  t h e  same io n  i n  b u l k  m e th a n o l .  A l s o  in

a. v e r y  c o n c e n t r a t e d  s o l u t i o n  a number o f  bands were fo u n d  

on e i t h e r  s i d e  o f  t h a t  o b t a in e d  from d i l u t e  s o l u t i o n s .

I t  was i n f e r r e d  from t h e s e  r e s u l t s  t h a t  as  primary s o l v a t i o n  

i n c r e a s e d ,  t h e  h yd rogen  bonds became w e a k er ,  w hereas  an 

i n c r e a s e  i n  s e c o n d a r y  s o l v a t i o n  c a u s e d  s t r o n g e r  hydrogen  

b o n d i n g  by  m ethanol  m o l e c u l e s  d i r e c t l y  bound t o  th e  i o n .

I t  i s  l i k e l y  t h e r e f o r e  t h a t  s u c c e s s i v e  a d d i t i o n s  o f  p r im ary  

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

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

m eth an o l  m o l e c u l e s .  There i s  a l s o  no r e a s o n  t o  su p p o se  t h a t  

p r im ary  s o l v a t i o n  has  t o  b e  c o m p le te  b e f o r e  sec o n d a ry  

s o l v a t i o n  commences.

Hence t h e  t r e n d  t o  h i g h  e n e r g i e s  b e tw ee n  0 . 3  and 1 . 0  

mole f r a c t i o n  o f  m ethanol  i s  a t t r i b u t e d  t o  s u c c e s s i v e  

a d d i t i o n s  o f  p r im ary ,  s e co n d a ry  and even  t e r t i a r y  methanol  

m o l e c u l e s .

The MeCN and HpG s y s t e m

A d d i t io n  o f  s m a l l  c o n c e n t r a t i o n s  o f  w a te r  produced a 

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

p r e s e n c e  o f  a s ec o n d  new band was l e s s  c o n v i n c i n g .  The f i r s t  

new band appeared a t  41 500cm”  ̂ which  was l e s s  than  t h e  

i n i t i a l  s h i f t  f o r  m e th a n o l .  This  s u g g e s t s  t h a t  w a te r  forms  

a weaker hydrogen bond t o  i o d i d e  than  does  m ethanol  b u t  one 

has  t o  c o n s i d e r  t h a t  t h e  w a te r  m o le c u le  a l s o  forms a bond t o  

th e  methyl  c y a n id e  which w i l l  weaken th e  bond t o  th e  i o d i d e

i o n .  That i s  t o  say  t h a t  MeCN HOH I ” appears  weaker

th a n  MeOH l ” but  t h i s  d o es  n o t  mean t h a t  HOH l ” and

MeOH 1 would be  so  d i f f e r e n t .
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The v a l u e s  f o r  th e  C . T . T . S .  peak p o s i t i o n s  o f  i o d i d e  

i n  b u lk  m ethano l  (45 350cm ^ ) and b u l k  w a t e r  (4 4  300cm~^) 

a l s o  s u g g e s t  t h a t  i o d i d e  forms a s t r o n g e r  bond w i t h  b u l k  

methanol  th a n  w i t h  b u l k  w a t e r  b u t  t h i s  may a r i s e  b e c a u s e  o f  

a s m a l l e r  primary  s o l v a t i o n  number.

The i n i t i a l  s h i f t  o f  800cm”  ̂ compared w i t h  t h e  t o t a l  

s h i f t  o f  3 600cm  ̂ would s u g g e s t  a s o l v a t i o n  number o f  4 . 5  b u t  

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

by  i n c r e a s i n g  t h e  s t r e n g t h  o f  t h e  hydrogen  bonds t o  i o d i d e ,

I - - ' H — 6 \  w

1_ i_ \  ^
———I ———H 0. ———I ———H '"̂ vi \ i"t’CMe ' P

H
/

The l i n e a r  s h i f t  b e tw e e n  0 . 3  and 1 . 0  mole f r a c t i o n  o f  

methanol was n o t  o b se r v e d  f o r  w a t e r .  In t h e  0 . 8  t o  1 . 0  mole  

f r a c t i o n  o f  w a te r  r e g i o n ,  no s h i f t  was o b se rv ed  e x c e p t  f o r  a 

s l i g h t  s h i f t  t o  h ig h  e n e r g y  in  t h e  r e g i o n  c l o s e  t o  pure w a t e r .  

This  was i n  agreement w i t h  p r e v i o u s  r e s u l t s  f o r  o t h e r  aqueous  

system s  and w i l l  be d i s c u s s e d  l a t e r .

The MeCN and (CH^OH)  ̂ s y s t e m

The a d d i t i o n  o f  e t h y l e n e  g l y c o l  was s t u d i e d  b e c a u s e  o f  

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

i n i t i a l  amounts o f  g l y c o l  were added an i s o s b e s t i c  p o i n t  was 

o bserved  but  th e  i n i t i a l  s h i f t  i n  band maxima was f a r  more 

r a p id  than f o r  methanol  or w a te r  (F ig u r e  C .5  and C .6 )

The new band at  ^^42 550cm”  ̂ w i t h  a s h i f t  o f  1 850cm 

from the  methyl  c y a n id e  v a l u e  was a s s i g n e d  t o  s t r u c t u r e  (a )  

w i t h  a sm a l l  c o n t r i b u t i o n  from s t r u c t u r e  ( b ) .
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( a )  (b)

The i n i t i a l  r a p id  s h i f t ,  a lm ost  c o m p le te  by 0 . 5  mole f r a c t i o n  was 

was th o u g h t  t o  b e  c a u s e d  by t h e  c h e l a t e  e f f e c t .  The i n t e r ­

a c t i o n  o f  i o d i d e  w i t h  one m o le c u le  o f  g l y c o l  w i l l  produce  

two hydrogen bonds  g i v i n g  a g r e a t e r  s h i f t .  Loss  o f  a g l y c o l  

m o le c u le  i s  much l e s s  l i k e l y  b e c a u s e  b o t h  hydrogen bonds have  

t o  b e  b ro k e n .

The CH2CI2 and MeOH s y s t e m

T h is  sy s tem  was s t u d i e d  t o  p r o v id e  a c o n t r a s t  w i t h  th e  

p r e v i o u s  ones  as m eth y le n e  c h l o r i d e  p ro b a b ly  forms weak 

hydrogen bonds w i t h  i o d i d e  b u t  methanol  forms c l u s t e r s  in  

p r e f e r e n c e  t o  b o n d in g  w i t h  m eth y len e  c h l o r i d e .

The i o d i d e  peak a t  40 800cm"^ in  pure CHgCl^ d i s a p p e a r e d  

r a p i d l y  on a d d i t i o n  o f  methanol  and t h e  h ig h  e n erg y  s h i f t  

gave no s u g g e s t i o n  o f  an i s o s b e s t i c  p o i n t .  T h is  s u g g e s t s  

t h a t  the  i o d i d e  i o n  i n t e r a c t s  w i t h  a methanol c l u s t e r  r a t h e r  

than i n d i v i d u a l  m o l e c u l e s .  The o v e r a l l  s h i f t  b e h a v i o u r  i s  

shown in  F ig u re  C . 7 .
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F ig u r e  C.7  S h i f t  o f  t h e  band maximum f o r  I o d id e  

Ions  In  m e th y le n e  c h l o r i d e  on add ing  m e th a n o l .
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C>2 I n f r a r e d  S t u d i e s

C .2 .1  I n f r a r e d  work and r e s u l t s

I n f r a r e d  s p e c t r a  were run^^of^the sy s te m  s t u d i e d  above 

i n  o r d e r  t o  c o n f ir m  t h e  p r o p o se d  a s s i g n m e n t s .  D i f f e r e n t  

s o l u t i o n s  w ere  u s e d  as t h e  i o d i d e  c o n c e n t r a t i o n  had t o  be  

i n c r e a s e d  and i s o t o p i c  d i l u t i o n  o f  w a t e r  was n e c e s s a r y  f o r  

r e a s o n a b le  s p e c t r a  t o  b e  o b t a i n e d .

The OH s t r e t c h i n g  bands  f o r  w a t e r ,  m ethanol  and e t h y l e n e  

g l y c o l  i n  MeCN are shown i n  F i g u r e  C .8 .

The two hydrogen bonds  o f  th e  MeCN HOH NCMe u n i t  (3570cm'~^ )

are  s e e n  t o  be  weaker  th a n  t h e  s i n g l e  hydrogen bond o f  t h e

MeOH NCMe u n i t  (3540cm”^ ) .  On a d d i t i o n  o f  R^N^l" new bands

appear a t  3440cm”  ̂ f o r  w a t e r  and 3380cm"*^ f o r  m e th a n o l ,  

i n d i c a t i n g  a s t r o n g e r  bond b e tw e e n  i o d i d e  and m ethanol  t h a n  

b e tw e e n  i o d i d e  and w a t e r  and c o n f i r m i n g  t h e  C .T .T .S .  r e s u l t s ,  

a l th o u g h  i t  i s  r e c a l l e d  t h a t  t h e  com parison  i s  be tw een

MeOH 1" and MeCN HOH 1” .

E t h y le n e  g l y c o l  i n  MeCN has a band at  3530cm which  on
_<i

a d d i t i o n  o f  i o d i d e  io n  s h i f t s  t o  3450cm” , a much s m a l l e r  s h i f t  

than  th e  o t h e r  two s y s t e m s .  T h is  i s  more e v i d e n c e  f o r  

c h e l a t i o n ,  s i n c e  when an an ion  forms hydrogen bonds w i t h  two  

s o l v e n t  m o le c u le s  t h e  s t r e n g t h  o f  each  hydrogen bond w i l l  be  

reduced ,

C . 2 .2  E q u i l ib r iu m  c o n s t a n t s

A ttem pts  were made t o  c a l c u l a t e  e q u i l i b r i u m  c o n s t a n t s  

from th e  u l t r a v i o l e t  and i n f r a r e d  s p e c t r a  f o r  t h e  r e a c t i o n ,

l ” (MeCN)^ + rOH l"(MeCN)^__^ (ROH) + MeCN
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F i g u r e  C .8  I n f r a r e d  s p e c t r a  o f  m ethyl  c y a n i d e /  

p r o t i c  s o l v e n t  s y s t e m s  on a d d i t i o n  o f  i o d i d e  i o n s .

a)  MeGN/HgO

b )  MeCN/H^O/l'
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a)  MeCN/MeOH

b )  MeCN/MeOH/l'
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a)  MeCir/Ethylene g l y c o l

b )  MeCN/Ethylene g l y c o l / l ”
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135U s in g  t h e  method o f  R y a l l  , and assu m in g  t h a t  th e  

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

K = (ROHÜ
] [ r «h]

From t h e  u l t r a v i o l e t  s p e c t r a ,  t h e  l o s s  o f  i n t e n s i t y  o f  t h e  

l ” (MeCK)^ band and th e  g a i n  i n  i n t e n s i t y  o f  t h e  l “ (MeCN)^_^(ROH) 

band w ere  u s e d  t o  c a l c u l a t e  K, In  t h e  i n f r a r e d  th e  l o s s  o f

i n t e n s i t y  o f  t h e  ROH NCMe band and t h e  g a in  i n  i n t e n s i t y

o f  t h e  ROH 1” band w ere  u s e d .  But due u n f o r t u n a t e l y  t o

o v e r l a p p i n g  bands  t h e  i n t e n s i t i e s  o f  t h e s e  peaks  c o u l d  not  

be  read  d i r e c t l y  from t h e  s p e c t r a  and Dupont Curve A n a l y s e r  

had t o  be  u s e d  t o  o b t a i n  bands w h ich  when i n c r e a s e d  or  

d e c r e a s e d ,  combined t o  reproduce  t h e  e x p e r im e n ta l  s p e c t r a .

I t  was t h e  i n t e n s i t i e s  o f  th e  d e c o n v o l u t e d  peaks  w h ich  were  

u s e d  in  t h e  c a l c u l a t i o n s .

In a l l  c a s e s  s e v e r a l  d i f f e r e n t  s p e c t r a  were u s e d  t o  

c a l c u l a t e  t h e  e q u i l i b r i u m  c o n s t a n t s  and i t  i s  t h e  a v er a g e  

v a l u e  f o r  ea ch  s y s t e m  which  appears  i n  Table  3 .  (More 

d e t a i l s  o f  t h e  c a l c u l a t i o n s  are t o  be  found in  Appendix 3 ) .

U s in g  t h e  p ro ce d u re  f o l l o w e d  by R y a l l  i t  was e x t r e m e ly  

d i f f i c u l t  t o  o b t a i n  r e a s o n a b l e  r e s u l t s  and g r e a t  c a r e  was 

t a k e n .  The d e c o n v o l u t i o n  o f  t h e  s p e c t r a  was l i k e l y  t o  c a u s e  

many e r r o r s  and o t h e r  o v e r l a p p i n g  bands added t o  t h e  p r o b le m s .  

For t h e  m ethanol  s y s t e m s ,  t h e  u l t r a v i o l e t  and i n f r a r e d  r e s u l t s  

were in  good agreement b u t  i t  was found  i m p o s s i b l e  t o  o b t a i n  

c o n s i s t e n t  and m ea n in g fu l  r e s u l t s  from th e  i n f r a r e d  s p e c t r a  

o b ta in e d  f o r  th e  HgO and e t h y l e n e  g l y c o l  s y s t e m s .

However, th e  u l t r a v i o l e t  d a ta  d oes  p r o v id e  us  w i t h  

e q u i l i b r i u m  c o n s t a n t s  which  in  t h e  c a s e  o f  methanol i s
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s u p p o r t e d  by th e  i n f r a r e d  d a t a  a l l  o f  which i s  p r e s e n t e d

in  Table  T hree .

The r e s u l t s  f o r  w a t e r  and m ethano l  a re  s i m i l a r  and w e l l  

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

g l y c o l  i s  so much g r e a t e r  s u p p o r t s  t h e  s u g g e s t i o n  t h a t  i t  

forms tv/o bonds t o  i o d i d e .

I t  has  p r e v i o u s l y  been  shown t h a t  K(25°C) f o r  t h e

f o r m a t io n  of  I ~  HOMe in  CCl^ i s  ~ 1 9 .0 ^ ^ ^ .  Th is  v a lu e  i s

much l a r g e r  th an  t h a t  q u o ted  h e re  due t o  c o m p e t i t i o n  from the

competing  hydrogen bond t o  methyl  c y a n id e  (MeOH NCMe)

whereas  in  CCl^ t h e  a l c o h o l  m o le c u le s  a re  v i r t u a l l y  f r e e  and 

r e a d i l y  a v a i l a b l e  t o  bond t o  i o d i d e .  Kuntz and Cheng 

c a l c u l a t e d  K»2 f o r  I ” and w a te r  o r  methanol  in  MeCN u s i n g  

Bu^NI b u t  a h i g h e r  v a lu e  of  -^9 when u s i n g  L i l .  The d i f f e r e n c e  

i s  p r o b a b ly  due in  p a r t  t o  t h e  s o l v a t i n g  of th e  Li'*’ io n .

Li^MeCN)^ + ROH Li^ROH)(MeCN)^_^ + MeCN

For  th e  u l t r a v i o l e t  r e s u l t s  p r e s e n t e d  h e re  the  s a l t  

c o n c e n t r a t i o n  was so low (0 .5  x 10”^M) t h a t  the  c a t i o n  would 

have a n e g l i g i b l e  e f f e c t .

C .2 .3  Water r i c h  s t u d i e s

At the  w a te r  r i c h  end of  th e  mole f r a c t i o n  range th e  

u l t r a v i o l e t  r e s u l t s  f o r  MeOH and H^O d i f f e r ,  as shown in  

F ig u re  C .6 .  As MeCN i s  added t o  I~ in  w a t e r ,  t h e r e  i s  a 

small  i n i t i a l  s h i f t  t o  h igh  energy b e f o r e  the  r a p i d  t r e n d  t o  

low en e rg y .  In the  m ethanol  case  t h e r e  i s  an immediate low 

energy s h i f t .  This  i n i t i a l  h ig h  en e rg y  s h i f t  has been  observed

p r e v io u s ly  f o r  aqueous s o l u t i o n s  w i th  a l c o h o l s ,  p a r t i c u l a r l y
t  1^2b u t y l  a lc o h o l  and f o r  a p r o t i c  s o l v e n t s  such as d io x a n .
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b u t  n o t  f o r  t h e  c o r r e s p o n d i n g  m ethanol  s o l u t i o n .

P r e v i o u s l y ^ ^  t h e  ^ b u t y l  a l c o h o l  r e s u l t  was e x p l a i n e d  

u s i n g  th e  c l a t h r a t e  e f f e c t  as  t h e  i n t r o d u c t i o n  o f  t h e  I ” i o n  

i n t o  a w e l l  d e f i n e d  c a g e  s t r u c t u r e  would p ro d u ce  a h i g h e r  and 

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

i s  h a r d ly  l i k e l y  t o  b e  t h e  c a s e  w i t h  MeCN and s o  i t  i s  

s u g g e s t e d  t h a t  t h e  a d d i t i o n  o f  t h e  b a s i c  c o s o l v e n t  s c a v e n g e s  

th e  ( 0 H)^p2e groups  i n  w a t e r .

+B

OH———B

so  t h e  e q u i l i b r i u m

^  ^  + (OH)free

moves t o  th e  r i g h t .  The l o s s  o f  one m o le c u le  o f  w a te r  from  

th e  s o l v a t i o n  s h e l l  w i l l  r e s u l t  i n  t h e  r em a in in g  m o le c u le s  

bonding  more s t r o n g l y  and fo rm in g  a b e t t e r  d e f i n e d  s h e l l ,  

which w i l l  g i v e  r i s e  t o  a narrow er  a b s o r p t i o n  a t  h i g h e r  e n e r g y .  

F u r th e r  a d d i t i o n s  o f  c o s o l v e n t  g i v e s  d i r e c t  s o l v a t i o n  which  

r e s u l t s  in  a r a p id  low e n e r g y  s h i f t .

T h is  e x p l a n a t i o n  can a l s o  be u s e d  t o  account  f o r  th e  

s m s l l  h i g h  energy  s h i f t s  i n  th e  C . T . T .S .  band o f  i o d i d e  on 

a d d i t i o n  o f  e l e c t r o l y t e s ^ T e t r a - a l k y l a m m o n i u m  c h l o r i d e s  

cause  a much l a r g e r  s h i f t  t o  h i g h  e n e r g y  than LiCl or  NaCl.

The major p a r t  o f  t h e  s h i f t  i s  a d e h y d r a t io n  o f  th e  l ” io n s  

caused  by t h e  Cl~  i o n s .  The o v e r t o n e  i n f r a r e d  s t u d i e s  ( S e c t i o n  

B . 1 . 2 )  showed a r a p id  l o s s  o f  (OH)^^^^ when t e t r a - a l k y l -
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ammonium h a l i d e s  were added t o  w a t e r  as d i d  t h e  a d d i t i o n  

o f  b a s i c  s o l v e n t s ,  g e n e r a t i n g  an e x c e s s  o f  smd

p u sh in g  e q u i l i b r i u m  IX t o  t h e  r i g h t .  When LiCl  or  NaCl are  

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

groups a lm o s t  c a n c e l s  t h e  e f f e c t  o f  t h e  a n io n s  and hence  t h e  

te tra -a lk y la m m o n iu m  h a l i d e s  show a much l a r g e r  e f f e c t .
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APPENDIX ONE

This  program c a l c u l a t e s  th e  change in  on

a d d i t i o n  of  b a se  and p l o t s  th e  r e s u l t  as t h e  % of  th e  i n i t i a l  

v a lu e .

00100 /JOB

00110 JMH2,T20,CM36000.

00120 USER,JMH,JMH.

00130 CHARGE,CHEM,CHEM.

00140 FTN,L=0.

00150 ATTACH,CGKOST/UN=LIBS.

00160 LD3ET,LIB=CGH0ST.

00170 LGO.

00180 RETURN,CGHOST.

00190 REWIND,GRIDFL.

00200 REPLACE,GRIDFL=JMHGRID.

00210 GOTO,77.

00220 EXIT.

00230 77,DAYFILE,JMHDAY1.

00240 REPL.4CE, J}'HDAY1 .

00250 /EOR

00260 PROGRAM PLOT(INPUT,OUTPUT,TAPE1,TA?E2)

00270 DIMENSION Y (1 0 0 ) ,X J (1 0 0 ) ,X (10 0 )

00280 CALL PAPER(l)

00290 XMIN=1.0

00300 XMAX=0.e

00310 YMIN=0.0

00320 YMAX=100.0

00330 CALL NAP( XMIN, XMAX,YMIN,YMAX)

00340 CALL BLEPEN

00350 M=7
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00360 DO 20 1=1 ,M

00370 F0= 2 .* 1 / 1 0 0 .

00360 FK=F0»F0/(1 .-FO)

00390 NP=1 00

00400 DO 10 J=1 ,NP

00410 X(J)=1 . - ( J - 1  . ) / 5 0 0 .

00420 YJ=.5/X( J ) - . 5

00424 Z=0.0*YJ

00430 A=1 .

00440 B=FK-YJ-Z

00450 C=YJ*Z-FK

00460 XJ(J)=(-B+8QRT(B*B-4.*A*C

00470 Y(J)=1 0 0 . * ( X J (J ) -Y J ) /F 0

00480 • 10 CONTINUE

00490 CALL PTPL0T(X,Y,1NP,-2)

00500 20 CONTINUE

00510 CALL GRNPEN

00520 CALL GRATIC

00530 CALL BLKPEN

00540 CALL CTRMAG(IO)

00550 CALL AXES

00560 CALL GREND

00570 STOP

00580 END



153

APPENDIX TWO

This  program c a l c u l a t e s  t h e  p r e d i c t e d  s h i f t  o f  th e  OH 

p r o t o n  of  w a t e r  on i n t r o d u c i n g  a monobase.

00100 /JOB

00110 JMH2,T100,CM36000.

00120 USER,JMH,JMH.

00130 CHARGE,CHEM,CKEM.

00140 FTN,L=0.

00150 ATTACH,CGHOST/UN=LIBS.

00160 LDSET,LIB=CGHOST.

00170 LGO.

00180 RETURN,CGHOST.

00162 EXEC,LPPROC.

00184 EXEC,CCPROC.

00190 REWINT),GRIDFL.

00200 REPLACE,GRIDFL=JMHGRID.

00210 GOTO,77.

00220 EXIT.

00230 77,DAYFILE,JMHDAY1.

00240 REPLACE,J î.:HDAY1 .

00250 /EOR

00260 PROGRAM PLOT( INPUT, OUTPUT, TAPEI,TAPE2)

00270 DIMENSION Y( 1 0 0 j , X J ( 1 0 0 ) ,X(1CO)

00280 A1=1.

00290 A2=3.6?

00300 A3=5.5

00310 A4=5.78

00320 A5=5.0

00330 CALL PAPER(l)

00340 XMIN=1.0



1 5 4

00350 XMAX=0,8

00360 YMIN=5.3

00370 YMAX=4.6

00380 20 CALL MAP(XMIN,XMAX,YMIN,YMAX)

00350 M=10

00400 F0=.04

00410 FK=F0*F0/(1 .-FO)

00420 CALL BLKPEN

00430 NP=100

00440 DO 10 J=1 ,NP

00450 X(J)=1 . - ( J - 1  . ) / 5 0 0 .

00460 Y J = . 5 / X ( j ) - . 5

00470 A=1.

00480 • B=FK-YJ

00490 C=-FK

00500 XJ(J)=(-B+S0RT(B*B-4.*A*C))/(2 .*A)

00510 10 CONTINUE

00520 DO 11 1=1 ,M

00530 A2=13.12

00535 A 5= 5 .5 - .5* I

00540 A 3 = (5 . -F 0 * A 1 ) / ( l . -F O )

00550 DO 12 J=1 ,NP

00560 Y J = .5 / X ( J ) - . 5

00570 X1=XJ(J)

00580 H=X1-YJ

00590 Y(J)=H*A1+YJ*A5+(1.-XI)*A3

00600 1 2 CONTIIJTE

00610 CALL PTPL0T(X,Y,1.NP,-2)

00611 11 COLTIÎJJE

00620 CALL REOPEN

00621 DC 32 J = 1 ,3
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00622 READ(1 , 4 0 3 )  N

00623 DO 30 1=1 ,N

00624 READ(1,4 0 4 )  X ( l ) , Y ( l )

00625 30 CONTINUE

00626 CALL ?TPL0T (X ,Y ,1 ,N ,-2 )

00627 32 CONTINUE

00630 CALL GRJfPEN

00640 CALL GRATIC

00650 CALL BLKPEN

00660 CALL CTRKAG(IO)

00670 CALL AXES

00675 CALL PLACE( 1 , 1 )

00676 CALL TYPECS(31HNMR H20 PROTON SHIFT SIMULATION, 31 )

00677 . CALL PLACE(1 ,2 )

00678 CALL TYPECS(25HFOR WATER-MONOBASE SYSTEM, 25)

00688 CALL GREND

00690 401 FORMAT(20A4)

00700 403 FORMAT(1615)

00710 404 FORMAT(4F10 . 5 )

00720 STOP

00730 FAD
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APPENDIX THREE

The method u s e d  f o r  c a l c u l a t i n g  t h e  e q u i l i b r i u m  c o n s t a n t s  

was t h a t  o f  R y a l l^ ^ ^ .

MeOH———NCMe + I  ^  — *" MeOH———I + MeCN

K = iMeOH I"][MeCN]
[ l “]  [MeOH----- NCMe]

Let t ”] - t o t a l  ” *  “ F i x e d  amount.

|i?eO^ t o t a l  “ y  ■ Range o f  v a l u e s .

[iîeCrO = C o n s t a n t .

At e q u i l i b r i u m ,

MeOH———NCMe + I ^  MeOH———I -f MeCN

y - o c  X - c X  o<

K = «X
(x-<x)(y-p<)

From th e  o p t i c a l  d e n s i t y  o f  I , 

o . D . ( i - ) = e ^ C ( j - ) i

From th e  o p t i c a l  d e n s i t y  o f  MeOH l “

where £ =  e x t i n c t i o n  c o e f f i c i e n t ,  c = c o n c e n t r a t i o n , l = l e n g t h  o f  c e l l  

Assuming t h a t  t h e  e x t i n c t i o n  c o e f f i c i e n t s  are  e q u a l .
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= x-o^, and = <x

i l D .  =
X -  e<

R ea rra n g in g  g i v e s ,  

oc =
S2 I

O . D . ( j - )  +

For t h e  u l t r a v i o l e t  w ork ,  x was c o n s t a n t  a t  0 . 5  x  10  M, th e

o p t i c a l  d e n s i t y  f o r  i o d i d e  i o n s  was t a k e n  from t h e  s p e c t r a

and t h e  o p t i c a l  d e n s i t y  f o r  MeOH--- I was o b t a i n e d  f o r  a s e r i e s

o f  s o l u t i o n s  as  m ethanol  was added in  i n c r e a s i n g  c o n c e n t r a t i o n .

A t y p i c a l  c a l c u l a t i o n  f o r  a s o l u t i o n  c o n t a i n i n g  1 .56M o f  m ethanol  

and 18.54-M MeCN f o r  w hich  t h e  was 0 . 5 3 ,  g i v e s

cx = 0 . 5 3  X  0 . 5  X  1 0 “  ̂ = 0 . 2 3  x 1 0 “^
0 .5 3  + 0.61

x - x  =  0 . 5  X 1 0 ” ^  -  0 . 2 3  X 1 0  ^

= 0 . 2 7  X 10"^

y - o <  =  1 . 5 6  -  0 . 2 3  X  1 0 ” ^

= 1 .5 5 9 7 7  

^xx 18 .54
.-3

K = 0 . 2 3  X  10 \ x  1 8 . 5 4  = 1 0 .1 5
1 . 5 5 9 7 7  X 0 . 2 7  X 10

Hence,  on a d d i t i o n  o f  s u c c e s s i v e  amounts o f  m e th a n o l ,  e q u i l i b r i u m  

c o n s t a n t s  c o u ld  be  c a l c u l a t e d  and t h e  av era g e  fo u n d .
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S p e c t r o s c o o i c  S t u d i e s  o f  Aqueous S o l u t i o n s  

Susan E. J a c k s o n

The work o f  t h i s  t h e s i s  was c a r r i e d  ou t  i n  o r d e r  t o  t r y  
t o  u n d e r s t a n d  more f u l l y  t h e  s t r u c t u r e  and s o l v a t i n g  p r o p e r t i e s  
of  w a t e r .  S e v e r a l  fo rm s  o f  s p e c t r o s c o p y  were u s e d  t o  g a i n  
i n f o r m a t i o n  on th e  e f f e c t  o f  n o n - e l e c t r o l y t e  and e l e c t r o l y t e s  
on t h e  s t r u c t u r e  o f  w a t e r .

The s p e c t r a  o f  w a t e r  and aqueous  s o l u t i o n s  a r e  g e n e r a l l y  
r e g a r d e d  as b e i n g  u n i n f o r m a t i v e  as  t h e  b a n d s  a r e  b r o a d  and 
i n s e n s i t i v e  t o  a d d i t i v e s .  However, t h e  work i n  t h i s  t h e s i s  
overcomes t h e  p rob lem  by  i s o t o p i c  d i l u t i o n  of  H^O by D^O and
by g r e a t l y  l o w e r i n g  t h e  t e m p e r a t u r e  o f  t h e  s o l u t i o n s  t o  form 
' g l a s s y  s o l i d s ' .  The b a n d s  become b e t t e r  r e s o l v e d  and
i n f o r m a t i o n  can be  o b t a i n e d  from t h e  a p p e a ra n c e  o f  s u b - b a n d s .

A w a t e r  m o le c u le  i s  c a p a b le  o f  fo r m in g  f o u r  h y d r o g e n -  
b o n d s ,  t e t r a h e d r a l l y  d i s p o s e d ,  b u t  t h i s  i d e a l  s i t u a t i o n  does 
n o t  e x i s t  i n  l i q u i d  w a t e r  and h y d ro g e n -b o n d s  w i l l  b e  c o n s t a n t l y ,  
b r e a k i n g  t o  g iv e  and Lone P a i r ^ ^ ^ ^  g r o u p s .  The p resencg j
of  t h e  g roups  was m o n i to r e d  i n  t h e  n e a r  i n f r a r e d  as a
f u n c t i o n  of  t e m p e r a t u r e  and added e l e c t r o l y t e s  and n o n ­
e l e c t r o l y t e s .  In  t h e  i n f r a r e d ,  a t  low t e m p e r a t u r e s ,  b a n d s  can 
be  i d e n t i f i e d  due t o  OH g ro u p s  bonded  t o  a d d i t i v e s .

U s ing  t h e s e  r e s u l t s ,  t h i s  t h e s i s  a t t e m p t s  t o  e x p l a i n  
t h e  manner i n  which w a t e r  s o l v a t e s  and a l s o  t o  c a l c u l a t e  t h e  
p e r c e n t a g e  o f  g ro u p s  which  a r e  p r e s e n t  i n  p u re  w a t e r  a t
room t e m p e r a t u r e .  R e s u l t s  compare f a v o u r a b l y  w i t h  t h o s e  of  
o t h e r  w o rk e r s  a l t h o u g h  c o n c l u s i o n s  o f t e n  d i f f e r .

U l t r a v i o l e t  s p e c t r o s c o p y  was u s e d  t o  s t u d y  t h e  CTTS 
so e c t ru m  o f  t h e  i o d i d e  io n  i n  m ethy l  c y a n i d e  when s o l v a t e d  by  
w a t e r ,  m ethano l  and e t h y l e n e  g l y c o l .  E q u i l i b r i u m  c o n s t a n t s  
were o b t a i n e d  from t h e  s p e c t r a  which  gave good ag reem ent  w i t h  
t h o s e  of  o t h e r  w o r k e r s .


