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Abst rac t

SURFACE ENHANCED RAMAN SPE C T R O S C O P Y  O F  BIPYRIDINES AND
PH ENYLPYRIDINES

by

P a n a y io t e s  S  D ia m a n d o p o u lo s  

Advisor: P r o fe s s o r  T h o m a s  C S t r e k a s

S u r f a c e  e n h a n c e d  R a m a n  s p e c t r o s c o p y  ( S E R S )  u s ing  m eta l  col loids  

h a s  p r o v i d e d  a  n e w  a n d  m u c h  i m p r o v e d  a p p r o a c h  to t h e  s t u d y  of 

c o n d e n s e d  p h a s e  m eta l  i n t e r f a c e s .  T h e  e n h a n c e m e n t  of t h e  R a m a n  

s c a t t e r e d  in tens i ty  of the  a n a l y t e  u p o n  a d s o r p t i o n  on  t h e  s u r f a c e  c a n  

b e  up  to 1 0 7 , w h i l e  s c a t t e r i n g  f rom  t h e  s o l v e n t  r e m a i n s  w e a k  or 

n o n - o b s e r v a b l e .  I s o m e r i c  b i p y r i d i n e s  a n d  p h e n y l p y r i d i n e s  t h a t  w e r e  

i n v e s t i g a t e d  in t h i s  s t u d y ,  w e r e  c h o s e n  b e c a u s e  of  t h e i r  

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

p o s s e s s  o n e  s i g m a  e l e c t r o n  d o n o r  n i t r o g e n  on  e a c h  of the i r  py r id ine  

r ings ,  a s  well  a s  a n  e x t e n s i v e  k t y p e  e l e c t r o n  d o n o r  s y s t e m  t h r o u g h  

th e i r  a r o m a t i c  r ings .  T h e s e  two e l e c t r o n  d o n o r  s i t e s  c a n  c o m p e t e  for 

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

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

s i lve r  co l lo id a l  s u s p e n s i o n ,  w a s  p r e p a r e d  by t h e  r e d u c t io n  of a  s i lver  

n i t r a t e  s o l u t i o n  b y  s o d i u m  c i t r a t e .  T h e  S E R S  s p e c t r a  of t h e s e  

c o m p o u n d s  w e r e  r e c o r d e d  in t h e  7 0 0 - 1 7 0 0  a n d  2 9 0 0 - 3 2 0 0  c m ' 1



r e g i o n s  of t h e  s p e c t r u m  The  a d s o r p t i o n  m o d e  of t h e s e  c o m p o u n d s  on 

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

s e l e c t i o n  ru le s ,  w h e n  a  m o l e c u l e  a d s o r b s  o n t o  t h e  m e ta l  s u r f a c e  o n e  

of its m o l e c u l a r  a x e s  w o u l d  b e c o m e  t h e  z a x i s  (or  n o r m a l )  w i t h  

r e s p e c t  to t h e  m eta l  s u r f a c e .  F rom  t h e  m o l e c u l e s  s t u d i e d  it w a s  f o u n a  

t h a t  t h e  g r e a t e s t  e n h a n c e m e n t  is o b s e r v e d  for t h o s e  t h a t  a d s o r b  on 

t h e  s u r f a c e  m a  p e r p e n d i c u l a r  f a s h i o n  ( a long  t h e  s u r f a c e  no rm a l )  For  

this  t y p e  of a d s o r p t i o n  th e  o b s e r v e d  S E R S  e n h a n c e m e n t  is d u e  to the 

m o l e c u l a r  v i b r a t i o n s  t h a t  d e r i v e  t h e i r  i n t e n s i t y  f r o m  t h e  » z z 

c o m p o n e n t  of t h e  m o l e c u l a r  po la r izabi l i ty .
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G E N E R A L  IN TRODU CTIO N

T h e  i n te r a c t io n  of a d s o r b e d  m o l e c u l e s  with a  s u r f a c e  p l a y s  

a n  i m p o r t a n t  role in a  w i d e  va r i e ty  of  c h e m i c a l  p r o c e s s e s  s u c h  

a s :  c a t a l y s i s ,  a d h e s i o n ,  l u b r i c a t i o n ,  a n d  a  g r e a t  n u m b e r  of 

e l e c t r o c h e m i c a l  r e a c t i o n s .  T h e  s t a b i l i t y  of  t h e  a d s o r b a t e -  

s u r f a c e  i n t e r f a c e  is l a rg e ly  d e t e r m i n e d  by  t h e  s t r e n g t h  of  t h e  

i n t e r a c t i o n  b e t w e e n  t h e m .  A d s o r p t i o n - d e s o r p t i o n  k i n e t i c s  a l s o  

p l a y  a n  i m p o r t a n t  r o l e  in d e t e r m i n i n g  r e a c t i o n  r a t e s  a t  

i n t e r f a c e s .  If o n e  h a s  a  c l e a r  u n d e r s t a n d i n g  of  t h e s e  

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

c h e m i c a l  a p p l i c a t i o n s  l ik e :  c a t a l y s i s ,  c h r o m a t o g r a p h i c

s e p a r a t i o n s ,  c o a t i n g s ,  b i o s e n s o r s ,  e t c .  c a n  b e  f u r t h e r  

u n d e r s t o o d  a n d  m a d e  m o r e  eff ic ient .

F o r  m o s t  of t h e  c h e m i c a l  p r o c e s s e s  m e n t i o n e d ,  t h e  

i n t e r f a c e s  of  i n t e r e s t  a r e  b e t w e e n  t w o  c o n d e n s e d  p h a s e s :  

l iqu id - l iqu id ,  l iqu id -so l id ,  o r  s o l i d - s o l i d .  An i d e a l  t e c h n i q u e  to  

s t u d y  t h e s e  i n t e r f a c e s  w o u l d  b e  a n  "in s itu"  o n e ,  t h a t  d o e s  no t  

r e q u i r e  e l a b o r a t e  e x p e r i m e n t a l  c o n d i t i o n s ,  o r  m o d i f i c a t i o n  of 

t h e  o r ig in a l  s a m p l e .  T h e  t e c h n i q u e  s h o u l d  a l s o  b e  a b l e  to 

p r o v i d e  s o m e  in fo r m a t io n  a b o u t  t h e  a m o u n t ,  o r i e n t a t i o n ,  a n d  

s t r e n g t h  of  a d s o r p t i o n  of  t h e  a d s o r b a t e ,  wi th  t h e  s u r f a c e .  

T e c h n i q u e s  ut il iz ing v i b r a t i o n a l  s p e c t r o s c o p y  a r e  p a r t i c u l a r l y  

s u i t e d  fo r  s t u d y i n g  t h e s e  t y p e s  of  i n t e r a c t i o n .  V i b r a t i o n a l  

R a m a n  o r  i n f r a red  (IR) s p e c t r a  of s p e c i e s  a d s o r b e d  o n  a
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s u r f a c e  c a n  p r o v i d e  v a l u a b l e  i n f o r m a t i o n  o n  t h e  p r o c e s s e s  

o c c u r i n g  a t  t h e s e  i n t e r f a c e s .  F o r  a q u e o u s  s o l u t i o n - s o l i d  t y p e  

i n t e r f a c e s ,  R a m a n  s p e c t r o s c o p y  is  s u p e r i o r  to  t h e  IR 

t e c h n i q u e ,  d u e  to  t h e  i n h e r e n t  p r o b l e m s  a s s o c i a t e d  wi th  IR 

s p e c t r a  of  a q u e o u s  s o l u t i o n s ,  ( e v e n  t h o u g h  t h e y  c a n  b e  d e a l t  

wi th  b y  u s i n g  F o u r i e r  t r a n s f o r m  IR t e c h n i q u e ) .  A R a m a n  

s p e c t r u m  of  a  s o lu t i o n - s o l id  i n t e r f a c e  c a n  p r o v i d e  i n f o r m a t io n  

in s e v e r a l  w a y s .  It c a n  c h a r a c t e r i z e  t h e  t y p e  of  a d s o r b a t e  f rom 

its " f ingerp r in t"  R a m a n  s i g n a l s .  It c a n  a l s o  p r o v i d e  i n fo r m a t io n  

a b o u t  t h e  r e l a t i v e  s t r e n g t h  a n d  o r i e n t a t i o n  of  t h e  a d s o r b a t e  on  

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

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

s p e c t r u m  of t h e  a d s o r b a t e  o n  t h e  s u r f a c e  a n d  t h a t  in s o lu t io n  

o r  in p u r e  so l id  or  liquid p h a s e .

RAMAN SPE CTR OSC OPY

R a m a n  s p e c t r o s c o p y  is a  t y p e  of  m o l e c u l a r  v i b r a t i o n a l  

s p e c t r o s c o p y ,  w h i c h  u t i l i z e s  t h e  p r i n c i p l e  t h a t  w h e n  

m o n o c h r o m a t i c  l igh t  is  s c a t t e r e d  b y  m o l e c u l e s ,  a  s m a l l  

f r a c t i o n  of t h e  s c a t t e r e d  l ight  is o b s e r v e d  to  h a v e  a  d i f f e r e n t  

f r e q u e n c y  f ro m  t h a t  of t h e  i r r a d ia t ing  light.  T h i s  is k n o w n  a s  

t h e  R a m a n  e f f e c t ( 9 8 ) .  R a m a n  s p e c t r o s c o p y  h a s  b e e n  a n  

i m p o r t a n t  t e c h n i q u e  for  t h e  e l u d i c a t i o n  of  m o l e c u l a r  s t r u c t u r e
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fo r  l o c a t i n g  v a r i o u s  f u n c t i o n a l  g r o u p s  o r  c h e m i c a l  b o n d s  in 

m o l e c u l e s ,  a n d  fo r  t h e  q u a n t i t a t i v e  a n a l y s i s  of  c o m p l e x  

m i x t u r e s .

A u n i q u e  f e a t u r e  of R a m a n  s c a t t e r i n g  is t h a t  e a c h  m o l e c u l e  

h a s  a  c h a r a c t e r i s t i c  po la r izab i l i ty  ( a )  , w h ic h  is d e f i n e d  a s  t h e  

r a t i o  o f  t h e  d i p o l e  m o m e n t  of t h e  m o l e c u l e  (P )  o v e r  t h e  

e l e c t r i c  f i e ld  s t r e n g t h  (E)  of  a  m o n o c h r o m a t i c  l igh t  wi th  

f r e q u e n c y  (v) t h a t  i r r a d i a t e s  t h e  m o l e c u l e  :

a  = P / E w h e r e  E =- E 0 c o s 2 r c v t

E 0  = a m p l i t u d e  of light w a v e  

t= t ime

In o r d e r  for  a  m o l e c u l a r  v i b ra t io n  to b e  R a m a n  a c t i v e  t h e  

p o l a r i z a b i l i t y  of  t h e  m o l e c u l e  ( a )  m u s t  c h a n g e  d u r i n g  t h e  

v i b r a t i o n .  T h i s  c h a n g e  is s t r i c t ly  a  q u a n t u m  e f f e c t .  M o s t  

c o l l i s i o n s  of t h e  i n c i d e n t  l ight  p a r t i c l e s  ( p h o t o n s )  wi th  t h e  

s a m p l e  m o l e c u l e s  a r e  e l a s t i c  ( R a y l e i g h  s c a t t e r i n g ) .  T h e  

e l e c t r i c  f ie ld s c a t t e r e d  by  t h e  p o l a r i z e d  m o l e c u l e  o s c i l l a t e s  a t  

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

w i t h o u t  a n y  c h a n g e  in i ts  p o l a r i z a b i l i t y .  H o w e v e r ,  a  s m a l l  

po r t ion  of t h e  e x c i t e d  m o l e c u l e s  ( 1 0 *® o r  l e s s  ) m a y  u n d e r g o  a  

c h a n g e  in po l a r i z a b i l i ty  d u r i n g  o n e  of t h e  n o r m a l  v i b r a t i o n a l  

m o d e s .  U s u a l l y  t h e  i n c i d e n t  r a d i a t i o n  v 0  i n t e r a c t s  wi th  a  

m o l e c u l e  in its l o w e s t  v ib ra t io n a l  s t a t e .  If u p o n  i n t e r a c t i o n
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with  t h e  i n c i d e n t  r a d i a t i o n ,  t h e  e x c i t e d  m o l e c u l e  r e t u r n s  n o t  

to  t h e  o r ig ina l  v i b ra t io n a l  s t a t e ,  b u t  to  a n  e x c i t e d  v ib r a t i o n a l  

level  vv of t h e  g r o u n d  e l e c t r o n i c  s t a t e ,  t h e  s c a t t e r e d  r a d i a t i o n

is of  l o w e r  f r e q u e n c y  (v0 - v v ) t h a n  t h e  i n c i d e n t  r a d i a t i o n .  T h i s

f r e q u e n c y  d i f f e r e n c e  is e q u a l  to  a  n a t u r a l  v i b r a t i o n a l  

f r e q u e n c y  of  t h e  m o l e c u l e ' s  g r o u n d  e l e c t r o n i c  s t a t e .  S e v e r a l  

s u c h  s h i f t e d  l ine s  ( c a l l e d  t h e  S t o k e s  l ines ) ,  c o r r e s p o n d i n g  to 

d i f f e r e n t  v i b r a t i o n s  of  t h e  m o l e c u l e  c o n s t i t u t e  i ts  R a m a n  

s p e c t r u m  ( Fig. 1 ).

T h e  m o s t  f r e q u e n t ly  u s e d  s o u r c e  of m o n o c h r o m a t i c  r a d ia t ion  

is a  c o n t i n u o u s  w a v e ,  a  p u l s e d  sol id  s t a t e ,  or  a  d y e  l a s e r  b e a m .

SURFACE ENHANCED RAMAN S P E C T R O S C O P Y  (SERS)

C o n v e n t i o n a l  R a m a n  s p e c t r o s c o p y  is s u i t a b l e  for  t h e  s t u d y  

of  a q u e o u s  s o l u t i o n s  o r  s o l u t i o n - s o l i d  i n t e r f a c e s .  D u e  to t h e  

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

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

c o n c e n t r a t i o n s  of  a n a l y t e  ( e x c e p t  fo r  r e s o n a n c e  R a m a n ) ,  o r  

p r o b i n g  th in  l a y e r s  o r  s u b m o n o l a y e r s  o n  s u r f a c e s .  S i n c e  i ts  

d i s c o v e r y  in 1 9 7 4  ( 1 ), t h e  s u r f a c e  e n h a n c e d  R a m a n  e f f e c t  h a s  

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

c o m m u n i t y .  S u r f a c e  e n h a n c e d  R a m a n  s p e c t r o s c o p y  ( S E R S )  h a s
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FIRST EXCITED ELECTRONIC STATE

LASER FREQUENCY (VIRTUAL EXCITED STATE)
— 7T-------------------------------------------------------

hvo h(Vo-Vv)

S t o k e s
s c a t t e r i n g

hvo hvo

R a y l e ig h
s c a t t e r i n g

e x c i t e d
v i b r a t i o n a l  
e n e r g y  

&  l e v e l s

GROUND STATE

Figure 1: Energy  in te r change  involved in R a m a n  a n d
Rayleigh scat ter ing.



6

p r o v i d e d  a  n e w  a n d  m u c h  i m p r o v e d  a p p r o a c h  to t h e  s t u d y  of  

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

R a m a n  s c a t t e r e d  in te ns i ty  of t h e  a n a l y t e  u p o n  a d s o r p t i o n  on  

t h e  e n h a n c i n g  s u r f a c e ,  (u sua l ly  a  n o b l e  m e t a l  col lo id  of  Ag, Au, 

C u ,  o r  a  n o b l e  m e ta l  e l e c t r o d e  ), c a n  b e  u p  to 1 0 7  fold , whi le  

s c a t t e r i n g  f rom  t h e  s o l v e n t  r e m a i n s  w e a k  o r  n o n - o b s e r v a b l e .  

With c u r r e n t  S E R S  t e c h n i q u e s  it is p o s s i b l e  to s t u d y  m o l e c u l e s  

in sm a l l  c o n c e n t r a t i o n s  a d s o r b e d  f rom  s o lu t i o n  o n t o  t h e  m e t a l  

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

i n t e r a c t i o n s .  D u e  to  t h e  s e l e c t i v i t y  a n d  s e n s i t i v i t y  of  t h e  

t e c h n i q u e ,  c o m b i n e d  wi th  t h e  e a s e  of s a m p l e  p r e p a r a t i o n ,  

h a n d l i n g ,  a n d  sm a l l  v o l u m e  r e q u i r e m e n t s  of  a n a l y t e ,  S E R S  c a n  

b e  u s e d  for  a  va r i e ty  of  a p p l i c a t i o n s  with e a s i l y  o b t a i n a b l e  a n d  

r e p r o d u c i b l e  r e s u l t s .  C u r r e n t  d e t e c t i o n  l imits  of  a d s o r b a t e s  o n  

v a r i o u s  m e t a l  s u r f a c e s  a r e  in t h e  n a n o g r a m  r a n g e  (82) .  T h i s  

d e t e c t i o n  limit of  t h e  S E R S  t e c h n i q u e  c a n  b e  f u r t h e r  e x p a n d e d  

to  e v e n  l o w e r  v a l u e s  if t h e  a d s o r b a t e s  e x h i b i t  r e s o n a n c e  

e n h a n c e m e n t  in a d d i t i o n  to  s u r f a c e  e n h a n c e m e n t  of  t h e i r  

R a m a n  s p e c t r a .
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TH EORY O F  SERS ON METAL COLLOIDS

S i n c e  t h e  f irs t  o b s e r v a t i o n s  of  s u r f a c e  e n h a n c e d  R a m a n  

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

b e e n  r e c o g n i z e d  t h a t  t h e  i n t e n s i t y  of  R a m a n  s c a t t e r i n g  is 

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

s u r f a c e .  T h e  e a r l y  e x p e r i m e n t s  a n d  m u c h  of  t h e  l a t e r  w ork  h a s  

b e e n  c a r r i e d  o u t  on  s i lver  e l e c t r o d e s  r a n d o m l y  r o u g h e n e d  by  a n  

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

e l e c t r o l y t e .  S u c h  idea l ly  r o u g h e n e d  s u r f a c e s  g i v e  p a r t i c u l a r l y  

l a r g e  S E R S  s i g n a l s ,  a n d  t h e y  a r e  i d e a l  fo r  i n v e s t i g a t i n g  t h e  

a d s o r b a t e ' s  c h e m i s t r y  o n  t h e  s i lve r  e l e c t r o d e  (1 -20 ) .  H o w e v e r ,  

t h e y  a r e  l e s s  f a v o r a b l e  for  s t u d y i n g  d e t a i l s  of a d s o r p t i o n  o r  of 

t h e  e n h a n c e d  R a m a n  s c a t t e r i n g ,  s i n c e  it is difficult  to m e a s u r e  

s o m e  of  t h e i r  o p t i c a l  p r o p e r t i e s ,  a n d  in p a r t i c u l a r  t h e i r  

a b s o r p t i o n  s p e c t r a ,  a n d  to  a c c o u n t  fo r  t h e s e  p r o p e r t i e s  in 

t e r m s  of  t h e  s u r f a c e  r o u g h n e s s  in a  p r e c i s e  w a y .  F o r  th i s  

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

d i v i d e d  m e t a l  s u r f a c e s ,  l ike c o l l o id a l  s u s p e n s i o n s  o r  i s l a n d  

f i lms,  w h i c h  a l s o  exh ib i t  S E R  s c a t t e r i n g  (23) .

It h a s  long b e e n  k n o w n  (21)  t h a t  s t a b l e  d i s p e r s i o n s  of  s i lve r  

o r  g o l d  p a r t i c l e s  of a b o u t  1 0 - 1 0 0  n m  in d i a m e t e r  c a n  b e  

p r e p a r e d  by  r e d u c t i o n  of d i l u t e  s o l u t i o n s  of  s i m p l e  s i l v e r  o r  

g o ld  s a l t s .  T h e s e  s o l s  h a v e  o n e  o r  m o r e  a b s o r p t i o n  ( s c a t t e r i n g )
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m a x i m a  in t h e  v is ib le  r a n g e ,  t h e  w a v e l e n g t h  of  w h i c h  d e p e n d s  

o n  t h e  p a r t i c l e  s i z e  a n d  s h a p e  (22 ) .  D e p e n d i n g  o n  t h e  

p r e p a r a t i o n  m e t h o d ,  t h e  a b s o r p t i o n  m a x i m u m ( s )  c a n  c h a n g e  d u e  

to  a g g r e g a t i o n  o r  p a r t i c l e  g r o w t h .  It is t h e r e f o r e  i m p o r t a n t  for  

op t ica l  s t u d i e s  t h a t  t h e  p a r t i c l e s  a r e  un i fo rm  in s i z e  a n d  s h a p e  

a n d  t h a t  t h e r e  is con t ro l  of  the i r  a g g r e g a t i o n .  T h e  u s u a l  s o u r c e  

of s i lve r  or  go ld  for  t h e  p r e p a r a t i o n  of  t h e s e  c o l l o id s  a r e  s a l t s  

c o n t a i n i n g  A g + 1  o r  (AUCI4 ) '  ions .  V a r io u s  r e d u c i n g  a g e n t s  h a v e

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

b o r o h y d r i d e ,  a n d  e t h y l e n e d i a m i n e t e t r a a c e t a t e  i o n s  ( 2 1 - 2 4  ). A 

s t u d y  d o n e  by  T u rk e v ic h  e t  al. (2 1 ) u s in g  t r a n s m i s s i o n  e l e c t r o n  

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

a s  a  r e d u c i n g  a g e n t  for  g iving  p a r t i c l e s  of g o o d  s p h e r i c i t y  a n d  

un i fo rm  p a r t i c l e  s i z e .  C o l lo id s  p r e p a r e d  in o u r  l a b o r a t o r y  u s in g  

c i t r a t e  i ons  h a v e  p r o v e n  to  b e  s t a b l e  for  s e v e r a l  m o n t h s .  S E R  

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

p r o p e r t i e s  to  t h o s e  o f  e l e c t r o d e s  ( 2 3 , 2 5 - 2 9 ) .

M e ta l  p a r t i c l e s  in a q u e o u s  c o l lo id a l  s u s p e n s i o n s  u s u a l l y  

b e a r  a  n e g a t i v e  c h a r g e  d u e  to a d s o r b e d  a n i o n s ,  a n d  p r o v i d e d  th e  

c h a r g e  is s u f f i c i e n t l y  g r e a t ,  t h e  c o l l o i d s  a r e  s t a b l e  to 

a g g r e g a t i o n  b e c a u s e  of  t h e  e l e c t r o s t a t i c  r e p u l s i o n  b e t w e e n  t h e  

p a r t i c l e s .  A g g r e g a t i o n  c a n  b e  i n d u c e d ,  h o w e v e r ,  ( 23 )  by  t h e  

a d d i t i o n  of  n e u t r a l  a d s o r b a t e  m o l e c u l e s  s u c h  a s  p y r i d i n e  o r  

b ipyrid ine ,  w h ic h  d i s p l a c e  t h e  a d s o r b e d  ions ,  t h u s  r e d u c i n g  t h e
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c h a r g e  o n  t h e  p a r t i c l e s  to t h e  p o in t  w h e r e  r a n d o m  c o l l i s i o n s

o c c u r  a s  a  r e s u l t  of  d i f f u s i o n a l  m o t i o n .  O n  c o n t a c t ,  t h e

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

f o r c e s .  At h igh  c o n c e n t r a t i o n s  of  a d s o r b a t e  t h i s  c a n  r e s u l t  in 

r e l a t i v e l y  f a s t  a g g r e g a t i o n  a n d  p r e c i p i t a t i o n .  At  l o w  

c o n c e n t r a t i o n s  of  n e u t r a l  a d s o r b a t e s  h o w e v e r ,  t h e r e  is a  s lo w  

f o r m a t i o n  of  in i t i a l ly  s m a l l  a g g r e g a t e s ,  w h i c h  r e m a i n  

d i s p e r s e d ,  a n d  t h u s  p r e v e n t  f a s t  p r e c i p i t a t i o n  of  t h e  co l lo id .  

E l e c t r o n  m i c r o s c o p i c  e x a m i n a t i o n  o f  s i l v e r  c o l l o i d s  s lo w ly  

a g g r e g a t e d  with low c o n c e n t r a t i o n s  of p y r id i n e ,  s h o w  t h a t  in 

s o m e  c a s e s  t h e y  c o n s i s t  of  s t r i n g s  of p a r t i c l e s ,  r a t h e r  t h a n  of 

g l o b u l a r  c l u s t e r s  (30) .  T h e  f o r m a t i o n  of  t h e s e  s t r i n g s  (o f t e n  

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

a  l a r g e  e f f e c t  o n  t h e  o p t i c a l  p r o p e r t i e s  of t h e  s o l s .  It w a s

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

i n c r e a s e d  u n d e r  c o n t r o l l e d  c o n d i t i o n s  f rom  tw o  to  infinity, t h e  

a b s o r p t i o n  m a x i m u m  of t h e  col loid  w a s  s h i f t e d  a s  m u c h  a s  3 0 0  

n m  to h i g h e r  w a v e l e n g t h s  (30).

S u r f a c e  e n h a n c e d  R a m a n  s c a t t e r i n g  by  co l lo id a l  p a r t i c l e s  

w a s  first  r e p o r t e d  by  C r e i g h t o n ,  B la t c h f o r d  a n d  A l b r e c h t ,  w h o  

m a d e  m e a s u r e m e n t s  on  py r id ine  a d s o r b e d  o n  a q u e o u s  s i lver  a n d  

g o l d  c o l l o i d s  ( 2 3 ) .  T h e  s i l v e r  c o l l o i d s  w e r e  p r e p a r e d  by  

b o r o h y d r i d e  ( B H 4 ' )  r e d u c t i o n  of  s i lve r  n i t r a t e  s o lu t io n .  It w a s  

f o u n d  t h a t  t h e  a g g r e g a t e d  s i lver  s o l s  e x h i b i t e d  s t r o n g  S E R
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s c a t t e r i n g  of  i n c i d e n t  l ight  in t h e  g r e e n - y e l l o w  r e g i o n ,  a n d  

t h a t  t h e  S E R  s p e c t r a  w e r e  c h a r a c t e r i s t i c  of a d s o r b e d  p y r id in e .  

T h e  re la t ive  in tens i ty  of t h e  S E R S  b a n d s  of t h e  c o l lo id s  w a s  up  

to  5  t i m e s  h i g h e r  t h a n  t h e  c o r r e s p o n d i n g  b a n d s  of  0 .1  M 

a q u e o u s  py r id ine  so lu t ion ,  a n d  it w a s  t h u s  c l e a r  t h a t  t h e r e  w a s  

a  s ig n i f i c a n t  R a m a n  in te ns i ty  e n h a n c e m e n t .  T h i s  r e s u l t  w a s  in 

a g r e e m e n t  with a n  e a r l i e r  s u g g e s t i o n  by  M o s k o v i t s  (31 ) ,  t h a t  

c o l lo ida l  m e t a l  s p h e r e s  c o v e r e d  with a d s o r b a t e ,  a n d  i s o l a t e d  

in a  d i e l e c t r i c  m e d i u m ,  m ig h t  d i s p l a y  R a m a n  s i g n a l s  s im i la r  to 

S E R S  a t  r o u g h e n e d  e l e c t r o d e  s u r f a c e s .

K e r k e r  a n d  c o - w o r k e r s  w e r e  t h e  f i r s t  to d e v e l o p  a  

t h e o r e t i c a l  d e s c r i p t i o n  o f  t h e  e n h a n c e m e n t  of  R a m a n  

s c a t t e r i n g  by  m o l e c u l e s  a d s o r b e d  a t  t h e  s u r f a c e  of i s o l a t e d  

m e t a l  s p h e r e s  ( 3 2 - 3 4 ) .  In th i s  d e s c r i p t i o n  t h e  S E R S  e f f e c t  

o w e s  its h ig h  in te ns i ty  to a n  e n h a n c e m e n t  of t h e  e l e c t r o m a g ­

ne t i c  f ie lds  a t  t h e  m e t a l  s u r f a c e ,  d u e  to t h e  r e s o n a n t  r e s p o n s e  

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

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

l i g h t .
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SURFACE ENHANCING MECHANISM FOR THE SMALL S P H E R E  MODEL

A cc o rd in g  to K e rke r  a n d  al. (32-34) ,  if o n e  c o n s i d e r s  a  sm a l l  

s i z e  c o l l o i d a l  p a r t i c l e  ( i ts  r a d i u s  b e i n g  s m a l l e r  t h a n  t h e  

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

(r') f rom t h e  m e t a l  s u r f a c e ,  t h e n  t h e  e l e c t r i c  f ie ld  a t  t h e

e x c i t i n g  f r e q u e n c y  (wq) a n d  a t  l o ca t ion  (r') m a y  b e  c o n s i d e r e d

e q u i v a l e n t  to  t h e  field of  a n  e l e c t r i c  d i p o l e  a t  t h e  c e n t e r  of

t h e  m eta l  s p h e r e  with r a d i u s  ( a )  with d i p o le  m o m e n t  (pg)  :

PO = 9o-a 3 -Ei<r,-<0o) 

w h e r e  (r’) is a  v e c t o r  po in t ing  f rom  t h e  c e n t e r  of  t h e  s p h e r e  to 

a  field point ,  ( a )  is t h e  r a d i u s  of t h e  s p h e r e ,  Ej is t h e  i n c i d e n t  

field, a n d  g 0  a  p a r a m e t e r  t h a t  is e q u a l  to :

9 o  -  (m o 2  ' 1) 1 (m o 2  + 2 ) 

w h e r e  m 0  is t h e  r e f r a c t iv e  i n d ex  of t h e  m e t a l  s p h e r e  r e l a t i v e

to t h a t  of t h e  m e d i u m .  T h e  m o l e c u l e  t h a t  is l o c a t e d  a t  (r') c a n  

b e  d e s c r i b e d  by  a n  e lec t r i c  d ip o le  with d i p o le  m o m e n t  :

p, -  a.Ep.(r' ,(Oo)

w h e r e  ( a )  is t h e  po la r izab i l i ty  of t h e  m o l e c u l e ,  a n d  Ep  is t h e  

i n c id e n t  f ield p lu s  t h e  field d u e  to t h e  d i p o le  p 0 . T h i s  f ield
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d e p e n d s  o n  ( a / r ' 3 )  m t h e  n e a r  z o n e  of  t h e  s p h e r e .  At t h e  

o b s e r v e r  c o o r d i n a t e  (r), (r is a  v e c t o r  o r ig in a t in g  a t  t h e  c e n t e r  

of  t h e  m e t a l  s p h e r e ,  a n d  r>>r ')  , it c a n  b e  s h o w n  t h a t  t h e

s c a t t e r e d  f ield E g c ^ - w )  • ( w h e r e  (w) is t h e  s h i f t e d  f r e q u e n c y  ) 

is t h e  f ie ld of  a n  e l e c t r i c  d i p o l e  a l s o  l o c a t e d  a t  t h e  c e n t e r  of  

t h e  p a r t i c l e  with d i p o le  m o m e n t  a l s o  d e p e n d i n g  o n  ( a / r ' 2 ). T h e  

R a m a n  r a d i a t i o n  E p ( r , w )  a t  t h e  o b s e r v e r  c o o r d i n a t e  (r) is g iv e n  

by :

e R = E p + E S C

giving  r i s e  to a n  e n h a n c e m e n t  f ac to r  (G) for a  m o n o l a y e r  o n  t h e  

m e t a l  s u r f a c e  of:

G  -  [ 1 + 2 g 0  + 2 g + 4 g . g 0  ] 2

w h e r e  g * (m 2  - 1 ) / ( m 2  + 2) 

a n d  m  *  r e f r a c t iv e  i n d e x  a t  s h i f t e d  w a v e l e n g t h  

m 0 -  r e f r a c t iv e  i n d ex  a t  e x c i t in g  w a v e l e n g t h

F o r  t h e  l imit ing c a s e  of m e t a l  p a r t i c l e s  b e i n g  s m a l l e r  t h a n  t h e  

e x c i t a t i o n  w a v e l e n g t h  ( s o - c a l l e d  R a y l e i g h  l im i t ) ,  t h e  

e n h a n c e m e n t  d o e s  not  d e p e n d  o n  t h e  s i z e  of t h e  m e t a l  s p h e r e  . 

H o w e v e r ,  fo r  b i g g e r  s i z e  m e t a l  s p h e r e s ,  t h e  r a d i u s  of  t h e  

s p h e r e  is i m p o r t a n t  in t h e  e n h a n c e m e n t  e f f e c t .  K e r k e r  e t .  al  

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

w i th  i n c r e a s i n g  s p h e r e  r a d i u s  f o r  a  g i v e n  e x c i t a t i o n  

w a v e l e n g t h .



13

In g e n e r a l  t h e  m a g n i t u d e  of t h e  e n h a n c e m e n t  d e p e n d s  on  th e  

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

s i z e  a n d  s h a p e  o f  t h e  m e t a l  p a r t i c l e s ,  a n d  t h e  i n c i d e n t  

w a v e l e n g t h .  T h e  e n h a n c e m e n t  d e c r e a s e s  by  a  f a c to r  of (1 / r '3) 

a s  t h e  m o l e c u l e  m o v e s  a w a y  from t h e  m e t a l  s u r f a c e .

SURFACE SELECTION RULES FOR S E R S

M o s k o v i t s  e t  al. h a v e  d o n e  e x t e n s i v e  w o r k  in o r d e r  to 

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

a d s o r b a t e  o n  t h e  m e t a l  s u r f a c e  ( 3 5 - 4 1 ) .  H is  w o r k  s u g g e s t s  

t h a t  for  R a m a n  s u r f a c e  e n h a n c e m e n t  t h e r e  e x i s t  t h r e e  c l a s s e s  

of  v i b r a t i o n a l  m o d e s  with d i s t i n c t  s p e c t r a l  b e h a v i o r .  1 ) T h o s e  

e x c i t e d  on ly  by  t h e  n o r m a l  c o m p o n e n t  of  t h e  e l e c t r i c  f ie ld  a t  

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

wi th a  s t r o n g  c o m p o n e n t  on ly  in a  d i r e c t i o n  p e r p e n d i c u l a r  to 

t h e  s u r f a c e .  2 ) T h o s e  e x c i t e d  on ly  by  t h e  t a n g e n t i a l  c o m p o n e n t  

of  t h e  f ield,  a n d  r e s u l t i n g  in a n  i n d u c e d  d i p o l e  m o m e n t  with a  

s t r o n g  c o m p o n e n t  t a n g e n t i a l  to  t h e  s u r f a c e .  A n d  3)  t h e  m ix e d  

c a s e s  ( for  e x a m p l e ,  a  n o r m a l  f ie ld  e x c i t i n g  a  d i p o l e  wi th  a  

s t r o n g  c o m p o n e n t  p a r a l l e l  to  t h e  s u r f a c e  ). If w e  c a l l  t h e  

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

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

i r r e d u c i b l e  r e p r e s e n t a t i o n  to  w h ic h  a z z  b e l o n g s .  H e r e  ( a )  is
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t h e  R a m a n  po lar izabi l i ty  of t h e  a d s o r b a t e .  M o d e s  of  t h e  s e c o n d  

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

a xx ■ a yy  - a xy b e lo n g .  M o d e s  of t h e  third t y p e  b e l o n g  to t h e

r e p r e s e n t a t i o n s  w h i c h  s p a n  a x2 , a n d  a y2. In all t h e  c a s e s  t h e

s u b s c r i p t s  r e f e r  to s u r f a c e  f ixe d  c o o r d i n a t e s .  M o s k o v i t s  h a s  

s h o w n  t h a t  for  m o l e c u l e s  a d s o r b e d  on  m e t a l s ,  t h e  m o s t  i n t e n s e  

R a m a n  s i g n a l s  will b e  o b t a i n e d  f rom  v i b r a t i o n s  w h i c h  b e l o n g

to t h e  s a m e  i r r e d u c ib le  r e p r e s e n t a t i o n s  to w h i c h  a 2 z  b e l o n g s

( w h e r e  z  is a l o n g  t h e  s u r f a c e  n o r m a l  ). V i b r a t i o n s  t h a t  a r e

d e r i v e d  f rom  a X 2  , a n d  a y z  w e r e  s h o w n  to b e  t h e  n e x t  m o s t

i n t e n s e ,  whi le  t h o s e  w h ic h  t r a n s f o r m  a s  a xx , a yy , a n d  a xy a r e

t h e  l e a s t  i n t e n s e .  If o n e  a s s u m e s  for  s implic i ty  t h a t  o n e  of  t h e  

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

c o i n c i d e s  wi th  t h e  s u r f a c e  n o r m a l ,  t h e n  t h e  a b o v e  im p l ie s  t h a t  

a  m o l e c u l e  with C 2 V s y m m e t r y  will a d s o r b  with its C 2 U )  a x i s  

a l o n g  t h e  s u r f a c e  n o r m a l .  F o r  e x a m p l e  2 , 2 ’-b ip y r id in e  a d s o r b e d  

o n  s i l v e r  p a r t i c l e s  ( f ig . 2 ), will h a v e  A-| v i b r a t i o n s  e n h a n c e d

t h e  m o s t  s i n c e  a 2Z , a xx , a n d  a y y  c o n t r i b u t e  to  t h e  R a m a n  

in te n s i t y  of  A-| m o d e s ,  p r o v i d e d  t h a t  t h e  d e r i v e d  po la r i zab i l i ty  

c o m p o n e n t  azz is l arge .  Of t h e  t h r e e  c o m p o n e n t s  axx , a yy , a n d  

a Z 2  , t h e  tw o  w h o s e  s u b s c r i p t s  d e f i n e  t h e  p l a n e  in w h i c h  t h e
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c2

/ / / / / / /  FT77I

A i  ^ x x  > a yy > a z z

B 1  a x z  

B 2  a yz

Figure 2 : Vibrations of 2,2*-bipyridine when it is adsorbed  with its C 2  axis

along the surface normal
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v i b r a t i o n a l  m o t i o n  is c o n t a i n e d  a r e  u s u a l l y  t h e  l a r g e s t .  

H o w e v e r ,  e x c e p t i o n s  c a n  o c c u r  e s p e c i a l l y  in m o l e c u l e s  t h a t  

c o n t a i n  e x t e n s i v e  n b o n d i n g  . H e n c e ,  t h o s e  A-| v i b r a t i o n s ,

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

m o s t  i n t e n s e l y  e n h a n c e d .  T h e  n e x t  m o s t  i n t e n s e  b a n d s  will b e  

t h o s e  w h ic h  b e l o n g  to t h e  s a m e  r e p r e s e n t a t i o n s  a s  a x z  , a n d

a y 2  . In a  C 2 v m o le c u le  t h e s e  a r e  t h e  B-| a n d  B 2  v ib ra t ions .

T h e  C-H s t r e tc h  b a n d s  ( a b o u t  3 0 0 0  c m - 1 ) in t h e  S E R  s p e c t r a  

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

p lay  a n  im p o r t a n t  role  in d e t e r m i n i n g  t h e  a d s o r b e d  g e o m e t r y  of 

t h e  m o le c u le .  In t h e  c a s e  of a  p l a n a r  m o l e c u l e  like b e n z e n e  t h e  

C -H  s t r e t c h i n g  v i b r a t i o n s  c o n t r i b u t e  s ig n i f i c a n t l y  on ly  to  t h e

a xy  - a xx - anc* a y y  R a m a n  pola r izab i l i ty  c o m p o n e n t s  w h e n  t h e

m o l e c u l e  is lying flat  o n  t h e  s u r f a c e ,  t h u s  r e s u l t i n g  in a  v e ry  

w e a k  e n h a n c e m e n t  of  t h e s e  v ib ra t ions .  O n  t h e  o t h e r  h a n d  if t h e  

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

v i b r a t i o n s  w o u l d  o b t a i n  the i r  i n t e n s i t i e s  f rom a Z 2  , a x 2  , a n d

a y z  c o m p o n e n t s  > r e s u l t i n 9  >n 3  h i g h e r  S E R S  in t e n s i t y  for  

t h o s e  b a n d s  (3 7 ) (F ig .3 ) .  T h u s  t h e  o b s e r v a t i o n  of  s t r o n g  or  

w e a k  C -H  s t r e t c h i n g  b a n d s  in t h e  S E R  s p e c t r u m  of  a  p l a n a r  

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

c r i t e r ion  for  d e t e r m i n i n g  t h e  s u r f a c e  g e o m e t r y  of  t h e  m o l e c u l e  

a d s o r b e d  o n  t h e  m e t a l  (col loidal)  s u r f a c e .
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Figure 3 : The CH stretch vibration of be nz ene  when the b e n z en e  ring is 

normal  (top), a n d  parallel (bottom) on the  silver surface



18

If a  p l a n a r  a r o m a t i c  m o l e c u l e  is  a d s o r b e d  o n  t h e  m e t a l  

s u r f a c e  lying p a ra l l e l  to it, t h e n  t h e  fol lowing t e r m s  a r e  u s e d  

to  d e s c r i b e  t h a t  a d s o r p t i o n  : 1 ) m o l e c u l e  l ie s  f la t  o n  t h e  

s u r f a c e  , 2 ) m o l e c u l e  a d s o r b s  t h r o u g h  n b o n d  i n t e r a c t i o n ,  

r e f e r r in g  to  t h e  n e l e c t r o n  c l o u d  of a r o m a t i c  m o l e c u l e s  (i .e.  

b e n z e n e  ), 3)  t h e  m o l e c u l e  a d s o r b s  s i d e - o n  to t h e  s u r f a c e .  If 

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

t h e n  t h e  t e r m s  1 ) n o r m a l  to t h e  s u r f a c e ,  2 ) a  b o n d  i n t e r a c t io n ,  

r e f e r r i n g  to t h e  i n t e r a c t i o n  of  t h e  f r e e  e l e c t r o n s  of  c e r t a i n  

f u n c t i o n a l  g r o u p s  with t h e  s i l v e r  s u r f a c e  ( i .e .  n i t r o g e n  l o n e  

p a i r  in p y r i d i n e  ), a n d  3)  f a c e - o n  a d s o r p t i o n  a r e  u s e d  to 

d e s c r i b e  it.

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

t a n g e n t i a l  ( p a r a l l e l )  to  t h e  s u r f a c e  v i b r a t i o n a l  m o d e s  of  a  

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

c a s e s  a  g iv e n  v ibra t iona l  m o d e  will b e  m o r e  i n t e n s e  in t h e  S E R  

s p e c t r u m  if t h e  m o l e c u l e  is o r i e n t e d  in s u c h  a  w a y  s o  t h a t  t h e  

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

to  it. T h e  w ork  of  o t h e r  i n v e s t i g a t o r s  in t h e  field h a s  p r o d u c e d  

s im i la r  r e s u l t s  a n d  t h e o r e t i c a l  e x p l a n a t i o n s  (4 2 -4 7 ) .
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APPLICATIONS O F  S E R S  WITH METAL COLLOIDS

T h e  l a r g e  e n h a n c e m e n t  e f f e c t  (up  to 1 0 7  fold)  o b s e r v e d  in 

S E R S ,  a n d  t h e  s p e c t r o s c o p i c  i n fo r m a t io n  t h a t  c a n  b e  o b t a i n e d  

f ro m  it h a s  l ed  to  a n  i n c r e a s e d  u s e  of  t h e  t e c h n i q u e  in a  

v a r i e t y  of  a p p l i c a t i o n s .  S t u d i e s  u s in g  co l lo ida l  s u s p e n s i o n s  a s  

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

a p p l i c a t i o n s  s i n c e  its o r ig inal  d i s c o v e r y  in 1 9 7 4 ,  a n d  t h e y  a r e  

c o n t i n u o u s l y  e x p a n d i n g .  A m o n g  t h e  m a n y  c l a s s e s  of c o m p o u n d s  

t h a t  h a v e  b e e n  s t u d i e d  u s in g  col loida l  S E R S  a r e  d i f f e re n t  t y p e s  

of d y e s  s u c h  a s  : f l u o r e s c e i n ( 4 8 - 4 9 ) ,  a z o ( 5 0 ) ,  r h o d a m i n e ( 5 1 ), 

a v i d i n ( 5 2 ) ,  a n d  o t h e r  t y p e s ( 5 3 - 5 5 ) .  A v a r i e t y  o f  c a r b o x y l i c  

a c i d s  h a v e  b e e n  s t u d i e d  in o r d e r  to  b o t h  o b t a i n  t h e i r  S E R S  

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

s u r f a c e .  T h e s e  i n c l u d e  n a p h t h o i c ( 4 0 ) ,  p h t h a l i c ,  m a l e i c ,  

f u m a r i c ( 3 6 ) ,  a n d  a m i n o  a n d  ni t ro b e n z o i c  a c i d s ( 6 , 3 6 ) .

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

co l lo ida l  S E R S  a r e  : p o l y m e r s ( 5 6 - 5 9 ) ,  k e t o n e s ( 6 0 ) ,  a s  wel l  a s  a  

v a r i e ty  of  h o m o  a n d  h e t e r o c y c l i c  o r g a n i c  c o m p o u n d s ( 6 1 - 6 3 ) .

I n o rg a n ic  p o ly a to m ic  i ons  h a v e  a l s o  b e e n  i n v e s t i g a t e d .  T h e s e  

i n c l u d e  c h r o m a t e ,  m o l y b d a t e ,  t u n g s t a t e ( 6 4 ) ,  c y a n i d e ,  

s u l f a t e ( 6 5 )  e t c .

T h e  s t u d y  of  b io log ica l  a n d  b i o c h e m i c a l  m o l e c u l e s  u s in g  

co l lo ida l  S E R S  is a n o t h e r  a r e a  w h e r e  a  s ig n i f i c a n t  a m o u n t  of
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w o rk  h a s  b e e n  c a r r i e d  out .  S o m e  of t h e  c o m p o u n d s  s t u d i e d  a r e :  

A m i n o  a c i d s ( 6 6 ), p e p t i d e s ( 6 7 ) ,  h e m e  a n d  m e m b r a n e  

p r o t e i n s ( 6 8 , 6 9 ) ,  n u c l e i c  a c i d  c o m p o n e n t s  ( 7 0 - 7 1 ) ,  

c h r o m o s o m e s ( 7 2 ) ,  D N A ( 7 3 ) ,  e n z y m e s ( 7 4 ) ,  h e m o g l o b i n ( 7 5 ) ,  

p o r p h y r i n s ( 7 6 - 7 8 ) ,  a n d  o t h e r  b i o m o l e c u l e s ( 7 9 - 8 0 ) .

V a r io u s  c o m p o u n d s  of e n v i r o n m e n t a l  i m p o r t a n c e  h a v e  a l s o  

b e e n  i d e n t i f i e d  u s i n g  c o l l o i d a l  S E R S .  A m o n g  t h e m  a r e  

o r g a n o p h o s p h o r o u s  p e s t i c i d e s ( 8 1 ), c a r c i n o g e n i c  s u b s t a n c e s  

( p y r e n e s , n i t r o p y r e n e s ) ( 8 2 ) ,  o r g a n i c  g r o u n d  w a t e r  c o n t a m i n a n t s  

(83 ) ,  pr ior i ty  a i r  p o l l u t a n t s ( 8 4 ) ,  a n d  t r a c e  a n a l y t e s  ( 8 5 ,8 6 ) .

T h e  g r o w i n g  u s e  of S E R S  with m e ta l  col loida l  s u s p e n s i o n s  

h a s  e s t a b l i s h e d  it o v e r  t h e  y e a r s  a s  a  v a l u a b l e  t e c h n i q u e  for 

iden t i fying  a  d i v e r s e  c l a s s  of c o m p o u n d s ,  a n d  a l s o  for  s tu d y i n g  

t h e  i n t e r a c t i o n  of  v a r i o u s  a d s o r b a t e s  wi th  t h e  e n h a n c i n g  

s u r f a c e .

BIPYRIDINES AND PHENYLPYRIDINES

I s o m e r i c  b ip y r id in e s  a n d  p h e n y l p y r i d i n e s  w e r e  t h e  pr inc ipa l  

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

b i p y r i d i n e s  t h a t  w e r e  u s e d ,  w e r e  c h o s e n  b e c a u s e  of  t h e i r  

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

p o s s e s s  o n e  s i g m a  e l e c t r o n  d o n o r  n i t r o g e n  a t o m  o n  e a c h  of 

t h e i r  py r id ine  r ings ,  a s  wel l  a s  a n  e x t e n s i v e  n t y p e  e l e c t r o n
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d o n o r  s y s t e m ,  t h r o u g h  the i r  a r o m a t i c  r ings .  T h e s e  tw o  e l e c t r o n  

d o n o r  s i t e s  c a n  c o m p e t e  for  i n t e r a c t io n  with t h e  m e t a l  s u r f a c e  

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

m o l e c u l e s .

T h e  p H  r a n g e  of t h e  s i lv e r  c o l lo id  u s e d  in t h i s  s t u d y  

(8 . 0 -9 .0  pH  uni ts ) ,  a s  wel l a s  t h e  d i s s o c i a t i o n  c o n s t a n t s  of t h e  

b i p y r i d i n e s  a n d  t h e  p h e n y l p y r i d i n e s ( 8 7 ) ,  i n d i c a t e  t h a t  in a  

m o d e r a t e l y  b a s i c  s o lu t io n ,  like t h a t  of t h e  s i lv e r  co l lo id ,  b o th  

im ino  n i t r o g e n s  a r e  d e p r o t o n a t e d ,  a n d  c a n  p o s s i b l y  i n t e r a c t  

with t h e  m e t a l  s u r f a c e .  T h e  r e l a t i v e  p o s i t i o n  of  t h e  n i t r o g e n  

a t o m  o n  t h e  py r id ine  r in g s  w a s  e x p e c t e d  to p l a y  a n  i m p o r t a n t  

ro le  in d e t e r m i n i n g  t h e  m o d e  of  i n t e r a c t i o n .  2 ,2 ' - b ip y r id i n e  is 

t h e  o n ly  o n e  of  t h e  b i p y r i d i n e s  t h a t  h a s  t h e  p o t e n t i a l  o f  

ut i l iz ing b o t h  of i ts imino n i t r o g e n s  to a d s o r b  in a  c h e l a t i n g  

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

h a v e  t h a t  c h e l a t i n g  ab i l i ty  d u e  to  t h e  a s y m m e t r i c  o r  d i s t a n t  

p o s i t i o n  of  t h e i r  n i t r o g e n s  o n  t h e  p y r i d i n e  r i n g s ,  a n d  t h e i r  

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

e n h a n c e m e n t s .

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

o r d e r  to i n v e s t i g a t e  t h e  i m p o r t a n c e  of  s i g m a  t y p e  a d s o r p t i o n  

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

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

p h e n y l p y r i d i n e s  w e r e  e x p e c t e d  to b e  a b l e  to  i n t e r a c t  wi th  t h e
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m e t a l  s u r f a c e  t h r o u g h  t h e  l o n e  p a i r  of  t h e  p y r id i n e  n i t r o g e n  

w i t h o u t  s e v e r e  s t e r i c  r e s t r a i n t s .  T h e  th i rd  i s o m e r ,  2 - p h e n y l  

py r id ine ,  w a s  no t  e x p e c t e d  to b e  a b l e  to a d s o r b  in a  s im i la r  

f a s h i o n  d u e  to  t h e  s t e r i c  h i n d e r a n c e  i m p o s e d  o n  t h e  p y r id in e  

n i t ro g e n  by t h e  b e n z e n e  ring a t  t h e  2  pos i t ion  to it.

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

p h e n y lp y r i d in e s  a r e  s h o w n  on  f ig u r e s  4  a n d  5



2,2'-bipyridine

CGG-
2,4'-bipyridine

2,3’-bipyridine

3,3’-bipyridine

•ChCs
4,4’-bipyridine

Fifure 4 : Structural formulas of isomeric bipyridines



2-phenyl-pyridine

3-phenyl-pyridine

0~0
4-phenyl-pyridine

Figure 5 : Stuctural formulas of isomeric phenyl pyridines
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EX PERIM ENTAL

1. MATERIALS

All of  t h e  b i p y r id in e s  a n d  p h e n y l p y r i d i n e s  a s  well  a s  1 ,10  

p h e n a n t h r o l i n e ,  w e r e  p u r c h a s e d  f rom  Aldrich C h e m i c a l  C o . .  All 

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

d i e t h y l e t h e r .  All l iqu id  m a t e r i a l s  ( 2 , 3 ' - b i p y r i d i n e ,  2  a n d  3 

p h e n y l p y r i d i n e )  w e r e  p u r i f i e d  b y  v a c u u m  d i s t i l l a t i o n .  4 , 4 ’- 

d i m e t h y l - 2 , 2 ' - b i p y r i d i n e  w a s  p u r c h a s e d  f r o m  G .  F r e d e r i c k  

S m i th  C h e m i c a l  C o . .  T h e  2 ,2 ' -d ipyr id i l  s i l v e r ( + 1 ) c o m p l e x  w a s  

p r e p a r e d  in t h e  l a b o r a to r y ,  a c c o r d i n g  to t h e  m e t h o d  d e s c r i b e d  

b y  H a l p e r n  e t  a l .  ( 9 9 ) .  N - m e t h y l - 4 , 4 ' - b i p y r i d i n i u m  w a s  

s y n t h e s i z e d  by Mr. R o b e r t  M o r g a n  of  Q u e e n s  C o l l e g e  C h e m i s t r y  

D ep t .  All s o l v e n t s  u s e d  w e r e  of  s p e c t r a l  q u a l i t y ,  a n d  g l a s s  

d i s t i l l e d  w a t e r  w a s  u s e d  to  p r e p a r e  s t o c k  s o l u t i o n s  of  t h e  

m o l e c u l e s  t h a t  w e r e  s t u d i e d .  All s t o c k  s o l u t i o n s  w e r e  

p r e p a r e d  b y  d i s s o l v i n g  s o l i d  m a t e r i a l  in w a t e r  to  a  f ina l  

c o n c e n t r a t i o n  of  a b o u t  1 0 ' 2  M. E t h a n o l - w a t e r  m i x t u r e s  

( 4 0 /6 0 )  w e r e  u s e d  for  p r e p a r i n g  s t o c k  s o l u t i o n s  of  t h e  p h e n y l  

p y r i d i n e s  b e c a u s e  of t h e i r  low w a t e r  s o lu b i l i t i e s .  T h e  e x a c t  

f ina l  c o n c e n t r a t i o n  of  al l  s t o c k  s o l u t i o n s  w a s  d e t e r m i n e d  

s p e c t r o p h o t o m e t r i c a l l y .
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2. PR EPARATION O F  SILVER COLLOID

T h e  s i lver  s o l s  w e r e  p r e p a r e d  a c c o r d i n g  to t h e  L e e - M e i s e l  

m e t h o d  (8 8 ). A 9 0  m g  s a m p l e  of s i lver  n i t r a t e  w a s  d i s s o l v e d  in 

5 0 0  ml of  g l a s s  d i s t i l l ed  w a t e r  a n d  b r o u g h t  to  bo i l ing  in a  

c o v e r e d  1 0 0 0 ml b e a k e r ,  w h i l e  b e i n g  p u r g e d  with n i t r o g e n  g a s  

a t  low r e g u l a t o r  p r e s s u r e  ( 1 0 - 1 5  ps i) .  A 10 ml a l i q u o t  of  a  

1 .0 %  s o d i u m  c i t r a t e  s o lu t ion  w a s  a d d e d  d r o p w i s e  to  t h e  boi ling 

s i l v e r  n i t r a t e  s o lu t i o n  u n d e r  v i g o r o u s  s t i r r i n g  by  a  m a g n e t i c  

s t i r r e r  ( to ta l  a d d i t i o n  t im e  1 .5 - 2 . 0  m i n u t e s ) .  T h e  s o lu t i o n  w a s  

k e p t  bo i l ing for  a b o u t  1 h o u r  u n d e r  c o n s t a n t  n i t r o g e n  p u r g i n g  

w i th  t h e  b e a k e r  c o v e r e d  wi th  a  w a t c h  g l a s s  to  p r e v e n t  

e x c e s s i v e  e v a p o r a t i o n  of t h e  so l .  T h e  s t i r r ing  w a s  a l s o  b e i n g  

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

e v a p o r a t i o n .  T h e  final v o l u m e  of  t h e  so l  w a s  a b o u t  2 0 0  ml, 

t h u s  giving a  n o m in a l  s i lver  c o n c e n t r a t i o n  of  a b o u t  2 .3 x 1 0 ' ^  M. 

A b s o r p t i o n  s p e c t r a  of t h e  s o l s  c o n s i s t e n t l y  s h o w e d  a  b r o a d  

p e a k  c e n t e r e d  a t  4 2 0 - 4 4 0  n m  (fig 6 ). T r a n s m i s s i o n  e l e c t r o n  

m i c r o s c o p y  (TEM) t h a t  w a s  p e r f o r m e d  on  s im i la r  t y p e  s o l s  by 

H i l d e b r a n t  a n d  S t o c k b e r g e r  (51 )  h a s  s h o w n  t h a t  t h e  a v e r a g e  

s i lve r  s p h e r o i d  d i a m e t e r  w a s  3 5  nm . T h e  s o l s  w e r e  f o u n d  to 

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

T h e  s o l s  g a v e  r e p r o d u c i b l e  S E R S  s p e c t r a  for  a  p e r i o d  of  m o r e  

t h a n  6  m o n t h s .
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F i g u r e  6  : Vis ib le  a b s o r p t i o n  s p e c t r u m  of f r e s h  c i t r a t e  t y p e  

co l lo id u s e d  in th is  s tu d y .
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2. INSTRUMENTATION

ABSORPTION SPE CTR A

All a b s o r p t i o n  s p e c t r a  w e r e  r e c o r d e d  o n  a  P e r k in  E l m e r  3 2 0  

d o u b l e  g r a t i n g ,  d o u b l e  b e a m  s c a n n i n g  s p e c t r o p h o t o m e t e r .  All 

UV a b s o r p t i o n  s p e c t r a  of t h e  m o l e c u l e s  w e r e  r e c o r d e d  b e t w e e n  

4 0 0 - 2 0 0  n m  u s in g  s t a n d a r d  t y p e  q u a r t z  c e l l s .  F i g u r e s  7 a n d  8  

s h o w  t h e  UV a b s o r p t i o n  s p e c t r a  of t h e  m o l e c u l e s  s t u d i e d .

RAMAN S P E C T R A

T h e  m a i n  c o m p o n e n t s  of  t h e  R a m a n  s p e c t r o m e t e r  u s e d  to 

r e c o r d  all R a m a n  a n d  s u r f a c e  e n h a n c e d  R a m a n  s p e c t r a  a r e .

1. L a s e r  s o u r c e  c o n s i s t i n g  of  a  S p e c t r a  P h y s i c s  2 6 5  e x c i t e r  

a n d  a  S p e c t r a  P h y s i c s  1 6 4 - 0 8  A rgon  ion c o n t i n u o u s  w a v e  l a s e r  

t u b e .

2.  S P E X  1 4 0 1 8  1 .0  m e t e r  d o u b l e  m o n o c h r o m a t o r  w i th  

h o l o g r a p h i c a l l y  ru le d  g r a t i n g s .  A 5 1 4 . 5  n m  r e j e c t i o n  fil ter  w a s  

m o u n t e d  b e f o r e  t h e  e n t r a n c e  sli t  to  t h e  m o n o c h r o m a t o r ,  to 

p r e v e n t  u n w a n t e d  l a s e r  r a d i a t i o n  f rom  e n t e r i n g  it.

3. P r i n c e t o n  I n s t r u m e n t s  I R Y - 7 0 0 G  s e l f  s c a n n i n g  p h o t o d i o d e  

( S P D )  a r r a y  d e t e c t o r  with 1 0 2 4  p h o t o d i o d e s  a n d  7 0 0  c h a n n e l s .  

T h i s  w a s  m o u n t e d  o n  t h e  f irst  ha lf  of  t h e  m o n o c h r o m a t o r  in 

o r d e r  to  o b t a i n  m a x i m u m  s p e c t r a l  c o v e r a g e .



Figure  7 : Ultraviolet a b s o rp t io n  s p e c t r a  of s tock  so lu t ions  

(~ 2 .0  x 10 ' 2  M) of c o m p o u n d s  s tud ied .

Tod  left. 2 ,2 -bipyridine, T od  r ight . 2,3 ' -bipyridine,

Middle left. 2 ,4 ’-bipyridine,  Middle r ight . 3 , 3 ’-bipyridine, 

Bot tom . 4,4'-bipyridine.
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Figure 8  : Ultraviolet a b s o rp t io n  s p e c t r a  of s tock  so lu t ions  

(~ 2 . 0  x 1 0 ' 2  M) of c o m p o u n d s  s tu d ied .

T op  left. 4 , 4 ’-d imethyl-2,2 ' -bipyridine> 

lOCLiight. Ag(2,2-bipy) 2 ( + 1 ),

Middle left. 2-phenylpyr idine,

Middle right . 3-phenylpyridine,

B o t to m . 4-phenylpyr idine.
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4.  P r i n c e t o n  I n s t r u m e n t s  S T - 1 0 0  d e t e c t o r  c o n t r o l l e r .  U s e d  to 

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

d e t e c t o r  h e a d .

5. P C  L im i te d  2 8 6  p e r s o n a l  c o m p u t e r  e q u i p p e d  wi th  a  2 0  

M e g a b y t e  h a r d  d i sk  a n d  i n t e r f a c e d  to t h e  d e t e c t o r  c o n t r o l l e r .  

S p e c t r a  w e r e  c o l l e c t e d  a n d  p r o c e s s e d  by u s i n g  O S M A  (O p t ic a l  

S p e c t r o m e t r i c  M u l t i c h a n n e l  A n a l y z e r )  o p e r a t i n g  s y s t e m  a n d  

s o f t w a r e  p a c k a g e .  S p e c t r a  w e r e  p l o t t e d  o n  a n  IBM 7371  c o lo r  

p l o t t e r .

F i g u r e  9 is a  d i a g r a m  of  t h e  R a m a n  s p e c t r o m e t e r  d e s c r i b e d  

a b o v e .

SAMPLE PREPAPATION

S a m p l e s  w e r e  p r e p a r e d  by mixing 5  v o l u m e s  of col loid  ( 5 0 0  

pi) with 1 v o l u m e  ( 1 0 0  pi ) of s t o c k  so lu t io n  of  t h e  c o m p o u n d  to 

b e  s t u d i e d .  T h e  total  v o l u m e  p r e p a r e d  w a s  a l w a y s  l e s s  t h a n  1 

ml. T h e  f inal  so l  c o n c e n t r a t i o n s  of  t h e  m o l e c u l e s  s t u d i e d  fall 

in t h e  r a n g e :  6 . 8 X 1 0 * 4  to  3 .1 x 1 0 * 3  M. Dilut ion s t u d i e s  w e r e  

c o n d u c t e d  to  c h e c k  for  qua l i t a t iv e  c h a n g e s  in t h e  S E R S  s p e c t r a  

of  t h e  m o l e c u l e s  s tu d i e d ,  b u t  n o n e  w e r e  found .

All t h e  m ix t u re s  of col loid a n d  s u b s t r a t e  m o l e c u l e  b e c a m e  

u n s t a b l e  a n d  l ed  to t h e  p r e c i p i t a t i o n  of  l a r g e  a g g r e g a t e s  with 

d e t e r i o r a t i o n  of the i r  S E R S  s ig n a l  a f t e r  a  v a r i a b l e  p e r i o d  of



35

WATER OUTWATER IN

NITROGEN
TANKAr+ LASER TUBE

DETECTOR MONOCHROMATOR

BEAM 
FOCUS NG 
SYSTEM

MONOCHROMATOR
CONTROLER

OSOLLOSOOPE

CRT
DISPLAY

PLOTTER

Figure 9 : S c h e m a t i c  of a  l a s e r  R a m a n  s p e c t r o m e t e r  with a  d io d e
array de tec tor .
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t im e .  Th is  t im e  w a s  o n  t h e  o r d e r  of a b o u t  1 0  m i n u t e s  for t h e  

4 , 4 ' - b i p y r i d i n e  a n d  N - M e t h y l - 4 , 4 ' - b i p y r i d i n i u m .  F o r  t h e  

r e m a i n d e r  of t h e  m o l e c u l e s  i n v e s t i g a t e d ,  t h e  c o l lo id  s u b s t r a t e  

m ix tu re  w a s  s t a b l e  for a t  l e a s t  o n e  hou r ,  a s  c a n  b e  s e e n  f rom  

t h e  abi l i ty  to  r e c o r d  S E R S  s p e c t r a .  O p t i m a l  S E R S  s p e c t r a  

c o r r e s p o n d i n g  to  m a x i m u m  s u r f a c e  e n h a n c e m e n t  of  t h e  

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

f rom s e v e r a l  m i n u t e s  to a b o u t  o n e  hour .

All R a m a n  a n d  S E R S  s p e c t r a  w e r e  run  in 100  pi  1 m m  i d. 

g l a s s  c a p i l l a r y  c e l l s  u s i n g  t r a n s v e r s e  e x c i t a t i o n  a n d  9 0 °  

s c a t t e r i n g .

RESULTS

T h e  R a m a n  s p e c t r a  of  t h e  i s o m e r i c  b i p y r i d in e s  in t h e  7 0 0 -  

1 7 0 0  c m ' 1 r e g i o n  a r e  s h o w n  o n  t h e  t o p  of  t h e  fo l low ing  

f i g u r e s :  4 , 4 ' - b i p y r i d i n e  ( f i g . 1 1 ) ,  2 , 4 ' - b i p y r i d i n e  (f ig .  1 3 ) ,  

3 , 3 ' - b i p y r i d i n e  ( f i g . 1 5 ) ,  2 , 3 ’- b i p y r i d i n e  (fig.  1 6 ) ,  a n d  2 , 2 '  

b i p y r i d i n e  (fig. 18) .  T h e  S E R S  s p e c t r a  in t h e  s a m e  s p e c t r a l  

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

s a m e  f ig u r e s .  T h e  R a m a n  a n d  S E R S  s p e c t r a  of  t h e  i s o m e r i c  

p h e n y l p y r i d i n e s  in t h e  7 0 0 - 1 7 0 0  c m ' 1 r e g i o n  a r e  s h o w n  in t h e  

t o p  ( R a m a n )  a n d  b o t t o m  ( S E R S )  of  f i g u r e s :  12  fo r  4 - p h e n y l  

p y r id in e ,  17  for  3 - p h e n y l p y r i d i n e  a n d  2 4  fo r  2 - p h e n y l p y r i d i n e .
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F i g u r e  14 s h o w s  t h e  S E R S  s p e c t r u m  of  N - m e t h y l - 4 , 4 ' -  

b i p y r i d in i u m  ( 7 0 0 - 1 7 0 0  c m ' 1 ). T h e  R a m a n  s p e c t r u m  of  2 , 2 ’- 

b i p y r i d in e  d i s s o l v e d  in 1M Hcl ( m o n o p r o t o n a t e d )  is s h o w n  in 

f igure  19 ( top) .  T h e  S E R S  s p e c t r u m  of  t h e  s a m e  c o m p o u n d  is 

s h o w n  in t h e  b o t to m  of  t h e  t h e  s a m e  f igu re  ( 7 0 0 - 1 7 0 0  c m ' 1 ). 

In f ig u r e  2 0  t h e  R a m a n  s p e c t r u m  of  2 , 2 ' - b i p y r i d i n e  d i s s o l v e d  

in c h l o r o f o r m  ( b o t t o m )  is  p r e s e n t e d .  T h e  R a m a n  a n d  S E R S  

s p e c t r a  of  Ag (2 ,2 ’b p y ) 2 ( + 1 ) a r e  s h o w n  o n  t h e  t o p  a n d  b o t to m

of f igu re  21 ( 7 0 0 - 1 7 0 0  c m ' 1 ). T h e  R a m a n  a n d  S E R S  of t h e  

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

of  f i g u r e s :  2 2  f o r  1 , 1 0 - p h e n a t h r o l i n e ,  2 3  f o r  4 , 4 ’-

d i m e t h y l - 2 , 2 ’- b i p y r i d in e ,  2 5  for  2 , 2 ’- d i p y r i d y l k e t o n e ,  2 7  for  

p y r id i n e ,  a n d  2 8  fo r  2 , 2 ’- d i p y r i d y l a m i n e  (all in t h e  7 0 0 - 1 7 0 0  

c m ' 1 r a n g e ) .  T h e  S E R S  s p e c t r a  for  t h e  C-H  s t r e t c h i n g  r eg io n  

( 2 9 0 0 - 3 2 0 0  c m ' 1 ) for all t h e  m o l e c u l e s  s t u d i e d  a r e  s h o w n  in 

f igu re s  3 2  th ro u g h  37.
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Figure 11 : T o p . R a m a n  s p e c t r u m  of solid 4 , 4 ’-bipyridine.  

Excitat ion w a v e le n g th  4 5 7 .9  nm, la se r  p o w e r  1 00m W , 

e n t r a n c e  slit 5 0 0  microns,  30  e x p o s u r e s ,  1 .33 s e c / e x p .  

B o t to m . S E R S  s p e c t r u m  of 4 , 4 ’-bipyridine (1.0 x 1 0 ‘^  M) 

d i s s o lv e d  in w a t e r  a d s o r b r e d  on  silver sol.  Excitat ion 

w a v e le n g th  5 1 4 .5  nm, l a s e r  p o w e r  150  mW, e n t r a n c e  slit 

4 0 0  microns,  30  e x p o s u r e s ,  5 .33  se c . / e xp .
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Figure  12 : T o p . R a m a n  s p e c t r u m  of solid 4-phenylpyr id ine.  

Exci ta tion w a v e l e n g t h  4 5 7 .9  nm, l a s e r  p o w e r  100  mW, 

e n t r a n c e  slit 5 0 0  mic rons,  30  e x p o s u r e s ,  1 .33 s e c . / e x p .  

Bo t tom. S E R S  s p e c t r u m  of 4-phenylpyr id ine  d i s s o l v e d  in 4 0 %  

e th a n o l  (1.0 x 1 0 ' 3 M) a d s o r b e d  o n  sol  s u r f a c e .  Exci ta tion 

w a v e l e n g t h  5 1 4 .5  n m  lase r  p o w e r  100  mW, e n t r a n c e  slit 4 0 0  

m ic rons ,  30  e x p o s u r e s , 1.33 s e c . / e x p .
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Figure 13 : Top.  R a m a n  s p e c t r u m  of solid 2 ,4' -bipyridine. 

Exci tation w a v e le n g th  4 5 7 .9  nm, l a se r  p o w e r  100 mW, 

e n t r a n c e  slit 500  microns,  50  e x p o s u r e s ,  6 .6 7  s ec . / exp .  

Bot tom. S E R S  s p e c t r u m  of  2 ,4 ’-bipyridine d i s s o lv e d  in wa te r ,  

(1 .0 x 1 0 '3  M) a d s o r b e d  o n  silver sol.  Excitat ion w a v e l e n g t h  

51 4 .5  nm, l a s e r  p o w e r  100 mW, 30 e x p o s u r e s ,  1 .33  s e c . / e x p .
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Figure  14 : S E R S  s p e c t ru m  of N -m ethy l-4 ,4 ’-bipyridinium 

d is s o lv e d  in w a te r  (1.0 x 1 0 '^  M), a d s o r b e d  o n  silver sol.

S a m p le  is u n s ta b le  a n d  d e c o m p o s e s  fas t  u p o n  mixing with sol. 

Excitation w av e len g th  5 1 4 .5  nm, la s e r  p o w e r  100  m W , e n t r a n c e  

slit 5 0 0  m icrons, 30  e x p o s u re s ,  2 .6 7  s e c . /e x p .
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F igure  15 : Top. R a m a n  s p e c t ru m  of solid 3 ,3 '-bipyridine. 

Excitation w a v e le n g th  4 5 7 .9  nm, la s e r  p o w e r  100 m W , 

e n t a n c e  slit 5 0 0  m ic rons,  20  e x p o s u r e s ,  1 .67  s e c . /e x p .  

B ottom . S E R S  s p e c t ru m  of 3 ,3 ’-bipyridine d i s s o lv e d  in w a te r  

(1 .0  x 10*3 M), a d s o r b e d  o n  silver sol. Excita tion w a v e le n g th

5 1 4 .5  nm , la s e r  p o w e r  100  mW, e n t r a n c e  slit 4 0 0  m ic rons,  

30  e x p o s u r e s ,  1 .33  se c . /e x p .
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Figure 16 : Top. R a m a n  s p e c t ru m  of liquid 2,3 '-b ipyrid ine. 

Excitation w a v e len g th  5 1 4 .5  nm, la s e r  p o w e r  100  m W , 

e n t r a n c e  slit 4 0 0  m icrons, 30  e x p o s u re s ,  1 .67  s e c . /e x p .  

Bottom . S E R S  s p e c t ru m  of 2 ,3 '-b ipyrid ine d is s o lv e d  in 

w a te r  (1 .0  x 1 0 '^  M ), a d s o r b e d  on  silver sol. Excita tion 

w a v e len g th  5 1 4 .5  nm  la s e r  p o w e r  100  mW , e n t a n c e  slit 4 0 0  

m ic rons,  30  e x p o s u re s ,  4 .0  s e c . /e x p .
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F igure  17 : Top. R a m a n  sp e c t ru m  of liquid 3 -pheny lpyr id ine . 

Excitation w a ve leng th  5 1 4 .5  nm, la s e r  p o w e r  100  mW, 

e n t r a n c e  slit 5 0 0  m icrons, 30  e x p o s u re s ,  1 .33  s e c . /e x p .  

Bottom . S E R S  sp e c t ru m  of 3 -pheny lpyr id ine  d i s s o lv e d  in 4 0 %  

e th a n o l  (1.0 x 1 0 ‘3 M), a d s o r b e d  on  silver sol. Excitation 

w a v e le n g th  5 1 4 .5  nm, la s e r  p o w e r  100 mW , e n t a n c e  slit 4 0 0  

m icrons, 30  e x p o s u re s ,  1 .67  s e c . /e x p .
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Figure  18 : Top. R a m a n  s p e c t ru m  of solid 2 ,2 '-b ipyrid ine. 

Excitation w a v e le n g th  4 5 7 .9  nm, la s e r  p o w e r  150  mW , 

e n t r a n c e  slit 4 0 0  m icrons, 30  e x p o s u re s ,  3 .3  s e c . /e x p .

Bottom . S E R S  s p e c t ru m  of 2 ,2 '-b ipyrid ine d i s s o lv e d  in 

w a te r  ( 1 .0 x 1 0 '^  M), a d s o r b e d  on  silver sol. Excitation 

w a v e le n g th  5 1 4 .5  nm, la s e r  p o w e r  100  m W , e n t r a n c e  slit 5 0 0  

m ic rons,  30  e x p o s u re s ,  1 .33  se c . /e x p .
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F igure  19 : Top. R a m a n  s p e c t ru m  of 2 ,2 ’-bipyridine d is s o lv e d  in 

1 .0 M HCI (m o n o p ro to n a ted ) .  Excitation w a v e le n g th  5 1 4 .5  nm , 

la s e r  p o w e r  150  m W , e n t r a n c e  slit 5 0 0  m icrons, 4 0  e x p o s u r e s ,

1 .67  s e c . /e x p .

Bottom . S E R S  s p e c t ru m  of 2 ,2 '-b ipyrid ine d i s s o lv e d  in w a te r  

(1 .0  x 1 0 '3  M ) , a d s o r b e d  on  silver sol. Excitation w a v e le n g th

5 1 4 .5  nm , la s e r  p o w e r  100  mW , e n t r a n c e  slit 5 0 0  m ic rons ,  30  

e x p o s u r e s ,  1 .33 se c . /e x p .
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Figure  20  : Top. R a m a n  s p e c t ru m  of solid 2 ,2 '-bipyridine. 

Excitation w a v e le n g th  4 5 7 .9  nm , la s e r  p o w e r  120  mW , 

e n t r a n c e  slit 4 0 0  m icrons, 30  e x p o s u r e s ,  3 .3  se c . /e x p .  

Bottom . R a m a n  s p e c t ru m  of 2 ,2 '-b ipyrid ine  d is so lv e d  in 

ch loroform  (2.0 M ). Excitation w a v e le n g th  5 1 4 .5  nm, la s e r  

p o w e r  100  m W , e n t r a n c e  slit 5 0 0  m icrons, 30  e x p o s u re s ,

1 .33  s e c . /e x p .
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F igure  2 1  : Top. R a m a n  s p e c t ru m  of solid  Ag( 2 ,2 ’-bpy) 2 (+ 1 )

Excitation w a v e len g th  5 1 4 .5  nm , la s e r  p o w e r  100  m W , 

e n t r a n c e  slit 6 0 0  m icrons, 30  e x p o s u r e s ,  4 .0  s e c . /e x p .

Bottom . S E R S  sp e c t ru m  of Ag(2 ,2 '-bpy) 2 (+ 1 ) d is so lv e d  in

w a te r  (1 .0 x 10"^ M), a d s o r b e d  on  silver sol. S a m p le  u n s ta b le  

u p o n  mixing with sol. Excitation w a v e le n g th  5 1 4 .5  nm , la s e r  

p o w e r  100  m W  e n t r a n c e  slit 5 0 0  m ic rons ,  30  e x p o s u r e s ,  1 .33 

se c . /e x p .
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Figure  2 2  : Top. R a m a n  s p e c t ru m  of solid 1 ,1 0 -p h e n a n th ro l in e .  

Excitation w av e len g th  5 1 4 .5  nm, la s e r  p o w e r  50  mW, 

e n t r a n c e  slit 2 0 0  m icrons, 30  e x p o s u re s ,  1 .33  s e c . /e x p .

B ottom . S E R S  s p e c t ru m  of 1 ,1 0 -p h e n a n t rh ro l in e  d is s o lv e d  in 

w a te r  ( 1 .0 x 1 0 '^  M), a d s o r b e d  on  silver sol. Excitation 

w a v e le n g th  5 1 4 .5  nm, la s e r  p o w e r  100  m W , e n t r a n c e  slit 500  

m icrons, 30  e x p o s u re s ,  4 .0  se c . /e x p .
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Figure  23  : Top. R a m a n  s p e c t ru m  of solid 4 ,4 '-d im ethy l-2 ,2 ' 

bipyridine. Excitation w a v e le n g th  4 5 7 .9  nm , la s e r  p o w e r  

100 m W , e n t r a n c e  slit 4 0 0  m icrons, 30  e x p o s u re s ,

1.33 se c . /e x p .

Bottom . S E R S  s p e c t ru m  of 4 ,4 '-d im ethyl-2 ,2 '-b ipyrid ine  

d is so lv e d  in w a te r  (1.0 x 1 0 - ^  M), a d s o r b e d  on  silver sol. 

Excitation w av e len g th  5 1 4 .5  nm , la s e r  p o w e r  100  m W , e n t r a n c e  

slit 6 0 0  m icrons, 30  e x p o s u re s ,  1 .33 s e c . /e x p .
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F igure  24  : Top. R a m a n  s p e c t ru m  of liquid 2 -pheny lpyr id ine . 

Excitation w a v e le n g th  5 1 4 .5  nm, la s e r  p o w e r  100  m W , e n t r a n c e  

slit 5 0 0  m icrons, 30  e x p o s u r e s ,  1 .33 s e c . /e x p .

Bottom . S E R S  s p e c t ru m  of 2 -pheny lpyr id ine  d i s s o lv e d  in 4 0 %  

e th a n o l  (1 .0  x 1 0 '^  M), a d s o r b e d  on  silver sol. Excitation 

w a v e le n g th  5 1 4 .5 n m la s e r  p o w e r  100  m W , e n t r a n c e  slit 4 0 0  

m icrons, 30  e x p o s u re s ,  2 .6 6  s e c . /e x p .



NO
RM

AL
IZ

ED
 

RA
MA

N 
IN

TE
NS

IT
Y

1295 1603
10 01

1584

1042 1241 1500
1063756

160215791295

1224

11741 003
1065

700 900 1 1 0 0 1300 1500 1700

A UIRUENUMBER



67

F igure  25  : Top. R a m a n  s p e c t ru m  of solid  2 ,2 '-d ipyridylketone . 

Excita tion w a v e le n g th  4 5 7 .9  nm , la s e r  p o w e r  100  m W , e n t r a n c e  

slit 3 0 0  m icrons, 30  e x p o s u re s ,  3 .3  s e c . /e x p .

Bottom . S E R S  s p e c t ru m  of 2 ,2 '-d ipyridy lke tone  d is so lv e d  in 

w a te r  (1.0 x 10 '^M ), a d s o r b e d  on  silver sol. Excitation 

w a v e le n g th  5 1 4 .5  nm, la s e r  p o w e r  80  m W , e n t r a n c e  slit 500  

m ic rons,  30  e x p o s u re s ,  1 .33 s e c . /e x p .
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F igure  2 6  : Top. S E R S  s p e c t ru m  of 2 ,2 -d ipy r idy lke tone  

d is s o lv e d  in w a te r  (1 . 1 0  x 10*3 M), a d s o r b e d  o n  silver sol. 

Excitation w a v e le n g th  5 1 4 .5  nm, la s e r  p o w e r  8 0  m W , 

e n t r a n c e  slit 500  m icrons, 30  e x p o s u r e s ,  1 .33 s e c . /e x p .  

Bottom. S E R S  s p e c t ru m  of pyrid ine d is s o lv e d  in w a te r  

(1 .0  x 10*3 M), a d s o r b e d  on  silver sol. Excitation w a v e le n g th

5 1 4 .5  nm , la s e r  p o w e r  100 m W , e n t r a n c e  slit 5 0 0  m ic rons ,  

3 0  e x p o s u re s ,  1 .33  s e c . /e x p .
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F igure  2 7  : To p . R a m a n  s p e c t ru m  of liquid pyridine. Excitation 

w a v e le n g th  5 1 4 .5  nm, la s e r  p o w e r  100  mW, e n t r a n c e  slit 500  

m ic rons ,  3 0  e x p o s u re s ,  1.33 s e c . /e x p .

B ottom . S E R S  sp e c t ru m  of pyrid ine d is so lv e d  in w a te r  ( 1 . 0  x 

10 ‘3 M), a d s o r b e d  on  silver sol. Excitation w a v e le n g th  5 1 4 .5  nm , 

la s e r  p o w e r  100 mW, e n t r a n c e  slit 5 0 0  m ic rons,  30  e x p o s u r e s ,

1 .33  se c . /e x p .
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Figure 2 8  : Top. R a m a n  s p e c t ru m  of solid 2 ,2-d ipyridy lam ine . 

Excitation w av e len g th  4 5 7 .9  nm, la s e r  p o w e r  100 m W , e n t r a n c e  

slit 4 0 0  m icrons, 30  e x p o s u re s ,  1 .33  s e c . /e x p .

B o ttom . S E R S  s p e c t ru m  of 2 ,2 ’-dipyridylam ine  d is so lv e d  in in 

5 0 %  e th a n o l  (1 .0  x 1 0 '^  M), a d s o r b e d  o n  silver su r fa c e .  

Excitation w av e len g th  5 1 4 .5  nm, la s e r  p o w e r  100 mW , e n t r a n c e  

slit 500  m icrons, 30  e x p o s u re s ,  1 .33  s e c . /e x p .
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DISCUSSION

CONCENTRATION DEPENDENCE O F  SURFACE ENHANCEMENT

O n e  of  t h e  q u e s t i o n s  a d d r e s s e d  a t  a n  e a r l y  s t a g e  of th is  

i n v e s t i g a t i o n ,  w a s  t h a t  of  t h e  i m p o r t a n c e  of t h e  a d s o r b a t e ' s  

c o n c e n t r a t i o n  in t h e  s u r f a c e  e n h a n c e m e n t  of  i ts  R a m a n  

s p e c t r u m .  Fo r  th i s  r e a s o n  a  s e r i e s  of di lu t ion e x p e r i m e n t s  w a s  

p e r f o r m e d ,  u s in g  i s o m e r i c  b ip y r id in e s .  F r o m  s t o c k  s o l u t i o n s  of 

t h e s e  c o m p o u n d s  a  s e r i e s  of d i lu t e d  s o l u t i o n s  w e r e  p r e p a r e d ,  

a n d  t h e i r  S E R S  s p e c t r a  w e r e  r e c o r d e d  u n d e r  i d e n t i c a l  

c o n d i t i o n s .  T h e  r e l a t i v e  R a m a n  i n t e n s i t y  of  e a c h  of  tw o  

s e l e c t e d  p e a k s  from e a c h  b ipyrid ine ,  w a s  p lo t t e d  a s  a  func t ion  

of  a d s o r b a t e  c o n c e n t r a t i o n  ( c o n c e n t r a t i o n  of c o m p o u n d  w h e n  

m ix e d  with t h e  s i lve r  so l) .  F i g u r e s  2 9  a n d  3 0  a r e  tw o  s u c h  

g r a p h s  for  2 ,2 '  a n d  2 , 4 ' - b i p y r i d i n e  r e s p e c t i v e l y .  F r o m  t h e s e  

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

c o n c e n t r a t i o n s ,  t h e  S E R S  i n t e n s i t y  i n c r e a s e s  a l m o s t  

e x p o n e n t i a l l y  wi th  a n  i n c r e a s e  in c o n c e n t r a t i o n .  W h e n  t h e  

c o n c e n t r a t i o n  b e c o m e s  su f f i c i en t ly  h igh  t h e  i n t e n s i t y  b e c o m e s  

a l m o s t  i n d e p e n d e n t  of it. T h i s  c a n  b e  s e e n  f rom  t h e  leve l ing  

off of b o t h  g r a p h s  a t  a b o u t  1 . 0 x 1 0 ' ^  M c o n c e n t r a t i o n  of  

a d s o r b a t e .  S i m i l a r  r e s u l t s  w e r e  o b t a i n e d  fo r  t h e  o t h e r  

b i p y r i d in e s .  T h e s e  r e s u l t s  t e n d  to  i n d i c a t e  t h a t  a t  su f f ic ien t ly  

h igh  c o n c e n t r a t i o n s  of  a d s o r b a t e  t h e  s u r f a c e  e n h a n c e m e n t  of 

i t s  R a m a n  s p e c t r u m  is  a l m o s t  i n d e p e n d e n t  o f  i ts  

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



76

F i g u re  2 9  : P lo t  of r e l a t ive  R a m a n  in te ns i ty  vs .  

a d s o r b a t e  c o n c e n t r a t i o n  for t h e  1 3 0 5  a n d  1591 c m ' 1 

p e a k s  of 2 ,2 -b ipy r id ine  a d s o r b e d  o n  s i lve r  sol.



0.00e+00 
9.00e-04 

1.80e-03 
2.70e-03 

3.60e-03 
4.50e-03

CO
NCENTRATIO

N 
(M

)

RELATIVE RAMAN INTENSITY

o
o

o

o

o

LL

o 
1591 

int. 
a 1305 

int.



78

Fig u re  30  : Plo t  of r e l a t i v e  R a m a n  in te n s i t y  vs .  

a d s o r b a t e  c o n c e n t r a t i o n  for  t h e  1 3 0 2  a n d  1 6 1 0  c m ' 1 

p e a k s  of 2 ,4 ' - b ip y r id in e  a d s o r b e d  o n  s i lve r  sol.
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In o r d e r  to  o b t a i n  a n  e s t i m a t e  of  t h e  a m o u n t  of  e a c h  

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

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

p h o t o m e t r i c a l l y  a s  fo l low s .

S t a r t i n g  with s t o c k  s o l u t i o n s  of  e q u a l  c o n c e n t r a t i o n s ,  

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

f a s h i o n  a n d  u n d e r  t h e  s a m e  rat io  a s  d i s c u s s e d  e a r l i e r  (5 p a r t s  

so l  to 1 p a r t  bipy rid ine) .  Th is  g a v e  a n  e f f e c t i v e  c o n c e n t r a t i o n  

of  b i p y r i d i n e  in t h e  s a m p l e  of  a b o u t  3 . 0 x 1 0 ‘ 3  M. Af te r  

p r e p a r i n g  a  f r e s h  s a m p l e  of  e a c h  bipy by  m ix ing  it wi th  t h e  

s i l v e r  so l ,  it w a s  c e n t r i f u g e d  a n d  t h e  UV s p e c t r u m  of  t h e  

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

b ipy r id in e .  T h e  UV s p e c t r u m  of  a  5/1 w a t e r  d i l u t e d  s o lu t i o n  of  

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

d i f f e r e n c e  in c o n c e n t r a t i o n  b e t w e e n  t h e  s u p e r n a t a n t  a n d  t h e  

5/1 d i lu t ed  so lu t io n  is t h e  a m o u n t  of  b ip y r id in e  t h a t  a d s o r b e d  

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

e a c h  b ip y r id in e  in t h e  s u p e r n a t a n t  w a s  v e r y  c l o s e  to  t h a t  of  

t h e  e q u a l l y  w a t e r  d i l u t e d  s o l u t i o n  ( 3 . 3 - 3 . 5 x 1 0 * 3  M),with  no  

m o r e  t h a n  1 . 0  o r  2 . 0  %  a b s o r b a n c e  d i f f e r e n c e  b e t w e e n  t h e  two 

s o lu t i o n s .  T h i s  w ou ld  i n d i c a t e  t h a t  on ly  a  v e ry  s m a l l  a m o u n t  of  

b ipy r id ine  a d s o r b s  o n  t h e  s u r f a c e .

To  f u r th e r  p inpo in t  t h e  a m o u n t  of a d s o r b a t e  o n  t h e  s i lve r  

sol ,  e a c h  b ipyrid ine  w a s  m ix e d  with t h e  s o l  in t h e  s a m e  rat io



81

TABLE 1 : ESTIMATED SOLUTION CO N C EN TR A TIO N  O F  BIPYRIDINES 

A D S O R B E D  O N  SILVER S O L

C O M P O U N D  C O N C E N T R A T I O N  (M)

2 ,2 ' bipyridine 2 .2 6  x 1 0 ' 5

2,4'  bipyridine 1.53 x 10 * 5

3 ,3 ’ bipyridine 1 .49 x 10*5

2,3'  bipyridine 1 .43 x 10*5

4,4 '  bipyridine 1 .36  x 10*5



8 2

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

T h e  s u p e r n a t a n t  w a s  t h e n  r e m o v e d  c a re fu l ly  a n d  r e p l a c e d  with 

w a t e r  of  e x a c t l y  t h e  s a m e  v o l u m e .  T h e  m i x t u r e  w a s  t h e n  

s h a k e n  a n d  c e n t r i f u g e d  until  c l e a r .  A s s u m i n g  t h a t  all  of  t h e  

a d s o r b e d  b i p y r i d i n e  will g o  b a c k  in to  s o l u t i o n ,  t h e  UV 

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

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

1. E v e n  t h o u g h  this  m e t h o d  c a n n o t  b e  a  high ly a c c u r a t e  w a y  of 

m e a s u r i n g  t h e  a d s o r b a t e  c o n c e n t r a t i o n  on  t h e  s i lve r  s u r f a c e ,  it 

p r o v i d e s  a  r a n g e  for t h e  c o n c e n t r a t i o n  of t h e  a d s o r b e d  s p e c i e s ,  

w h i c h  is a b o u t  1.5x1 O' 3  M, or  a b o u t  2 0 0  t i m e s  l e s s  t h a n  t h e  

o r ig ina l  c o n c e n t r a t i o n  of t h e  c o m p o u n d  in t h e  s a m p l e  ( a b o u t  

3 .3 x 1  O' 3  M).

F r o m  t h e s e  r e s u l t s  o n e  w o u ld  t e n d  to a s s u m e  t h a t  g i v e n  

s u f f i c i e n t  c o n c e n t r a t i o n  of a n  a d s o r b a t e ,  f a c t o r s  o t h e r  t h a n  

s o l u t i o n  c o n c e n t r a t i o n  m u s t  r e g u l a t e  t h e  e n h a n c e m e n t  of its 

R a m a n  s p e c t r u m ,  n a m e l y  t h e  m o d e  of  a d s o r p t i o n  of  t h e  

m o l e c u l e  with t h e  s u r f a c e .
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A D S O R P T I O N  MODE O F  C O M P O U N D S  O N  AG S O L  

(SURFACE INTERACTION)

T h e  i n te r p re ta t io n  of t h e  S E R S  s p e c t r a  of t h e  c o m p o u n d s  

d i s p l a y e d  in f i g u r e s  1 0  t h r o u g h  2 8  e n t a i l s  t h e  u n d e r s t a n d i n g  of 

o b s e r v e d  s im i la r i t i e s  o r  d i s c r e p a n c i e s  in t h e  s u r f a c e  e n h a n c e d  

s p e c t r a  of  m e m b e r s  of t h e  s a m e  c l a s s  of c o m p o u n d s ,  a s  well  

a n  u n d e r s t a n d i n g  of  t h e  d i f f e r e n t  r e l a t i v e  e n h a n c e m e n t ,  or  

e v e n  t h e  lack  of  it. P r o v i d e d  t h a t  c o n c e n t r a t i o n  is no t  a  f a c to r  

in t h e  e n h a n c e m e n t  m e c h a n i s m ,  t h i s  e n h a n c e m e n t  m u s t  b e  

d e p e n d e n t  o n  t h e  a d s o r p t i o n  m o d e  of t h e s e  c o m p o u n d s  o n  t h e  

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

g e o m e t r y .  In o r d e r  to  b e t t e r  u n d e r s t a n d  t h e  s u r f a c e  o r i e n t a t i o n  

of  t h e s e  c o m p o u n d s ,  th e i r  S E R S  s p e c t r a  w e r e  r e c o r d e d  a n d  

s t u d i e d  in tw o  s p e c t r a l  r e g i o n s :  1 ) b e t w e e n  7 0 0 - 1 7 0 0  c m ' 1 , 

a n d  2)  b e t w e e n  2 9 0 0 - 3 2 0 0  c m ' 1 .

THE 7 0 0 - 1 7 0 0  C M ' 1 S P E C T R A L  R E G IO N

In this  r eg ion  t h e  m o s t  p r o m i n e n t  R a m a n  a c t i v e  m o d e s  c o m e  

f rom  in p l a n e  v i b r a t i o n s  f rom  C - C  a n d  C - N  b o n d  s t r e t c h i n g ,  

with s o m e  c o n t r i b u t i o n  f rom  in p l a n e  C -H  b o n d  w a g g i n g .  In 

o r d e r  t o  i n t e r p r e t  t h e  S E R S  s p e c t r a  u s i n g  s u r f a c e  s e l e c t i o n  

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

c o m p o u n d s  s t u d i e d .  Fo r  t h e  s a k e  of  s impl ici ty  on ly  p l a n a r
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m o l e c u l a r  s t r u c t u r e s  will b e  a s s u m e d  in a s s i g n i n g  m o l e c u l a r  

s y m m e t r i e s .  F i g u r e  10 s h o w s  t h e  m o l e c u l a r  a x e s  t h a t  will b e  

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

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

by  M o s k o v i t s  e t  a l . ( 35 -41 ) ,  w h e n  a  m o l e c u l e  a d s o r b s  o n t o  t h e  

m e t a l  s u r f a c e  o n e  of t h e s e  m o l e c u l a r  a x e s  w o u l d  b e c o m e  t h e  z 

a x i s  (o r  n o r m a l )  wi th  r e s p e c t  to t h e  m e t a l  s u r f a c e .  If a  

m o l e c u l e  a d s o r b s  on  t h e  s u r f a c e  ut il izing s i g m a  e l e c t r o n s  (i.e.  

f rom  i ts  n i t r o g e n s ) ,  th is  w o u l d  m e a n  t h a t  t h e  a r o m a t i c  r in g s  

a r e  o r i e n t e d  p e r p e n d i c u l a r  (no rm a l )  to t h e  s u r f a c e .  T h i s  w o u l d  

imply  t h a t  n o r m a l  v ib r a t i o n a l  m o d e s  w h i c h  i n v o l v e  in p l a n e  

m o t i o n  of  C - C  a n d / o r  C - N  b o n d s , o r  C - H  w a g g i n g  t h a t  a r e  

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

i n t e n s e  S E R S  s i g n a l s  ( 3 5 - 4 3 ,8 9 ) .

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

s u r f a c e ,  t h e  g r e a t e s t  S E R S  in te n s i t y  w o u l d  b e  e x p e c t e d  f rom  

to ta l ly  s y m m e t r i c  m o d e s  w h i c h  d e r i v e  t h e i r  i n t e n s i t y  f rom  t h e  

a Z 2  c o m p o n e n t  of  t h e  m o l e c u l a r  po la r i zab i l i ty  ( w h e r e  z is t h e

c o o r d i n a t e  p e r p e n d i c u l a r  to t h e  m e t a l  s u r f a c e ) .  V i b r a t i o n s  t h a t  

a r e  o u t  of  t h e  m o l e c u l a r  p l a n e ,  o r  a r e  in p l a n e  b u t  n o n - to t a l l y  

s y m m e t r i c ,  will d e r i v e  t h e i r  i n t e n s i t y  f ro m  t h e  a x z  o r a y 2

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

s u r f a c e  e n h a n c e m e n t .  V i b r a t i o n s  t h a t  a r e  o u t  of  p l a n e  a r e  

e x p e c t e d  to  b e  e s p e c i a l l y  w e a k  b e c a u s e  m o s t  of  t h e m  a r e



85

R a m a n  i n a c t i v e  for  t h e  m o s t  s y m m e t r i c  c o m p o u n d s  s t u d i e d  

h e r e .  T h e s e  m o d e s  a l s o  fall in a  f r e q u e n c y  r e g io n  t h a t  is b e lo w  

1 0 0 0  c m ' 1 (90 ) .  If a d s o r p t i o n  o n  t h e  m e t a l  s u r f a c e  o c c u r s  

t h r o u g . i  pi e l e c t r o n s ,  t h e n  t h e  p l a n e  of  t h e  a r o m a t i c  r i n g s  

w o u l d  lie p a ra l l e l  to t h e  s u r f a c e ,  s o  t h a t  to ta l ly  s y m m e t r i c  in 

p l a n e  m o d e s  w o u ld  b e  s u b j e c t e d  to m u c h  l e s s  e n h a n c e m e n t .

T h e  so l id  a n d  S E R S  s p e c t r a  of  t h e  m o s t  s y m m e t r i c

c o m p o u n d s  a r e  c o n s i d e r e d  f irst .  4 , 4 ' - b i p y r i d i n e  ( F i g .11)  is a  

m o l e c u l e  with D 2 h s y m m e t r y ,  with xy d e f i n i n g  t h e  m o l e c u l a r

p l a n e  (90 ) ,  a n d  4 - p h e n y l p y r i d i n e  ( F i g . 12)  a  C 2 V s y m m e t r y

m o l e c u l e  with yz d e f in ing  t h e  m o l e c u l a r  p l a n e  (91) .  T h e  sol id

s p e c t r u m  of  4 , 4 ’ b ipy r id ine  is n e a r l y  i d e n t i c a l  to t h a t  of sol id

b i p h e n y l  ( f ig.4  of r e f .9 0 ) ,  w h i c h  is a l s o  a  D 2 h s y m m e t r y

c o m p o u n d ,  e x c e p t  for  s m a l l  f r e q u e n c y  d i f f e r e n c e s .  T h u s  t h e  

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

4 , 4 ' - b i p y r i d i n e  a t  1 0 0 2 , 1 3 0 0 , 1 6 2 3  a n d  1 6 0 9  c m ' 1 , c a n  b e  

c o r r e l a t e d  with t h o s e  of  so l id  b i p h e n y l  ( t a b l e  2 )  a t  1 0 0 3 ( A g ) ,

1 2 8 5 ( A g ) ,  1 5 9 5 ( B - | g )  a n d  1 6 1 2 ( A g )  c m ' 1 . T h e  s a m e  fou r  b a n d s

a r e  a l s o  m o s t  p r o m i n e n t  in t h e  s p e c t r u m  of s o l i d  4 - p h e n y l  

p y r id ine  a t  1 0 0 4 ,  1 2 8 3 ,  1 5 9 0  a n d  1 6 0 2  c m ' 1 , e v e n  t h o u g h  th is  

is a  l ow e r  s y m m e t r y  c o m p o u n d  ( C 2 V) d u e  to  t h e  s i n g l e  n i t ro g e n  

a t  t h e  4  pos i t ion .

In t h e  S E R S  s p e c t r u m  of  t h e  4 , 4 ' - b i p y r i d i n e  (fig. 1 1 ) t h e  

1 6 2 3  c m ' 1 b a n d  is no  lo n g e r  p r e s e n t .  T h i s  is c o n s i s t e n t  with
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its a s s i g n m e n t  a s  a  v ib ra t ion  of B- |g  s y m m e t r y .  It is e x p e c t e d  

t h a t  to tal ly  s y m m e t r i c  m o d e s  ( A g )  a r e  e x p e c t e d  to  b e  s u b j e c t  

t o  a  g r e a t e r  s u r f a c e  e n h a n c e m e n t .  M o d e s  t h a t  i n v o lv e  a X y 

c o m p o n e n t s  ( B - j  g ) ,  w h e r e  t h e  m o l e c u l a r  x is n o w  n o r m a l  to  t h e

s u r f a c e  a s s u m i n g  a d s o r p t i o n  t h r o u g h  t h e  4  n i t r o g e n ,  w o u l d  b e  

l e s s  e n h a n c e d .  T h e  a b s e n c e  of t h e  1 5 9 0  c m ' 1 b a n d  in t h e  4 

p h e n y l  py r id ine  S E R S  (fig.1 2 ) s p e c t r u m  c a n  a l s o  b e  e x p l a i n e d  in 

t h e  s a m e  w a y .  In t h e  S E R S  s p e c t r u m  of 4 , 4 ' - b i p y r i d i n e  t h e  

1 5 1 6  a n d  1 2 2 0  c m ' 1 b a n d s  a r e  re l a t ive ly  m o r e  e n h a n c e d  a n d  

t h e  1 0 0 2  c m ' 1 b a n d  in t h e  sol id  s p e c t r u m  h a s  s h i f t e d  u p w a r d s  

by  8  c m ' 1 in t h e  S E R S  s p e c t r u m .  Fo r  bo th  of t h e s e  c o m p o u n d s  

t h e s e  o b s e r v a t i o n s  a r e  c o n s i s t e n t  wi th  a  m o d e l  in w h i c h  

a d s o r p t i o n  o n  t h e  s u r f a c e  o c c u r s  t h r o u g h  s i g m a  d o n a t i o n  by  th e  

n i t r o g e n  a t  t h e  4 pos i t i o n  . E v e n  t h o u g h  t h e  s y m m e t r y  of 4 ,4 ' -  

b i p y r i d i n e  c o u l d  b e  l o w e r e d  to  C 2 V u p o n  a d s o r p t i o n ,  t h e  

s imila r i ty  b e t w e e n  t h e  R a m a n  a n d  S E R S  s p e c t r a  of  4 - p h e n y l  

p y r id ine  ( b e in g  a  C 2 V m o l e c u l e )  i n d i c a t e s  t h a t  this  is e x p e c t e d

to h a v e  little e f f e c t  o n  t h e  o b s e r v e d  R a m a n  s p e c t r a l  p a t t e r n .  

P r e v i o u s l y  r e p o r t e d  S E R S  s p e c t r a  of  4 , 4 ' - b i p y r i d i n e  (4) o n  a  

s i l v e r  e l e c t r o d e  a r e  a l m o s t  i d e n t i c a l  to  t h e  s o l u t i o n  S E R S  

s p e c t r u m  r e p o r t e d  h e r e ,  w h i c h  is  c o n s i s t e n t  with s i g m a  t y p e  

a d s o r p t i o n  t h r o u g h  t h e  4  p o s i t ion  n i t r o g e n .
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In t h e  s p e c t r u m  of sol id  2 .4*-bipyr idine  (f ig .13)  t h e  m a j o r  

R a m a n  b a n d s  a r e  o b s e r v e d  a t  1 0 0 0 ,  1 3 0 2  a n d  1 6 0 2  c m " 1 , 

w h i c h  c a n  b e  c o r r e l a t e d  to t h e  t h r e e  m o s t  i n t e n s e  R a m a n  

a c t i v e  ( A - | g )  b a n d s  of b ip h e n y l ,  e v e n  t h o u g h  2 , 4 ' - b ip y r id i n e  is

of  m u c h  l o w e r  s y m m e t r y  ( C s ). A d d i t iona l  b a n d s  of  m o d e r a t e

in te ns i ty  a p p e a r  a t  1071 a n d  1 5 7 9  c m ' 1 . T h e s e  b a n d s  m a y  b e  

c o m p a r e d  to  t h o s e  of l iq u id  2 - p h e n y l p y r i d i n e  (fig.  2 4 ) ,  

i n d i c a t i n g  t h a t  t h e  n i t r o g e n  a t  t h e  2  p o s i t i o n  m i g h t  b e  

r e s p o n s i b l e  for t h e  n e w  R a m a n  b a n d s .

O n  t h e  s i lver  s u r f a c e ,  t h e  S E R S  s p e c t r u m  of 2 ,4 ' -b ip y r id in e  

is m o r e  c o m p l e x  t h a n  its so l id  s t a t e  s p e c t r u m  (fig. 13).  T h i s  is 

a n  e x c e p t i o n  to t h e  g e n e r a l l y  o b s e r v e d  p a t t e r n  w h e r e  t h e  S E R S  

s p e c t r u m  is e i t h e r  s im i la r  or  s i m p l e r  ( c o n t a i n i n g  f e w e r  p e a k s )  

t h a n  t h e  c o r r e s p o n d i n g  so l id  or  liquid p h a s e  R a m a n  s p e c t r u m .  A 

s e t  of tw o  b a n d s  a p p e a r s  a t  9 9 4 ,  1 0 1 2  c m * 1 a n d  1 5 7 9 ,  1 5 8 9  

c m ' 1 . T h e  1 6 0 0  c m ' 1 b a n d  is s h i f t e d  u p w a r d s  to 1611 c m ' 1 , 

a n d  n e w  b a n d s  of  m e d i u m  in te ns i ty  a p p e a r  a t  1 1 2 9  a n d  1 3 7 8  

c m * 1 , a l o n g  w i th  s e v e r a l  l e s s  i n t e n s e  p e a k s .  T h e s e  

o b s e r v a t i o n s  c a n  b e  e x p l a i n e d  a s  fo l l o w s :  In t h e  b i p h e n y l  

R a m a n  s p e c t r u m  t h e  in p l a n e  m o d e s  c a n  b e  s e p a r a t e d  by 

s y m m e t r y  into two s e t s  of n o r m a l  m o d e s  d e s c r i b e d  a s  in p h a s e  

a n d  o u t  of  p h a s e  c o m b i n a t i o n s  of  t h e  s a m e  p h e n y l  b a s e d  m o d e  

( A g  a n d  B 3 U , B-| g  a n d  B 2 U ( t a b l e  2).  In s e v e r a l  c a s e s  t h e

f r e q u e n c y  d i f f e r e n c e s  of t h o s e  p a i r s  a r e  s m a l l  ( i .e A g ,  B 3 U a t  

1 6 1 2 ,  1 5 9 7  a n d  1 0 0 3 ,  9 6 5



88

TABLE 2  : IN AND OUT O F  P H A S E  PAIRS O F  THE IN PLANE M O D E S 

IN TH E BIPHENYL RAMAN S P E C T R U M  (6 0 0 -1 7 0 0  c m  1)a

B 3u

1612  

1 5 0 7  

1 2 8 5  

1 1 9 0  

1 0 3 0  

1 0 0 3  

7 4 2

1 5 9 7  

1 4 8 2  

1 1 7 6  

1 0 4 0  

1 0 0 8  

9 6 5  

6 0 9

B ig B 2u

1 5 9 5  

1 4 5 2  

1 3 7 6  

1 3 1 6  

1 1 5 6  

1 0 9 0  

6 0 8

1 5 7 0

1 4 3 2

1 3 8 3

I 2 8 3

I I  5 6  

1 0 7 4

6 2 6

a. F rom  r e f e r e n c e  90.  S y m m e t r i e s  re fe r  to D2h po in t  g r o u p  

of  biphenyl .
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c m ' 1 ). W h e n  two pyridyl g r o u p s ,  or  a  p h e n y l  a n d  a  pyridyl  g r o u p  

a r e  j o i n e d  a n d  t h e  s y m m e t r y  is l o w e r e d  ( C 2 V o r  lo w e r )

a d d i t i o n a l  m o d e s  b e c o m e  to tal ly  s y m m e t r i c  a n d  m a y  a p p e a r  a s  

c lo s e l y  s p a c e d  b a n d s  in t h e  R a m a n  s p e c t r u m .  T h e  p o s i t i o n  of 

t h e  n i t r o g e n s  o n  t h e  py r idy l  r i n g s  c a n  a f f e c t  t h e  f r e q u e n c y  

s p a c i n g ,  a n d  it c a n  b e  h i g h e r  or  lower  t h a n  t h a t  of b ipheny l .  In 

t h e  S E R S  s p e c t r u m  t h e  r e l a t i v e  i n te n s i t y  of a  p a i r  of  total ly  

s y m m e t r i c  m o d e s  will d e p e n d  on  t h e  d e g r e e  to w h i c h  t h e  a zz

c o m p o n e n t  (z b e i n g  n o r m a l  to t h e  s u r f a c e )  c o n t r i b u t e s  to  t h e  

R a m a n  in te n s i t y  for e a c h  of  t h e m .  T h u s  w h e r e  a  s i n g l e  b a n d  

a p p e a r s  in t h e  R a m a n  s p e c t r u m ,  g i v e n  t h e  r ig h t  s u r f a c e  

o r i e n t a t i o n  will a p p e a r  a s  a  d o u b l e t  in t h e  S E R S  s p e c t r u m .  T h e  

r e v e r s e  c o u l d  l i k e w i s e  o c c u r .  F o r  t h e  S E R S  s p e c t r u m  of 

2 , 4 ' - b i p y r i d i n e  s o m e  of t h e  m o d e s  t h a t  a r e  d e r i v e d  f rom  t h e  

B 3 U or  B 2 U m o d e s  of  b ip h e n y l  a r e  a l m o s t  a s  i n t e n s e  a s  t h o s e

d e r i v e d  f rom Ag  m o d e s .

T h e  r e l a t i v e  s p e c t r a l  s im i la r i ty  of 2 , 4 ' - b i p y r i d i n e  with 

4 , 4 ' - b i p y r i d i n e  a n d  4 - p h e n y l p y r i d i n e  is o n e  in w h i c h  to ta l ly  

s y m m e t r i c  in p l a n e  C -C  a n d  C-N v i b r a t i o n s  o b s e r v e d  in t h e  

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

c o m p o u n d s  a d s o r b  o n  t h e  s i lv e r  s u r f a c e .  If th is  a d s o r p t i o n  w a s  

o c c u r i n g  t h r o u g h  a  rr t y p e  i n te r a c t io n ,  s u c h  v i b r a t i o n s  w o u l d  b e  

l e s s  i n t e n s e  a n d  o u t  of  p l a n a r  m o d e s  m ig h t  a p p e a r  in t h e  S E R S  

s p e c t r u m .  In t h e  c a s e  of 2 ,4 ' - b ip y r id in e  a d s o r p t i o n  s e e m s
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to o c c u r  t h r o u g h  t h e  4'  p o s i t i o n  n i t r o g e n  w h i c h  is m u c h  l e s s  

s te r ica l ly  h i n d e r e d  t h a n  t h e  n i t ro g e n  on  t h e  2  pos i t i o n .  S u c h  a n  

o r i e n t a t i o n  will r e s u l t  in e n h a n c e m e n t  of  C - C  a n d  C -N  

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

T h e  S E R S  s p e c t r u m  of N -m ethy l  4 ,4 ' -b ipy r id in ium  (fig. 14)  a  

s p e c i e s  s i m i l a r  to  4 , 4 ’- b i p y r i d i n e ,  b u t  w i th  a  m e t h y l  g r o u p  

a t t a c h e d  a t  t h e  4'  n i t r o g e n  w a s  f o u n d  to b e  s im i la r  to t h a t  of 

4 , 4 ’- b ip y r id i n e  b u t  with a  m a j o r  n e w  b a n d  a p p e a r i n g  a t  1641 

c m ' 1 . A s im i la r  b a n d  h a s  b e e n  r e p o r t e d  (91)  u p o n  p r o t o n a t i o n  

of  c o o r d i n a t e d  4 , 4 ' - b ip y r id i n e  a n d  it is m o s t  l ikely d u e  to a n  

u p s h i f t e d  o u t  of p h a s e  c o m p o n e n t  fo rm er ly  a r o u n d  1 6 0 0  c m ' 1 .

T h e  R a m a n  s p e c t r u m  of so l id  3 , 3 ' - b i p y r i d i n e  (fig. 15) 

i n d i c a t e s  a  r e l a t ive ly  h igh  s y m m e t r y  m o l e c u l e  ( C 2 h o r  ^ 2 v)

As for  t h e  4 s u b s t i t u t e d  m o l e c u l e s ,  t h r e e  m a j o r  b a n d s  a p p e a r  

a t  1 0 3 6 , 1 3 0 7  a n d  1 5 9 4  c m " 1 . A n o t h e r  b a n d  of  m o d e r a t e  

i n te n s i t y  a p p e a r s  a t  1051  c m ' 1 . All of t h e s e  b a n d s  c a n  a g a i n  

b e  c o r r e l a t e d  with a  to ta l ly  s y m m e t r i c  v i b r a t i o n  of  b i p h e n y l .  

T h e  l iquid s p e c t r a  of  2 , 3 ' - b i p y r i d i n e  (fig. 16)  a n d  3 - p h e n y l  

p y r id i n e  (fig. 17) ,  b o th  of  w h i c h  a r e  low s y m m e t r y  m o l e c u l e s  

( C s  a t  m o s t ) ,  a r e  e x p e c t e d  to h a v e  all in p l a n e  m o d e s  to tal ly

s y m m e t r i c  a n d  R a m a n  a c t i v e .  Fo r  2 , 3 ' - b i p y r i d i n e  a  n e w  b a n d  

a p p e a r s  a t  9 9 3  c m ' 1 . Fo r  3 - p h e n y l p y r id i n e  two  b a n d s  a p p e a r  a t  

9 9 5  a n d  1 0 0 6  c m ' 1 a n d  a  s h o u l d e r  o n  t h e  1 0 3 7  c m ' 1 b a n d .  

Also a  t r iplet  of b a n d s  a p p e a r s  a t  1 5 8 8 , 1 6 0 0  a n d  1611 c m ' 1 .
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T h e  b a n d s  in bo th  s p e c t r a  n e a r  9 9 5  c m ' 1 m a y  b e  r e l a t e d  to a  

B - | g  m o d e  of  b i p h e n y l  t h a t  is n o w  to ta l ly  s y m m e t r i c .  In t h e  

liquid s p e c t r u m  of 3 - p h e n y l p y r i d i n e  a d d i t i o n a l  b a n d s  m ig h t  b e  

d u e  to o u t  of p h a s e  c o m b i n a t i o n s ,  B 2 U o r  B 3 U m o d e s  w h ic h  a r e

n o w  to ta l ly  s y m m e t r i c  in t h e  l o w e r  s y m m e t r y  m o l e c u l e .  It is 

i n t e r e s t i n g  to p o in t  o u t  t h a t  t h e  s t r o n g  b a n d  a t  a b o u t  1 3 0 0  

c m ' 1 s h o w s  n o  a dd i t iona l  n e a r b y  b a n d s  in t h e  R a m a n  s p e c t r u m  

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

s p e c t r u m  (90) it c a n  b e  s e e n  t h a t  t h e  o u t  of  p h a s e  c o m b i n a t i o n  

of t h i s  b a n d  ( 1 2 8 5  c m ' 1 f o r  b i p h e n y l )  l i e s  a t  m u c h  l o w e r  

f r e q u e n c y  1 1 7 6  c m ' 1 .

T h e  S E R S  s p e c t r a  of  3 ,3 ' -b ip y r id in e  (fig. 15)  a n d  2 ,3 ' -  

b i p y r i d i n e  (fig. 16)  a r e  a l m o s t  i d e n t i c a l  to  t h e i r  R a m a n  

c o u n t e r p a r t s .  T h i s  is c o n s i s t e n t  wi th  s i g m a  t y p e  a d s o r p t i o n  

t h r o u g h  t h e  3 p o s i t i o n  n i t r o g e n ,  w h i c h  w o u l d  m a i n t a i n  t h e  

s y m m e t r y  of 2 , 3 ' - b i p y r i d i n e  b u t  l o w e r  t h a t  of  3 , 3 ' - b i p y r i d i n e ,  

with no  a p p a r e n t  e f f e c t  to  t h e  s p e c t r a l  p a t t e r n .

T h e  S E R S  s p e c t r u m  of  3 - p h e n y l p y r i d i n e  (fig. 17)  is 

s im p l i f ied  a s  c o m p a r e d  to  i ts l iquid c o u n t e r p a r t ,  wi th  o n ly  3  

m a j o r  b a n d s  a p p e a r i n g  a t  1 0 0 1 ,  1 0 3 3  a n d  1601 c m ' 1 . C o n t r a r y  

to  t h e  c a s e  of 2 ,4 ' -b ipy r id ine ,  h e r e  t h e  in te n s i t y  a p p e a r s  to  b e  

s ign i f ic a n t ly  l o w e r  for  s o m e  o u t  of  p h a s e  c o m b i n a t i o n s .  A lso  

in t h e  S E R S  s p e c t r u m  of  2 , 3 '  a n d  3 , 3 ' - b ip y r id i n e  t h e  r e l a t i v e  

in tens i ty  of  t h e  low f r e q u e n c y  b a n d s  (a t  a b o u t  1 0 3 0  c m ' 1 ) is
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h i g h e r  t h a n  t h e  1 3 0 0  a n d  1 5 0 0  c m ' 1 a r e a  b a n d s .  T h e s e  

i n t e n s i t y  d i f f e r e n c e s  a s  c o m p a r e d  to  S E R S  s p e c t r a  of  t h e  4 

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

w h ic h  s e r i e s  m e m b e r s  a s s u m e  u p o n  s u r f a c e  a d s o r p t i o n .  Fo r  t h e  

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

t h e  s u r f a c e  n o r m a l ,  w h i l e  for  t h e  3 s u b s t i t u t e d  s e r i e s  t h e  

c e n t e r  l ine of  o n e  pyridyl  ring is s k e w e d  a t  a n  a n g l e  of  a b o u t  

6 0 ®  f rom t h e  s u r f a c e  n o r m a l  (fig. 31) .  T h i s  w o u l d  m e a n  t h a t  

t h e  m o l e c u l a r  a x i s  s y s t e m  po la r i za b i l i ty  c o m p o n e n t s  invo lv ing  

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

w o u l d  v a r y  s ig n i f i c a n t ly  for  o t h e r w i s e  s im i l a r  n o r m a l  m o d e s  

of  t h e  two g r o u p s  of  c o m p o u n d s .

T h e  R a m a n  a n d  in f r a - r e d  s p e c t r a  of  2 , 2 ' - b i p y r i d i n e  a n d  

c o o r d i n a t e d  2 ,2 ' - b i p y r i d i n e  h a v e  b e e n  p r e v i o u s l y  r e p o r t e d  

( 9 1 - 9 6 )  a n d  n o r m a l  c o o r d i n a t e  c a l c u l a t i o n s  p e r f o r m e d  

( 9 2 , 9 3 , 9 5 , 9 6 ) .  In t h e  s o l i d  s p e c t r u m  of  2 , 2 ' - b i p y r i d i n e  (fig. 

18) ,  b a n d s  w h i c h  c o r r e s p o n d  to t h o s e  a p p e a r i n g  in R a m a n  

s p e c t r a  of  all c o m p o u n d s  s t u d i e d  a p p e a r  a t  9 9 6 , 1 3 0 3 , 1 5 7 4  a n d  

1591  c m ' 1 . O t h e r  b a n d s  a l s o  a p p e a r  a t  1 0 4 6 , 1 2 3 7 , 1 4 4 8  a n d  

1 4 8 4  c m ' 1 . It is k n o w n  t h a t  so l id  2 , 2 ' - b ip y r id i n e  h a s  a  t r a n s  

c o n f o r m a t i o n  ( C 2 h s y m m e t r y ) .  B iphe ny l  m o d e s  of  b o th  Ag a n d

B i g  s y m m e t r y  in D 2 ^ a r e  bo th  n o w  Ag a n d  a s  o b s e r v e d ,  g iv e

r i s e  to s ig n i f i c a n t  R a m a n  in te ns i t y .  T h e  S E R S  s p e c t r u m  of  2 ,2 '  

b ipy r id in e  (fig. 18) h a s  b e e n  r e p o r t e d  by  o t h e r s ( 3 , 6 , 8 , 9 7 )  a n d  it
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Figu re  31 : R e p r e s e n t a t i o n  of e x p e c t e d  t y p e  of in te rac t io n  of 
pyridyl ring s y s t e m s  th r o u g h  s i g m a  t y p e  d o n a t i o n  to sol  
s u r f a c e .  A n g l e s  i n d ic a te  t h e  o r i e n t a t io n  of  r e p r e s e n t a t i v e  

C-H s t r e t c h in g  m o d e s  with t h e  so l  s u r f a c e .
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is d i f f e r e n t  t h a n  its so l id  R a m a n  s p e c t r u m .  M o s t  p r o m i n e n t  is 

t h e  a b s e n c e  of  two m a j o r  b a n d s  f rom  t h e  S E R S  s p e c t r u m  a t  

1 2 3 7  a n d  1 4 4 8  c m ' 1 . T h i s  is i n d i c a t i v e  of  a  c h a n g e  of 

c o n f o r m a t i o n  of  2 ,2 ' - b ip y r id i n e  u p o n  a d s o r p t i o n  o n  t h e  s i l v e r  

s u r f a c e  f rom  t r a n s  into c i s  ( C 2 V s y m m e t r y ) .  T h e r e  is s t r o n g

e v i d e n c e  t h a t  th is  c h a n g e  of  c o n f o r m a t i o n  t a k e s  p l a c e .  A s  it 

c a n  b e  s e e n  f r o m  f i g u r e  19  t h e  R a m a n  s p e c t r u m  of  

m o n o p r o t o n a t e d  2,2 '  b ipy r id in e  in 1 .0  M Hcl is q u i t e  s im i la r  to 

t h a t  of  its S E R S  s p e c t r u m .  T h e r e  is a  s m a l l  u p w a r d  sh if t  of 

s o m e  b a n d s  in t h e  s p e c t r u m ,  b u t  t h e  s p e c t r a l  p a t t e r n  is t h e  

s a m e  to t h a t  of 2 ,2 ' -b ip y r id in e  a d s o r b e d  on  t h e  s i lve r  so l .  It is 

e x p e c t e d  t h a t  t h e  m o n o p r o t o n a t e d  2 ,2 ' - b ipy r id ine  m o l e c u l e  h a s  

a  C 2 v t y p e  s y m m e t r y  a l s o .  T h i s  is p o s s i b l e  t h r o u g h  h y d r o g e n

b o n d i n g  b e t w e e n  t h e  u n p r o t o n a t e d  n i t r o g e n  f r o m  o n e  pyridyl  

ring a n d  t h e  p r o t o n a t e d  f rom t h e  o t h e r .  Th i s  t y p e  of  i n t e r a c t io n  

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

a d s o r b e d  2 , 2 ' - b i p y r i d i n e ,  a n d  d i f f e r e n t  t h a n  t h a t  o f  

2 ,2 ' - b ip y r id i n e  d i s s o l v e d  in c h l o r o f o r m  ( t r a n s ) .  T h e  b r o a d  b a n d  

a r o u n d  1 6 1 6  c m ' 1 is m o s t  l ikely d u e  to  w a t e r  in t h e  s a m p l e .  

T h e  r e m a r k a b l e  s i m i l a r i t y  o f  t h e  S E R S  s p e c t r u m  of  

2 ,2 ’- b ip y r id i n e  to  t h a t  o f  s o l i d  A g ( 2 ,2 ’b p y ) 2  + 1 (fig-2 1 ) w h i c h

is a  p l a n a r  A g + 1  c o o r d i n a t i o n  c o m p l e x  of  2 ,2 ' -  b i p y r i d in e  is 

a l s o  in d ic a t iv e  of t h e  c o n f o r m a t i o n a l  c h a n g e s  u p o n  a d s o r p t i o n .  

T h e  S E R S  s p e c t r u m  of A g + 1  c o o r d i n a t i o n  c o m p l e x  is d i s c u s s e d  

in t h e  fol lowing  s e c t i o n .  T h e  S E R S  s p e c t r u m  of  2 , 2 ’-b ipy r id ine
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r e p o r t e d  h e r e  c o m p a r e s  c l o s e l y  to r e p o r t e d  S E R S  s p e c t r a  of  

2 , 2 ’ b ipy r id ine  in 0.1 M Kcl on  a  s i lve r  e l e c t r o d e  a t  a  p o t e n t i a l  

b e t w e e n  + 0 .0 5  a n d  - 0 .0 2  V (8 ). T h e  r e s u l t s  r e p o r t e d  h e r e  a r e  

c o n s i s t e n t  wi th  p r e v i o u s  i n t e r p r e t a t i o n s  ( 3 , 8 , 9 7 )  t h a t  2 , 2 ’- 

b i p y r i d i n e  i n t e r a c t s  u n i q u e l y  wi th  t h e  m e t a l  s u r f a c e  t h r o u g h  

s i g m a  d o n a t i o n  f rom  b o t h  2  p o s i t i o n  n i t r o g e n s  in a  c h e l a t i n g  

f a s h i o n .

A ddi t iona l  s u p p o r t  for t h e  c h e l a t i n g  m o d e  of  i n t e r a c t io n  of 

2 , 2 ' - b i p y r i d i n e  c o m e s  f rom  t h e  R a m a n  a n d  S E R S  s p e c t r a  of 

1 , 1 0 - p h e n a n t h r o l i n e  ( f ig .2 2 )  a n d  4 , 4 ’- d i m e t h y l - 2 , 2 ’- b i p y r i d i n e  

(fig. 2 3 ) .  In 1 , 1 0 - p h e n a n t h r o l i n e  t h e  s im i la r i ty  of  t h e  d i im in e  

c h e l a t i o n  s i t e ,  b u t  inf lexibi li ty of t h e  p l a n a r  a r o m a t i c  s y s t e m  

p r e c l u d e s  s in g l e  n i t r o g e n  a t o m  s i g m a  d o n a t i o n  u p o n  a d s o r p t i o n .  

I n t e r a c t i o n  wi th  t h e  s u r f a c e  t h r o u g h  t h e  pi s y s t e m  s e e m s  

unl ikely b a s e d  o n  th e  s im i la r i t ie s  b e t w e e n  t h e  R a m a n  a n d  S E R S  

s p e c t r a .  In 4 , 4 ,- d i m e t h y l - 2 , 2 ,- b i p y r i d i n e  a  c o m p a r i s o n  

b e t w e e n  t h e  R a m a n  a n d  S E R S  s p e c t r a  i n d i c a t e s  t h a t  a  

c o n f o r m a t i o n a l  c h a n g e  s im i l a r  to  t h a t  of  2 ,2 ' - b i p y r i d i n e  f rom  

a  C 2 h t r a n s  s t r u c t u r e  in t h e  so l id  to  a  C 2 V c h e l a t i n g  s t r u c t u r e

o n  t h e  s i l v e r  s u r f a c e .  T h e  R a m a n  s p e c t r u m  o f  t h e  s o l id  is 

c o m p a r a b l e  to  t h a t  of so l id  2 ,2 ' -b ip y r id in e .  T h e  b a n d  p a t t e r n  is 

s im i la r  b u t  with sh i f t s  in f r e q u e n c i e s  a n d  a n  a d d i t i o n a l  b a n d  

of  m o d e r a t e  in tens i ty  a t  1 2 8 9  c m ' 1 . T h e  sh i f t s  m a y  b e  d u e  to 

t h e  r e d i s t r i b u t i o n  of  n o r m a l  m o d e  c o m p o s i t i o n  d u e  to  m ix ing  

of  t h e  c a r b o n - m e t h y l  s t r e t c h  with t h e  p y r id i n e  r ing m o d e s .
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T h e  S E R S  s p e c t r u m  of 4 , 4 ,- d i m e t h y l - 2 , 2 ' - b i p y r i d i n e ,  l ike 

t h a t  o f  2 ,2 ' - b ip y r id i n e ,  is s im p l i f i e d  wi th  t h e  i n t e n s i t i e s  of  

s e v e r a l  b a n d s  n o w  c l o s e  to z e r o . ( i . e  1 2 3 7 ,  1 2 8 9 ,  1 4 2 7 ,  1 4 4 8  

c m ' 1 ).

T h e  R a m a n  s p e c t r u m  of liquid 2 - p h e n y l p y r id i n e  (fig. 24)  h a s  

little r e s e m b l a n c e  to  t h a t  of s o l i d  2 ,2 ’- b i p y r i d i n e  a n d  it is 

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

a t  10 0 1 ,  1 2 9 5  a n d  1 6 0 3  c m ' 1 a n d  a  b a n d  of  l e s s e r  in tens i ty  a t  

1 5 8 4  c m ' 1 a r e  t h e  m o s t  p r o m i n e n t  of  t h e  s p e c t r u m .  B a n d s  of 

e v e n  l e s s e r  in tens i ty  a r e  a l s o  o b s e r v e d  a t  1 0 4 2 , 1 0 6 3 , 1 2 4 1  a n d  

1 5 0 0  c m ' 1 . T h e  S E R S  s p e c t r u m  of 2 - p h e n y l p y r id i n e  s h o w s  t h e  

w e a k e s t  e n h a n c e m e n t  of all s t u d i e d  for  a  s t a b l e  a d s o r b a t e -  

col loid  s y s t e m .  This  is to b e  e x p e c t e d  s i n c e  a d s o r p t i o n  t h r o u g h  

s i g m a  d o n a t i o n  f ro m  t h e  2  s u b s t i t u t e d  n i t r o g e n  w o u l d  b e  

s t e r ic a l ly  h i n d e r e d  by  t h e  b e n z e n e  ring a t  t h e  2  p o s i t i o n  to it. 

T h i s  s t e r i c  h i n d e r a n c e  p r e v e n t s  t h e  p y r i d i n e  r ing f ro m  b e i n g  

n o r m a l  to t h e  s u r f a c e ,  w h i c h  r e s u l t s  in w e a k  e n h a n c e m e n t  of 

its S E R S  s p e c t r u m .

T h e  S E R S  s p e c t r a  of two  m o r e  c o m p o u n d s  2 ,2 ' -d ipyr idy l -  

k e t o n e  a n d  2 , 2 ' - d i p y r i d y l a m i n e  w e r e  r e c o r d e d .  T h e  S E R S  

s p e c t r u m  of  2 ,2 ' - d i p y r i d y l k e t o n e  a  c o m p o u n d  w h e r e  t h e  two  

p y r id i n e  r in g s  a r e  h e l d  t o g e t h e r  by  a  c a r b o n y l  g r o u p  (fig.2 5 )  

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

2 ,2 ' - b ip y r id i n e  o n  t h e  s i lve r  s u r f a c e .  O n l y  tw o  b a n d s  a t  1 0 0 8  

a n d  1 0 5 0  c m * 1 a p p e a r  in t h e  S E R S  s p e c t r u m ,  w h ic h  c o r r e s p o n d  

to  t h e  1001  a n d  1 0 5 0  c m ' 1 o f  t h e  s o l i d  s p e c t r u m .  T h e  

r e m a i n i n g  b a n d s  of t h e  so l id  s p e c t r u m  a t  1 1 8 7 ,  1 5 7 1 ,
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1 5 8 7  a n d  1 6 8 2  c m ' 1 a r e  a b s e n t  in t h e  S E R S  s p e c t r u m ,  wh ich  

is a n  ind ic a t ion  of  c o n f o r m a t i o n a l  c h a n g e s  u p o n  a d s o r p t i o n .  

E v e n  t h o u g h  t h e  c o n f o r m a t i o n  of 2 , 2 ' - d i p y r i d y l k e t o n e  in t h e  

so l id  s t a t e  is no t  k n o w n ,  it is i n t e r e s t i n g  to  p o in t  o u t  t h a t  t h e  

S E R S  s p e c t r u m  of  2 , 2 ' - d i p y r i d y l k e t o n e  l o o k s  r e m a r k a b l y  

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

(fig.26 ) .  In t h e  p y r id in e  S E R S  s p e c t r u m  w h i c h  is wel l  k n o w n  

s i n c e  it w a s  t h e  first c o m p o u n d  to b e  r e c o r d e d  u s in g  S E R S  

( 2 3 ) ,  t w o  m a j o r  b a n d s  s h o w  a t  1 0 0 6  a n d  1 0 3 6  c m ' 1 

r e s p e c t i v e l y .  T h i s  S E R S  s p e c t r u m  is v e ry  s im i la r  to its l iquid 

R a m a n  s p e c t r u m  w h ic h  s h o w s  a g a i n  on ly  tw o  m a j o r  p e a k s  a t  

9 9 0  a n d  1 0 3 0  c m ' 1 (fig. 2 7 ) .  It is wel l  k n o w n  t h a t  p y r id i n e  

a d s o r b s  t h r o u g h  i ts s i n g l e  n i t r o g e n  in a  f a s h i o n  n o r m a l  to  t h e  

m e t a l  s u r f a c e  (23) .  T h e  tw o  b a n d s  of  t h e  2 , 2 ’ d i p y r i d y l k e t o n e  

s p e c t r u m  a t  1 0 0 8  a n d  1 0 5 0  c m ' 1 c a n  b e  c o r r e l a t e d  with t h e  

1 0 0 6  a n d  1 0 3 6  c m ' 1 b a n d  of pyr id ine  a d s o r b e d  o n  t h e  sol.  Two 

m o r e  b r o a d  p e a k s  a t  1 2 9 6  a n d  1 5 9 5  c m ' 1 c a n  a l s o  b e  

c o r r e l a t e d  to  two e q u a l l y  b r o a d  p e a k s  a r o u n d  1 3 5 0  a n d  1 5 9 7  

c m ' 1 in t h e  p y r id in e  s p e c t r u m .  It s h o u l d  a l s o  b e  p o i n t e d  o u t  

t h a t  t h e  b a n d  a t  1 6 8 2  c m ' 1 of  t h e  R a m a n  s p e c t r u m  of  so l id  

2 ,2 ' - d i p y r i d y l k e t o n e ,  w h i c h  is  a s s i g n e d  to  a  s y m m e t r i c  

c a r b o n y l  s t r e t c h ,  is a b s e n t  f rom  t h e  S E R S  s p e c t r u m  of  t h e  

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

g r o u p  m u s t  h a v e  a n  a l m o s t  p a ra l l e l  o r i e n t a t i o n  o n  t h e  m e t a l  

s u r f a c e ,  s o  t h a t  t h e  c o n t r i b u t i o n  f rom  t h e  a z z  c o m p o n e n t  of 

t h e  m o l e c u l a r  po la r izab i l i ty  of th is  m o d e  w o u l d  b e  m in i m u m ,
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r e su l t ing  in t h e  a b s e n c e  of th is  b a n d  in t h e  S E R S  s p e c t r u m  of 

t h e  c o m p o u n d .  S u c h  a n  i n t e r p r e t a t i o n  w o u l d  i n d i c a t e  t h a t  2 , 2 ’ 

d i p y r i d y l k e t o n e  a d s o r b s  on  t h e  s u r f a c e  with o n e  p y r i d i n e  ring 

n o r m a l  to t h e  s u r f a c e  a n d  t h e  o t h e r  lying flat o n  it, s o  t h a t  it 

will no t  c o n t r i b u t e  to t h e  S E R S  s p e c t r u m  s ig n i f i c a n t l y ,  t h u s  

m a k i n g  2 ,2 ’- d i p y r i d y l k e t o n e  e s s e n t i a l l y  b e h a v i n g  a s  a  s i n g l e  

s u b s t i t u t e d  p y r id i n e  m o l e c u l e .

T h e  s p e c t r u m  of  s o l id  2 , 2 ' - d i p y r i d y l a m i n e  ( f ig .2 8 )  a  

c o m p o u n d  w h e r e  t h e  two pyr id ine  r ings  a r e  j o in e d  by  a n  a m i n e  

g r o u p ,  s h o w s  t h r e e  m a jo r  b a n d s  a t  9 9 2 ,  1 2 8 0  a n d  1 6 0 5  c m ' 1 

a n d  t h r e e  m o d e r a t e  o n e s  a t  1 0 5 7 ,  1241 a n d  1 2 5 5  c m ' 1 . Its 

S E R S  s p e c t r u m  is s i m i l a r  t o  t h a t  o f  p y r i d i n e  a n d  

2 , 2 ' - d i p y r i d y l k e t o n e .  T h e  m o s t  p r o m i n e n t  b a n d s  a r e  t h o s e  a t  

9 9 6  a n d  1 0 5 7  c m ' 1 w h ic h  c a n  b e  c o r r e l a t e d  to t h e  1 0 0 8  a n d  

1 0 5 0  c m ' 1 b a n d s  of 2 , 2 ' - d i p y r i d y l k e t o n e ,  a n d  t h e  1 0 0 6  a n d  

1 0 3 6  c m ' 1 b a n d s  o f  p y r i d i n e  S E R S  s p e c t r a .  T h e  

2 , 2 ' - d i p y r i d y l a m i n e  S E R S  s p e c t r u m  s h o w s  2  b r o a d  p e a k s  

c e n t e r e d  a t  1 3 1 3  a n d  1 5 9 7  c m ' 1 , w h i c h  a l s o  c o r r e l a t e  to 

s im i la r  p e a k s  a t  1 2 9 6  a n d  1 5 9 5  c m ' 1 fo r  2 , 2 ' - d i p y r i d y l k e t o n e ,  

a n d  1 3 5 0  a n d  1 5 9 7  c m ' 1 fo r  py r id ine .  S u c h  a  s p e c t r a l  p a t t e r n  

w o u ld  t e n d  to i n d ic a te  t h a t  th is  c o m p o u n d  m a y  a d s o r b  o n  t h e  

s u r f a c e  in a  p y r id i n e  f a s h i o n  t o o .  H o w e v e r ,  c o n t r a r y  t o  t h e  

e x p e c t e d  t y p e  of  a d s o r p t i o n  of  2 ,2 ' - d i p y r i d y l k e t o n e ,  w h e r e  

o n l y  o n e  p y r id y l  r ing  is  n o r m a l  t o  t h e  s u r f a c e ,  t h e  

2 , 2 ' - b i p y r i d i n e - a m i n e , c a n  a d s o r b  w i th  all  t h r e e  n i t r o g e n s  

(pyridyl  r i n g s  a n d  a m i n o  n i t ro g e n ) .
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T h i s  c a n  b e  p o s s i b l e  d u e  to t h e  s i g m a  t y p e  d o n o r  c a p a b i l i t y  of  

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

i m p o s e s  to t h e  pyridyl  r in g s  . Th i s  c a n  b e  f u r th e r  s u b s t a n t i a t e d  

f ro m  t h e  C -H  s t r e t c h  p o r t i o n  of t h e  S E R S  s p e c t r u m  of t h e  

c o m p o u n d s  w h i c h  is d i s c u s s e d  in t h e  fol lowing  s e c t i o n .
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THE 2 9 0 0 - 3 2 0 0  C M * 1 S P E C T R A L  R E G IO N

In th i s  r e g i o n ,  t h e  a r o m a t i c  a n d  a l i p h a t i c  C-H  s t r e t c h i n g  

m o d e s  of  t h e  c o m p o u n d s  s t u d i e d  c a n  b e  o b s e r v e d .  B e c a u s e  t h e  

C-H s t r e t c h i n g  m o d e s  d o  not  mix to a  g r e a t  e x t e n t  with o t h e r  

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

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

s p e c i f i c  e v i d e n c e  of t h e  o r i e n t a t i o n  of t h e  a d s o r b e d  s p e c i e s  

with r e s p e c t  to t h e  sol  s u r f a c e . ( 3 5 - 4 3 , 8 9 ) .  T h e  S E R S  in te n s i t y  

a s s o c i a t e d  wi th  t h e  s y m m e t r i c  s t r e t c h i n g  of  a  s p e c i f i c  C -H  

b o n d  or  a  g r o u p  of e q u i v a l e n t  b o n d s ,  will d e p e n d  u p o n  t h e  a n g l e  

a t  w h i c h  t h e  C -H  b o n d  l ie s  in r e l a t i o n  to t h e  s o l  s u r f a c e .  

M a x i m u m  in te n s i ty  will b e  e x p e c t e d  for  t h e  s t r e t c h i n g  of C-H 

b o n d s  t h a t  a r e  p e r p e n d i c u l a r  ( n o r m a l )  to  t h e  s u r f a c e .  A s  t h e  

a n g l e  is r e d u c e d  f rom  n o r m a l  (90®)  to p a r a l l e l  (0®) to  t h e  

s u r f a c e ,  t h e  S E R S  i n t e n s i t y  is e x p e c t e d  to  b e  r e d u c e d  

a c c o r d i n g l y .  T h e  S E R S  in te n s i t y  of  t h e  C-H s t r e t c h i n g  m o d e s  

will a l s o  b e  a f f e c t e d  by  t h e  r e l a t i v e  d i s t a n c e  of t h e  C -H  b o n d  

f r o m  t h e  m e t a l  s u r f a c e .  It h a s  b e e n  s h o w n  t h a t  t h e  

e n h a n c e m e n t  of t h e  S E R S  in te n s i t y  d e c r e a s e s  by a  f a c t o r  of 

( 1 / r® )  a s  t h e  m o l e c u l e  m o v e s  a w a y  f r o m  t h e  s u r f a c e  by  

d i s t a n c e  (r) ( 3 2 - 3 4 ) .  F o r  a  p y r id y l  r ing  t h a t  is a d s o r b e d  

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

b o n d  a t  t h e  4  pos i t ion  will b e  n o r m a l  (90®) to  t h e  s u r f a c e ,  a n d  

s h o u l d  c o n t r i b u t e  s ign i f ican t ly  to t h e  S E R S  in te n s i t y  in t h e
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C-H reg ion .  T h e  o t h e r  fou r  C-H b o n d s  lie a t  a  3 0 °  a n g l e  to t h e  

s u r f a c e  a n d  the i r  S E R S  c o n t r i b u t i o n  s h o u l d  b e  re l a t ive ly  minor .

F o r  t h e  i s o m e r i c  b i p y r i d i n e s  s t u d i e d  3 , 3 ' - b i p y r i d i n e  (fig. 

32)  2 ,3 '  a n d  2 ,4 ' - b ip y r id in e  (fig. 33)  s h o w e d  a  s i n g l e  b a n d  in 

t h e  C-H r e g i o n  b e t w e e n  3 0 6 2  to 3 0 6 7  c m ' 1 . T h i s  is t h e  r eg io n  

w h e r e  t o t a l l y  s y m m e t r i c  C - H  s t r e t c h  m o d e s  h a v e  b e e n  

r e p o r t e d  fo r  b i p h e n y l  a n d  2 , 2 ’- b i p y r i d i n e  ( 9 0 - 9 5 ) .  4 , 4 ’-

b ipy r id in e  s h o w e d  no  d e t e c t a b l e  S E R S  C -H  s i g n a l  ( fig.32) ,  e v e n  

t h o u g h  a  S E R S  s p e c t r u m  of  t h e  c o m p o u n d  w a s  o b t a i n e d  in t h e  

7 0 0 - 1 7 0 0  c m ' 1 r eg ion ,  a n d  a  s t r o n g  C-H  b a n d  is o b s e r v e d  in 

t h e  l iquid R a m a n  s p e c t r u m  of  t h e  c o m p o u n d .  2 , 2 ' - b i p y r i d i n e  

w a s  t h e  on ly  o n e  of t h e  c o m p o u n d s  s t u d i e d  t h a t  g a v e  r i s e  to 

t w o  a r o m a t i c  C - H  s t r e t c h  s i g n a l s  a t  3 0 6 6  a n d  3 1 0 0  

c m ' 1 ( f i g . 3 4 ) .

F r o m  t h e  p h e n y l p y r i d i n e s  s t u d i e d ,  3-  a n d  4 - p h e n y l p y r i d i n e  

g a v e  r i s e  to  a  s in g l e  C-H  s t r e t c h  b a n d  a t  3 0 6 1  a n d  3 0 6 3  c m ' 1 

r e s p e c t i v e l y  (fig. 35) .  T h e  2 - p h e n y l p y r i d i n e  g a v e  no  o b s e r v a b l e  

C-H s t r e t c h  s ig n a l  e v e n  t h o u g h  a  S E R S  s p e c t r u m  w a s  o b t a i n e d  

in t h e  7 0 0 - 1 7 0 0  c m ' 1 r eg io n ,  a n d  a  C -H  s t r e t c h  is o b s e r v e d  in 

t h e  liquid R a m a n  s p e c t r u m  of  t h e  c o m p o u n d .

In e a c h  of  t h e s e  c a s e s  t h e  r e s u l t s  a r e  c o n s i s t e n t  wi th  a  

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

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

C - H  b o n d s  b e i n g  n o r m a l  to  t h e  s u r f a c e  w i th  t h e  n o t a b l e  

e x c e p t i o n  of  2 - p h e n y l p y r i d i n e .
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Figure 3 2  : C-H s tre tch reg ion S E R S  s p e c t r a  of c o m p o u n d s  

a d s o r b e d  on  silver sol.  Top .  4 ,4 '-bipyridine d i s s o lv e d  in wa te r .  

Middle. 3 ,3' -bipyridine d i s so lved  in wate r .  Bot tom. 2,2' -  

bipyridine d i s s o lv e d  in wa te r .  All p a r a m e t e r s  s a m e  a s  their 

7 0 0 - 1 7 0 0  c m ' 1 S E R S  c o u n te rp a r t s .
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F igure  33  : C-H s tre tc h  reg ion  S E R S  s p e c t r a  of c o m p o u n d s  

a d s o r b e d  on  silver sol. Top. 2 ,4 '-b ipyrid ine  d is s o lv e d  in w a te r .  

Middle. 2 ,3 '-b ipyrid ine d is so lv e d  in w a te r .  Bottom . 2 ,2 '-  

b ipyridine d is so lv e d  in w a te r .  All p a r a m e te r s  s a m e  a s  their 

7 0 0 -1 7 0 0  c m ' 1 S E R S  c o u n te rp a r ts .
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Figure  34  : C-H s tre tch  region S E R S  s p e c t r a  of c o m p o u n d s  

a d s o r b e d  on  silver sol. Top. 1 ,1 0 -p h e n a n th ro l in e  d i s s o lv e d  in 

w a te r .  Middle. A g(2 ,2 ’ bipyridine)2 (+ 1 ) d i s s o lv e d  in w a te r .

Bottom . 2 ,2 ’-bipyridine d is so lv e d  in w a te r .  All p a r a m e t e r s  s a m e  

a s  their 7 0 0 -1 7 0 0  c m ' 1 S E R S  c o u n te rp a r t s .
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F igure  35  : C-H s tre tch  reg ion  S E R S  s p e c t r a  of c o m p o u n d s  

a d s o r b e d  on  silver sol. Tod. 4-pheny lpy rid ine  d i s s o lv e d  in 4 0 %  

e th an o l .  Middle. 3 -phenylpyrid ine  d is so lv e d  in 4 0  %  e th an o l .  

Bottom . 2 -phenylpyrid ine  d is so lv e d  in 4 0  %  e th a n o l .  All 

p a r a m e te r s  s a m e  a s  their 7 0 0 -1 7 0 0  c m ' 1 S E R S  c o u n te rp a r t s .
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Figure  36  : C-H s tre tc h  reg ion  S E R S  s p e c t r a  of c o m p o u n d s  

a d s o r b e d  on  silver sol. Top. N -m ethy l-4 ,4 ’-b ipynd ine  d is so lv e d  

in w a te r .  Middle. 4 ,4 ,-d im ethyl-2 ,2 '-b ipyrid ine d i s s o lv e d  in 

w a te r .  Bottom . 2,2 '-b ipyrid ine d is so lv e d  in w a te r .  All 

p a r a m e te r s  s a m e  a s  their 7 0 0 -1 7 0 0  c m ' 1 S E R S  c o u n te rp a r t s .
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Figure  37  . C-H s tre tc h  region S E R S  s p e c t r a  of c o m p o u n d s  

a d s o r b e d  on  silver sol. Top. 2 ,2 '-d ipyridy lam ine  d is so lv e d  

in 5 0 %  e th an o l .  Middle. 2 ,2 ’-d ipyridylketone  d is s o lv e d  in w a te r .  

Bottom , pyridine d is so lv e d  in w a te r .  All p a r a m e t e r s  s a m e  a s  in 

their 7 0 0 -1 7 0 0  c m ' 1 S E R S  c o u n te rp a r ts .
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If 4 ,4 ' - b ip y r id in e  a d s o r b s  o n  t h e  s u r f a c e  t h r o u g h  t h e  4 

p o s i t io n  n i t r o g e n  in a  p e r p e n d i c u l a r  f a s h io n ,  th is  will r e s u l t  in 

a n  o r i e n t a t io n  w h e r e  no  C -H  b o n d s  will b e  n o r m a l  to  t h e

s u r f a c e .  I n s t e a d  all 8  C -H  b o n d s  a r e  lo c a t e d  a t  a  3 0 °  a n g le  to 

t h e  s u r f a c e .  T h u s ,  t h e s e  b o n d s  a r e  e x p e c t e d  to  c o n t r i b u t e  

m in im a l ly  to  t h e  S E R S  C -H  s p e c t r u m .  F o r  t h i s  r e a s o n ,  no  

o b s e r v a b l e  C -H  s t r e t c h  s ig n a l  c a n  b e  s e e n  for 4 , 4 ’-b ip y r id in e  

o n  t h e  s i lv e r  s o l .  O n  t h e  o t h e r  h a n d ,  w h e n  t h e  r e m o t e  4 ' 

p o s i t io n  is m e t h y l a t e d  in N - m e th y l - 4 ,4 ' - b ip y r id in iu m  a  S E R S  

s ig n a l  is o b s e r v e d  a t  2 9 2 8  c m ' 1 (fig. 36 ) .  T h is  is a s s i g n e d  to 

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

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

s ig n a l  a t  3 0 7 7  c m -1 .

T h e  lack  of a  C-H s t r e tc h  s ig n a l  in t h e  S E R S  s p e c t r u m  of 2- 

p h e n y l-p y r id in e  m a k e s  t h e  o r ie n ta t io n  of t h e  c o m p o u n d  o n  th e  

so l  s u r f a c e  difficult to  d e s c r i b e .  If o n e  t a k e s  in to  a c c o u n t  t h e  

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

n i t ro g e n  b e c a u s e  of th e  p h e n y l  r ing a t  t h e  2  p o s i t io n  to  it, it is 

p o s s ib l e  t h a t  th e  c o m p o u n d  a d s o r b s  t h r o u g h  a  c o m b i n a t i o n  of 

s i g m a  n i t r o g e n  d o n a t i o n ,  a n d  pi t y p e  i n t e r a c t io n  w ith  p h e n y l  

r ing r o ta t e d  a p p r o x i m a t e ly  9 0 °  a b o u t  t h e  C -C ' in te r r in g  b o n d .  

T h is  w o u ld  r e d u c e  t h e  s t e r i c  h i n d e r a n c e  to  t h e  s ig m a  d o n a t io n

a n d  will a l s o  p r o v id e  pi d o n a t i o n  c a p a b i l i t y .  S i n c e  t h e  C -H

b o n d s  of t h e  p h e n y l  ring w o u ld  lie p a ra l le l  to  t h e  s u r f a c e  th e ir  

c o n tr ib u t io n  to  t h e  C-H S E R S  in te n s i ty  is e x p e c t e d  to  b e
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m in im a l.  T h e  o r ie n ta t io n  of t h e  C -H  b o n d s  of t h e  pyridyl ring 

w o u ld  b e  a n  i r r e g u la r  o n e  with t h e  C-H  b o n d s  off t h e  s u r f a c e  

n o rm a l ,  w h ic h  w o u ld  r e s u l t  in little o r  n o  c o n t r ib u t io n  to  th e  

e n h a n c e m e n t  of th e  C-H  s t r e tc h  on  t h e  S E R S  s p e c t r u m .

T h e  o b s e r v a t io n  of tw o  C -H  s t r e t c h  b a n d s  in t h e  S E R S  

s p e c t r u m  o f  2 ,2 ' - b ip y r id in e  p r o v id e s  a d d i t io n a l  s u p p o r t  fo r  t h e  

c h e la t i n g  o r ie n ta t io n  of t h e  2 ,2 ' - b ip y r id in e  o n  t h e  so l  s u r f a c e .  

In th is  t y p e  of c h e la t i n g  a d s o r p t io n  (bo th  n i t r o g e n s  on  t h e  so l 

s u r f a c e ) ,  s ix  of t h e  C -H  b o n d s  of t h e  c o m p o u n d  lie a t  a  6 0 ^  

a n g l e  to  t h e  s u r f a c e ,  with t h e  p a i r  a t  t h e  6  a n d  6 * p o s i t i o n s  

j u s t  a b o v e  th e  s u r f a c e .  S i n c e  th is  a n g l e  is m u c h  c l o s e r  to  th e  

n o r m a l  ( 9 0 ° ) ,  th e  S E R S  in te n s i ty  is i n c r e a s e d .  S im i la r  r e s u l t s  

a r e  o b s e r v e d  from  t h e  S E R S  s p e c t r u m  of A g ( 2 ,2 ' - b p y ) 2 ( + 1 ) (fig

34)  w h ich  s h o w s  a  m a jo r  b a n d  a t  3 0 6 2  c m ' 1 a n d  a  s h o u ld e r  a t  

3 0 9 4  c m ' 1 . It is e x p e c t e d  th a t  w h e n  th is  c o m p le x  is d i s s o l v e d  

in w a t e r  it d i s s o c i a t e s  to  fo rm  a  s i n g l e  2 ,2 ’- b i p y r i d i n e  

m o le c u le  c o o r d i n a t e d  to  s i lv e r  ( + 1 ) a to m .T h i s  is r e in f o r c e d  by 

t h e  f a c t  t h a t  u p o n  a d s o r p t io n ,  t h e  s i lv e r  s o l  d e s t a b i l i z e s  f a s t ,  

w h ic h  in d ic a te s  t h e  p r e s e n c e  of c h a r g e  (from  t h e  s i lv e r  a to m )  

o n  t h e  s u r f a c e .  T h e  p o s s i b i l i t y  of s im p l y  h a v i n g  f r e e  

2 ,2 - b ip y r id in e  in s o lu t io n  is  e x c lu d e d ,  s i n c e  t h e  UV s p e c t r u m  

of f r e e  w a t e r  d i s s o l v e d  c o m p le x  is d i f f e re n t  t h a n  t h a t  o f  f r e e  

2 ,2 ’-b ip y r id in e  in s o lu t io n .
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T h e  S E R S  s p e c t r u m  of 4 ,4 ' - d im e th y l - 2 ,2 ’-b ip y r id in e  (fig .36) 

s h o w s  a  s in g le  a r o m a t i c  C-H  b a n d  a t  3 0 5 6  c m ' 1 a n d  a  s t r o n g  

m e th y l  C -H  s t r e t c h  a t  2 9 1 6  c m ' 1 . T h is  w o u ld  im ply t h a t  th e  

in te n s i ty  of t h e  h ig h e r  f r e q u e n c y  b a n d  in t h e  2 ,2 ' b ip y r id in e  

S E R S  s p e c t r u m  is m o s t ly  d u e  to  t h e  4  a n d  4 ' p o s i t io n  C -H  

b a n d s ,  w h ile  t h e  lo w e r  f r e q u e n c y  b a n d  is d u e  to t h e  6  a n d  6 ' 

p o s i t io n  C -H  b a n d s  with p o s s i b l e  c o n t r ib u t io n  f ro m  t h e  3 a n d  

3 ' o n e s .  T h e  S E R S  s p e c t r u m  of 1 , 1 0 - p h e n a n t h r o l i n e  s h o w s  a  

s in g le  C -H  b a n d  a t  3071 c m ' 1 (fig. 34 ) .

An in d ic a t io n  of t h e  d e p e n d e n c e  of t h e  C -H  b o n d  S E R S  

in te n s i ty  u p o n  d i s t a n c e  f rom  th e  s u r f a c e  c a n  b e  s e e n  in T a b le

3. In th is  t a b le  t h e  re la t iv e  S E R S  in te n s i ty  of t h e  a r o m a t i c  C-H 

s t r e t c h  b a n d  is s h o w n  a n d  c o m p a r e d  to  a  b a n d  a r o u n d  1 3 0 0  

c m ' 1 in t h e  S E R S  s p e c t r u m  of e a c h  of t h e  c o m p o u n d s  s tu d ie d .  

F o r  2 , 4 ’- b ip y r id in e  a n d  4  p h e n y l p y r i d i n e ,  w h ic h  b o t h  a r e  

c o m p o u n d s  e x p e c t e d  to a d s o r b  th ro u g h  t h e  4  p o s i t io n  n i t ro g e n ,  

t h e  C -H  r e g i o n  i n t e n s i t y  is  s i g n i f i c a n t l y  l o w e r  t h a n  t h e  

in te n s i ty  of a  p r o m in e n t  b a n d  w h ic h  a p p e a r s  a r o u n d  1 3 0 0  c m ' 1 

in t h e  C -C  a n d  C -N  s t r e t c h in g  r e g io n  in e a c h  s p e c t r u m .  Th is  

ra t io  o f  i n t e n s i t i e s  b e c o m e s  e q u a l  to  o n e  in t h e  c a s e  of 

2 , 2 ’- b ip y r id in e ,  w h ic h  is  e x p e c t e d  to  s h o w  a  s t r o n g  C -H  

s t r e t c h  s ig n a l  d u e  to  t h e  c h e la t i n g  t y p e  o f  a d s o r p t i o n  o n  th e  

s u r f a c e .  T h is  d i s t a n c e  d e p e n d e n c e  is a l s o  c le a r ly  d e m o n s t r a t e d  

f r o m  t h e  m e t h y l  C - H  s t r e t c h  r a t i o s  b e t w e e n  

4 , 4 ' - d i m e t h y l - 2 , 2 ' - b i p y r i d i n e  a n d  N - m e t h y l - 4 , 4 ' - b i p y r i d i n i u m .  

T h e  prox im ity  of th e  m ethy l  g r o u p s  a t  t h e  4  a n d  4 ' p o s i t io n  of
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TABLE 3 : S E R S  INTENSITY O F  C-H S T R E T C H  RELATIVE TO
1 3 0 0  C M ' 1 BAND

RELATIVE 
S E R S  INTENSITY

(£.:fcLStrelch)

2 , 4 ’-B IP Y 0 .0 7

4 - P P 0 . 1 0

N-METHYL 0 . 2 0

4 , 4 ‘-B IP Y

3 , 3 ’-B IP Y 0 .3 2

2 , 3 ’-B IP Y 0 .6 0

2 ,2 ' - B I P Y 1 . 0

4 ,4 '-D IM E T . 0 .8 2
2 , 2 ’-B IP Y

4,4 ' DIMETHYL 1.4b
2 ,2 ’-BIPY

N-METHYL 0 . 5 5 b
4 , 4 ’-B IP Y

a .  P e a k  h e ig h t  ra t io ed  to  p e a k  h e ig h t  of p r o m in e n t  b a n d  n e a r  1 3 0 0  
c m 1 fo r e a c h  c o m p o u n d .  Al! a r e  a r o m a t i c  C -H  s t r e t c h ,  e x c e p t  l a s t  two 
e n tr ie s .

b. M ethyl C-H s tre tch .
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4 ,4 ' - d i m e t h y l - 2 ,2 ' - b i p y  g iv e  r i s e  to  a  s t r o n g  C -H  i n t e n s i t y  

ra t io  of 1 .4  (m ethy l  C -H  b a n d  1 .4  t im e s  h ig h e r  t h a n  1 3 0 0  c m ' 1 

b a n d ) ,  a s  c o m p a r e d  to  a  0 . 5 5  r a t i o  f o r  N - m e t h y l -  

4 , 4 -b ip y r id in iu m  w h e r e  t h e  m e th y l  g r o u p  is l o c a t e d  in t h e  

r e m o t e  4 '  n i t r o g e n  p o s i t io n .  All o f  t h e  c o m p o u n d s  s t u d i e d  

s h o w e d  s im i la r  r e la t iv e  R a m a n  C -H  s t r e t c h  i n t e n s i t i e s  in th e i r  

liquid o r  s o lu t io n  R a m a n  s p e c t r a  a s  it c a n  b e  s e e n  f rom  t a b l e  4. 

T h u s ,  th e  c h a n g e  in e n h a n c e m e n t  m u s t  b e  d u e  to  t h e  d i s t a n c e  

d i f f e r e n c e s  of t h e s e  C -H  b o n d s  f ro m  t h e  s u r f a c e  u p o n  

a d s o r p t i o n .

T h e  re la t iv e  e n h a n c e m e n t  of t h e  C-H s t r e tc h  s ig n a l  u p o n  

a d s o r p t i o n  of t h e  c o m p o u n d s  s tu d i e d  w a s  c a l c u l a t e d  a s  t h e  

ra t io  of tn e i r  S E R S  C -H  s t r e tc h  in te n s i ty  to  t h a t  of th e i r  liquid 

o r  s o lu t io n  R a m a n  C -H  s t r e t c h  i n te n s i ty  a n d  it is  s h o w n  o n  

t a b l e  5 . 4 ,4 ' - b ip y r id i n e  a n d  2 - p h e n y l p y r i d i n e  w e r e  g i v e n  a  

v a lu e  of z e r o  s i n c e  no  C-H  s t r e t c h  b a n d s  w e r e  o b s e r v e d  in 

t h e i r  S E R S  s p e c t r a .  T h e  h i g h e s t  r e l a t i v e  C -H  s t r e t c h  

e n h a n c e m e n t  w a s  o b s e r v e d  for 2 ,2 ' - b ip y r id in e  w ith  a  v a lu e  of 

3 .8  (its  S E R S  C-H  s t r e t c h  b a n d  w a s  3 .8  t im e s  m o r e  e n h a n c e d  

t h a n  its l iquid  s p e c t r u m ) .  T h e  lo w e s t  o b s e r v a b l e  e n h a n c e m e n t s  

w e r e  for 2 ,4 '-b ip y r id in e  (0 .4 )  a n d  4 - p h e n y lp y r id in e  (0 .5 )  w h ic h  

a r e  in a c c o r d a n c e  with th e  e x p e c t e d  ty p e  of a d s o r p t io n  of t h e  

c o m p o u n d s  on  th e  so l s u r f a c e .

T h e  S E R S  s p e c t r u m  of 2 ,2 ’-d ip y r id y lk e to n e  g a v e  r i s e  to  a  

s in g le  C -H  s t r e tc h  b a n d  a t  3 0 6 3  c m ' 1 , w h ich  is e x a c t ly  a t  th e
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TABLE 4  : RAMAN INTENSITY O F  C-H S T R E T C H  RELATIVE T O  1300  C M ' 1 

BAND FO R  LIQUIDS AND SO L U T IO N S

C O M P O U N D  RELATIVE RAMAN INTENSITY

C H -S IR E T C H

2,4 '-BIPY  (CHCI3 ) 0 .1 6

3 ,3 ’-BIPY (CHCI3 ) 0 .1 8

2,3 '-BIPY (LIQUID) 0 .2 4

2,2 '-BIPY(CH CI3 ) 0 .26

4 ,4 ’-BIPY (CHCI3 ) 0 .46

4,4'-DIMETHYL 
2 ,2 ’-BIPY (CHCI3 )

0.31

4 ,4 ’-DIMETHYL 
2,2 '-BIPY (CHCI3 )

0 .3 8 b

2 P P  (LIQUID) 0 .2 6

3 P P  (LIQUID) 0 .2 6

4 P P  (CHCI3 ) 0 . 2 0

P e a k  h e igh t  ra t ioned  to  p e a k  h e ig h t  of p ro m in e n t  b a n d  n e a r  1300  
c m ' 1 for e a c h  c o m p o u n d .  All a ro m a t ic  C-H s tre tch  
b. Methyl C-H s tre tch
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TABLE 5 : RELATIVE ENHANCEM ENT O F  C-H S T R E T C H  SIGNAL U P O N  
A D S O R P T IO N  ON SILVER S U R F A C E

RELATIVE EN H A N C E M E N T  

COMPOUND C-H STJTET-CH

4,4 '-BIPY 0 . 0

2,4 '-BIPY 0.4

3,3 '-BIPY 1 . 8

2,3 '-BIPY 2.5

2 ,2 ’-BIPY 3.8

4,4'-DIMET. 2 . 6

2,2 '-BIPY

4,4'-DIMET. 1 9 b
2,2 '-BIPY

2 P P 0 . 0

3 P P 2 . 6

4 P P 0 .5

P e a k  h e igh t  ra t io n ed  to p e a k  h e igh t  of p ro m in e n t  b a n d  n e a r  1300  
c m ' 1 for e a c h  c o m p o u n d .  All a ro m a tic  C-H s tre tch ,
b. Methyl C-H  s tre tch .
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s a m e  f r e q u e n c y  a s  th a t  of p y r id in e  a d s o r b e d  o n  t h e  s i lv e r  sol 

(fig .3 7 ) .  T h is  o b s e r v a t io n  a lo n g  with t h e  s p e c t r a l  s im ila r i ty  of 

th e ir  S E R S  s p e c t r a  in th e  7 0 0 - 1 7 0 0  c m ' 1 r e g io n  r e i n f o r c e s  

t h e  p o ss ib i l i ty  of t h e  2 ,2 ' - d ip y r id y lk e to n e  a d s o r b i n g  o n  t h e  so l  

s u r f a c e  w ith  o n e  p y r id in e  ring p e r p e n d i c u l a r  to  t h e  s u r f a c e ,  

a n d  o n e  p a r a l l e l  to  it, w h ic h  e s s e n t i a l l y  w o u ld  m a k e  t h e  

c o m p o u n d  b e h a v e  a s  a  s in g le  s u b s t i tu t e d  p y r id in e  m o le c u le  on  

t h e  s i lv e r  s u r f a c e .  A s  it w a s  m e n t io n e d  b e f o r e  t h e r e  w a s  no  

C = 0  s t r e t c h  o b s e r v e d  in t h e  S E R S  s p e c t r u m  of t h e  c o m p o u n d  

in d ic a t in g  a  p a ra l le l  o r ie n ta t io n  of t h e  c a r b o n y l  g r o u p  o n  th e  

s i lv e r  s u r f a c e .

T h e  S E R S  s p e c t r u m  of 2 ,2 ’ d ip y r id y la m in e  g a v e  r is e  to  two 

b r o a d  C -H  s t r e t c h  b a n d s  a t  3 0 3 3  a n d  3 0 9 9  c m ' 1 . N o a r o m a t i c  

N-H s t r e t c h  s ig n a l  w a s  o b s e r v e d  in th e  S E R S  s p e c t r u m  of th e  

c o m p o u n d  ( a r e a  b e t w e e n  3 2 0 0 - 3 4 0 0  c m ' 1 ) ( 1 0 0 - 1 0 2 ) .  T h is  is 

c o n s i s t e n t  w ith  t h e  p r o p o s e d  t y p e  o f  i n t e r a c t i o n  o f  th i s  

c o m p o u n d  with t h e  so l ,  in w h ic h  all t h r e e  n i t r o g e n s  a r e  on  th e  

s u r f a c e .  S u c h  a  t y p e  of a d s o r p t io n  will h a v e  t h e  h y d r o g e n  of 

t h e  a m i n o  g r o u p  a lm o s t  p a ra l le l  to  t h e  s u r f a c e  w h i le  k e e p in g  

t h e  tw o  pyridyl r in g s  a lm o s t  n o rm a l  to  it, t h u s  r e s u l t in g  in t h e  

o b s e r v a t io n  of a  C -H  s t r e tc h  s ig n a l  b u t  n o  N-H s t r e t c h  in th e  

S E R S  s p e c t r u m  of t h e  c o m p o u n d .  T h e  o b s e r v a t io n  of a  s e c o n d  

C -H  s t r e t c h  s ig n a l  a s  c o m p a r e d  to  o n e  fo r  p y r id i n e  a n d  

2 , 2 ’- d ip y r i d y l k e t o n e  o r  t h e  s o l id  R a m a n  s p e c t r u m  o f  t h e  

c o m p o u n d ,  m ig h t  b e  d u e  to  t h e  a s y m m e t r i c  o r ie n ta t io n  of its
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tw o pyridyl r in g s  u p o n  a d s o r p t io n  o n  t h e  s i lv e r  s u r f a c e  w h ic h  

r e s u l t s  in to  tw o  C-H  s t r e t c h  s ig n a l s .

F ig u re s  3 8  th ro u g h  4 0  a r e  g r a p h ic a l  r e p r e s e n t a t i o n s  of th e  

e x p e c t e d  ty p e  of in te ra c t io n  of t h e  c o m p o u n d s  s tu d i e d  with th e  

s i lve r  so l  s u r f a c e  b a s e d  o n  th e ir  S E R S  s p e c t r a .

CONCLUSION

F ro m  th e  c o m p a r i s o n  of t h e  s u r f a c e  e n h a n c e d  a n d  R a m a n  

s p e c t r a  of t h e  c o m p o u n d s  s t u d i e d ,  a n d  in p a r t i c u l a r  t h e  

in fo rm a t io n  p ro v id e d  from  th e  C -H  s t r e t c h  r e g io n  of th e ir  S E R S  

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

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

t h e  m o le c u la r  s t r u c tu r e  of t h e  a d s o r b a t e .  T h is  s tu d y  in d i c a t e s  

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

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

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

f a s h io n .  T h e  on ly  e x c e p t io n  to  th is  p a t t e r n  is 2 - p h e n y lp y r id in e  

w h ic h  is p r e v e n t e d  f rom  u s in g  s i g m a  t y p e  i n te r a c t io n  o n ly ,  

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

n i t ro g e n  by  t h e  p h e n y l  ring a d j a c e n t  to it.

A lso ,  th is  s tu d y  c le a r ly  d e m o n s t r a t e d  t h e  i m p o r t a n c e  of 

s i lv e r  t y p e  s o l s ,  a n d  in p a r t i c u l a r  c i t r a t e  s o l s  a s  a  s u b s t r a t e  

for o b ta in in g  a n d  s tu d y in g  S E R S  s p e c t r a .  T h e  c i t r a t e  so l  u s e d  

in t h i s  s t u d y  h a s  b e e n  r e l a t i v e ly  e a s y  to  p r e p a r e ,  g a v e  

e x c e l l e n t  r e p r o d u c ib l e  S E R S  s p e c t r a ,  a n d  s h o w e d  a  long  s h e l f  

l i f e .
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with the silver sol surface.
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A last thought

" .......... and so there ain't nothing more to write about, and I am

rotten glad of it, because if I'd a' knowed what a trouble it 

was to make a book I wouldn't a' tackled it, and ain't a-going 

to no more."

M ark  T w ain ,  H u c k le b e r r y  F inn


