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Abstract

APPLICATIONS OF TIME-RESOLVED SURFACE 
ENHANCED RAMAN SPECTROSCOPY IN 

ELECTROCHEMICAL PROCESSES 

by 
Chongtie Shi 

Advisor: Professor Ronald L. Birke 

Professor John R. Lombardi

The protonation, adsorp tion  a n d  e lec tro  reduction of s ev era l  c o m p o u n d s  

c o n ta in in g  a ro m a t ic  rings, 4 -n itro b en zo ic  a c id  (PNBA), 4 -cy a n o p y r id in e (4 -  

C N PY ), 4 -p y r id in e c a rb o x a ld e h y d e  (ALPY) a n d  4 -(hyd ro x y m eth y l) -p y r id in e  

(HM PY), w e r e  in v e s t ig a te d  s y s te m a t ic a l ly  by s u r f a c e - e n h a n c e d  R a m a n  

sp e c t ro sc o p y  (SE R S ), cyclic voltamm etry (CV) a n d  digital simulation. T he  time- 

reso lved  S E R S  s p e c t r a  during e lec trochem ica l  rea c t io n s  w e re  m e a s u r e d  in th e  

tim e s c a le  from s e c o n d s  to  m ic ro se c o n d s .  E lec tro c h e m ic a l  r e a c t io n s  w e re  

initiated by po ten tia l s w e e p  a n d  potentia l s te p  w avefo rm s . T ra n s ie n t  s p e c t r a  

c o rre sp o n d in g  to the  short-lived s p e c ie s  a re  o b ta in ed  for the  first t im e by time- 

r e s o lv e d  S E R S .  P ro d u c ts  of th e  r e a c t io n s  a r e  identified  by c o m p a r is o n  of 

a u th e n t ic  c o m p o u n d s  with th e  S E R S  s p e c t ru m . P o s s ib le  in te rm e d ia te s  a r e  

d i s c u s s e d  acco rd ing  to the  p ro p o se d  poss ib le  m e c h a n is m s  for e a c h  reaction . 

T he  e lec trochem ica l  reductions  of all of the  four c o m p o u n d s  s tudied , give rise to 

c h em ica l  coupling  p ro d u c ts  u n d e r  ou r  ex p e r im en ta l  cond it ions . H ow ever , th e  

p a th w a y s  for th e  p ro d u c t  fo rm ation  a r e  d ifferen t. In th e  red u c t io n  of p- 

nitrobenzoic  acid, a n  azoxy co m p o u n d  is form ed by th e  coupling of two different



in te r m e d ia te  p r o d u c t s ,  n i tro so  a n d  h y d ro x y la m in e  c o m p o u n d s .  An a z o  

c o m p o u n d  is p r o d u c e d  in th e  e lec tro reduc tion  of 4 -cyanopy rid ine  th rough  a  

coupling s te p  of th e  re a c ta n t  with a  o n e -e lec tro n  reduction  in te rm ed ia te . T he  

form ation of 1 ,2-bis(4-pyridyl)ethane is d u e  to  the  d irec t coupling b e tw e en  two 

id en t ic a l  o n e - e l e c t r o n  r e d u c e d  r a d ic a l s  in p y r id in e c a r b o x a ld e h y d e  a n d  

4 (hydroxym ethy l)py r id ine  e le c tro - re d u c tio n s .  In c o n c lu s io n ,  th is  t h e s i s  h a s  

d e m o n s t ra te d :  (1) th a t  the  d ram a tic  e n h a n c e m e n t  of R a m a n  s ignal from the  

p re t r e a te d  e le c tro d e  s u r f a c e s ,  c o u p le d  with m ultichannel de tec tion  tec h n iq u e  

m a k e s  it p o s s ib le  to  d e te c t  t im e - re s o lv e d  S E R S  in m il l is ec o n d s ,  e v e n  

m ic ro se c o n d s ,  without in fluence  of f lu o re sc e n c e  w hich is q u e n c h e d  by th e  

S E R S  active su rface .  This q u e n c h in g  is very a ttractive s ince  f lu o re sc e n c e  is a  

m ajo r  in te r fe re n c e  in r e s o n a n c e  R a m a n  m e a s u r e m e n ts .  (2) As a n  in-situ 

su r fa c e  p ro b e ,  S E R S ,  e sp ec ia l ly  t im e - re so lv e d  S E R S ,  is ideal for s tudying  

a d so rp t io n ,  o r ien ta t ion , a n d  e le c tro c h e m ic a l  rea c t io n s .  T h e  p o w e r  of time- 

re so lv e d  S E R S  is convincingly sh o w n  in t h e  d e te c t io n  of short-lived  s u rfa c e  

in te rm e d ia te  s p e c i e s  which a re  g e n e r a te d  during e le c t ro d e  re a c t io n s .  T he  

information o b ta in e d  from t im e-reso lv ed  S E R S  inves t iga t ions  p rov ides  direct 

ev id e n c e  for the  identification of p roducts  a n d  in te rm ed ia tes ,  which a re  useful in 

th e  study of kinetics a n d  m e c h a n ism s  of the  reactions.
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Chapter I

Basic Concepts of Surface-Enhanced Raman and Time- 
Resolved Surface-Enhanced Raman Spectroscopy



2

Section 1.1 Introduction

R a m a n  s p e c t ro sc o p y ,  a long  with infra red  s p e c t ro sc o p y ,  p lay s  a  very 

im p o r ta n t  role in c h e m is try ,  e s p e c ia l ly  in a n a ly t ic a l  c h e m is try .  R a m a n  

s p e c t ro sc o p y ,  which p r o d u c e s  s truc tura l information of ch e m ica l  c o m p o u n d s  

e sp e c ia l ly  o rg a n ic  c o m p o u n d s ,  is idea l  for q u a li ta t iv e  a n a ly s i s ,  s u c h  a s  

identification of m o le c u le s  a n d  following th e  c o u rs e  of r e a c t io n s .1'2 ’3 With 

ca re fu l  m a n a g e m e n t  it c a n  a lso  b e  u s e d  for q u an ti ta t iv e  a n a ly s i s .  As a  

c o m p lim en ta ry  a n d  com peti t ive  te c h n iq u e  of Infrared s p e c t ro sc o p y ,  R a m a n  

s p e c t ro s c o p y  h a s  its own a d v a n ta g e s .  For e x a m p le ,  it c a n  b e  u s e d  in both 

a q u e o u s  a n d  n o n - a q u e o u s  so lven ts .  Th is  is e sp ec ia l ly  use fu l  in b iological 

chem is try  for th o s e  c o m p o u n d s  that  c a n  not easily  d isso lv e  in n o n -a q u e o u s  

so lvents .  A nother  a d v a n ta g e  is that R am an  sp ec tro sco p y  can  b e  u s e d  to  obtain 

information which c a n  not b e  ob ta ined  from IR, s ince  s o m e  t rans it ions  a re  IR 

fo rb idden  but R a m a n  active. T he  o b se rv a t io n  of a n  IR transition  re q u i re s  a  

c h a n g e  in dipole  m om en t with vibration, while th e  p r e s e n c e  of a  R a m a n  b a n d  

d e m a n d s  a  c h a n g e  in polarizability. Thus, if a  vibration c a u s e s  a  c h a n g e  only in 

th e  m olecu le 's  dipole  m om ent, it is IR active. If it c a u s e s  a  c h a n g e  only in the  

m olecu le 's  polarizability, i.e., the  s ize  of the  molecule, it is R a m a n  active. If the  

vibration c a u s e s  c h a n g e s  in both dipole m om en t a n d  polarizability, it is both  IR 

a n d  R a m a n  active. T h e  third a d v a n ta g e  is th a t  R a m a n  sp e c t ro sc o p y  c a n  be  

u s e d  with a  m ic rop robe , which is e sp ec ia l ly  usefu l  for m ic roana ly s is .  T he  

d i s a d v a n ta g e s  a r e  (1) a  R a m a n  in s t ru m en t  is m ore  e x p e n s iv e  th a n  a n  IR 

instrum en t  s in ce  a  la se r  is em p loyed ;  (2) R a m a n  sp e c t ro sc o p y  req u ires  m ore  

skillful o p e ra t io n s ;  (3) norm al R a m a n  s p e c t ro s c o p y  is not s o  s e n s i t iv e  a n d  

difficult for qu an ti ta t iv e  ana ly s is .  H ow ever, r e s o n a n c e  R a m a n  c a n  b e  m ore  

sensitive  than  IR absorption.
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S u r fa c e -E n h a n c e d  R a m a n  S p e c tro sc o p y  (SE R S ) is a  m ethod  b a s e d  on 

th e  e n h a n c e m e n t  effect of s o m e  m eta l  s u r f a c e s  on  th e  R a m a n  s igna l  of 

a d s o rb e d  m o le c u le s .4 W hen  m olecu les  a re  a d s o rb e d  on s o m e  m etal su rfaces ,  

s u c h  a s  silver, go ld  a n d  c o p p e r ,  which h a d  b e e n  spec ia lly  p r e t r e a t e d  or 

a c t iv a te d  b e fo re  a d s o rp t io n ,  th e  s u r f a c e  R a m a n  s ig n a l  p e r  m o le c u le  is 

d ram a tica l ly  e n h a n c e d  up  to  a  million fold.4 T h e  m eta l  s u r f a c e  cou ld  be  

p rov ided  e ithe r  by sm all part ic les  su ch  a s  colloids or so ls  or by bulk m eta ls ,  

such  a s  a n  e lec trode , which is ac tivated  before  use .

S E R S  is a  very useful tool for in-situ investiga tion  of e lec tro ch em ica l  

r e a c t io n s .  T h e  d e v e lo p m e n t  of S E R S  m e th o d s  for s tu d y in g  s p e c i e s  on 

e lec tro d e  s u r f a c e s  h a s  e n a b le d  de tec tion  of m o lecu les  h e re to fo re  in access ib le  

th ro u g h  norm al high reso lu tion  m e a n s .4-5 T h e  p r e t r e a te d  e le c t ro d e  su r fa c e  

which e n h a n c e s  the  R a m a n  signal c a n  a lso  se rv e  a s  a  reac tion  field. Most of 

the  e lec trochem ica l  reac tions  of S E R S  active c o m p o u n d s ,  which include m ost 

o rgan ic  c o m p o u n d s  with rc-ring sy s tem  an d  their  c o m p lex es ,  c a n  b e  s tud ied  by 

S E R S .  E v e n  t h o s e  p h o to -s e n s i t iv e  c o m p o u n d s  c a n  a ls o  b e  s tu d ie d  with 

spec ia lly  d e s ig n e d  e x p e r im e n ts .  T h u s  th e  te c h n iq u e  a llow s o n e  to  ob ta in  

information abou t  the  s p e c ie s  on the  e lec tro d e  a n d  fu rthe rm ore  to  u n d e rs ta n d  

w hat is going on  during th e  e lec trochem ical reaction.

S in c e  S E R S  is a  c o m b in a t io n  of e le c t r o c h e m is t r y  a n d  R a m a n  

s p e c tro sc o p y ,  it p o s s e s s e s  the  a d v a n ta g e s  of both  te c h n iq u e s .  For ex am p le ,  it 

h a s  th e  a d v a n ta g e  of e lectrochem istry  in that the  direction, kinetics a n d  product 

form ation of an  e lec trochem ica l  reac tion  c a n  be  easily controlled  by controlling 

th e  potential a n d  tim e of electrolysis. Most e lec trochem ica l  te c h n iq u e s  c a n  be



4

em ployed  with S E R S , such  a s  s te a d y -s ta te  m e a s u re m e n ts ,  cyclic voltamm etry, 

po ten t ia l  s t e p  or d o u b le  po ten tia l  s t e p s  a n d  cou lom m etry .  Like IR, S E R S  

m e a s u r e s  th e  vibrational sp ec tru m  of a  molecule, which g ives  information ab o u t  

th e  m o lecu la r  s tru c tu re  a n d  h e lp s  u s  to  identify th e  know n s p e c i e s  a n d  to  

d e te rm in e  th e  s tru c tu re s  of new  c o m p o u n d s .  S E R S  is m uch  m o re  sensit ive  

th an  IR a n d  normal R am an. Its de tec tion  limit c a n  go  a s  low a s  10'® mole/l.4

The v a s t  majority of S E R S  m e a s u r e m e n ts  h a v e  b e e n  ap p lied  to s tab le  

s p e c i e s  a l though  th e  tec h n iq u e  sh o u ld  b e  c a p a b le  of inves tiga ting  t ran s ien t  

p h e n o m e n a  at very short tim es. Early s tud ies  of fast time reso lved  S E R S , in the  

m s  region, involved m ea su r in g  the  sca t te r ing  intensity a t  fixed f req u en cy  vs. 

t im e .6 7 How ever, coupling the  su rfa c e  e n h a n c e m e n t  with optical m ultichannel 

d e v ic e s  c a p a b le  of sc an n in g  entire  spec tra l  reg ions  in m illiseconds allows the  

possibility of exam in ing  the  s truc tu re  of relatively short-lived s p e c ie s  during the  

p r o c e s s  of e le c tro c h e m ic a l  ox idation  o r  reduction . An optical m u ltichanne l 

an a ly z e r  (OMA) h a s  previously b e e n  u s e d  to record a  tim e reso lved  r e s o n a n c e  

R a m a n  sc a t te r in g  (TR3S) signal on a  m s  tim e sc a le  for a  s p e c ie s  g e n e ra te d  

e lec tro ch em ica l ly ,8 how ever, it w a s  show n  that  trans ien t  m e a s u r e m e n ts  using 

a  RR p ro c e s s  a t an  e lec trode  is not straight-forward b e c a u s e  of the  distortion of 

the  signal by self a b so rp t ion .9 With S E R S  this distortion is e lim inated  b e c a u s e  

th e  scattering , in m ost c a s e s ,  c o m e s  from a  layer of m olecu lar  d im en s io n s  at the  

su rfa c e .  Although T R 3S s tu d ie s  from m s  to ns  h a v e  b e e n  a c c o m p lish e d  in 

so lu t ion ,10' 11 th e re  h a s  b e e n  a  m arked  lack of such  m e a s u r e m e n ts  using time- 

reso lv ed  S E R S .12

T im e-reso lved  S E R S  is a  real-time in-situ m ethodo logy  which c o m b in e s  

S E R S  with t im e-reso lv e  te c h n iq u e  w h e re  m ultichannel d e te c t in g  te c h n iq u e s
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a re  com m only  u sed . T he  t im e-reso lved  techn ique  allows on e  to d e te c t  the  rapid 

c h a n g e s  of the  su rface  R a m a n  sp e c tra  a n d  the  su rfa c e -e n h a n c e d  effect m a k e s  

th e  t im e - r e s o lv e d  m e a s u r e m e n t  p o s s ib le .  W h e n  c o m b i n e d  with f a s t  

e lec trochem ica l  techn iques ,  tim e-reso lved  S E R S  allows u s  to d e te c t  short-lived 

t r a n s ie n t  s p e c i e s  g e n e r a t e d  on th e  e le c t ro d e  du ring  th e  e le c tro c h e m ic a l  

reaction. T he  information abou t the  struc ture  of the  t ran s ien ts  a n d  the  kinetics of 

the  reac tions  c a n  b e  obtained . This information is very important for elucidation 

of the  m ec h a n ism  of the  e lec trochem ical  p ro c e s s  an d  c a n  not be  ob ta ined  from 

s te a d y - s ta te  S E R S  m e a s u r e m e n ts .  In addition, t im e-reso lved  S E R S  c a n  a lso  

b e  u s e d  to s tudy  photo  reac tions  a n d  pho toe lec trochem ica l  reac tio n s  w h e re  a  

light pu lse  is u s e d  to initiate the  p ro cess .  T hree  o th e r  a d v a n ta g e s  over  TR3 a re  

(1) f lu o re sc e n c e ,  which is usually  e n c o u n te re d  in T R 3 , is q u e n c h e d  by the  

S E R S  active su rface ;  (2) the  r e s o n a n c e  effect in TR 3 is a c h ie v e d  by chang ing  

the  la se r  frequency  an d  th u s  a  d y e  laser  is generally  required, but the  m axim um  

s u r f a c e - e n h a n c e d  effect c a n  b e  r e a c h e d  by simply ad ju s t ing  th e  e le c tro d e  

po ten t ia l ;  (3) t im e - re s o lv e d  S E R S  is a b le  to  follow th e  e le c t ro c h e m ic a l  

p r o c e s s e s  occu rr ing  on th e  e le c t ro d e  s u r f a c e  in o r d e r  to  o b ta in  k inetic  

information.
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Section 1.2 The Principle of Raman and SERS Effects

(a) Raman Effect

T h e  osc illa ting  e lec tr ic  field, e ,  of a n  inc iden t light in te ra c ts  with a  

m olecule  a n d  induces  a  dipole m om ent, pj, through its polarizability a.

Pj =  0(£ ( 1 . 1 )

with

E =  E° COS27ltV() (1.2)

This  in d u c e d  d ipo le  m o m e n t  o s c i l la te s  a n d  r a d ia te s  light with th e  s a m e  

f re q u e n c y  a s  th e  incident light. This s c a t t e r e d  rad ia tion  is c a lled  Rayleigh 

sca tter ing . However, th e  m olecu le  itself a lso  v ib ra tes  a t its own charac te r is t ic  

f requenc ie s  vv which d e p e n d s  the  structure  of the  molecule,

Q v = Qocos27cvvt (1.3)

w h e re  Q  is the  norm al coord ina te . T he  c h a n g e s  of th e  polarizability d u e  to the  

vibration is given by

a  = a 0 + (da/dQ)oQv (1 -4)

Then the induced dipole moment pj can be expressed as 

P i =  cce = a°E°cos27rvot

+ (da/dQ)oQoe°cos27rvvtcos27ivot (1.5)

which c a n  b e  rewritten a s  

P i = a °A °cos2nvo t

+ (da/dQ)o(Qoe°/2)[cos27i(vo-vv)t + cos2n(vo+vv)t] (1.6)

T he  first te rm  in eq u a tio n  (1.6) c o r r e s p o n d s  to  th e  e las t ic  Rayleigh sca tte r ing  

a n d  th e  o th e r  te rm s  d e sc r ib e  s c a t te re d  light with shifted  f re q u e n c ie s  from th e  

Rayleigh line a n d  a re  ca lled  S to k e s  a n d  a n t i -S to k e s  R a m a n  sca t te r ing . The 

f requency  shift is called the  R am an  shift a n d  is character is t ic  to the  m olecule  but
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in d e p e n d e n t  ot th e  exciting light. It is e a s y  to  s e e  from eq . (1.6) th a t  the  

o ccu rren ce  of R a m a n  scatter ing  requ ires

(da/dQ )o  *  0 (1.7)

in o th e r  w ords, th e re  m u st  be  a  polarization c h a n g e  with th e  vibration if the  

vibration is to b e  R am an  active.

T he  q u a n tu m  th eo ry  for R a m a n  sc a t te r in g  s t a t e s  th a t  th e  v ibrational 

en e rg y  of a  m olecule  is qu a n tiz ed  a n d  the  d e g re e  of f reedom  or the  n u m b er  of 

no rm a l  v ib ra t io n s  is 3N -6  for n o n - l in e a r  m o le c u le s  a n d  3N -5  for l inear  

m olecu les ,  w h e re  N is th e  n u m b e r  of a to m s  in th e  m olecu le . T h e  e n e rg y  of 

e a c h  of t h e s e  vibrations c a n  b e  e x p re s s e d  a s

Evj = hvj(v+1/2) v=0,1,2,3,.... (1.8)

w h e re  vj is th e  vibrational f requency  a n d  v is th e  vibrational q u a n tu m  num ber. 

W hen  a  m olecu le  in vibrational g ro u n d  s ta te  (v=0) in te rac ts  with a  pho ton  with 

e n e r g y  hvo , it is e x c i ted  to  a  virtual s ta t e  h v 0 . It r e l e a s e s  th e  e n e rg y  

" im m ediate ly"  (within a b o u t  1 0 '14 s) by sc a t te r in g  a  pho ton . T h e  s c a t te r e d  

pho ton  will p o s s e s s  the  s a m e  en e rg y  hv0 if th e  excited  e lec tron  g o e s  b a c k  to 

the  vibrational g round  s ta te  a n d  it will h a v e  le s s  en e rg y  h(vQ-vv) if the  excited  

e lec tron  g o e s  back  to the  first excited  vibrational s ta te . The form er c a s e  is called 

Rayleigh scatter ing  which h a s  the  s a m e  frequency  a s  the  incident light, a n d  the  

latter  c a s e  is c a l led  th e  S to k e s  R a m a n  s c a t te r in g  which h a s  a  f re q u e n c y  

equaling  to v0-vv . On the  o ther  hand , if a  m olecule  in its first exc ited  vibrational

s ta te  (v=1) is exited by a  photon  hv0 an d  g o e s  back  to the  g round  s ta te ,  the  anti- 

S to k e s  R a m a n  radiation with frequency  v q + v v  will b e  o b se rv e d .  T he  f requency  

d iffe rences  b e tw e en  the  Rayleigh a n d  the  R a m a n  lines or the  R a m a n  shifts a re  

th e  c h a ra c te r is t ic  v ibrational f r e q u e n c ie s  of t h e  m olecu le .  A ccord ing  to  the  

B oltzm ann  law, only a  small proportion of th e  m o lecu le s  will o cc u p y  th e  first
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e x c i ted  vibrational s ta t e  a t  room  te m p e ra tu re  a n d  m ost  of th e m  a re  in the  

g round  vibrational s ta te .  T herefo re  the  S to k e s  lines a re  m uch  in te n se  th an  the 

a n ti-S tokes  lines a n d  often u s e d  for regular m e a s u re m e n ts .

W h e n  th e  exc ita t ion  f re q u e n c y  is not in th e  a b s o rb in g  b a n d  of the  

m olecule , the  sp ec tru m  d e te c te d  is ca lled  the  norm al R a m a n  (NR) spec trum . If 

th e  excitation f requency  is within the  a b so rb in g  b a n d ,  th e  R a m a n  sca t te r ing  is 

t rem endous ly  in c re a se d  a n d  is ca lled  r e s o n a n c e  R am an  (RR) scattering .

(b) SERS Effect

W h e n  a  m o le c u le  is a d s o r b e d  on s o m e  spec ia lly  p r e t r e a t e d  m eta l  

su rface , the  R a m a n  signal is found to b e  greatly  e n h a n c e d  by the  in teractions of 

the  exciting light, th e  a d s o rb e d  m olecule  a n d  th e  m etal su rface .  T h e  e n h a n c e d  

R a m a n  s p e c t ru m  is c a lled  th e  s u rfa c e  e n h a n c e d  R a m a n  sc a t te r in g  (S E R S ) 

spec trum . Although S E R S  w a s  found on sev era l  m eta l  su r fa c e s ,  only on  th re e  

ty p e s  of ro u g h e n e d  m etal s u r f a c e s  is a  significant S E R S  effect sh o w n  in the  

e l e c t r o c h e m i c a l  e n v i r o n m e n t . 4 T h e s e  m e ta ls  a r e  Ag, Au a n d  Cu. T he  

e n h a n c e m e n t  is up  to 5 or 6 o rd e r s  of m ag n i tu d e  in c o m p a r is o n  to norm al 

R a m a n . Ag is a  very g o o d  e le c tro d e  m ateria l with very high overpo ten tia l  for 

h y d ro g e n  evo lu t ion . It h a s  a  ve ry  w ide  p o ten t ia l  w indow  a v a i la b le  for 

e lec trochem ica l  reac tions. Au is a  noble e lec trode  material which could  b e  u s e d  

to ex am in e  e lec trode  reac tions  with quite positive redox potentia ls . C u  is not a s  

noble a s  th e  o ther  two a n d  h a s  a  very limited potential r an g e  available. T he  Ag 

su rfa c e  g iv es  a  very s trong  S E R S  effect with blue a n d  g r e e n  la se r  excitation, 

but Au a n d  Cu work well with red lase r  light.
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Mainly th e re  a re  two th e o r ie s  for s u r fa c e  e n h a n c e m e n t .4 O n e  is ca lled  

the  e lec trom agne tic  field e n h a n c e m e n t  theory  a n d  the  o ther  th e  c h a rg e  transfer  

th eo ry .  T h e  e le c t ro m a g n e t ic  field e n h a n c e m e n t  th e o ry  is b a s e d  on  th e  

am plif ica tion  of th e  e le c t ro m a g n e t ic  field th ro u g h  th e  loca l iz e d  p la s m o n  

r e s o n a n c e  within m etal particles  w hen  an  incident light sa tis fies  th e  r e s o n a n c e  

condition. T he  r e s o n a n c e  condition relies  on  th e  d ielectric  c o n s ta n t s  of the  

metal a n d  the  surrounding m edium  a n d  the  geom etry  of the  metal particles. The 

c h a rg e  tran sfe r  theory  is b a s e d  on the  interaction be tw e en  the  m olecule  a n d  the  

a tom ic  s c a le d  su rfa c e  active site. T he  interaction form s a  su rfa c e  com plex  so  

that the  p h o to -a s s is te d  c h a rg e  t ran s fe rs  from the  m olecular g round  s ta te  to the  

m eta l  Fermi level or from th e  m eta l  Fermi level to th e  m o le c u le ’s  low est  

u n o c c u p ie d  m o lecu la r  orbital (LUMO) c a n  ta k e  p lac e  (F igure  1.1). It is th e  

c h a rg e  t ra n s fe r s  b e tw e en  the m etal a n d  the  a d s o rb e d  m o lecu les  tha t  e n h a n c e  

th e  R a m a n  signal. According to the  c h a rg e  t ran s fe r  theory, th e  S E R S  intensity 

sh o u ld  d e p e n d  on e le c tro d e  poten tia l  a n d  re a c h  its m ax im um  for a  m etal-  

m olecule  r e s o n a n c e  condition. W hen  the  e n e rg y  d ifference  b e tw e e n  th e  m etal 

Fermi level a n d  the  a d s o rb e d  m o lecu le 's  HOM O or b e tw e e n  th e  a d s o r b e d  

m o le c u le 's  LUMO a n d  th e  m eta l  Fermi level is eq u a l  to  th e  e n e rg y  of th e  

excitation light, this r e s o n a n c e  condition is satisfied. S ince  th e  m etal Fermi level 

d e p e n d s  on th e  e lec trode  potential, th e  r e s o n a n c e  c a n  be  tuned . It shou ld  be  

m en tioned  h e re  that  the  intensity m ax im a of the  two ty p e s  of c h a rg e  t ra n s fe r  

sh o w  different rela tions with potential a n d  exciting frequency . For ex am p le ,  for 

th e  m olecu le  to m etal c h a rg e  transfer ,  the  m ax im a will shift to  m ore  nega tive  

potential if th e  exciting f requency  is in c reased ,  but the  m axim a will shift to m ore  

positive po ten tia l with th e  in c re a s e  of the  exciting f requency  for th e  m eta l  to 

m olecule  c h a rg e  t ransfer .4
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(c) Time-Resolved SERS

T he n o n -tim e-reso lved  S E R S  te c h n iq u e  c a n  b e  u s e d  to  s tu d y  s te a d y  

s ta te  chem is try  a t  different conditions, su c h  a s  pH, te m p e ra tu re  a n d  potential 

d e p e n d e n c e .  However, no kinetic information could be  ob tained , especially  the  

information for short-lived t ran s ien t  s p e c ie s .  T im e-re so lv ed  S E R S  is a  very 

powerful real-time in-situ de tec tion  techn ique . It a llows o n e  to  follow a  physical 

o r  c h e m ic a l  p r o c e s s ,  s u c h  a s  a d s o r p t io n /d e s o r p t io n ,  e l e c t r o c h e m ic a l  

o x id a t io n / re d u c t io n  or s u r f a c e  re la te d  c h e m ic a l  r e a c t io n  p r o c e s s e s ,  by 

obtaining S E R S  spec trum  in m s  or even  ps.

S u p p o s e  a n  e lec trochem ica l  p ro c e s s  u n d e rg o e s  an  EC m ech an ism

A + e- = B E°, k °

B —> C  kc

w h e re  E^ a n d  k°  a re  the  s ta n d a rd  e lec tro d e  potential a n d  h e te r o g e n e o u s  rate 

c o n s ta n t  for th e  e lec tron  t r a n s fe r  reac tion , respec tive ly ,  a n d  kc is th e  rate 

co n s tan t  of the  chem ical s tep . T he  S E R S  of th e  s te a d y  s ta te  a t  a  potential more 

positive than  E °  c o r re s p o n d s  to s p e c ie s  A. T he  s te a d y -s ta te  sp ec tru m  ob ta ined  

a t  a  po ten tia l m ore  n ega tive  th a n  E °  is re la ted  to s p e c ie s  C. Nothing ab o u t  

s p e c ie s  B c a n  be  ob ta in ed  from the  s te a d y  s ta te  m e a s u re m e n t ,  s ince  all B will 

b e  co n v e r ted  to C at s te a d y  sta te , a s su m in g  the  chem ica l  s te p  is not extrem ely  

slow. In this c a s e ,  the  time reso lved  techn ique  m a k e s  the  observa tion  of s p e c ie s  

B p o ss ib le .  T im e -re so lv e d  S E R S  te c h n iq u e  allow s o n e  to follow th e  w hole  

p ro ce ss ,  u n le ss  the  reaction is finished in a  few nano  s e c o n d s .  For e xam ple ,  the  

e x p e r im en ta l  resu lts  will sh o w  a  g radually  d e c r e a s e  in A's sp e c t ru m  a n d  a n  

in c re a s e  in C 's  spectrum . However, B's spec trum  will in c re a s e  at the  beginning 

a n d  then  d e c r e a s e s  after a  m aximum. Theoretically, the  d e c re a s in g  ra te  of A’s 

sp ec tru m  is directly re la ted  to the  rate of the  e lectron transfer  s te p  a n d  the  rate
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of the  chem ica l  s te p  could  b e  ob ta ined  from the  intensity profiles of s p e c ie s  B 

a n d  C. It is poss ib le  to find un ique  b a n d s  for e a c h  s p e c ie s  s in c e  S E R S  is a  

highly re so lv e d  vibrational sp e c tru m . S o m e tim e s ,  th e  well-defined  s p e c t r a  of 

s p e c ie s  A a n d  C c a n  be  s u b tra c te d  from th e  mixture 's  s p e c t ra  so  tha t  a  "pure" 

spec trum  of s p e c ie s  B could b e  ob ta ined  a n d  this in turn m a k e s  it p o ss ib le  to 

ana lyze  th e  structure  of the  uns tab le  s p e c ie s  B.

F o r  m o re  c o m p l ic a t e d  e le c t r o c h e m ic a l  p r o c e s s e s  t im e - r e s o lv e d  

tec h n iq u e s  b e c o m e  e v e n  m ore important in the  e lucidation of the  kinetics a n d  

m ec h a n ism s  a n d  this will be  d ic c u s s e d  in later ch ap te rs .
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Section 1.3 Interpretation of Raman Spectra

A R a m a n  sp e c tru m , like a n  IR sp e c tru m , is of th e  vibrational type. It 

p ro v id e s  inform ation a b o u t  th e  d e ta i ls  of th e  s t ru c tu re  of th e  c o m p o u n d s  

e x a m in e d .  T h e re fo re ,  it c a n  be  u s e d  for "identifying u n k n o w n  s u b s ta n c e s ,  

de tec ting  particu lar  a tom ic  g ro u p s  a n d  bond  ty p e s  linking th e  a to m s ,  defining 

th e  geom etric  s truc ture  of m olecules, an d  total ana ly s is  of v ibrations."13

A s im ple  w ay  to identify a n  u n know n  s u b s t a n c e  is to c o m p a r e  its 

sp ec tru m  with a  library of the  s p e c t ra  of known c o m p o u n d s  a n d  se lec t  th e  o n e  

which h a s  a n  identical s p e c t ru m  a s  th e  c o m p o u n d  e x a m in e d ,  s in c e  only 

m o lecu les  with the  s a m e  atom ic configuration have  identical sp ec tra .  How ever, 

this sim ple spec trum -m atch ing  m ethod  is not com m only  u s e d  b e c a u s e  libraries 

of R a m a n  s p e c t r a  a re  not yet sufficiently ava ilab le  for th is  p u rp o s e  u n le s s  th e  

unknow n s u b s ta n c e s  a re  known to b e  in s o m e  sp ec ia l  c a te g o r ie s .13 T h u s  the  

interpretation of R am an  sp e c t ra  b e c o m e s  very important for s truc tu re  ana ly s is  of 

unknow n  s u b s ta n c e s .  T h e  in terp re ta tion  of R a m a n  s p e c t r a  is b a s e d  on  the  

normal m ode  analysis.  A non-linear m olecule  that  c o n s is ts  of N a to m s  h a s  3N-6 

norm al vibrations. As m en tio n ed  before , the  R a m a n  shifts c o r r e s p o n d s  to the  

en e rg y  d iffe rences  be tw een  the  first exc ited  vibrational s ta te s  a n d  g round  s ta te .  

T he  f re q u e n c ie s  of th e s e  vibrations c a n  be  ca lcu la ted  for s im ple  m o lecu les  with 

high sym m etry ,  but s u c h  a  ca lcu la tion  is not o f ten  m a d e  s in c e  it re q u i re s  

information on th e  s p a c e  a r ra n g e m e n t  of the  a to m s  within th e  m olecule  a n d  on 

fo rce  c o n s t a n t s  a n d  th is  kind of in fo rm ation  is no t a lw a y s  a v a i la b le  for 

com plica ted  m olecu les . However, the  s p e c t ra  of com plica ted  m o lecu le s  c a n  be  

in te rp re ted  by using information ob ta in ed  from sim ple m o lecu le s  a n d  empirical 

know ledge. T he  interpretation is b a s e d  on  th e  c o n c e p t  of localized v ibra tions .13
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If, owing to the  excitation of o n e  normal vibration of the  molecule, o n e  m olecular 

fragm en t osc il la tes  m uch g re a te r  than  o ther  g ro u p s  of a to m s ,  then  this vibration 

is sa id  to b e  a  localized vibration. This is c a u s e d  by the  w e a k  coupling be tw e en  

this pa rt  of th e  m o lecu le  a n d  o th e r  c o m p o n e n ts .  As a  result, its vibrational 

frequency  will b e  a ffec ted  only slightly by the  substitu tion on the  o th e r  p a r ts  of 

the  m olecule. Thus  this f requency  c a n  be  c h o s e n  a s  a  charac te r is t ic  criterion for 

th e  identification of th e  g r o u p .1 3 1 6  T he  b a s ic  s tru c tu re  of th e  c o m p lic a ted  

m o lecu le  c a n  b e  built up  by us ing  empirical know ledge  to put to g e th e r  all th e  

information abou t the  functional g roups,  the  m olecular weight a n d  the  empirical 

formula. Of c o u rs e ,  all th e  information ava ilab le  for the  c o m p o u n d ,  s u c h  a s  

melting point, boiling point, acidic or bas ic  d issociation  co n s tan t ,  etc., would be  

helpful for the  struc ture  analysis.

It is obv ious  tha t  a  b e tte r  u n d e rs ta n d in g  of th e  vibration m o d e s  of b a s ic  

m o lecu le s  with different ty p e s  of sym m etry  will b e c o m e  th e  b a s e s  for spec tra l  

in te rp re ta tion  a n d  s tructura l a n a ly s is .2 1 4  T he  different se lec tion  ru les for the  

t rans it ions  a llow ed in e a c h  c a s e  m ake  the  d iffe rence  b e tw e e n  R a m a n  a n d  IR 

s p e c t ro sc o p ie s .  For th o s e  m o lecu le s  with a  c e n te r  of sym m etry , a  vibration 

which is IR active ((d |i/dQ)*0) is inactive in R a m a n  sp ec tru m  a n d  vice ve rsa .  In 

the  c a s e  of m olecu les  without a  c e n te r  of sym m etry , a  n u m b er  of v ibrations can  

a p p e a r  in bo th  s p e c t r a  but the ir  relative in te n s i t ie s  in e a c h  s p e c t ru m  a re  

different. For e x a m p le ,  th e  v ibrations of strongly polar  g ro u p s  a re  m ore  easily  

o b s e r v e d  in IR, bu t th e  d o u b le  a n d  triple b o n d s  a n d  th e  c a rb o n - s k e le to n  

vibrations a re  be tte r  s e e n  in R am an.

A ccord ing  to q u a n tu m  theo ry , th e  in tens ity  of a n  in fra red  b a n d  is 

proportional to the  s q u a re  of the  transition m om ent
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JvfVVidx
w h e re  \j/j* is th e  w avefunc tion  of th e  g ro u n d  vibrational s t a t e  a n d  \|/f* the

com plex  c o n ju g a te  of the  wavefunction of the  final vibrational s ta te  involved in 

the  transition. T he  integral m ust b e  non-zero  in o rder  for the  transition to

be  infrared active. In g ro u p  theory, this m e a n s  tha t  th e re  m ust  b e  a t leas t  o n e  

c o m m o n  irreducib le  r e p re s e n ta t io n  c o n ta in e d  in both  th e  r e p r e s e n ta t io n s  of 

product a n d  p. The c h a ra c te r s  of the  rep re sen ta t io n s  of th e  dipole m om ent

vec to r  for a  point g roup  a re  given by14

Xm (R) = ±1 + 2coscp (1.9)

w here  R is a n  e lem en t  or opera tion  of the  point group, <p is th e  an g le  of rotation. 

T he  se lec tion  o f "+" o r s i g n  in the  e q u a t io n s  d e p e n d s  on the  property  of the  

rotation. T he  "+" sign is c h o s e n  for p roper  rotations a n d  for im proper rotations 

which is a  p ro p e r  rotation followed by a  reflection in a  p la n e  p e rp e n d icu la r  to 

the  ax is  of rotation. A reflection by a  p lane  of sym m etry  is a n  im proper rotation

th rough  a n  an g le  of z e ro  d e g re e .  T he  c h a ra c te r s  of th e  re p re s e n ta t io n s  of the  

product a re  given by the  direct product of the  c h a ra c te r s  of \|/f* with vj/j an d  

a re  the  s a m e  a s  the  c h a ra c te r s  of ij/f* s in c e  v|/j is totally sym m etric  to the  point

g ro u p  a n d  its c h a r a c te r s  a re  all unity. T h u s  it is n e c e s s a r y  in a n  IR ac tive  

vibration that  the  rep resen ta tion  of the  vibration con ta in s  a t least  o n e  irreducible 

rep resen ta tion  com m on  to the  dipole m om ent vector.

Similarly a  R a m a n  allowed transition requ ires  tha t  th e  rep re sen ta t io n  of 

the  vibrations involved co n ta in s  at least o n e  irreducible rep re sen ta tio n  com m on  

to the  polarization ten so r .  The c h a ra c te r s  of the  rep re sen ta tio n  of polarizability 

a re  given b y 14

Xa(R) = 2 ± 2cos<p + 2cos2<p (1.10)
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w here  all th e  sym bols  have  the  s a m e  m ean in g s  a s  d e s c r ib e d  above.

S in c e  th e  c o m p o n e n t s  of th e  d ipole  m om en t v e c to r  p , p x , py a n d  p 2

transform  in the  s a m e  way a s  the  c o m p o n e n ts  of the  s p a c e  vecto r  p, x, y a n d  z, 

a n d  the  c o m p o n e n ts  of the  polarization te n s o r  a ,  a xx, a X y ,  etc., t ran sfo rm  the

s a m e  way a s  th e  p ro d u c ts  of two C a r te s ia n  c o o rd in a te s ,  xx, xy, e tc . ,  th e  

se lec tion  rules a re  a lso  e x p re s s e d  a s  follows.13'14

(1) T he  fundam en ta l  vibration is active in IR if the  re la ted  norm al vibration 

b e lo n g s  to  the  s a m e  rep resen ta tion  a s  o n e  of the  C a rtes ian  coord ina tes .

(2) T he  fu n d am en ta l  vibration is active in R a m a n  if the  re la ted  norm al 

vibrat 'on b e lo n g s  to the  s a m e  rep resen ta tion  a s  o n e  or severa l  p roducts  of the  

C a r te s ian  coo rd ina tes .

As a n  exam ple ,  the  sym m etry  of e thy lene  is given here. Ethylene 

b e lo n g s  to point g ro u p  D2 h which is lis ted  in T a b le  1.1. T h e  n u m b e r  of

irreducib le  r e p re s e n ta t io n s  a p p e a r in g  in the  reduc ib le  r e p re s e n ta t io n  c a n  be  

found  with e q u a t io n  1417

N i= (1 /h )Z ne x r (R)Xi(R) (1.11)

w h e re  h is th e  o rder  of the  point group, ne  is the  n u m b er  of e le m e n ts  in e a c h  

c la s s ,  Xr(R ) is th e  c h a ra c te r  of the  reducible rep resen ta tion  for th e  opera tion  (R), 

Xi(R) is the  c h a ra c te r  of the  irreducible rep resen ta tion  type i for the  opera tion  (R) 

a n d  the  sum m ation  is over  all of the  c la s s e s .  Then  the  reducible  rep re sen ta t io n s  

of dipole m o m e n t  a n d  polarizability can  b e  red u c e d  a s
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Table  1.1 C h a ra c te rs  of the  Irreducible R e p re se n ta t io n s  of

° 2 h I °xy °x z  °y z i C 2 z C 2 v C 2x

Ag 1 1 1 1 1  1 1 1 «xx ^YV'^ZZ

Au 1 -1 -1 -1 -1 1 1 1

B 10 1 1 -1 -1 1 1 -1 -1 Rz- a xv

B 1u 1 -1 1 1 -1 1 -1 -1 z

B 2 o
1 -1 1 -1 1 1 -1 Ry. a xz

B 2 u 1 1 -1 1 -1 -1 1 y

B3 a 1 -1 -1 1 1 -1 -1 1 Rx. a vz

B 3 u 1 1 1 -1 -1 -1 -1 1 x

Xm(r ) 3 1 1 1 -3 -1 -1 -1

Xa(R ) 6 2 2 2 6 2 2 2

X m ( r ) = X b i u ( r )+ X b 2 u ( r )+ Xb 3 u ( r )

or  T m = B 1u + B2 u + B3 u

which m e a n s  th a t  only t h o s e  v ib ra tions  con ta in ing  a t lea s t  o n e  of th e  th re e  

irreducible rep resen ta tions ,  B-ju , B2u or B3 U are  IR active.

a n d  Xa ( R ) = 3 X Ag (R ) + X B 1 g ( R ) + X B 2 g ( R ) + X B 3 g ( R )

Or T a  = 3 A g  +  B - | g  +  B 2 g  +  B 3 g

which m e a n s  tha t  only th o s e  v ib ra tions  con ta in ing  a t  le a s t  o n e  of th e  four 

irreducible rep re sen ta tio n s ,  Ag , B ^ ,  B2g or B3g a re  R a m a n  active.

T he  n u m b e r  of no rm al v ib ra t ions  of e th y le n e  is 3N -6= 12 . Let th e  

s t r e tc h in g  of th e  C-H b o n d s  b e  v(1), v(2), v(3) a n d  v(4), t h e  m o tio n s  

p e rpend icu la r  to them  b e  y(1), y(2), y(3), y(4) a n d  z(1), z(2), z(3), a n d  z(4) a n d
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the  stre tching of th e  C-C bond  b e  V(1) a n d  V(2) a n d  the  pe rpend icu la r  m otions 

b e  Y(1), Y(2), Z(1) an d  Z(2). Then  the  c h a ra c te r  of the  reducib le  rep resen ta tion  

for the  opera tion  (R) is given by 214

X(R)=(Ur -2)(1 +2coS(p) (1.12)

for a  p roper  rotation an d

X(R)=UR(-1+2cos<p) (1.13)

for a n  im p ro p e r  ro tation, w h e re  U r  is n u m b e r  of a to m s  u n sh if ted  by the  

sym m etry  o pera t ion  (R) a n d  cp is the  an g le  of rotation. T he  c h a ra c te r s  of th e  

reducible rep re sen ta tio n  of the  vibrations a re  listed in Table  1.2 a n d  re d u c e d  to 

the  irreducible rep re sen ta tions ,

T  =  3 A g  +  A u  + 2 B 1g + B 1u + 2 B2u + B3g + 2B 3u

Table  1.2 C h a ra c te rs  of Normal M ode Vibrations of Ethvlene

D2h I ^xy Gxz Gy Z i c 2z C 2 y C 2x

Ur 6 6 0 2 0 0 2 0

±1+2cos<p 3 1 1 1 -3 -1 -1 -1

x(R) 12 6 0 2 0 2 0 2

T h e  w a v e fu n c t io n s  of t h e s e  no rm al v ib ra t io n s  c a n  b e  o b ta in e d  by 

projecting th e  in ternal co o rd in a te s .  The projecting o p e ra to r  of th e  irreducible 

rep resen ta tion  type  i is given by 14*17

P j= N Z x i ( R ) R  ( 1 1 4 )

w here  N is a  normalizing factor, R is a  sym m etry  ope ra to r  a n d  th e  sum m ation  is 

ov e r  all e le m e n t  in the  point group. For Ag sym m etry  th e  th re e  w avefunc tions

a re
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VAgO )=(1/V6){[V(1 )+V(2)]+[v(1 )+v(2)+v(3)+v(4)]}

V A g(2)= (1^6){[V (1)+V(2)]-[v(1)+v(2)+v(3)+v(4)]}

VAg(3)=(1/2)[y(1)-y(2)+y(3)-y(4)]

T he o th e r  R a m a n  active vibrations a re  given a s  follows, 

VB 1g(1)=(1/2)[v(1)-v(2)+v(3)-v(4)] 

M/Blg(2)=(1/V6){[Y(1)+Y(2)]-[y(1)+y(2)+y(3)+y(4)]} 

v|/B3 g = (1/V6){[z (1 )-Z(2)]-[z(1 )+z(2)-z(3)-z(4)]} 

a n d  the  IR active vibrations

VB1u=(1/V6)Uz (1)+z (2)Hz(1)+z(2)-z(3)-z(4)]}

V B 2 u ( 1 ) = ( 1 / 2 ) [ v ( 1 ) + v ( 2 ) - v (3 ) - v (4)]

V B2u(2)=(1/2)[y(1)-y(2)-y(3)+y(4)]

y B3 U(1)=(1/2)[v(1)-v(2)-v(3)+v(4)]

VB3u(2)=(1/V6){[Y(1)-Y(2)]-[y(1)+y(2)-y(3)-y(4)]}

a n d  a  vibration which is neither IR nor R a m a n  active 

VAu=(1/2)[z(1)-z(2)+z(3)-z(4)]

Figure  1.2 g ives  th e  normal m o d e s  of th e s e  vibrations.

As the  s e c o n d  ex am ple ,  The norm al m o d e s  an a ly s is  resu l ts  for pyridine 

a re  s u m m a riz e d  in Figure 1.3, 1.13,14,16,18-22 w h e re  th e  norm al m o d e s ,  their 

sy m m e tr ie s  a n d  f re q u e n c ie s  a re  listed s ince  the  f req u en cy  a s s ig n m e n t  will be  

u s e d  la te r  for th e  e x p e r im e n t  r e s u l ts  in te rp re ta t io n .  Pyrid ine  is a  p la n a r  

m olecu le  be longing  to point g roup  C 2v. T h e re  27 vibrational norm al m o d e s  all 

to ge the r .  T h e s e  m o d e s  c a n  b e  c lassif ied  into b o n d  s tre tch ing  m o d e s  (v), ring 

a n g le  ch a n g in g  m o d e s  (a), CC bond  out-of-p lane  motion m o d e s  (<j>), CH bond  

in -p lane  b a n d in g  m o d e s  (p) a n d  CH b o n d  ou t-o f-p lane  b a n d in g  m o d e s  ( y ) .  

T h e re  a re  four irreducib le  r e p r e s e n ta t io n s  in C 2 v: A1 , A2 , B-i, a n d  B2 . T he
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c h a r a c t e r s  of th e  d ipo le  m o m e n t  a n d  polarizabili ty  a r e  c a lc u la te d  easi ly  

accord ing  to e q u a t io n s  (1.9) a n d  (1.10) a n d  given in T ab le  1.3 to g e th e r  with the  

i rreducib le  c h a r a c te r  tab le  of C 2 v a n d  th ey  c a n  b e  r e d u c e d  a c c o rd in g  to 

equa tion  (1.11),

Tm = Ai  + Bi + B2 ( 1 1 5 )

a n d

r a  = 3Ai + A2 + B t + B2 (1.16)

It is obv ious  from e q u a tio n s  (1.15) a n d  (1.16) that transitions  with Ai, B 1 a n d  B2 

s y m m e tr ie s  a re  a llow ed for IR but with A2 sy m m etry  a r e  forb idden . All the  

transit ions  a re  symmetrically allowed for R am an .

Table  1.3 C h a ra c te r  Table  of C 2v Point G roup

C 2v I C 2 Oxz Oyz

A1 1 1 1 1

a 2 1 1 - 1 - 1

B 1 1 - 1 1 - 1

b 2 1 - 1 - 1 1

XM 3 - 1 1 1

X a 6 2 2 2



Section 1.4 Experimental Considerations

T h e  t im e - re s o lv e d  S E R S  t e c h n iq u e s  inc lude  o n e - s h o t  a n d  multi­

e x p o s u r e  e x p e r im e n t s .  T h e  o n e - s h o t  e x p e r im e n t  is s u i ta b le  for t h o s e  

c o m p o u n d s  which h a v e  in tense  S E R S  signal a n d  the  d a ta  acquisition  tim e for 

th is  ex p e r im e n t  is usually  longer than  milliseconds. T h e re  is no restriction on 

th e  reac tion  ty p e s  for o n e -sh o t  experim ent, i.e., all revers ib le , irreversible a n d  

q u as i- rev e rs ib le  reac tions  could  b e  s tud ied  if they  have  s trong  S E R S  sp ec tra .  

T he  m ulti-exposure  experim en t c a n  be u sed  to d ea l  with th o se  c o m p o u n d s  with 

w e a k  S E R S  s p e c t r a  or to obtain  m uch  s h o r te r  t im e- re so lv e d  S E R S  s p e c t ra ,  

su c h  a s  in micro s e c o n d s  or e v e n  in nan o  s e c o n d s  for th o s e  c o m p o u n d s  which 

h a v e  very in te n se  S E R S  signals . However, o n e  thing which h a s  to b e  kept in 

m ind is th a t  th e  resu lt  of th e  m ult i-exposure  ex p e r im e n t  is o b ta in e d  by c o ­

a d d in g  s e v e r a l  h u n d r e d s  or t h o u s a n d s  m e a s u r e m e n ts ;  th e re fo re ,  it is a n  

a v e r a g e  of t h e s e  m e a s u r e m e n ts .  For a  revers ib le  expe rim en t ,  th e  m ulti-shot 

e x p e r im e n t  w orks  a s  well a s  th e  o n e -s h o t  e x p e r im e n t  a n d  p r o d u c e s  t ru e  

information ab o u t  the  chem ica l  p ro c e s s .  However, for the  irreversible reactions , 

be fo re  th e  new  m e a s u r e m e n t  efforts h a v e  to  b e  m a d e  to e lim inate  th e  effect 

com ing  from th e  p ro c e e d in g  m e a s u r e m e n ts ,  i.e., to g e t  rid of th e  p ro d u c ts  

p ro d u ce d  in the  p ro ceed in g  m e a s u re m e n ts .  Unlike th e  m e a s u r e m e n ts  m a d e  in 

solu tion  w h e re  th e  p ro ce e d in g  effect c a n  b e  easily  rem o v e d  by flowing th e  

solution, S E R S  m e a s u r e s  the  m o lecu les  a d s o rb e d  on the  m eta l  s u r fa c e  which 

c a n  not b e  rem o v e d  by simply flowing the  solution. In o rd e r  to  g e t  rid of the  

p roduct p ro d u c e d  in p reced ing  m e a s u re m e n t ,  a  re-p re trea ting  poten tia l p u lse  

is ap p lied  on th e  e le c t ro d e  a f te r  e a c h  m e a s u r e m e n t .  This r e -p re t r e a tm e n t  

e n s u r e s  tha t  every  m e a s u re m e n t  s ta r ts  from the  s a m e  conditions s o  tha t  the  c o ­

a d d e d  resu lts  c a n  reflect the  real situation.
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T h ere  a re  two configurations of the  experim ental se tup , o n e  for potential- 

initiated t im e-reso lv e d  S E R S  a n d  th e  o th e r  for photo-in itia ted  t im e-reso lv ed  

S E R S  m e a s u r e m e n ts .  T he  ex p e r im en ta l  s e tu p  for a  po ten tia l-in itia ted  tim e 

reso lved  S E R S  m e a s u re m e n t  is show n  in Figure 1.4. In this configuration, the  

pertu rb ing  s ignal is a n  e le c tro d e  po ten tia l  p u lse  w hich is g e n e r a t e d  by a  

w aveform  g e n e ra to r  (175 PARC) a n d  applied  on the  Ag working e lec tro d e  in a  

specia lly  d e s ig n e d  th re e -e le c t ro d e  e lec trochem ica l  cell th rough  a  po ten t io s ta t  

(173 PARC). T he  R am an  detec tion  sys tem  includes  an  Argon ion lase r  (Spectra  

P h y s ics  Model 164), a  SPE X  trip lem ate  m onoch rom ato r ,  a  g a te d  pho tod iode  

a rray  d e te c to r  (EG&G PAR Model 1455), a  d e te c to r  in te rface  (OMA, EG&G 

PA RC Model 1461), a  M acintosh c o m p u te r  a n d  s o m e  photo  len se s .  T he  laser  

light is fo c u s e d  first by a  focus ing  lens ,  w hich th en  i r rad ia te s  th e  working 

e le c t ro d e  s u r f a c e  with a n  a n g le  a b o u t  45  d e g r e e s .  T h e  sc a t te r in g  light is 

co llec ted  in th e  right an g le  an d  fo c u se d  on to  the  e n t r a n c e  slit of th e  trip lem ate  

by two le n s e s  with large  d iam e te r  a n d  short focal length. T he  pho tod iode  array 

d e te c to r  m o u n te d  on  th e  trip lem ate  is g a te d  by a  pu lse  amplifier ( EG&G PAR 

Model 1304) which is in turn controlled by the  M acintosh c o m p u te r  th rough  the 

d e te c to r  in terface. T he  d e tec to r  pulsewidth (da ta  acquisition time), time de lay  

a n d  n u m b e r  of repea ting  cyc les  is se t  th rough a  c o m p u te r  p rogram , MacOMA. 

T h e  synchron iza tion  of the  potentia l p u lse  a n d  the  d e te c to r  pu lse  is m a d e  by 

triggering the  w aveform  g e n e ra to r  an d  the  d e te c to r  in terface with a n o th e r  signal 

g e n e ra to r  which d e te rm in e s  the  recycle time.

Figure 1.5 s h o w s  the  configuration of the  experim enta l  s e tu p  for a  photo 

initiated t im e-re so lv e d  S E R S  m e a s u r e m e n t .  C o m p a re d  to th e  configuration  

given in Figure 1.4, a n o th e r  nitrogen p u lsed  la se r  is a d d e d  to the  sy s te m  an d
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th e  w aveform  g e n e ra to r  a n d  th e  signal g e n e ra to r  a re  tak e n  out. For th e  photo  

initiated experim ent, the  nitrogen lase r  light p u lse s  a re  u s e d  a s  pum ping p u lse s  

to initiate the  reaction a n d  the  Argon CW  light a s  a  probing light to m e a s u r e  the 

t im e-reso lved  S E R S  spec tra ;  the  e lec trode  potential is se t  to a  c o n s ta n t  value. 

The cho ice  of f req u en c ie s  of lase r  light a n d  the  e lec trode  potential d e p e n d s  on 

the  c o m p o u n d s  m e a s u re d  a n d  o ther  experim en ta l  conditions su ch  a s  pH value 

a n d  e le c t ro d e  m a te r ia ls .  F u r th e rm o re ,  th e  f r e q u e n c ie s  a n d  th e  e le c t r o d e ­

po ten tia l a re  a lso  c o rre la ted  to e a c h  o ther. T he  cho ice  of th e  ex p e r im e n ta l  

cond it ions  is very important. In o rder  to g e t  the  b e s t  expe r im en ta l  resu lts ,  the  

following principles h a v e  to b e  kept in mind: (1) an  e lec trode  potential is c h o se n  

at which the  pum ping  light c a n  induce  a  pho toe lec trochem ica l  reac tion  but the  

probing light c a n  not; (2) the  e le c tro d e  potential is c h o s e n  within th e  region 

required by (1) to ge t  the  bes t  su rface  e n h a n c e m e n t  effect.

In th e  photo  initiated t im e-reso lved  S E R S  experim en ts ,  the  nitrogen laser  

pu lse  works a s  both a  reaction initiator an d  a  m as te r  controller. Its pu lsed  light is 

fo c u se d  on th e  working e lec trode  to initiate the  pho toe lec trochem ica l  reaction 

a n d  a  small fraction of th e  p u lse s  is u s e d  to trigger the  OMA controller interface 

to synchron ize  th e  detection. The probing light is fo cu se d  on th e  s a m e  point a s  

the  pu lse  light a n d  its focus spo t is a  little bit sm aller  than  that  of the  pu lse  light 

to m ak e  s u re  tha t  only signal com ing from th e  pho to lysed  a r e a  a re  m e a s u re d .  

T he  e lec trode  potential is kept at a  fixed value  th roughout th e  experim ent. As in 

th e  poten tia l  initiated e x pe r im en t ,  th e  d e te c to r  pu lsew id th  (d a ta  acquis ition  

time), tim e d e lay  a n d  n u m b e r  of rep ea t in g  cy c le s  a re  con tro lled  th ro u g h  a  

MacOMA program .
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Section 1.5 A Brief Review of the Applications of Time- 
Resolved Raman Spectroscopy in Chem istry and 

Biochemistry

T im e-reso lved  R a m a n  spec tro scopy , espec ia lly  t im e-reso lved  r e s o n a n c e  

R a m a n  sp e c t ro sc o p y ,  h a s  b e e n  u s e d  to s tudy  o rgan ic  c o m p o u n d s ,  inorganic  

com plex , a n d  im portant biological m o lecu les .  For ex am p le ,  b ac te r io rhodopsin  

(bR), w hich is a  pro te in  c o n ta in e d  in th e  cell m e m b r a n e  of h a lo b a c te r iu m  

halobium  which c o n v e r ts  visible light into chem ica l  energy , w a s  s tud ied  by the  

t im e - re so lv e d  r e s o n a n c e  R a m a n  s p e c t r o s c o p y  us ing  sa m p le -f lo w in g 23 a n d  

p ic o - s e c o n d  p u l s e d  la s e r  t e c h n iq u e s ,24 resp ec tiv e ly .  T h e s e  e x p e r im e n ta l  

resu l ts  further confirm ed  th e  m e c h a n ism  of th e  pho tocyc le  p ro p o s e d  by o ther  

r e s e a r c h e r s 2 5 2 8 ,

bR570 + hv -> K610 -» L550 -» M412 + H+ -> 0640 - *  bRszo

T he  c o n fig u ra t io n s  of retinal a n d  b - c a r o te n e  i s o m e rs  in th e  low est-  

exc ited  trip le t-s ta te  w ere  s tud ied  by t im e-reso lved  R a m a n  s p e c t ro s c o p y  with 

direct flash- pho to lys is .29 Two kinds of triplets, "all-trans-like" triplet a n d  "9-cis- 

like” triplet, w ere  de tec ted .

T im e - re s o lv e d  r e s o n a n c e  R a m a n  s p e c t r o s c o p y  w a s  a ls o  u s e d  in 

d e te c t io n  of th e  in te rm e d ia te s  of c y to c h ro m e  q  o x id a s e  du ring  th e  ca ta ly tic  

reduction of ox y g en .30 C ytochrom e q  ox id ase  is a n  e n z y m e  with dua l functions: 

ca ta lys is  for reduction of m olecular oxygen  to w a te r  a n d  proton t ran s fe r  coup led  

with e lec tron  tran sfe r .31 T he  s p e c t ra  of the  p ho to -reduced  in te rm ed ia te s  in both 

ae ro b ic  a n d  a n a e ro b ic  conditions w ere  ob ta ined  by com par ing  th e  s p e c t r a  with 

cell sp inning a n d  without cell spinning. T he  o x y g e n a te d  in te rm edia te  during the
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cataly tic  reduction  of oxygen  w a s  d e te c te d  by us ing  a  Mixed Flow T rans ien t  

R a m a n  A ppara tu s  a n d  a  CW  laser.

S in ce  m ost  biological m o lecu les  a b s o rb  UV light an d  th e re fo re  p ro d u ce  

very in te n se  r e s o n a n c e  R a m a n  signal, UV re s o n a n c e  R a m a n  h a s  b e e n  found 

very  use fu l  in prob ing  biological m o lecu le s .  A very g e n e ra l  app lica t ion  of 

R a m a n  sp e c t ro sc o p y  in th e  s tudy  of biological m o lecu le s  w a s  m a d e  by T. G. 

Spiro  a n d  c o -w o rk e rs ,32 w h ere  the  fourth ha rm on ic  line of a  YAG la s e r  (266 

nm) a n d  the  first, s e c o n d ,  a n d  third an ti-S tokes  H2-shifted lines (240, 218, a n d  

200  nm) a re  em p lo y ed  a s  th e  probing w av e len g th s .  G ood  quality s p e c t ra  w ere  

o b ta in e d  at t h e s e  w a v e le n g th s  for p ro te in s ,  a n d  the ir  c o n s t i tu e n t  pep tide ,  

phen y la lan in e ,  ty ros ine , a n d  t ryp tophan  c h ro m o p h o re s ,  a n d  a ls o  for nucleic  

a c id s  a n d  th e  n uc leo t ides .  P rob ing  in different a b s o rp t io n  b a n d s  se lec tive ly  

e x c i te s  s o m e  of the  R a m a n  b a n d s ,  which give rise to  in te n s e  s igna ls ,  a n d  

m a k e s  th e  s p e c t r a  look different. The pH va lue  of the  solution a n d  iso to p e s  of 

the  so lvent w ere  a lso  found to have  effects  on the  r e s o n a n c e  R a m a n  s p e c t r a  of 

s o m e  biological c o m p o u n d s .  T he  t im e- re so lv e d  s tudy  w a s  f o c u s e d  on  th e  

h e m o g lo b in ,33 34 a n d  m yoglobin ,35 36 p h o todynam ics .  N a n o s e c o n d  a n d  e v e n  

p ic o s e c o n d  R a m a n  s p e c t r a  w ere  m e a s u r e d  a n d  a  T-like q u a te rn a ry  s truc tu re  

w a s  found  to  b e  fo rm ed  within 7 n s  of th e  p h o to ly s is  of h em o g lo b in  C O  

com plex .

T h e  r e s o n a n c e  R a m a n  te c h n iq u e  w a s  a lso  u s e d  to s tudy  a n  en z y m e -  

s u b s t r a te  in te rm e d ia te .37 T he  stim ula ted  an ti -s to k es  R a m a n  line of hydrogen , 

238  nm, which w a s  g e n e ra te d  by the  fourth ha rm on ic  of th e  YAG laser, w a s  

u s e d  a s  th e  probing light in o rder  to ge t  the  b e s t  r e s o n a n c e  effect a n d  to  avoid 

the  influence of th e  a rom atic  re s id u e s  on the  spectrum . A micro-mixing-flowing
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flowing slowly through a  micro R a m a n  cell to avoid d eco m p o s in g  of the  sam ple .

H orse rad ish  p e ro x id a se  (HRP) is o n e  of the  h em o p ro te in s  which contain 

p ro to h e m e  IX at the  active site. It c a ta ly z e s  the  oxidation of va rious  s u b s t r a te s  

by using peroxide  a s  oxidant.38 39 The reaction m ec h a n ism  is p ro p o se d  a s  

PFe(lll) + H20 2 - » comp(l) 

comp(l) + AH -> comp(ll) + A 

comp(ll) + AH —> PFe(lll) + A 

R e c e n t  t im e-reso lv ed  r e s o n a n c e  R a m a n  sp e c t ro sc o p ic  s tu d ie s  on th e  native 

H R P, h e m e -su b s t i tu te d ,  m a g n e s iu m -s u b s t i tu te d  H R P s ,40 41 a n d  O 18 iso tope-  

s u b s t i tu t e d  H R P ,42 -45 s h o w e d  th a t  a  F e (IV )= 0  b o n d  w a s  fo rm e d  in th e  

in te rm edia te  comp(ll). T he  frequency  of the  F e = 0  stre tch ing  vibration d e p e n d s  

on  th e  h e m e  subs ti tu tes  a n d  the  pH va lue  of th e  buffered solution.

T im e-re so lved  r e s o n a n c e  R a m a n  sp e c t ro sc o p y  w a s  u s e d  to s tu d y  the  

first exc ited  singlet s ta te  of t ran s -s t i lb en e46 50 which is transitional s ta te  during 

th e  s t i lb en e  c is - t r a n s  isom eriza t ion  a n d  th e  o b s e rv e d  s ing le t  s ta t e  R a m a n  

b a n d s  h a v e  b e e n  a s s ig n e d  accord ing  to norm al-coord inate  ca lcu la t ions .51

T im e-reso lved  r e s o n a n c e  R a m a n  sp e c t ro sc o p y  is a lso  a  very im portant 

tech n iq u e  in the  s tu d ie s  of photochrom ism . S o m e  c o m p o u n d s  c a n  c h a n g e  their 

co lo rs  upon  irradiation of UV light a n d  this behav io r  could  be  u s e d  a s  optical 

reco rd ing  m e d ia  for im a g e  a n d  d a t a  s to r a g e  a n d  retr ieval s y s te m s .  T he  

p h o to c h ro m ic  p r o c e s s e s  h a v e  b e e n  s tu d ie d  by t im e - re s o lv e d  r e s o n a n c e  

R a m a n  sp e c t ro sc o p y  an d  m ore  information ab o u t  th e  s truc tu re  of th e  t ran s ien t  

s p e c i e s  a n d  th e  pho tochrom ic  m e c h a n is m s  of t h e s e  c o m p o u n d s  h a v e  b e e n
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o b ta in e d .52

A n o th e r  v e ry  in te r e s t in g  a p p l i c a t io n  of t im e  r e s o l v e d  R a m a n  

s p e c tro sc o p y  is the  m e a s u re m e n t  of the  dynam ics  of energy-partitioning a m o n g  

different vibrational m odes ,  o n e  of them  being u n d e r  r e s o n a n c e  excitation.53 55 

T h e  ex p e r im e n t  is b a s e d  on the  sim ple  re la tionsh ip  b e tw e e n  th e  in teg ra ted  

s p o n ta n e o u s  R a m a n  b a n d  signal Ij an d  the  a v e ra g e  vibrational energy  e( s to red  

in the  Vj m ode  being p robed  

IjAS = Aej/hVj 

for the  an ti-S tokes  b a n d s  a n d  

Ijs  = Bd+ej/hVj)

for th e  S to k e s  b a n d s .  T he  m olecu les  w ere  exc ited  by C 0 2 la s e r  radiation and  

the  R a m a n  spec trum  w a s  p ro b ed  by the  s e c o n d  harm onic  of Nd:YAG la s e r  an d  

r e c o r d e d  by b o th  p h o to n -c o u n t in g  a n d  m u lt ic h a n n e l  s y s te m s .  T h e  tim e 

reso lu tion  w a s  10 ns. T h e  e x p e r im e n t  found  th a t  during  th e  collision th e  

m o lecu la r  e n e rg y  red is tr ibu tes  a m o n g  all th e  m o d e s  a n d  t ra n s fe r s  from the  

h igh-frequency m o d e s  to  the  low-frequency m o d e s .55
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Section 1.6 Research Work in this Thesis

In th is  th es is ,  th e  adso rp tion , e lec tro reduc tion  a n d  e lec troox idation  ot 

s e v e ra l  c o m p o u n d s  a re  to b e  in ves t iga ted  by t im e-reso lv e d  S E R S ,  e le c tro ­

ch e m is try  a n d  digital sim ulation. T he  m ain p u r p o s e  of th is  r e s e a r c h  is to 

d e m o n s t r a te  th e  p o w e r  of t im e-reso lv ed  S E R S  c o m b in e d  with fas t  e le c t ro ­

ch em ica l  t e c h n iq u e s  for th e  s tudy  of e lec trochem ica l  p r o c e s s e s .  T he  m eth o d  

p r o v e s  e s p e c ia l ly  id ea l  for th e  d e te c t io n  of sh o r t - l iv e d  in te r m e d ia te s ,  

identification of p roducts ,  a n d  the  investigation of kinetics  of ad so rp t io n  an d  

e le c tro c h e m ic a l  p r o c e s s e s .  A lthough th e  c o m p o u n d s  s tu d ie d  a r e  not very  

com plica ted ,  the  te c h n iq u e s  d e v e lo p e d  he re  c a n  b e  easi ly  ap p lied  to m any  

kinds of inorganic, organic, su rface  catalytic a n d  biological sy s te m s .  In C h a p te r  

II, th e  e le c tro ch em ica l  reduction-oxidation  p r o c e s s e s  a n d  th e  p h o to -a s s is te d  

u n d e r-po ten t ia l  reduc tion  of 4 -n itrobenzo ic  ac id  (PNBA) a re  in v es t ig a ted  by 

t im e - re so lv e d  S E R S ,  cyclic vo ltam m etry  (CV) a n d  digital sim ulation. Time- 

r e s o lv e d  S E R S  s p e c t r u m  c o r r e s p o n d in g  to  e a c h  s t a g e  on  th e  cyclic  

v o l ta m m o g ram  a re  re c o rd e d  by m ulti-channel d e te c t io n  te c h n iq u e  a n d  a re  

c o m p a re d  with the  sp e c t ra  of the  au then tic  c o m p o u n d s .  A trans ien t  sp ec tru m  is 

o b s e rv e d  by m s  t im e-reso lved  S E R S  w hen  c o u p le d  with a  d o u b le  e le c tro d e  

p o ten t ia l  s t e p  te c h n iq u e .  T h e  k in e t ic s  a n d  p o s s ib le  m e c h a n i s m  of th e  

e lec tro reduction  of this nitro com p o u n d  a re  a lso  d i s c u s s e d  accord ing  to th e  CV, 

tim e-reso lved  S E R S  a n d  digital simulation results . In C h a p te r  III, IV a n d  V, the  

adso rp tion , protonation a n d  e lec trochem ica l  reduction of 4-cyano-pyrid ine  (4- 

CNPY), 4 -p y r id in eca rb o x a ld eh y d e  (ALPY), 4-(hydoxym ethyl)pyrid ine  (HMPY) 

a re  s tu d ie d  mainly by t im e-reso lved  S E R S  a n d  cyclic vo ltam m etry . T he  time 

resolution is in c re a s e d  from 10 m s  to 100 p s  a n d  10 p s  which illustrates  that  

fa s te r  e lec trochem ica l  p r o c e s s e s  c a n  b e  followed. T he  S E R S  s p e c t ra  ob ta ined
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a re  d i s c u s s e d  in s o m e  detail acco rd ing  to th e  b a n d  a s s ig n m e n ts .  T he  s ta b le  

p r o d u c t s  a r e  identif ied  with th e  a u th e n t ic  c o m p o u n d s  a n d  th e  u n s ta b le  

in te rm ed ia tes  a re  d i s c u s s e d  accord ing  to the  p ro p o se d  m e c h a n ism s .
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Fig. 1.1 S chem atic  d iag ram  of the  qu an tu m  theory  of surface-  

e n h a n c e d  R am an  scattering. Ef: Fermi level of a  Ag metal; LOMO:

the  lowest occup ied  m olecular orbital; HUMO: the  h ighest 

unoccup ied  m olecular orbital.
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Chapter II

Time-Resolved SERS, Cyclic Voltammetry, and Digital 
Simulation of the Electroreduction of p-Nitrobenzoic Acid
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Section 2.1 Introduction

Inves t iga t ions  of th e  e le c tro c h e m ica l  reduc tion  p r o c e s s e s  of a rom a tic  

n i t ro -c o m p o u n d s  h a v e  a  long history in th e  ch e m ica l  l itera ture  hav ing  b e e n  

d i s c u s s e d  a s  early  a s  1 9 0 8 .1 M ore re c e n t  rev iew s of th is  r a th e r  involved 

e le c tro c h e m is try  c a n  b e  found  in s e v e ra l  b o o k s  which c o v e r  e lec tro o rg an ic  

m e c h a n i s m s , 2-6 a n d  s e v e ra l  fairly r e c e n t  e x p e r im e n ta l  s tu d ie s  h a v e  b e e n  

m a d e .712  T he  m ec h a n ism  of e lec trochem ica l  nitro reduction  is com p lica ted  by 

a  d e p e n d e n c e  on  pH a n d  c a th o d e  m a te r ia l .2' 6 1 2  In a lk a l in e  m ed iu m , 

in te rm edia te  p roducts  su ch  a s  nitroso a n d  hydroxylam ine c o m p o u n d s  a re  found 

which c a n  re a c t  chem ically  to p r o d u c e  a n  a zo x y  c o m p o u n d  which m ay  be  

further r e d u c e d  to a z o  a n d  hydrazo  c o m p o u n d s  a n d  even tua lly  r e d u c e d  to an  

am ino  c o m p o u n d .2 6

C ons ide ring  th e  com plica ted  na tu re  of this e lec trochem is try ,  th e  u s e  of 

a n  in situ sp e c tro sc o p ic  p robe  su ch  a s  R a m a n  s p e c tro sc o p y  certainly would aid 

in m ech an is t ic  elucidation. T hus  norm al R a m a n  s p e c t r a  a s  well a s  th e  su rface  

e n h a n c e d  R a m a n  s p e c t ra  (S E R S ) of t h e s e  c o m p o u n d s  h a v e  b e e n  ob ta ined  on 

s i lv e r  a n d  g o ld  e l e c t r o d e s . 13 20 W e  h a v e  re c e n t ly  i n v e s t i g a t e d  th e  

e lec tro reduc tion  of p -n itrobenzoa te  using the  S E R S  tec h n iq u e  a n d  found, in the  

p r e s e n c e  of th e  la s e r  excitation, a  t im e d e p e n d e n c y  in th e  s p e c t r a  e v e n  at 

p o ten tia ls  positive to th e  e lec trochem ica l  reduction w a v e .17 This b eh av io r  w a s  

a tt r ibu ted  to a  p h o to in d u c e d  reduc tion  p r o c e s s  involving e le c tro d e  rea c t io n s  

following a n  initial la s e r  in d u ce d  pho to lys is  s te p .  O ur  d y n a m ic  s tu d ie s  w ere  

pe rfo rm ed  at fixed potential on th e  tim e s c a le  of s e c o n d s  to m inu tes  a n d  the  

d e ta i ls  of the  m e c h a n ism  could  only b e  p re s u m e d .  O th e r  inves tiga tions  of the  

e le c tro red u c t io n  of nitro c o m p o u n d s  h a v e  b e e n  ca rr ied  ou t by t im e-reso lv e d
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S E R S  on  a  similar t im e  sc a le  in o rder  to identify p roducts  or in te rm e d ia te s ;18-19 

how ever, ag a in  only the  long-lived or s tab le  in te rm ed ia te s  w ere  d e te c te d  s ince  

the  time sc a le  w a s  in s e c o n d s .

R ecen tly ,  w e  h a v e  sh o w n  it is p o ss ib le ,  u s in g  t im e - re s o lv e d  S E R S  

(T R S E R S )  t r ig g e re d  with a n  e lec tronica lly  con tro lled  s h u t te r ,23 to d e te c t  an  

u n s ta b le  in te rm ed ia te  with a  lifetime of le s s  than  a  100 m s at a  Ag e lec trode  by 

applying a  reduction-oxidation do u b le  potential s te p  to  a  sy s te m  con ta in ing  p- 

n i trobenzoa te .  W e  now  investiga te  this chem ica l  sy s te m  from the  point of view 

of th e  overall e le c tro d e  p r o c e s s  occurring  in cyclic vo ltam m etry . W e p re s e n t  

s o m e  s p e c t r a  of in te rm e d ia te s  a n d  p ro d u c ts  w h o s e  b a n d  p o s i t io n s  w e re  

prev iously  s u m m a r iz e d 23 in o rder  to d i s c u s s  th e  na tu re  of the  e lec trochem ica l  

p r o c e s s  w hich  p r o d u c e s  th e  u n s ta b le  in te rm e d ia te ,  a s s i g n e d  a s  t h e  p- 

n i t r o s o b e n z o a t e  r a d ic a l  a n io n .  A r e l a t e d  u n s t a b l e  i n te r m e d ia t e ,  t h e  

n i t r o b e n z e n e  rad ica l  an ion , h a d  b e e n  d e t e c t e d  in e a r l ie r  s tu d ie s  du ring  

e lec tro red u c t io n  us ing  a n  E S R  m e th o d  in a q u e o u s  so lu t ions9 ’21-22 a n d  with 

both CV a n d  E S R  m e th o d s  in an ion ic  a n d  non ion ic  m ic e l le s .10 In fact, th e  

n i t r o s o b e n z e n e  rad ica l  a n io n  h a s  a ls o  b e e n  d e te c te d  by E S R  during  th e  

e lec tro red u c t io n  p r o c e s s  of n i t ro b e n z e n e  on a  go ld  e le c t r o d e 11. T h e  S E R S  

te c h n iq u e  is, in addition  to E S R , a  m e th o d  for th e  in situ inves t iga t ion  of 

t ran s ien t  radical (a s  well a s  non radical) s p e c ie s  g e n e ra te d  e lec trochem ically , 

a n d  it a llow s s truc tu ra l  e luc idation  a long  with a  rapid  d y n am ic  r e s p o n s e  for 

sp e c ie s  directly at the  e lec trode  surface.

In th e  p r e s e n t  work, w e  ag a in  utilize T R S E R S  m e th o d s  em ploy ing  a  

t r ig g e re d  s h u t te r  to further e lu c id a te  th e  m e c h a n is m  of e le c tro c h e m ica l  a n d  

p h o to e le c t ro c h e m ic a l  reduc t ion  of p -n i t ro b e n z o ic  a c id  (PNBA) on  Ag, by 

obtaining rapid s c a n  OMA S E R S  sp e c t ra  a t various  poten tia ls  (times) on fas t CV
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s w e e p s .  The u s e  of T R S E R S  m e th o d  a s  the  e lec trode  potential is sw ep t  sh o w s  

tha t  n itroso  a n d  hydroxylam ine  s p e c i e s  a re  fo rm ed  by e le c tro d e  rea c t io n s  in 

different reg ions  of th e  potentia l s c a n  a n d  th a t  on  th e  third half-cycle of the  

vo l tam m ogram , the  chem ica l  reac tion  of t h e s e  two s p e c ie s  a ffec ts  th e  fea tu re s  

of the  voltam m ogram . Thus, the  T R S E R S  m ethod  during CV s c a n s  allows u s  to 

identify the  chem ica l  na tu re  of p r o c e s s e s  occurring a s  th e  potential is s c a n n e d .  

This information along with the  m orphology of th e  CV c u n /e  is u s e d  to e lucidate  

th e  overall reduction m e c h a n ism  a s  a  function of e le c tro d e  potential. A digital 

simulation of the  CV c u rv es  w a s  a lso  run in o rder  to confirm the  m ec h a n ism  and  

e s t im a te  h e te r o g e n e o u s  ra te  c o n s ta n t s  a n d  form al e le c t ro d e  po ten t ia ls  for 

ind iv idual e le c t r o c h e m ic a l  s t e p s  a lo n g  with th e  r a te  c o n s t a n t s  for th e  

h o m o g e n e o u s  chem ica l  s te p s .



3 8

Section 2.2 Experiment

All s p e c t ra  w ere  excited  with a  S p e c tra  P h y s ics  Ar+ m odel 164 la se r  an d  

rec o rd e d  with a  S p ex  1877 T rip lem ate  sp e c t ro m e te r  with a n  intensified T racor 

N orthern  p h o to d io d e  linear a rray  (TN-1223-21) a n d  a  m odel T N -1710  T raco r  

Northern optical multichannel ana lyze r  (OMA). A grating of 1800 g ro v e s  p e r  mm 

g a v e  a  spec tra l  c o v e ra g e  of ab o u t  900  cm  1 with a  b a n d  p a s s  of a ro u n d  2 c n r 1 

at 19 ,436  c m 1. T he  e le c tro d e  potentia l w a s  contro lled  with a n  EG&G PARC 

m odel 173 po ten tios ta t  a n d  EG&G PA RC m odel 179 w aveform  g en e ra to r .  The 

expe rim en t  w a s  initiated by s im ultaneously  triggering a n  elec tronic  shu tte r ,  the  

w aveform  g enera to r ,  a n d  the  OMA. A potential ram p  of a  given n u m b er  of cycles 

could  b e  app lied  to the  e lec tro d e  a n d  up 16 s p e c t r a  m e a s u r e d  by th e  OMA at 

various  se t  t im es  on this potential waveform . T he  r e s p o n s e  tim e of this sy s tem  

w a s  limited by a  7 m s  r e s p o n s e  time of the  electronically controlled sh u tte r  an d  

a  10m s minimum dwell time for recording of a  single spectrum .

PNBA w a s  rea g e n t  g ra d e  a n d  u s e d  without further purification. All salts , 

a c id s  a n d  b a s e s  w e re  a lso  r e a g e n t  g r a d e  a n d  all dilu tions w e re  m a d e  with 

d e io n iz e d - d i s t i l l e d  w a te r .  P - h y d ro x y la m in o b e n z o ic  a c id  (PH A BA ) w a s  

s y n th e s iz e d  acco rd ing  to th e  li tera tu re24 a n d  th e  p roduct rec ry s ta lized  th re e  

t im e s  in distilled w ater. P -n i t ro so b e n z o ic  ac id  (PNSBA) w a s  p r e p a r e d 25 by 

us ing  T o llens ' r e a g e n t  to oxidize PHABA with a  m o lecu la r  ratio 5:2. After 

acidification with c o n c e n t ra te d  HCI, th e  p roduct w a s  e x tra c te d  into e th e r  a n d  

from e th e r  into a  b a s ic  a q u e o u s  solution. In both e lec trochem ica l  a n d  S E R S  

s tud ies ,  th e  pH va lue  of th e  so lu tions  w a s  a d ju s te d  to  11 by add ing  N aO H  in 

o rd e r  to in c re ase  the  solubility of PNBA. Sodium  sulfate  w a s  u s e d  a s  supporting 

electrolyte, s ince  the  S E R S  intensity o b s e rv e d  for PNBA w a s  m uch larger  w hen
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su lfa te  o r  nitrate  w a s  u s e d  a s  th e  e le c tro ly te .17 All e le c tro d e  p o ten t ia ls  a re  

q u o te d  v e rs u s  the  s a tu ra te d  calom el e lec trode , SC E.

T he  4 8 8  nm line of the  Ar+ lase r  with a  po w er  of 150 mW  w a s  u s e d  for 

bo th  p ho tochem ica lly  excitation a n d  p ro b e  b e a m s  a n d  a  filter w a s  u s e d  to 

rem o v e  the  la se r  p la sm a  lines.

In s low potential s w e e p  experim en ts ,  the  CV c u rv e s  w ere  d raw n  directly 

by a n  X-Y reco rder .  For the  fas t potentia l s w e e p  ex p e r im e n ts ,  th e  d a ta  w ere  

co l le c te d  a n d  s to re d  on a  d iske t te  us ing  a  digital o sc i l lo sc o p e  (Model 206, 

Nicolet Instrum ent Corporation) a n d  s u b se q u e n t ly  p lotted  on  the  X-Y recorder. 

Both sm oo th  a n d  ro u g h e n e d  Ag e le c tro d e s  w ere  u s e d  in th e  CV ex p e r im e n ts  

for c o m p a r iso n s .  T he  sm oo th  e lec trode  w a s  ob ta ined  by m ec h a n ic a l  polishing 

with va rious  g r a d e s  of a lum ina  dow n to 0 .3p . T h e  ro u g h e n e d  e le c tro d e  w a s  

o b ta in e d  e lec trochem ica l ly  by p re trea t in g  a  p o l ished  Ag e le c tro d e  in 0 .05M  

PNBA a q u e o u s  solution con ta in ing  0.1M N a 2 S 0 4 . Two ox ida t ion -reduc tion  

c y c le s  (O R C s) w ere  app lied  w h e re  th e  e le c tro d e  poten tia l w a s  ju m p e d  from 

0.0V to +0.5V for 2  s e c o n d s  a n d  then  re tu rned  to 0.0V aga in . All S E R  s p e c t ra  

w ere  tak e n  on ro u g h en e d  e lec trodes .

Section 2.3 Results and Discussion

(a) Cyclic voltammetry

CV c u rv e s  ta k e n  with 5 mM PNBA solution on a  sm o o th  Ag e le c tro d e  

show , a t m o d e ra te  potentia l sc an n in g  ra tes ,  two c a th o d ic  w a v e s ,  A a n d  B at 

ab o u t  -0.65V a n d  -1.2V with an  anod ic  w ave, C, at abou t -0.3V (Fig. 2 .1a). The 

first ca thod ic  peak , A, h a s  b e e n  a s s ig n e d 3' 5 to  a  four-electron reduction of the
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nitro c o m p o u n d  to  a  hydroxylam ine c o m p o u n d ,  reaction  (2.1), a n d  th e  s e c o n d  

c a th o d ic  w ave , B, to  a  further tw o-electron  reduction  to an  am ino  c o m p o u n d ,  

reaction (2.2)

T he  c a th o d ic  p e a k  c u rren t  for w a v e  A is diffusion con tro lled  on  th e  

sm oo th  Ag e lec trode  s ince  the  p e a k  curren t is linearly d e p e n d e n t  on  th e  s q u a re  

root of s c a n  rate. On a  ro u g h en ed  Ag e lectrode(F ig . 2.1b), th e  CV curve  unde r  

th e  s a m e  conditions  h a s  the  s a m e  g e n e ra l  s h a p e  a s  on th e  sm o o th  e lec tro d e  

e x cep t  for the  sh o u ld e r  on th e  rise of p e a k  A. This sh o u ld e r  m ay  b e  a  p re p e a k  

c a u s e d  by a n  a d s o rb e d  sp e c ie s .  Although th e  m ain p e a k  A is shifted  by ab o u t  

110 mV in th e  positive direction, it is still diffusion controlled  a lso  being  linearly 

d e p e n d e n t  on th e  s q u a re  root of s c a n  rate . W e h a v e  ex p la in ed  th e  shift in 

o v e rp o ten tia l  to  a  cata ly tically  ac t iv a te  s u r f a c e  s i te s  on  th e  r o u g h e n e d  Ag 

s u r f a c e .17 On th e  o ther  hand, th e  p e a k  potentia ls  of p e a k s  C a n d  D do  not shift 

on th e  r o u g h e n e d  e lec trode , a n d  th e  overall m orphology  of th e  CV c u rv e s  is 

similar e n o u g h  on both th e  sm oo th  a n d  rough Ag e le c tro d e s  to c o n c lu d e  that, 

with the  excep tion  of a d s o rb e d  sp e c ie s ,  th e  s a m e  type  of e lec tro d e  m ec h a n ism  

is occurring in the  two c a s e s .

T he  a nod ic  w ave  C (Fig. 2.1) is still p re se n t  w hen  the  potential s w e e p  is 

r e v e r s e d  befo re  the  s e c o n d  c a thod ic  w ave  B d e v e lo p s ,  a n d  it c o r r e s p o n d s  to 

ox id a t io n  of p - h y d ro x y la m in o b e n z o a te ,  w hich  is fo rm e d  du r ing  th e  first 

n e g a t iv e -g o in g  s w e e p ,  to  p - n i t ro s o b e n z o a te  in a  p r o c e s s  involving two 

e lec trons .  S E R S  sp ec tra l  e v id e n c e  for t h e s e  a s s ig n m e n ts  is p r e s e n te d  below. 

T h e  a n o d ic  w ave  C b e c o m e s  lower a s  th e  switching poten tia l  is c h a n g e d  to

A r-N 02  + 4e* + 4H+ = Ar-NHOH + H2 0 (2 .1)

Ar-NHOH + 2 e ‘ +2H+ = Ar-NH2 + H2 0 (2 .2 )
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m ore  positive v a lu e s  a n d  it d i s a p p e a rs  if th e  switching potential is m ore  positive 

than  -0.45V which is right at the  foot of the  first ca thod ic  w ave, indicating tha t  it is 

c o u p le d  to  th is  w ave . T h u s  PNBA is e lec trochem ica lly  s ta b le  in th e  poten tia l 

region from 0.0V to abou t -0.45V.

A new  reduc tion  p eak , D, a p p e a r s  in Fig. 2.1 a t  a b o u t  -0 .35V on  the  

s e c o n d  nega tive-go ing  poten tia l s c a n  which is p a ire d  with th e  an o d ic  p e a k  C 

a n d  is though t to b e  the  reduction of newly form ed nitroso com pound .

Ar-NO + 2H 20  + 2 e ‘ = Ar-NHOH + 20H* (2 -3)

H ow ever, th e  c a th o d ic  p e a k  D is sm a lle r  th an  th e  a n o d ic  p e a k  C w h en  slow 

potential sc an n in g  ra te s  a re  u sed , e.g., 100 or 200  mV/s, ( se e  Fig. 2.1 a n d  Fig. 

2 .2). In h ig h e r  PN BA c o n c e n t ra t io n  (50mM ), th e  c a th o d ic  p e a k  D nearly  

d i s a p p e a r s  (Fig. 2.2). On the  o ther  hand , this p e a k  in c re a s e s  with the  increasing  

s c a n  rate  (Fig. 2.3) a n d  b e c o m e s  nearly equa l  to C w hen  the  s c a n  ra te  e x c e e d s  

10 V/S. In th e  lower PNBA co n cen tra t io n  (curve I a n d  II, Fig. 2.3), th e  p e a k  

cu rren t ratios a re  h igher than  in h igher PNBA c oncen tra t ions  (curve III, Fig. 2.3). 

T h e s e  resu l ts  a re  in te rp re ted  a s  indicating tha t  th e  n i tro so b e n z o a te  m o le c u le s  

a r e  c o n s u m e d  by a  c h e m ica l  reac tion  w hich is m uch  f a s t e r  in high PNBA 

co n c en tra t io n s  th an  in low PNBA concen tra t ions .  According to m any  a u th o r s ,1' 5 

th e  c h e m ica l  reac tion  tak ing  p lac e  in th e  b a s ic  m ed ia  (reac tion  (2.4)), is a  

co u p lin g  of n i tro so  c o m p o u n d  with h y d ro x y lam in e  to  p r o d u c e  a n  a z o x y  

c o m p o u n d .

Ar-NHOH + Ar-NO = Ar-N(->0)=N-Ar + H20  (2.4)

A poss ib le  qualitative explanation  for the  d ifference  b e tw e en  th e  low a n d  

high PNBA c o n c en tra t io n  so lu tions  involves th e  condition th a t  th e  c h e m ica l
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reaction o c c u rs  only in the  solution a n d  not on the  e lec trode  su rface .  Thus, only 

th e  f re e  m o le c u le s  c a n  u n d e rg o  s u c h  a  rea c t io n  but not th e  a b s o r b e d  

m olecu les . In low PNBA concen tra tion  solutions, the  cu rren t is small so  th a t  a  

sm all a m o u n t  of p ro d u c t  is o b ta in e d  du ring  th e  p o ten t ia l  s w e e p .  O n th e  

ro u g h e n e d  s u rfa c e  s o m e  of th e  p roduct  will b e  a d s o r b e d  a n d  only a  sm all 

am o u n t  c a n  diffuse into solution a n d  u n d e rg o  the  chem ica l  reaction. W hen  the  

potential s w e e p  is reve rsed , the  a d s o rb e d  nitroso m o lecu le s  a re  r e d u c e d  aga in  

a n d  the  ca thod ic  w av e  D is o b se rv e d  with the  intensity slightly lower th an  tha t  of 

th e  an o d ic  w a v e  C. In high PNBA co n cen tra t io n  so lu tions, th e  larger  cu rren t 

p ro d u c e s  a  larger a m o u n t  of product. Only a  small portion of the  p ro d u c ts  c a n  

be  a d s o rb e d  on  th e  e le c tro d e  s u rfa c e  d u e  to the  limited ava ilab le  e le c tro d e  

su rface  a re a ,  while m ost of the  product d iffuses into the  solution. In this c a s e ,  a  

larger proportion of nitroso m o lecu les  a re  c o n s u m e d  by the  chem ica l  reaction. 

T h e re fo re ,  w h e n  th e  poten tia l  s w e e p  is re v e r se d ,  th e  reduc tion  w a v e  of th e  

n itroso  c o m p o u n d  b e c o m e s  m uch  sm a l le r  th a n  th e  oxidation  w a v e .  If th e  

poten tia l  s w e e p  is fa s t  e n o u g h ,  th e re  is not e n o u g h  tim e for th e  c h e m ica l  

reaction to p ro c e e d  a n d  a  pair of pe a k s ,  C  a n d  D, nearly  sym m etric  in height is 

o b ta ined .

A similar exp lana tion  c a n  be  m a d e  to a c c o u n t  for th e  d iffe rence  in th e  

cu rren t  ra t ios  b e tw e e n  th e  ro u g h e n e d  a n d  th e  sm o o th  e le c tro d e s .  S in ce  th e  

cu rren t is larger, b e c a u s e  of in c re a s e d  a re a ,  on the  ro u g h e n e d  e le c tro d e  than  

on a  sm o o th  e lec trode , but the  volum e of the  reaction  z o n e  n e a r  th e  e lec trode  

su r fa c e  is th e  s a m e ,  the  co n cen tra t io n  of the  p roduct of th e  e lec tro ch em ica l  

reac tion  in th is  z o n e  is a lso  h igher  for th e  r o u g h e n e d  e le c tro d e .  T h u s  th e  

chem ica l  reaction p ro c e e d s  to a  larger extent.
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(b) SERS Spectroscopy

In o rd e r  to identify th e  s p e c i e s  p r o d u c e d  during  th e  e le c tro c h e m ica l  

p r o c e s s ,  s p e c t r a  of th e  a u th e n t ic  p -h y d ro x y lam in o b en zo ic  ac id , a  p o ss ib le  

in te rm ed ia te  product, w ere  tak e n  a t  different po ten tia ls  in both acidic(Fig. 2 .4c) 

a n d  b a s ic  m ed ia  (Fig. 2 .4a ,b ).  In both c a s e s ,  th e  s p e c t r a  a r e  th e  s a m e  in a  

potentia l region from -0.5V to -1.0V, with th re e  m ain b a n d s  a t 847 , 1364 a n d  

1600  c m '1 . A rep resen ta tiv e  sp ec tru m  at -0.5V a n d  pH=11 is sh o w n  Fig. 2 .4a . 

T h e  oxidation of hydroxylam ine c o m p o u n d  o c c u rs  a t po ten t ia ls  m ore  positive 

th an  -0.3V. T he  spec trum  ob ta ined  at -0.2V in bas ic  m edia  sh o w s  two prominent 

b a n d s  a t  1277  a n d  1329 c m -1 a n d  a  sh o u ld e r  b a n d  at 1095  c m '1 (Fig. 2 .4b); 

how ever, the  form er two b a n d s  a re  very w eak  an d  the  1095 c m '1 b a n d  d o e s  not 

a p p e a r  on  the  sp e c tru m  in acidic  m ed ia  (Fig. 2 .4c). A ccording to literature ,2' 5 

the  chem ica l  coupling reaction  b e tw e en  nitroso a n d  hydroxylam ine c o m p o u n d s  

p ro c e e d s  quickly in b as ic  m edia  but d o e s  not o ccu r  in acidic m edia . W e a s s ig n  

the  1095 /1277 /1329  c m '1 b a n d s  to the  chem ica l  product, th e  azoxy com pound . 

A pproxim ately th e  s a m e  b a n d s  w ere  found by G a o  e t a l18-19 in n i t ro b e n ze n e  

reduction a n d  a s s ig n e d  to a z o x y b e n z e n e .  The o ther  b a n d s  in Fig. 2 .4b ,c  c a n  be  

a ttributed to the  oxidation product, p -n itrosobenzoate ,  a s  d is c u s s e d  below.

S E R S  s p e c t r a  w e re  rapidly  r e c o r d e d ( 0 .1 s  dw ell t im e) a t  v a r io u s  

potentia ls(tim es) on a  potential waveform  from 0.0V to -0.45V, back  to 0.0V, a n d  

finally re tu rned  to -0.45V, (Fig. 2.5). Although the  first reduction w a v e  of PNBA 

s ta r ts  from -0.45V with a  p e a k  located  at abou t  -0.6V on th e  vo ltam m ogram , the  

S E R S  s p e c t r a  ob ta ined  during th e  initial negative-go ing  potentia l s w e e p  in an  

experim en t with a  s c a n  rate of 0.1 V/S sh o w  that  the  reduction reaction occu rs  at 

the  poten tia ls  m uch m ore  positive than  -0.45V. S evera l  new  b a n d s  h a v e  beg u n
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to grow a s  so o n  a s  the  potential is m ore  negative  th an  -0 .2V (Fig. 2.5). W e have  

a ttr ibu ted  th is  under-po ten tia l  reduction to a  la s e r  in duced  photo lysis  e ffec t .17 

O ur  in terpreta tion of this effect is tha t  th e  dynam ic  e lectric  field of the  exciting 

la s e r  light is s u p e r im p o s e d  on the  s ta tic  electric field of the  m eta l  e le c tro d e  at 

th e  Fermi level m aking  p h o toem it ted  e lec tron  t ra n s fe r  p o s s ib le .17 T h e  initial 

sp e c t ru m  a t  0 .0V  sh o w s  only four m ajor b a n d s  a t  866 , 1115, 1350  a n d  1600 

c m '1 which rep re sen t  the  starting sp e c ie s ,  PNBA.17 W hen  the  potential is sw ept 

to  v a lu e s  m ore  nega tive  th an  -0.2V, se v e ra l  new  fe a tu re s  beg in  to  a p p e a r  at 

926 , 1145, 1372, 1395 a n d  1454 c m ' 1 which c a n  b e  a ttr ibu ted  to th e  n itroso  

c o m p o u n d  by c o m p a r is o n  with th e  sp e c t ru m  of p -n i t ro s o b e n z o a te  p re p a re d  

from th e  hydroxylam ine  c o m p o u n d .23 The 1145 /1395  c m ' 1 pair  of b a n d s  w a s  

a s s ig n e d ,  in n i t ro b e n z e n e  r e d u c t io n ,18 to th e  n i t ro s o b e n z e n e  pheny l ring- 

nitrogen (C-N) bond  a n d  the  N -0  bond  stretching vibrations, respectively.

A c c o rd in g  to  t h e  r e d u c t io n  m e c h a n i s m  p r o p o s e d  from  p u re ly  

e le c t ro c h e m ic a l  s t u d i e s ,1 6  th e  first reaction s t e p  sh o u ld  b e  a  four-e lec tron  

re d u c t io n  of t h e  nitro g r o u p  to  h y d ro x y la m in e ,  bu t from o u r  s p e c t r a l  

investiga tions  in the  p r e s e n c e  of la se r  light, the  first reduction product d e te c te d  

is the  nitroso com pound . It s e e m s  likely that the  nitro c o m p o u n d  is undergo ing  a  

tw o-elec tron  reduction  to the  nitroso c o m p o u n d  directly at the  po ten tia ls  m ore  

positive th an  -0.45V in th e  p r e s e n c e  of th e  lase r  light. O n the  o th e r  hand , the  

s p e c t r a  o b ta in e d  during th e  positive potential s w e e p  from -0.45V to 0.0V, e .g ., 

th e  top  sp e c tru m  at -0.35V in Fig. 2 .5a , show  m uch m ore  rapid growth in th e s e  

n e w  b a n d s .  This  m e a n s  tha t  m ore  nitroso c o m p o u n d  is p ro d u c e d  during  the  

posit ive-go ing  poten tia l s w e e p  th an  during th e  initial n eg a tiv e -g o in g  s w e e p ,  

a n d  th is  n itroso  c o m p o u n d  would c o m e  from th e  oxidation of hydroxylam ine  

w hich fo rm s  du ring  th e  initial n e ga tive -go ing  s w e e p .  A ccord ing  to th e  CV
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resu lts ,  th e  nitroso c o m p o u n d  p ro d u c e d  pho toelec trochem ica lly  c a n  b e  further 

r e d u c e d  to hydroxylam ine  e lec trochem ica lly  a t po ten t ia ls  m ore  n ega tive  than  

-0.35V. However, in this potential region w e do  not o b s e rv e  well-defined S E R S  

b a n d s  for t h e  h y d ro x y la m in e  c o m p o u n d .  T h is  r e su l t  is  b e c a u s e  th e  

hydroxylam ine  b a n d s  a re  not well iso la ted  from th o s e  of th e  nitro a n d  nitroso 

c o m p o u n d s 23 a n d  the  overall sp e c tru m  of hydroxylam ine is s o  w e a k  tha t  it is 

co v e re d  by th o se  of the  o ther  two s p e c ie s .18

An inves t iga t ion  of th e  c h a n g e s  in rela tive in te n s i t ie s  of th e  newly 

growing b a n d s  during the  entire  th ree  half-cycle potential s w e e p  sh o w s  tha t  the  

926 , 1454 c m '1 b a n d s  h a v e  approx im ate ly  th e  s a m e  growth b eh av io r  a s  the  

1 3 9 5  c m ' 1 b a n d  ( s e e  Fig. 2 .6a ,b ,c ) .  In the  initial sw e e p in g  s ta g e ,  all th re e  

b a n d s  g row  slowly with in c re a s e  in th e  nega tive-go ing  po ten tia l  (Fig. 2 .6a).  

W hen  the potential is sw ep t  back  in the  positive direction from -0.5V to 0.0V, the  

in tens it ies  of th e  1454  a n d  1395  c m 1 in c re a s e  e v e n  m ore  rapidly (Fig. 2 .6b), 

while during th e  third s ta g e ,  they  all d e c a y  with th e  nega tive-go ing  potentia l 

(Fig. 2 .6c). This  sim ilar t re n d  a m o n g  th e  926 , 1395  a n d  1454  c m ' 1 b a n d s  

s u p p o r t s  th e  conc lu s ion  th a t  they  b e lo n g  to  th e  s a m e  s p e c i e s ,  th e  n itroso 

com pound . On the  o th e r  hand , th re e  o th e r  b a n d s  at 1175, 1277 a n d  1329  c m ' 1 

do  not show  the  s a m e  d e p e n d e n c e .  They begin to a p p e a r  on  the  first s w e e p  in 

th e  positive potential direction a n d  con tinue  to  grow  on  th e  following s w e e p  in 

th e  nega tive  potential direction. G a o  et. a l .18,19 found b a n d s  at 1274 a n d  1324  

c m  1 to b e  ch a ra c te r is t ic  of a z o x y b e n z e n e ,  a n d  th u s  it is c le a r  th a t  w e  c a n  

a s s ig n  the  fe a tu re s  a t 1175, 1277  a n d  1329 c m '1 to a n  azoxy  c o m p o u n d .  T he  

fo rm a tio n  of a z o x y  c o m p o u n d  is g o o d  e v id e n c e  for th e  e x i s t e n c e  of 

h y d ro x y la m in e  du r ing  th e  u n d e r-p o te n t ia l  red u c t io n  p r o c e s s  s in c e  a z o x y  

c o m p o u n d  is a  p ro d u c t  of th e  c h e m ica l  com b ina tion  in so lu tion  of n itroso
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c o m p o u n d  with hydroxylam ine 3-12 T he  azoxy  c o m p o u n d  could  a lso  be  form ed 

in th e  initial neg a tiv e -g o in g  s w e e p ,  bu t th e re  is no sp e c t ra l  e v id e n c e  for its 

e x is te n c e  during this period for th e  100 mV/s s c a n  rate . This is m ost  likely a  

kinetic effect s in ce  a t a  s low er s c a n  ra te  of 2 mV/s, a  1277 c m 1 b a n d  for azoxy 

c o m p o u n d  is o b s e rv e d  (Fig. 2.7) in the  initial negative-going  sw e e p .

According to the  a b o v e  d iscuss ion , the  m ec h a n ism  of the  p h o to induced  

under-po ten tia l  reduction p ro c e s s  occurring in th e  potential r an g e  from -0 .2V to 

-0.5V c a n  b e  env is ioned  a s  follows: first, th e  PNBA u n d e rg o e s  a  tw o-electron  

reduction (2.5) to p-n itrosobenzoic  acid with the help of the  photolysis effect.

Ar-NC>2 + 2e- + 2H20  = Ar-NO + 2 0 H ’ (2.5)

T hen , th e  n itroso  c o m p o u n d  c a n  b e  fu rther  r e d u c e d  to  th e  hydroxy lam ine  

c o m p o u n d  by picking up  two m o re  e le c t ro n s  a t  th e  e le c t r o d e  s u r f a c e  a t  

po ten tia ls  m ore  nega tive  th a n  -0.35V

Ar-NO + 2H 20  + 2 e '  = Ar-NHOH + 20H* (2 -6 )

F u r th e r m o r e ,  t h e  c h e m ic a l  c o u p l in g  r e a c t io n  (2 .7 )  b e t w e e n  t h e  p- 

n i t ro so b en z o a te  a n d  p-hydroxylamine in the  solution p h a s e  p ro d u c e s  th e  azoxy 

c o m p o u n d  w hich  c a n  r e p la c e  th e  hyd roxy lam ine  a n d  a d s o r b  on  th e  Ag 

e lec trode  surface.

Ar-NHOH + Ar-NO = Ar-N(->0)=N-Ar + H20  (2.7)

W hen  a  very slow potential s c a n  rate, such  a s  2 mV/s, is u se d ,  a  s te a d y

s ta te  c a n  b e  r e a c h e d  at e a c h  potentia l level. T h e  S E R S  o b ta in e d  in s u c h  a

situation r e p re s e n t  the  s tab le  s p e c ie s  on the  e lec trode  su rface  a t e a c h  potential. 

Fig. 2 .7  s h o w s  th e  s te a d y -s ta te  S E R S  during a  very slow potential s w e e p  from
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0.0V out to -0.8V a n d  back  to -0.5V, with a  s c a n  ra te  of s c a n  rate  of 2 mV/s. The 

s t ro n g e s t  sp ec tru m  w a s  d e te c te d  at -0.3V a n d  th e  new  b a n d s  c o m e  a s  early a s  

a t  -0.1V. T he  847, 926, 1138, 1277, 1395 a n d  1454 c m '1 b a n d s  a r e  s ta b le  in 

the  potential region from -0.2 to -0.6V, a lthough their relative in tensities  c h a n g e  

with potential. T he  1138 cm *1 b a n d  is c a u s e d  by a n  overlap  of th e  1130 cm*1 

b a n d  with th e  1145 c m '1 b and . T h e s e  b a n d s  sh o w  tha t  the  nitroso a n d  azoxy  

c o m p o u n d s  a re  form ed a n d  a re  electrochem ically  s tab le  in this potential region. 

W hen  the  potential is m ore  negative  than  -0.6V, all th e  b a n d s  co rre spond ing  to 

th e  nitro, nitroso a n d  azoxy  c o m p o u n d s  d e c a y  quickly a n d  only o n e  m ajor ban d  

a t  1364  cm *1 a n d  th re e  w e a k  b a n d s  a t 847, 8 6 6  a n d  1600 c m '1 a re  left. This 

s p e c t r u m  c a n  b e  a t t r ib u ted  to th e  p -hyd roxy lam ine  c o m p o u n d ,  s in c e  th e  

a u th e n t ic  p -hydroxy lam ine  c o m p o u n d  s h o w s  th re e  b a n d s  a t 847 , 1364, an d  

1600  c m 1. As the  potentia l s w e e p  is rev e rsed ,  th e  recovery  of the  lost b a n d s  

b e g in s  a t  -0.5V a n d  t h e s e  b a n d s  th e n  b e c o m e  m ore  a n d  m o re  in te n s e  with 

positive-going potential, indicating that  m ore  nitroso a n d  azoxy  c o m p o u n d s  a re  

p ro d u c e d  during this sw e e p .

However, if th e  potential is sw ep t very fast, th e  reac tions  a re  controlled by 

kinetics. Fig. 2 .8  sh o w s  the  SE R  s p e c t r a  ob ta ined  by real-time de tec tion  during 

a  fas t CV ex p e r im en t  w h e re  the  potential is sw e p t  from 0.0V to -1.0V, with a  

s c a n  ra te  of 1 .0V/s. The sp e c t ra  in the  potential region from 0.0V to -0.5V on the  

initial nega tive-go ing  s w e e p  do  not sh o w  significant d e v e lo p m e n t  of b a n d s  for 

th e  nitroso or azoxy  com pound . W hen  th e  potential is sw ep t  p a s t  th e  first four- 

e le c t ro n  reduc t ion  p e a k ,  th e  s p e c t ru m  of h yd roxy lam ine  is o b ta in e d .  T he  

sp e c t ru m  sh o w s  only two m ajor b a n d s  a t ab o u t  1364 a n d  1600  c m '1 . T he  866 

c m ' 1 b a n d  b e c o m e s  very w eak  a n d  the  1115 c m '1 PNBA b a n d  totally v a n is h e s  

from th e  spectrum . T he  1364 c m '1 b a n d  s e e m s  to b e  a  result of overlapping  of
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th e  1350 a n d  a  newly growing 1372 cm *1 b a n d s .  Two new  b a n d s  at 1145 an d  

1454 cm *1 first a p p e a r  at -0.5V w hen  the  potentia l s w e e p  is rev e rsed .  As the  

potential r e a c h e s  -0.3V, a  large n u m b er  of b a n d s  develop . Am ong th e s e  b ands ,  

th e  9 2 6 /1 1 4 5 /1 3 9 5 /1 4 5 4  c m '1 b a n d s  r e p re s e n t  th e  nitroso c o m p o u n d  a n d  the  

1 0 9 5 /1 1 7 5 /1 2 7 7 /1 3 2 9  cm *1 b a n d s  r e p re s e n t  th e  azoxy  c o m p o u n d .  This result 

is in a g re e m e n t  with th e  CV experim en t  w h e re  an  anod ic  p e a k  a r i s e s  at abou t  

-0.3V, which c o r r e s p o n d s  to th e  formation of the  nitroso c o m p o u n d  from the  

hydroxylam ine. T he  a s s ig n m e n t  of 1454 cm*1 b a n d  is so m e w h a t  difficult, s ince  

it m ay  b e lo n g  to e i th e r  nitroso  or azoxy  c o m p o u n d s .  Accord ing  to  G a o  at. 

a l . ,18,19 both the  azoxy  a n d  a z o  c o m p o u n d s  sh o w  strong  b a n d s  in this region. 

W hen  th e  potentia l is sw ep t  in nega tive  direction aga in ,  all b a n d s  in c re a s e  in 

intensity  a t first a n d  then  d e c a y ,  but no new  b a n d s  a rise . At last, w h en  the  

potential r e a c h e s  to -0.9V, the  1364 cm *1 b a n d  aga in  b e c o m e s  the  m ajor band. 

T h u s  the  1372 c m '1 b a n d s  c a n  b e  a s s ig n e d  with con fidence  to hydroxylam ine 

accord ing  to th e s e  experim en t results.

T he  tim e d e p e n d e n c e s  of s o m e  S E R S  b a n d s  ta k e n  in a  s q u a re  w ave  

ex p e r im en t  a re  show n  in Fig. 2.9. In th is  th re e  level po ten tia l experim en t ,  the  

potential is s te p p e d  from 0.0V to -0.5V, held for 5s, s te p p e d  b a c k  to  0.0V for 5s, 

a n d  finally aga in  s te p p e d  to -0.5V for 5s, Fig. 2.9. A spec trum  is tak en  every  on e  

s e c o n d  th roughou t  this w aveform  with a n  integration time of 0 .1s . T he  relative 

in tens it ie s  of th e  926 , 1145, 1277, 1395 a n d  1454 cm *1 b a n d s  (relative the  

1350 cm*1 b a n d  of PNBA) a re  given in th e  figure. It c a n  b e  s e e n  th a t  e x cep t  for 

the  1277 cm *1 band , all o ther  b a n d s  sh o w  a  similar potential d e p e n d e n c e .  This 

fu r the r  con firm s  th e  co n c lu s io n  th a t  th e  9 2 6 /1 1 4 5 /1 3 9 5 /1 4 5 4  c m * 1 b a n d s  

b e long  to th e  s a m e  s p e c ie s ,  p -n i t ro so b e n z o a te ,  which is p ro d u c e d  rapidly a s  

th e  potential re tu rns  from -0.5V to 0.0V an d  is c o n s u m e d  w hen  th e  potential is
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s t e p p e d  to -0 .5V a g a in .  T he  1277  c m ' 1 b a n d  c o r r e s p o n d s  to  th e  a zo x y  

com p o u n d , a n d  a  similar c h a n g e  in intensity is not o b se rv e d  for this b a n d  a s  the  

potential g o e s  to -0.5V again , s ince  this potential is not nega tive  e n o u g h  for the  

reduction of the  azoxy  c o m p o u n d  unde r  th e  experim enta l  conditions.

T h e  following se c t io n  d e s c r ib e s  a n  e x p e r im e n t  w h e re  a  short- lived  

in te rm ed ia te  in th e  e lec trochem ica l  redox reaction  of PNBA is d e te c te d  by m s 

t im e-reso lved  S E R S . The experim ental a p p a ra tu s  u s e d  in t h e s e  ex p e r im e n ts  is 

identical to  tha t  p rev iously  d e s c r ib e d 17 with th e  addition of a n  e lectronically  

contro lled  sh u tte r  with a  r e s p o n s e  time of 7 m illiseconds, u s e d  to initiate the  

de tec tion  p ro ce d u re ,  which itself is illustrated in Fig. 2 .10. A potentia l p u lse  (- 

0.9V vs. SC E ) is applied  to the  e lec trode  for a  period of 2 0 0 m s  to red u c e  PNBA 

to th e  hydroxy lam ine  com p o u n d ,  a n d  th e  poten tia l is re laxed  to  -0.2V during 

which th e  tim e reso lv ed  s u rfa c e  e n h a n c e d  R a m a n  sp e c t ru m  is r e c o rd e d  by 

m e a n s  of a  g a te d  de tec tion  sc h e m e ,  which s a m p le s  the  sp ec tru m  by a n  optical 

m ultichannel a n a ly ze r  (OMA) at various intervals (Fig. 2.10).

Fig. 2.11 s h o w s  th e  t im e - re s o lv e d  S E R S  s p e c t r a  for th e  po ten t ia l  

exc ita t ion  e x p e r im e n t  in 0 .05M  PNBA with 0 .1M  N a 2 S 0 4  a s  s u p p o r t in g  

electrolyte a t pH 11. The e lec trode  potential is ju m p e d  from ze ro  to -0.9V for 200 

m s  dura tion  th en  back  to -0 .2V. T he  t im e -d e p e n d e n t  S E R S  w e re  ta k e n  a t t-|

w hen  the  potential re tu rned  from -0.9V to -0.2V ( s e e  Fig. 2.10). T he  tim e interval 

b e tw e e n  s u c c e s s iv e  s p e c t r a  w a s  10m s. At the  pum ping  potentia l, -0.9V, the  

m ain  s p e c i e s  on  th e  Ag e le c t ro d e  s u r f a c e  s h o u ld  b e  th e  hyd roxy lam ine  

c o m p o u n d  accord ing  to our  p ro p o se d  cyclic vo ltam m etry  reduction  s c h e m e 17. 

T he  first sp e c tru m  ob ta ined  after th e  potential p u lse  re tu rns  to -0.2V sh o w s  o n e  

in te n s e  b a n d  a t  1364 c m " 1 a n d  two w e a k e r  b a n d s  a t  866  a n d  1600  c m ’ 1 . 

T h e s e  s a m e  b a n d s  a re  a lso  found at -0.9V during th e  poten tia l excitation a n d
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a re  nearly  identical to th o se  b a n d s  of the  au then tic  hydroxylam ine com pound , 

PHABA (s e e  Fig. 2.4), confirming that  PHABA is form ed at -0.9V. S e v e ra l  new 

p e a k s  a t  996 , 1095, 1115 ,1130 , 1145, 1175, 1233, 1277, 1325, 1350 ,1395 , 

1454, a n d  1580 c m -1 sta r t  to a p p e a r  30 m s  later. The final sp e c tru m  m ost likely 

c o r r e s p o n d s  to  a  mixture including nitro, nitroso a n d  azoxy  c o m p o u n d s .  S o m e  

of t h e s e  b a n d s  a t 866 , 1115  a n d  1350  c m ’ 1 be long  to th e  nitro c o m p o u n d  

w h ic h  c o n t i n u e s  to  d i f fu se  o n to  t h e  s u r f a c e  of e l e c t r o d e  a f t e r  t h e  

e lec trochem ica l  reduction  c e a s e s .  T he  b a n d s  a t 1130, 1145, 1395  a n d  1454 

c m '1, re p re se n t  the  formation of the  nitroso c o m p o u n d  ( s e e  Fig. 2. 4), while the  

b a n d s  a t  1095, 1277  a n d  1325 c m '1 a re  c lo se  to  b a n d s  found in th e  spec trum  

of a z o x y b e n z e n e  at 1098, 1273, a n d  1325 c m 1 18,19 a n d  r e p re s e n t  the  product 

of th e  ch e m ica l  coupling reaction  b e tw e e n  th e  n itroso a n d  th e  hydroxylam ino 

co m p o u n d s .  The b a n d s  rep resen ting  th e  azoxy  c o m p o u n d  a p p e a r  nearly  a t the  

s a m e  time a n d  the  s a m e  rate a s  th o s e  of th e  nitroso co m p o u n d  ( s e e  Fig. 2 .12a). 

This result is c o n s is ten t  with the  conc lusion  draw n from e lec trochem is try  that  a  

rapid ch e m ica l  reac tion , which c o n s u m e s  th e  n itroso m o lecu le s ,  follows the  

formation of nitroso com pound . However, the  a s s ig n m e n t  of all of th e  b a n d s  d u e  

to th e  azo x y  c o m p o u n d  is difficult b e c a u s e  s o m e  of th e  b a n d s  a s s ig n e d  to 

nitroso c o m p o u n d  overlap  with the  azoxy  com pound .

T rans ien t  b a n d s  a re  found a t  966, 1233 a n d  1580 c m ' 1. T h e s e  b a n d s  

a p p e a r  slightly e a r l ie r  th an  th o s e  b a n d s  for th e  final p ro d u c ts  a n d  th e n  

d i s a p p e a r  a b o u t  70 m s later. T he  experim en ta l  c u rv e s  of the  in tensities  of the  

t ra n s ie n t  1233  a n d  1580 c m ' 1 b a n d s  v e r s u s  tim e a re  sh o w n  in Fig. 2 .12b . 

T h e s e  t r a n s ie n t  b a n d s  m u s t  c o r r e s p o n d  to s o m e  kind of in te rm e d ia te .  A 

r e a s o n a b le  in terpretation s u g g e s t s  tha t  this in te rm edia te  is a  free  radical anion,
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Ar-NO", p ro d u c e d  during  th e  e lec trochem ica l  oxidation of th e  hydroxylam ine  

co m p o u n d :

Ar-NHOH + 2 0 H "  = Ar-NO '+ 2H2 0  + e '  (2 8)

Ar-NO' = Ar-NO + e '  (2 -9 )

T he  life-time of th is  s p e c ie s  on  the  Ag e lec tro d e  su r fa c e  is a b o u t  70 m s.  E S R  

s tu d ie s  a lso  provide e v id e n c e  for the  ex is te n ce  of nitroso radical an ion  but the  

life-time of this free  radical in solution is m uch longer, ab o u t  two m in u te s .11 The 

sh o r te r  life-time in our  expe rim en t  is u n d e rs ta n d a b le  s ince  th e  s p e c i e s  is not 

free in solution but is s itua ted  in the  electrical doub le  layer at th e  Ag surface.

T he  1580  c m " 1 b a n d  of the  t ran s ien t  s p e c ie s  m ay  b e  a s s ig n e d  a s  the  

b e n z e n e  ring s tre tch ing  m ode . T he  r e s o n a n c e  effec t of th e  f ree  radical with 

b e n z e n e  ring would te n d  to stabilize  th e  radical a n d  th u s  c a u s e  a  shift of the  

ring s tre tch  b a n d  from 1600 to 1580 c m "1 . Furtherm ore , the  t ra n s ie n t  b a n d  at 

1233 c m '1 m ay b e  re la ted  to th e  carbon-n itrogen  vibration s in ce  the  r e s o n a n c e  

effect favors  th e  do u b le  bond  s tru c tu re s  a n d  th e  c a rbon -n itrogen  s ing le  bond  

vibration b a n d  is located  at abou t  1145 c m "1.

(c) Digital Simulation of the Electrode Process

A se t  of e lec trode  reac tions  a n d  coup led  chem ica l  s te p s  which m odel th e  

overall e le c tro d e  p r o c e s s  c a n  b e  p ro p o se d  from th e  na tu re  of th e  CV c u rv e s  

a n d  th e  T R S E R S  resu l ts  tak e n  on tr iangu lar  s w e e p  poten tia l s c a n s .  A digital 

s im ulation  of th e  CV c u rv e s  for a  sm o o th  e le c tro d e  w a s  im p le m e n te d  a n d  

c o m p a r e d  with e x p e r im e n ta l  r e s u l ts  on  a  s m o o th  e le c t r o d e .  T h is  is a
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r e a s o n a b le  a p p ro a c h  b e c a u s e  a lthough  the  S E R S  resu l ts  w ere  o b ta in e d  on a  

r o u g h e n e d  e lec trode , c o m p a r iso n  b e tw e e n  th e  CV c u rv e s  on the  sm o o th  a n d  

ro u g h e n e d  e le c t ro d e s  (e.g., s e e  Figs. 1a  a n d  1b) s h o w  th e  s a m e  qualita tive  

fea tu re s .  Although, th e re  is definitely adso rp tion  behav io r  on  the  ro u g h e n e d  Ag 

e le c tro d e ,  ev iden t  for p e a k  A (Fig 1b), it d o e s  not a p p e a r  on  th e  sm o o th  

e le c t r o d e ,  a n d  th u s  w a s  not in c lu d e d  in th e  d igital s im u la t io n  m odel.  

F u r th e rm o re ,  th e  o th e r  p e a k s  which w e re  s im u la te d  (C a n d  D) s h o w  up  in 

e x a c t ly  th e  s a m e  p la c e  on  bo th  th e  s m o o th  a n d  r o u g h e n e d  e le c t r o d e s  

indicating tha t  th e  s p e c i e s  identified by S E R S  in t h e s e  po ten tia l reg io n s  a re  

m ost likely to a lso  b e  involved in the  e lec trode  p r o c e s s  on the  sm oo th  elec trode . 

Additionally, it shou ld  b e  no ted  tha t  the  S E R S  resu lts  a re  a lso  influenced  by a  

p h o to in d u c e d  p r o c e s s ;  how ever ,  a s  w e  h a v e  p rev iously  p o in te d  o u t17, the  

s a m e  in te r m e d ia t e s  a n d  p r o d u c t s  a r e  invo lved  in e le c t r o c h e m ic a l  a n d  

pho tochem ica l  reduction of arylnitro co m p o u n d s .

T he  digital simulation of th e  CV c u rv e s  w a s  c a rr ied  out with a  G e n e ra l  

P rog ram  of Simulation (G P S )26 which is a  later version of the  p rogram  of R ieger 

a n d  G o s s e r 27 written in FO RTRAN for digital s im ulation  of e le c tro c h e m ica l  

cu rren t-p o ten t ia l  c u rv e s .  This  p ro g ram  utilizes a n  e x p a n d in g  s p a c e  grid for 

c o m p u ta t io n a l  efficiency a n d  R u n g e -K u tta  solution of c h e m ic a l  k inetics  for 

m e c h a n is t ic  genera li ty .  It is ava ilab le  from o n e  of th e  a u th o r s  (DKG) upon  

req u e s t .  B e c a u s e  of th e  c o u p le d  fas t c h em ica l  s te p s ,  e a c h  half-cycle of the  

potential s c a n  cycle of the  CV took abou t  one-half  hour to  s im ulate  on a n  Apple 

M acin tosh  II o r a  DEC VAX 11/780, a b o u t  ten  m in u tes  on a  f a s te r  Celerity 

1260D com puter,  a n d  abou t  four m inutes  on a  Cray Y-MP for a  0.2V/S s c a n  rate. 

T h e s e  r e s u l t s  only ind ica te  C P U  tim e for th e  M a c in to sh  s in c e  th e  o th e r  

m a c h in e s  w e re  u s e d  in a  t im e-sh a r in g  m o d e  a n d  a ls o  th e  c o d e  w a s  not
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optim ized for s p e e d  on the  supercom pu te r .  As the  s c a n  rate  is lowered, th e  time 

for simulation g o e s  up. For exam ple ,  a t  0.05V/S it took  th re e  ho u rs  to  s im ulate , 

the  com ple te  CV curve  show n in Fig 15 on a  M acintosh II.

T he  CV c u rv e s  w e re  s im u la ted  for po ten tia l s c a n s  b e tw e e n  -0.1V a n d  

-1.0V. O n e  point is ou tpu t for every  o n e  mV in the  potential s c a n .  All diffusion 

coeff ic ien ts  w e re  a s s u m e d  to b e  e qua l  with D= 1x10 ‘5 c m 2/s. In this potential 

range , th e  e lec trode  p ro c e s s  involves four e le c tro n s  a n d  four pro tons. S ince  the  

solution is a lkaline, w a te r  is t a k e n  a s  th e  p ro ton  so u rc e ,  a n d  all hydrolytic 

re a c t io n s  a re  a s s u m e d  to b e  fas t  with r e s p e c t  to  e le c t ro d e  re a c t io n s  a n d ,  

th e re fo re ,  to b e  at equilibrium. U n d er  t h e s e  cond it ions ,  a  d irec t  2 e ’, 2H+ 

reac t io n  b e h a v e s  exac t ly  a s  a  s y s te m  m o d e le d  with two s u c c e s s iv e  o n e  

e lec tron  transfers(E T ) with sym m etry  factor, a ,  e qua l  to  O.5.28 T he  reduction of 

nitro c o m p o u n d  to nitroso c o m p o u n d  is m ode led  in this w ay with two ET s te p s  

(2.10) a n d  (2.11) followed by an  irreversible chem ica l  s te p  (2.12). It sh o u ld  be  

m en tioned  tha t  this p ro c e s s  could  a lso  be  m odeled  by o n e  ET s te p  followed by 

a  d isp roportiona tion  a n d  then  lo ss  of water. H ow ever, this m ore  c o m p lica ted  

m ec h a n ism  would not m arkedly influence the  s h a p e  of th e  CV curve , a n d  s ince  

w e  d o  not h a v e  e v id e n c e  of th e  s ing le  e lec tron  a d d u c t  s p e c ie s ,  w e  h a v e  

a s s u m e d  a  m ec h a n ism  with the  direct two-electron transfer. T he  E° for e a c h  ET 

s te p  involving hydrolytic action is form ula ted  in te rm s  of a  N erns t  equa tion  for 

on ly  t h o s e  s p e c i e s  w h ic h  e x c h a n g e  e l e c t r o n s .  A lso , t h e  s t a n d a r d  

h e te ro g e n e o u s  ET rate  cons tan t ,  k°, is an  a p p a re n t  c o n s ta n t  which d e p e n d s  on 

pH a n d  ac id  d issociation constan t .

£•0 *0
A r-N 02 + e ' + H20 ------1—!— > A r-N 02 H + O H ' (2.10)
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E® k®
Ar-N0 2 H + e '  + H2 O  2> 2 > Ar-NC>2 H2  (2.11)

k M
A r-N 0 2 H2 -----— > Ar-NO + H20  (2.12)

T he  reduction  of the  nitroso to hydroxylam ine a lso  involves two e le c tro n s  a n d  

two pro tons. In this c a s e  w e  tak e  a s  the  first s te p  in this reduction a  s im ple  o n e  

ET reaction (2.13) to form the  nitroso free radical anion, AR-NO'. Using T R S E R S  

in a  potential s te p  e x p e r im en t ,23 we have  o b ta in e d  e v id e n c e  for th e  ex is te n ce  

of th is  s p e c i e s  a s  u n s ta b le  in te rm ed ia te  a t  th e  e le c tro d e  su r fa c e  during  the  

e le c tro c h e m ica l  oxidation of p -h y d ro x y la m in o b en z o a te  to p -n i t ro so b e n z o a te .  

T he  experim en t sh o w s  th re e  t rans ien t  b a n d s  at 996, 1233, a n d  1580 c n r 1 with a  

life tim e of 70 m s  which w e a s s ig n e d  to this s p e c ie s .23 T he  last ET s te p  (2.14)

m u st  involve o n e  e lec tron  a n d  two w ate r  m o lecu le s  (2 p ro tons)  to  form th e  p-

h y d ro x y la m in o b e n z o a te .  Finally w e  in c lu d e  a n  ir re v e rs ib le  c o n d e n s a t io n  

reac tion  (2.15) b e tw e e n  hydroxylam ine a n d  nitroso c o m p o u n d s  to form azoxy  

which a c c o u n ts  for the  S E R S  obse rva t ion  of this c o m p o u n d  a n d  the  na tu re  of 

p e a k  labeled  D in the  CV curves.

E°,k°
Ar-NO + e- -  -> Ar-NO' (2.13)

, E*.k*
Ar-NO' + e '  + 2H20  -> Ar-NHOH + 2 0 H '  (2.14)

Ar-NO' + Ar-NHOH ^  > Ar-N(0)=N-Ar + H2 O  (2.15)

B e c a u s e  th e  finite d iffe rence  p rog ram  for th is  m e c h a n is m  req u ire s  so  

m uch  com pu ta tion  time, it is not practical to u s e  a n  optim ization p ro c e d u re  to 

obtain  th e  e s t im a te d  p a ra m e te r  se t.  In s tead , w e  h a v e  u s e d  a  trial a n d  erro r
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p ro ce d u re  which involved a round  500  c o m p u te r  sim ulations. W e system atica lly  

va ried  the  p a ra m e te r  s e t  to arrive at a  b e s t  fit s e t  by (i) visually observ ing  the  

effect of t h e s e  c h a n g e s  on the  dev ia tions  b e tw e en  the  s im u la ted  CV curve  a n d  

experim enta l  points, especially  in reg ions  w here  th e  cu rren t  r ises  up  to th e  p e a k  

p o ten t ia ls ,  a n d  (ii) by m aking  s u re  th a t  th e  final op t im ized  p a r a m e te r  s e t  

accura te ly  s im ula ted  the  CV c u rv es  a s  a  function of s c a n  rate. T he  resu lts  of this 

p ro ced u re  a re  the  following p a ra m e te r  s e t  :

E 1°= -0.27V, k i ° =  1.08x1 O'5 cm s  '1, oti = 0 .5

E2°= -0.27V, k2° = 1 .08x10 '5 cm s 1, cc2 = 0.5

E30= -0.34V, k3°= 0 .0600  cm  s 1, a 3 = 0 .63

E4°= -0 .3 2 V , k4° =  0 .0165  cm  s 1, a 4  = 0 .63

k d  = 500  s ' 1

k C2  =  4 .5  S’ 1

To s o m e  ex ten t th e  first six p a ra m e te rs  a re  d e c o u p le d  from the  rem aining eight 

p a ra m e te r s  s ince  the  form er d e te rm in e  th e  position a n d  s h a p e  of p e a k  A (Fig. 

2 .1) a n d  the  rest of the  s e t  de te rm ine  the  charac te r is t ic s  of p e a k s  C  a n d  D.

W e h a v e  a ls o  t e s t e d  th e  validity of p a r a m e t e r  s e t  by show ing  tha t  

va ria t ions  in their  v a lu e s  do  have  m e a s u ra b le  e ffec ts  on th e  s im u la ted  p e a k  

po ten tia ls  a n d  p e a k  curren ts .  Thus, in o rd e r  to p ro d u ce  a  shift of ± 3mV in the  

p e a k  potential for p e a k  A, th e  v a lu e s  of k i °  an d  k2°  n e e d  to vary from 0 .8  x10‘5 

to 1.3 x 10 '5 cm /s . This s a m e  variation in the  p e a k  potential of C c a n  b e  ob ta ined  

w hen  the  value of k3° is varied  from 0 .04  to 0 .10 cm /s  or k 4° is varied  from 0 .015  

to 0 .019  cm /s. A ± 3%  variation in th e  p e a k  cu rren t of p e a k  A is o b ta in ed  w hen
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kc i is varied  b e tw e e n  300  a n d  1000 s 1. Finally, a  ± 5%  variation in th e  p e a k  

cu rren t ratio of p e a k  D to p e a k  C is found w hen  th e  va lue  of kc2 is varied  from 

3.5  to 5.5. Thus, th e  s im ula ted  d a ta  s e e m  to b e  fairly sensit ive  to the  p a ra m e te r  

v a lu e s  with th e  ex c ep t io n  of kc i. T h e  v a lu e  w e  h a v e  o b ta in e d  for th e  ra te  

c o n s ta n t  for this irreversible s te p  is in the  na tu re  of a  lower bound , s ince  larger 

v a lu e s  will not su b s ta n t ia l ly  effec t  th e  s im u la te d  c u rv e  but do  m a k e  th e  

com puta tion  tim e prohibitive.

S o m e  s im u la ted  cyclic v o l tam m o g ram s a re  sh o w n  in Fig. 2.13. Note  for 

t h e s e  cu rves ,  the  potential axis  h a s  b e e n  reve rsed . T he  simulation resu lts  a re  

qualitatively c o n s is te n t  with the  experim en ta l  resu l ts  o b ta in e d  in 5 mM PNBA 

so lu t ion  on  a  s m o o th  Ag e le c tro d e (F ig .  2 .1 ) .  Fig. 2 .1 4 a ,  b s h o w  th e  

d e p e n d e n c e s  of p e a k  potentials, Ep a , E pc , E p o  a n d  E p q -E p o  for th e  s im ulated  

a n d  the  experim en ta l  resu lts  a s  a  function of th e  potential s c a n  rate. Fig. 2 .14c  

is a  com parison  of experim enta l  a n d  sim ulated  p e a k  curren t ratios, ic>/ ic a lso  a s  

a  function of s c a n  rate. This p e a k  ratio is e spec ia lly  sensi t ive  to the  chem ica l  

ra te  c o n s ta n ts  in the  e lec trode  p ro ce s s .  It c a n  b e  s e e n  tha t  th e re  is rea so n ab ly  

g o o d  a g re e m e n t  in all c a s e s  be tw een  sim ula ted  a n d  experim en ta l  results .

Experim ental d a ta  points a n d  a  con tinuous  s im ula ted  curve  for a  0.05V/S 

a re  show n  in Fig. 2.15. T he  op en  circ les  a re  u s e d  for the  experim enta l  d a ta  on 

th e  first cyc le  a n d  o p e n  tr ia n g le s  a re  u s e d  for th e  las t  half-cycle  for le s s  

c o n fu s in g  p re s e n ta t io n .  T h e  b a c k g ro u n d  cu rre n t  from th e  p u re  su p po rt ing  

electro lyte  h a s  b e e n  s u b tra c te d  from the  experim enta l  cu rren t ob ta in ed  with p- 

n itrobenzoa te . Even  so  it c a n  be  s e e n  tha t  on th e  first negative-go ing  sc a n ,  the  

s im ula tion  is flat a n d  well be low  th e  e x p e r im e n ta l  points . This  is p robab ly  

b e c a u s e  th e  e x p e r im e n ta l  d a t a  inc lude  re s id u a l  r e d u c t io n  c u r re n t  from 

impurities e i the r  on  th e  solid Ag e le c tro d e  or in th e  p -n i t ro b e n z o a te  solution



5 7

which is not r e p r e s e n te d  in th e  sim ulation. T he  b a c k g ro u n d  cu rren t  m u st  be  

irreversib le  b e c a u s e  it d o e s  not sh o w  up  a s  m uch  on th e  positive-going s c a n  

w h e re  th e  fit is qu ite  goo d .  At th e  rev e rs in g  poten tia l ,  a  sm all  a m o u n t  of 

ch a rg in g  c u rren t  c a n  a ls o  still b e  s e e n ,  p robab ly  d u e  to  a n  u n c o m p e n s a te d  

charg ing  curren t in th e  p re s e n c e  of the  p-n itrobenzoa te . T he  simulation predic ts  

th e  a b so lu te  va lue  of the  main p e a k  cu rren t to within a b o u t  a  3%  error, e v e n  

using  the  geom etric  a r e a  for the  true su rfa c e  a r e a  of the  e lec trode , approx im ate  

diffusion coeffic ients , a n d  neg lec ting  correc tion  for cha rg ing  a n d  b a c k g ro u n d  

cu rren t  which is found in the  p r e s e n c e  of the  p -n itro b en zo a te  solution. In fact, 

th e  a g re e m e n t  of th e  s im ula ted  a n d  experim en ta l  cu rren t is good , espec ia lly  in 

th e  important pa rts  of the  vo ltam m ogram  which contain  all th e  information abou t 

th e  m echan ism : the  w ave  s h a p e s ,  p e a k  poten tia ls  a n d  p e a k  curren ts .

Section 2.4 Conclusion

T h e  e le c t ro c h e m ic a l  red u c t io n  of arylnitro  c o m p o u n d s  is a  r a th e r  

com plex  p ro ce s s .  The investigation of the  e lec tro d e  p ro c e s s  of p -n itrobenzoa te  

by OMA recording of S E R S  s p e c t r a  during cyclic vo ltam m etric  s c a n s  ind ica tes  

th e  e x is te n c e  of th e  p -n i t ro so b e n z o a te ,  p -h y d ro x y lam in o b en zo a te  a n d  azoxy- 

b e n z o a te  c o m p o u n d s  a s  in te rm ed ia te  a n d  p roduct sp e c ie s .  T h e s e  sp e c ie s ,  for 

w hich w e  p rov ide  S E R S  s p e c t ra l  e v id e n c e ,  h a v e  all b e e n  c o n s id e r e d  in 

m e c h a n is m s  of arylnitro reduction b a s e d  on th e  c lass ica l  te c h n iq u e s  of organic  

e le c t ro c h e m is t ry 2' 6 Almost all of th e  S E R S  b a n d s  found in o u r  t im e-reso lved  

s p e c t r a  c a n  b e  a s s ig n e d  to  t h e s e  c o m p o u n d s .  In ou r  original inves t iga t ion17, 

w e  c o n c lu d e d  tha t  th e  time d e p e n d e n t  S E R S  b a n d s  found  a t  fixed e le c tro d e  

potentia l b e tw e e n  -0.2V an d  -0.5V w ere  d u e  to  a  p roduct which w a s  e ither  p-
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am in o b e n zo ic  ac id  or a z o d ib e n z o a te .  Analysis, herein , of S E R S  s p e c t r a  tak en  

a s  a  function of po ten tia l s c a n  s h o w s  that  th e  t im e d e p e n d e n t  s p e c t r a  in our 

original investigation a re  mainly d u e  to a  mixture of b a n d s  from th e  starting nitro 

c o m p o u n d  a n d  th e  p -n i t ro s o b e n z o a te  in te rm e d ia te  with possib ly  o n e  or two 

b a n d s  com ing from th e  azoxy product com pound .

T h e  digital s im ulation of th is  ra th e r  c o m p lic a ted  CV m e c h a n is m  on  a  

sm o o th  Ag e le c tro d e  ind ica te s  th a t  in th e  da rk  th e  first s te p  in th e  reduction 

p r o c e s s  for p -n i t ro b e n z o a te  c a n  b e  m o d e le d  a s  a n  EC p r o c e s s  with a  two- 

e lec tron  tw o-w ater(p ro ton )  irreversib le  reduc tion  to a  s p e c i e s  which lo s e s  a  

w a te r  m o lecu le  in a  following c h em ica l  s te p  to form th e  n itroso  c o m p o u n d .  

B e c a u s e  of th e  irreversibility of th e  ET s te p s ,  a  cu rren t  for this p r o c e s s  is not 

s e e n  a n y w h e re  n e a r  the  E° of the  two-electron reduction on the  initial negative- 

going CV sc an .  At m ore  nega tive  potential the  overpoten tia l d r ives  th e  formation 

of the  nitroso c o m p o u n d  which is th an  r e d u c e d  in m uch  fa s te r  ET s te p s  to the  

hydroxylam ine c o m p o u n d  s o  that  only a  four-electron p r o c e s s  is o b se rv e d .  On 

th e  return  s c a n  the  oxidation of hydroxy lam ine  to  n itroso is relatively facile. 

W hen  th e  s c a n  is re v e rse d  again , the  nitroso c a n  b e  red u c e d  to hydroxylam ine 

at m ore  positive  po ten tia ls  b e c a u s e  a  high overpo ten tia l  for nitro reduction  is 

not n e c e s s a ry .  H ow ever, th e  nitroso a n d  hydroxylam ine c a n  c o n d e n s e  to  form 

a n  azoxy  c o m p o u n d ,  a n d  this reac tion  m a k e s  th e  overall p r o c e s s  a n  E C E C  

m ec h a n ism . In the  p r e s e n c e  of la se r  light, a  p h o to in d u c e d  p r o c e s s  s t im u la te s  

th e  form ation of th e  nitroso c o m p o u n d  so  th a t  it is o b s e rv e d  in a  so -ca l led  

underpo ten tia l  (-0.1 V to -0.5V) region.

W e a v e r  a n d  c o w o rk e rs 18 h a v e  pointed out that  S E R S  d a ta  will b e  m ost 

im portant for e lucidation of the  overall e lec tro d e  p r o c e s s  in CV w h e n  a d s o rb e d  

s p e c ie s  a re  rapidly in terconverted  to solution sp e c ie s .  This situation a p p e a r s  to
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b e  true  in th e  p re s e n t  c a s e  b e c a u s e  "product" p e a k s  C a n d  D a p p e a r  in th e  

s a m e  p lace  for th e  rough a n d  sm oo th  e lec trodes ,  indicating tha t  the  adso rp t ion  

which only a p p e a r s  to affect p e a k  A on  the  rough e le c tro d e  d o e s  not a lte r  the  

overall m ec h a n ism  very m uch  w hen  considering  th e  sm oo th  e lec tro d e  sy s tem . 

T h u s  w e  h a v e  not included  a d s o rb e d  s p e c i e s  in ou r  m odel of th e  e le c tro d e  

p r o c e s s  but have  u s e d  S E R S  identification for chem ica l  s p e c ie s  involved in the  

m e c h a n is m .  T h e  very g o o d  a g r e e m e n t  of th e  e x p e r im e n ta l  a n d  s im u la te d  

r e s u l t s  is t a k e n  a s  im p re ss iv e  e v id e n c e  for th e  validity of th e  p r o p o s e d  

m e c h a n i s m .  F u r th e r m o r e ,  t h e s e  r e s u l t s  s h o w  th e  utility of c o u p lin g  

e l e c t r o c h e m i c a l  m e a s u r e m e n t s ,  in s i tu  v ib r a t io n a l  s p e c t r o s c o p i c  

m e a s u r e m e n ts ,  a n d  digital simulation for th e  elucidation of the  m e c h a n is m s  of 

com plex  e lec trode  p ro c e s s e s .
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Fig. 2.1 (a) Cyclic voltam m ogram  of PNBA on a sm ooth Ag electrode, (b) Cyclic 

voltam m ogram  of PNBA on a roughened Ag electrode. P retreatm ent for the 

roughened  e lec trode is the sam e  ORC pretreatm ent u sed  in TRSER S m easu rem en ts  

(see  text); Solution: 5.0 mM PNBA in 0.1 M Na2S 0 4 ; geom etric surface a rea  of

electrode: 0 .0154 cm 2 ; S can  rate. 200 mV/s; Curve I is the first cycle and  curve II is 

the seco n d  cycle; The arrow s indicate potential scan  directions.
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Fig. 2.2 Cyclic voltammogram of PNBA on a smooth Ag electrode at 

increased concentration. Solution: 50 mM PNBA in 0.1M Na2 SC>4 ;

geometric surface area of electrode: 0.0154 mm2; scan rate: 100 mv/S; 

Curve I is the first cycle and curve II is the second cycle; The arrows 

indicate potential scan directions
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Fig. 2.3 The d e p e n d en c e  of the ratios of peak  currents, iQ/ic- on potential 
sc an  rate. The subscript refers to a  particular peak. Supporting electrolyte: 0.1 M 
Na2 SC>4 . Curve I (□): 5.0 mM PNBA on a  smooth Ag electrode. Curve II (A): 5.0 
mM PNBA on a  roughed Ag electrode. Curve III (O): 50 mM PNBA on a  roughed 
Ag electrode
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Fig. 2.4 SE R S  Spectra  of the authentic p-(hydroxylam ino)benzoic acid in 0.1M 
N a2 S 0 4  a t different potentials and pH. (a) pH =11.0 at -0.50V; (b) pH =11.0 at -0.2V;
(c) pH =3.7 at -0.2V.
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Fig. 2 .5  SERS spectra obtained in 50 mM PNBA on a roughened Ag electrode  
during a CV experim ent, (a ) & (b ): 0 .0 V  to  -0 .4 5 V  to  0 .0 V  to  -0 .4 5 V . Dwell tim e o f  
spectra: 1 0 0  ms. Potential scan rate: 1 0 0  m V /s .
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Fig. 2 .6  The dependence of relative intensities of some SERS bands on 
potential. Potential scan rate: 100 mV/s. a) the initial negative-going 
scan: from 0.0V  to -0.5V; b) the reverse positive-going scan: from -0.5V  
to 0.0V; c) the second negative-going scan: from OV to -0.5V. (O): 926
cm '1; (A): 1395 cm '1; (□ ): 1454 cm '1.
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Flo. 2.7 The SERS spectra on a roughened Ag electrode taken during a slow 
potential scan CV experim ent, (a )  & (b ) 0 .0 V  to  -0 .8 V  to  -0 .5 V . Dwell tim e : 1s; 
Potential scan rate: 2 m V /s . Solution: 5 0  mM PNBA in 0.1 M Na2S04 , p H = 1 1.
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Flfl- 2 -8  SERS spectra taken during a fast potential scan CV experim ent with real 
tim e d etec tio n .(a ) & (b ) 0 .0 V  to  -0 .9 V  to  0 .0 V  to  -0 .9 V . Scan rate: 1 .0  V /s . Dwell 
time: 6 0  ms. Solution and electrode: Same as in Fig. 2 .7 .
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Fig. 2.9 The dependence of the relative intensities of some SERS bands on both 

potential and time. The band intensities are relative to the 1350 cm-1 band of 

PNBA. The time-resolved SERS spectra were taken in a potential square wave 

experiment. Irradiation with 120 mW of 488 nm laser light. Dwell time for each 

spectrum is 100 ms. The electrode was roughened by two oxidation reduction cycles 

( ORC ) with a pulse of 0.0V to +0.5V vs. SCE for one second. Both ORC 

pretreatment and TRSERS measurement are in 50 mM PNBA aqueous solution with 

0.1 M Na2 S0 4  as electrolyte. pH=11.

“ —- 926 cm'1; o -- 1145 cm'1; * — 1277 cm'1; ■ —  1395 cm'1; O — 1454 cm'1
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Fig. 2.10 Tim e-R eso lved  S E R S  de tec ting  p ro c e s s  for a n  e lec trochem ica l  

excitation experim ent. A potential pu lse  (-0.9V) is exe rted  on the  e lec trode  

for a  period t1 (200 m s) to reduce  PNBA to its hydroxylam ine com pound , 

th e  first p roduct,  th e n  th e  po ten tia l re tu rn s  to  -0.2V a n d  a n  u n s ta b le  

in te rm e d ia te  is g e n e r a te d  during this p ro c e s s .  Following th e  exciting 

poten tia l  p u lse  e a c h  TTL trigger  g e n e r a te d  by a  w avefo rm  g e n e ra to r  

e n a b le s  a  S E R S  detec tion , ta  is de lay  tim e b e tw e e n  s p e c t r a  a n d  tb  is 

integration time of S E R S  spectrum .



Relative Intensity

866

9% 996

1095
1130

1145
1175

1233 1233
1277
1325

1350
13721395

1454

15801580
1600

S £ Time, ms



R
el

at
iv

e 
In

te
ns

ity

7 4

150

140

130

120

1800 cm600 1400 1600800 12001000

Fig. 2.11(b)

Fig. 2.11 Time-resolved SERS spectra of PNBA on a roughed Ag electrode. Excitation 
potential pulse from 0.0V to -0.9V with 200 ms pulse width duration followed by a step 
to -0.2V. Irradiation with 120 mW of 488 nm laser light, (a) Time: 0-90 ms, (b) 
Time:120 -150 ms.
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Fig. 2 .12 Time d e p e n d e n c e  of intensities of s o m e  S E R S  b a n d s  in a  

potential pu lse  excitation experiment.

(a) B a n d s  plotted: A —1 2 7 7 c r r r 1 ; O —1395 c m - 1 ; □ — 1454 c m '1.

(b) B an d s  plotted: O  —1 233  cm -1 , A —1580 cm*1
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Fig. 2.13 Simulation results of cyclic voltammograms for the PNBA electrochemical reduction 

process as a function of scan rate. See text for the parameters. Scan rate: a)100mV/s; b)500 

mV/s; c) 2.0 V/s; d) 10.0V/S.
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Fig. 2.14 a) The dependence of peak potential, Epa, on potential scan rate in 5.0 mM PNBA 
on a smooth Ag electrode. Curve I (O): Experimental results; Curve II (A): Simula-tion results, 

b) The dependence of peak potentials.Epc and Epd, on potential scan rate in 5.0 mM PNBA on 
a smooth Ag electrode. Curve !(•): experimental result for Epc; Curve ll(A): simulation result for 
Epc; Curve lll(O): experimental result for Epd; Curve IV(B): simulation result for Epd; Curve V 
(A): experimental Epc-Epd; Curve Vl( J): simulated Epc-Epd. c) The dependence of the ratio of 
peak currents, y\c, on potential scanning ratein 5.0 mM PNBA on a smooth Agelectrode. (O): 
Experimental result; Curve II (A):Simulation result.
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Fig. 2 .15  C om parison  of a  s im ula ted  CV curve  with experim enta l  points.

S c a n  rate: 50mV/s. Solution concen tra tion  of PNBA: 2 .0  mM . G eom etric
2

s u rfa c e  a r e a  of the  e lec trode :  0 .0 1 5 4  cm. Solid line — s im u la ted  CV 

c u rv e ;0 — experim ental points on first cycle. A— - experim ental points on 

s e c o n d  cycle. T he  s im u la ted  cu rren t  is re la ted  to  th e  ex p e r im en ta l  

curren t in m icroam ps by the  factor : ( su rface  a r e a  of th e  e lec trode)  x 

( the s q u a re  root of s c a n  rate)  x (the bulk co n cen tra t io n  in m o les /cm 3) 

x100. Dividing th e  experim en ta l  cu rren t by this fac tor g ives  th e  points  

u s e d  for com parison  with the  sim ulated  current.
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Section 3.1 Introduction

As a  se n s i t iv e  s u rfa c e  p robe , s u r fa c e  e n h a n c e d  R a m a n  s p e c t ro sc o p y  

(S E R S ) h a s  e n a b le d  u s  to obtain  information a b o u t  s p e c ie s  on a  S E R S  active 

s u r f a c e .12  It h a s  b e e n  u s e d  to investigate  th e  adsorp tion  p ro c e s s  of m olecu les  

on  a  Ag s u r f a c e 2 ' 5 a n d  th e  e le c tro c h e m ic a l  o x id a t ion /reduc t ion  p r o c e s s  of 

o rgan ic  c o m p o u n d s 2 '611 a n d  inorganic c o m p o u n d s .12 In te rm ed ia tes  which a re  

s ta b le  a t  s p e c ia l  p o te n t ia l s  h a v e  b e e n  o b s e r v e d  by s t e a d y - s t a t e  S E R S  

m e a s u r e m e n t s .  6 - 1 0 , 1 2  H o w e v e r ,  little in fo rm a t io n  a b o u t  s h o r t - l iv e d  

in te rm e d ia te s  a n d  kinetics  h a v e  b e e n  o b ta in e d  in p rev ious  S E R S  s tud ie s .  In 

th is  c h a p te r ,  t im e - re s o lv e d  S E R S  is u s e d  to  s tu d y  th e  a d s o rp t io n  a n d  

e lec tro reduc tion  of 4 -cyanopyrid ine  on  a  Ag e le c tro d e  a n d  kinetic information 

ab o u t  this p ro c e s s  is ob tained .

C u r ren t-p o te n t ia l  c u rv e s  s u g g e s t  th a t  on  a  Hg e le c t ro d e ,  4 - c y a n o ­

pyrid ine, 4 -C N P Y , u n d e r g o e s  a  fou r-e lec tron  red u c t io n  to  4 -am inom ethy l-  

pyridine in acid ic  bu ffe red  so lu tions  a n d  a  tw o-elec tron  reduction  to pyridine 

a n d  c y a n id e  in a lkaline b u f fe rs .1314 In s i tua tions  which a r e  n e ithe r  strongly 

ac id ic  nor  s trong ly  b a s ic ,  th e  n u m b e r  of e le c t r o n s  t ra n s fe r re d  du ring  th e  

reduction is b e tw e e n  two a n d  four, i.e., both p ro d u c ts  a re  p roduced . However, 

w ha t  will h a p p e n  on a  Ag e le c tro d e  in an  u n b u f fe red  neu tra l  so lu t ion?  The 

cyclic voltam m etric  result sh o w s  only o n e  reduction w a v e  p e a k e d  at abou t  -1.4V 

on  a  S E R S  ac tive  Ag e le c tro d e  a n d  th e  reduc tion  p roduct s u g g e s t e d  in the  

l i t e r a tu r e 15-16 from th e  S E R S  resu l ts  is pyridine. O th e r  S E R S  s tu d ie s  a lso  

indicate  tha t  the  orientation of the  a d s o rb e d  s p e c ie s  a re  affec ted  b y t h e  solution 

concen tra tion , th e  e lec trode  potential a n d  the  type  of s o v e n t .17' 19
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Section 3.2 Experimental

(a) Experiment Setup and Chemicals

An Ar+ la s e r  w a s  u s e d  a s  light so u rc e .  T he  S E R S  d e te c t in g  sy s te m  

in c lu d e s  a  th r e e -e le c t ro d e  o p t ic a l-e le c tro c h em ica l  cell with a  Ag working 

e le c tro d e ,  a  P t c o u n te r  e le c t ro d e  a n d  a  S C E  re fe re n c e  e le c tro d e ,  a  S P E X  

t r i p le m a te  (S P E X  IN D U S T R IE S , INC.) m o u n te d  with a  d i o d e - a r r a y  

p h o to d e t e c to r  (EG& G PA R C , m o d e l  1455X C ) w hich  is c o n tro l le d  by a  

M acin tosh  P lu s  c o m p u te r  th rough  a  d e te c to r  in te rface  (EG&G PA RC, m odel 

1461). T he  f requency  resolution of this sy s te m  is two w a v e n u m b e r s  p e r  d iode  

ch an n e l .  T he  potentia l on th e  working e lec tro d e  is contro lled  by a  po ten tio s ta t  

(EG&G PA RC, m odel 173) a n d  a  w aveform  g e n e ra to r  (EG&G PA RC, m odel 

175). 4 -C y a n o p y r id in e  (98% ), 4 -am ino -m ethy lpy r id ine  (98% ), 4,4 '-bipyridyl 

hydra te  (98% ) a n d  4 -py rid inecarboxa ldehyde  (98%) w e re  p u r c h a s e d  from the  

Aldrich C h e m ic a l  C o m p a n y ,  Inc. a n d  pyridine from M allinckrodt, Inc.. 4- 

C yanopyrid ine  w a s  recrys ta lized  from distilled w a te r  b e fo re  u se .  All so lu tions  

w ere  m a d e  with distilled w a te r  containing 0.1M rea g e n t  g ra d e  KCI.

(b) Experimental Procedure

T he  a d so rp t ion  a n d  e lec tro reduc tion  of 4 -cyanopyrid ine  (4-CNPY) on a  

Ag e le c t ro d e  w e re  s tu d ie d  by both po ten tia l  d e p e n d e n t  s u r f a c e - e n h a n c e d  

R a m a n  sp e c t ro sc o p y  (P D -S E R S ) an d  tim e reso lved  s u r f a c e - e n h a n c e d  R a m a n  

sp ec tro sc o p y  (TR-SER S). T he  488  nm line of th e  Ar+ lase r  w a s  u s e d  a s  a  p robe
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b e a m .  T h e  p o w e r  of la s e r  ou tpu t  w a s  a b o u t  2 0 0  m W  with a b o u t  80  mW 

re a c h in g  th e  e le c tro d e  su rfa c e .  B efore  S E R S  s p e c t r a  w e re  t a k e n ,  th e  Ag 

e le c t ro d e  w a s  p o l ish e d  a n d  th e n  p r e t r e a te d  by ox ida t ion -reduc tion  c y c le s  

(O R C s) in-situ in solu tions with R am an  active  c o m p o u n d s  or ex-situ  in solution 

with only p u re  0 .1M  KCI. T he  dwell t im e  for e a c h  s p e c t ru m  v a r ie d  from 

h u n d re d s  of m ic ro se c o n d s  to severa l  s e c o n d s .  S o m e tim e s ,  in o rd e r  to c h e c k  if 

the  c a u s e  of c h a n g e s  in S E R S  sp e c t ra  is d u e  to a n  e lec trochem ica l  effect or a  

l a s e r  in d u ce d  p h o to -e lec tro c h e m ic a l  effect, th e  S E R S  s p e c t ru m  a t  a  g iven  

potential w a s  tak e n  at a  su r fa c e  point which h a d  b e e n  irrad ia ted  by th e  la se r  

light for a  long time a n d  c o m p a re d  with the  spec trum  ob ta ined  from a  new  point 

on  th e  e le c t ro d e  s u r f a c e  w hich h a d  not b e e n  i r rad ia ted  b e fo re  th e  S E R S  

m e a s u re m e n t .  T he  experim en ta l  resu l ts  w ere  s a v e d  on  a  floppy d iske t te ,  a n d  

then  could be  an a ly z e d  or plotted on a  lase r  printer.

Section 3.3 Results and Discussion

(a) Concentration Dependence of 4-CNPY SERS Spectra

Fig. 3.1 sh o w s  S E R S  s p e c t r a  of 4 -cyanopyrid ine  (4-CNPY) a t -0.4V in

0.1 M KCI at different concen tra tions . Basically, two ty p e s  of s p e c t ra  w ere  found 

w hich c a n  b e  re la te d  to e i th e r  a  dilute o r  a  c o n c e n t r a t e d  C N P Y  so lu tion  

condition, respective ly . O n e  type  of sp e c tru m , A, c o r r e s p o n d s  to  a  s im ple  4- 

CNPY m olecule  or a  m o n o m e r  a n d  th e  o ther  type of spec trum , B, m ost likely to 

a  d im e r  or a n  a g g re g a te  sp e c ie s .  In dilute solution which c o n ta in s  1.0 mM 

CN PY a n d  0.1M KCI, th e  m o n o m er  type  spec trum  A, cu rve  (a) on  th e  bottom  in 

Fig. 3 .1 , s h o w s  two very s trong  b a n d s  a t  1605  a n d  1008  c m - 1 , th re e  s trong



b a n d s  a t 1502, 1410 a n d  1214  c m '1 a n d  th re e  w eak  b a n d s  a t 1372, 1261 an d  

1064  c m '1 in the  spec tra l  window. T he  d im m er or a g g re g a te  ty p e  sp e c tru m  B, 

cu rve  (d) or (e) at the  tope  of Fig. 3.1 ob ta ined  in c o n c e n t ra te d  CN PY solutions, 

e.g ., 10 or 20 mM CNPY, sh o w s  four very strong  b a n d s  a t  1600, 1520, 1208 an d  

970  c m ' 1, two strong  b a n d s  a t  1261 a n d  1006 c m '1 , o n e  m ed ium  s trong  b a n d  

at 1450 a n d  sev era l  w eak  b a n d s  a t 1472, 1430, 1064 a n d  847  c m ' 1. T h e s e  two 

ty p e s  of sp e c t ra  s h a re  s o m e  of th e  R a m a n  b a n d s ,  such  a s  the  1600, 1208 an d  

1006  c m ' 1 b a n d s .  H ow ever, th e  1502 a n d  1410  c m ' 1 b a n d s  d istinctively  

be long  to th e  m o n o m e r  sp e c tru m , while th e  1520 , 1261, 9 7 0  a n d  8 4 7  c m ' 1 

b a n d s  to the  sp e c t ra  in m ore  c o n c e n t ra te d  solutions, which a re  possibly rela ted  

to t h e  d im e r  o r  a g g r e g a t e .  T h e  S E R S  s p e c t r a  o b t a in e d  in m e d iu m  

co n cen tra t io n s ,  su ch  a s  2 .5  an d  5.0  mM CNPY, sh o w  a  com bina tion  of b a n d s  

from th e  two distinct types.

In o rd e r  to a s s ig n  the  S E R S  b a n d s ,  norm al R a m a n  s p e c t r a  of both  4- 

CNPY solid a n d  solutions w ere  tak e n  a n d  a re  listed in Table  3.1 a long  with the  

a s s i g n m e n t s . 20 22 Four b a n d s  in th e  C-H s tre tch  region a re  d e te c te d  for the  

solid, but only o n e  at 3068  c m '1 which is th e  to ta l sy m m etr ic  A-j m o d e  h a s  

s trong  intensity. It s e e m s  that m ost  of the  Ai m ode  vibrations p ro d u c e  in tense  

b a n d s  in R am an  spectra .

T he  norm al R a m a n  s p e c t r a  of 4-C N PY  in both  a c e t o n e  a n d  e th a n o l  

solu tions sh o w  few er b a n d s  than  that  of solid. How ever, the  spec trum  in e thano l 

sh o w s  two additional b a n d s  at 1002 a n d  a t  a b o u t  1600 c m -1 with very strong  

in tensities . T h e s e  two b a n d s  a re  very c lo s e  to th e  two original v (C C ) b a n d s  

which a re  loca ted  at 992  a n d  1596 c m ' 1 a n d  a re  c o n s id e re d  to  be long  to th e
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s a m e  v ibrations but of a  p ro tona ted  s p e c ie s  s in ce  th e  pyridine ring nitrogen is 

b a s ic  a n d  th e re  a re  p ro tons availab le  in e thanol.

It is evident, by com par ison  with th e  norm al R a m a n  s p e c t r a  of 4-CNPY, 

that all strong  m o n o m e r  S E R S  b a n d s  e x cep t  1410 c m '1 be long  to  A1 sym m etry  

a n d  a re  a ttr ibu ted  to th e  sym m etric  in-plane type  of v ib ra tions .20 22 E ven  the  

1410 c m '1 b a n d  which h a s  B2 sym m etry  is a lso  a n  in-plane asym m etr ic  stretch. 

H ow ever, m any  distinctive S E R S  b a n d s  of the  putative d im er  or a g g re g a te  a re  

re la ted  to so -ca l led  out-o f-p lane  y  vibrations. For e x a m p le ,  both th e  970  a n d  

847  c m '1 b a n d s  a re  a s s ig n e d  to the  y(CH) m o d es .  T h e s e  fac ts  indicate  tha t  the  

type A sp ec tru m  c o rre sp o n d s  to the  m o n o m er  s p e c ie s  which a d s o rb s  on the  Ag 

e le c tro d e  s u rfa c e  vertically, while the  pu tative  d im er  or a g g r e g a te  sp e c t ru m  

c o r r e s p o n d s  to a  s p e c i e s  which is o r ien ted  para lle l  or partly para lle l  to  the  

e le c tro d e  su rfa c e .  Additional e v id e n c e  for this conc lu s ion  is th a t  th e  relative 

intensity  of CN triple b o n d  stre tch ing  with frequency  at 2 2 3 9  c m '1 d e c r e a s e s  

with increas ing  4-CN PY  concen tra tion . T h e  vertical orientation of th e  CN triple 

b o n d  p r o d u c e s  th e  m o s t  in te n s e  b a n d  a n d  th e  pa ra l le l  o r ie n ta t io n  th e  

w e a k e s t . 23 T h u s ,  th e  co n cen tra t io n  of th e  s p e c i e s  tak ing  a  paralle l  or partly 

parallel orientation in c re a s e s  with the  bulk 4-CNPY concen tra t ion . T he  relative 

intensity of the  970  c n r 1 b a n d  to the  a d jacen t  1006 c m '1 b a n d  s h o w s  a  strong  

c o n c e n t ra t io n  d e p e n d e n c e  a n d  it i n c r e a s e s  with 4 -C N P Y  c o n c e n t ra t io n .  A 

linear re la tionsh ip  is found  b e tw e e n  this relative in tensity  a n d  th e  s q u a r e  of 

concen tra t ion  w hen  concen tra t ion  is sm alle r  th an  0.01 M (Fig. 3.2). This linear 

re la t io n sh ip  is c o n s i s t e n t  with t h e  fo rm a tio n  of th e  d im e r  a s  t h e  bulk 

concen tra t ion  inc rease .

W h en  th e  e le c tro d e  is p re t re a te d  ex-situ  in a  so lu tion  con ta in ing  only
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0.1M KCI a n d  th en  d ipped  into a  0.02M  4-CNPY solution, the  pu tative  d im er  or 

a g g r e g a te  sp e c t ru m  is a lso  o b s e rv e d .  An in te res ting  p h e n o m e n o n  is tha t  in 

2 .5m M  CN PY  so lu tions, type  A s p e c tru m  is o b s e rv e d  a f te r  th e  first tw o-O R C  

p re trea tm en t  a n d  th e  com bination of ty p e s  A a n d  B is o b ta in e d  after  a n o th e r  two 

O R C s. This s u g g e s t s  tha t  in th is  particular situation th e  d im er  or a g g re g a te  is 

p robab ly  fo rm ed  on th e  e le c tro d e  s u r fa c e  w h e n  th e  O R C s  p r o d u c e s  m ore  

adso rp tion  s i te s  for attraction of 4-CNPY m olecu les  from solution.

If th e  d im er  or a g g re g a te  d o e s  exist, at lea s t  on  th e  e le c tro d e  su rface ,  

o n e  of th e  poss ib le  o r ien ta tions  is that  o n e  of the  CN PY  m olecu le s  a d s o rb s  on 

th e  Ag e le c tro d e  su r fa c e  vertically th rough  th e  pyridine ring n itrogen  a n d  the  

o th e r  CN PY  m olecu le  o r ie n ta te s  parallel. H ow ever, if th is  is t rue , th e  sp ec tru m  

for th e  vertically a d s o rb e d  s p e c ie s  shou ld  b e  a lw ays  m ore  in te n se  th an  or at 

leas t  h a v e  the  s a m e  intensity a s  the  spec trum  for th e  parallel o r ien ted  sp e c ie s .  

In fact, in c o n c e n t ra te d  so lu tions  the  sp ec tru m  with in te n se  out-o f-p lane  b a n d s  

o v e rw h e lm s  th e  vertically o r ien ted  spec trum . It s e e m s  m ore  likely th a t  th e  two 

a d ja c e n t  4-C N PY  m olecu le s  lie face  to face  but with two c y a n o  g ro u p s  in the  

o p p o s i te  d irec tions  so  that their dipole  m o m e n ts  c o m p e n s a te  e a c h  other. Two 

p o ss ib le  orien ta tions  for su ch  a  d im er  on  e lec trode  s u rfa c e  a r e  e ither  a  face-to  

or a  tilted orientation. In both s itua tions  th e  ou t-of-p lane  vibration b a n d s  could  

b e  o b s e rv e d  with s trong  intensities. H ow ever, it s e e m s  tha t  th e  tilted orientation 

is m ore  re a so n a b le ,  s ince , a lthough  the  dipole m o m e n ts  a re  c a n c e le d  out in the  

d im er, th e  e le c tro d e  su r fa c e  still fee ls  a  local dipole  m o m e n t  of th e  m olecu le  

a t ta c h e d  on  it. Of c o u rse ,  th e  local dipole m om en t will b e  m uch  w e a k e r  th an  the  

dipole  m om en t of th e  individual CN PY m olecule  b e c a u s e  it is partially c a n c e le d  

by th e  d ipole  m om ent of the  o th e r  m olecule  in the  dimer. This m odel c a n  a lso  

b e  th o u g h t  a s  a n  a g g re g a te  w h e n  the  s u rfa c e  co n c en tra t io n  of th e  d im e rs  is
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very high.

(b) Time Dependence of 4-CNPY SERS Spectra at Various Potentials VYhere 

Electrolysis Does Not Take Place

T he  t im e -d e p e n d e n t  S E R S  s p e c t r a  of 4 -cyanopyrid ine  w e re  ta k e n  a n d  

s tud ied  in neu tra l  a q u e o u s  so lu tions  with 0.1 M KCI a s  supporting  electrolyte. 

T he  p re trea tm en t  w a s  perform ed by starting from a  variety of different po ten tia ls  

a n d  s tep p in g  to +0.3V for 2 s e c o n d s  th e n  returning to the  s tarting  potentia l in 

so lu tions  con ta in ing  0.01 M 4-C N PY  with la s e r  light shining on th e  e le c tro d e  

su rfa c e .  Right a f te r  the  p re t r e a tm e n t  pu lse ,  th e  S E R S  s p e c t r a  w e re  ta k e n  

consecutive ly .

T he  result ob ta ined  a t -0.1V (Fig. 3.3) sh o w s  only th re e  m ajor  b a n d s  at 

ab o u t  1019, 1191 a n d  1598 c m -1 right after  th e  p re t rea tm en t  pu lse . Many new  

b a n d s  grow up with time, a n d  th e s e  new  b a n d s  a re  loca ted  at 850(m ), 967(vs), 

1138(w ), 1205 (vs) ,  1262(m ), 1445 (m ), 1464(w ), a n d  1 5 2 0 (v s)  c m ' 1 . T he  

original 1019 c m -1 b a n d  shifts to  1006 c m '1 a n d  the  1598 c m ' 1 b a n d  shifts to 

1603  c m - 1 . With th e  g row th  of th e  b a n d  in tens it ie s ,  th e  b a c k g ro u n d  a lso  

in c r e a s e s .  Additionally, the  c y a n o  triple b o n d  s tre tch ing  b a n d  a t  2 2 3 9  c m ' 1 

sh o w s  a  d e c r e a s e  in intensity s im ultaneously  with time.

A ccord ing  to G re e n  a n d  H arr iso n ,20 all of th e  th re e  b a n d s  o b s e rv e d  

initially be long to  A-| sym m etry , the  totally sym m etric  vibration m o d es ,  a n d  a re  

a s s ig n e d  to th e  ring, p(CH), an d  v(CC) vibration m o d e s ,  w h e re  p(CH) is th e  in 

p lane  bend ing  of the  C-H b o n d s  a n d  v(CC) is th e  s tre tch  of th e  C-C bond. W e



m ay a s s ig n  th e  starting  sp e c t ru m  with only th re e  m ajor  b a n d s  a t 1019, 1191 

a n d  1598  c m '1 to a  s p e c ie s  which in terac ts  strongly with Ag su rface ,  su ch  a s  a  

su rfa c e  com plex. T he  strong  interaction be tw e en  a d s o rb e d  4-CN PY  m olecu les  

a n d  th e  ac tive  s i te s  of th e  e le c tro d e  su rfa c e ,  which a re  p robab ly  silver ions, 

c a u s e s  th e  ring m o d e  (A-|) an d  the  P(CH) m o d e  (A-|) v ibra tions  to shift from

1006 a n d  1205 c m '1 to 1019 a n d  1191 c m '1 respectively. S o m e  of th e  in tense  

newly grow ing  b a n d s  c a n  b e  directly  a s s ig n e d  to  th e  f u n d a m e n ta l  m o d e s  

s h a r e d  by both th e  m o n o m e r  a n d  th e  d im er (or a g g re g a te ) .  Fo r  e x a m p le ,  th e  

967  cm *1 b a n d  is a s s ig n e d  to a  y(CH) (A2 ) m ode  a n d  th e  1262 c m '1 b a n d  to a  

X -sen s  (A-|) m o d e ,20 w here  y(CH) is th e  C-H out-of-p lane  bend ing  a n d  X -sens

is the  m ode  w h o se  frequency  is very sensit ive  to the  subs ti tuen t ,  X. T he  1464 

c m ' 1 b a n d  is a s s ig n e d  to the  v(CC, CN) (A-j) m ode  of th e  m onom er,  but the  

1445  a n d  th e  1520 c m '1 b a n d s  to th e  v(C C , CN) (A-j) a n d  th e  v(C C ) (B2 ) 

m o d e s  of the  d im er (or ag g re g a te ) ,  respectively.

All th e  p h e n o m e n a  d i s c u s s e d  a b o v e  c a n  be  exp la ined  by proposing  that 

th e  4-CNPY m olecu le  s ta n d s  vertically on  th e  e le c tro d e  s u rfa c e  with th e  ring 

nitrogen end-on  imm ediately after the  potential p re trea tm en t  a n d  later  the  newly 

a d s o rb e d  m o lecu le s  begin  to c a n t  tow ard  th e  su rfa c e .  T he  initial sp e c tru m  is 

s im ilar to  th e  S E R S  o b ta in e d  in low c o n c e n t ra t io n  of 4-C N PY . T h e  newly 

growing s p e c t ra  r ep re sen t  the  formation with time of the  d im er  or a g g re g a te .  As 

we d i s c u s s e d  before , the  d im er  or a g g re g a te  te n d s  to b e  a d s o rb e d  tilted. In this 

c a s e ,  t h e  o u t -o f -p la n e  m o d e s  t e n d  to  b e  m o re ,  th o u g h  not e x a c t ly ,  

pe rp e n d icu la r  to  th e  e le c tro d e  su rface .  T hus , w hen  th e  d im er  or a g g re g a te  is 

fo rm ed , th e  in tens it ie s  of th e  b a n d s  re la te d  to th e  ou t-o f -p lan e  m o d e s  will 

in c re a s e .  T he  d e c r e a s e  in th e  intensity of th e  c y a n o  b a n d  is probab ly  d u e  to 

s o m e  of th e  a d s o rb e d  m olecu les  chang ing  their orientation from vertical to tilted
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s o  that the  CN triple bond is no longer perpend icu la r  to th e  surface.

At m ore  nega tive  potentia ls  up to -0.6V, the  new b a n d s  grow e v e n  faster. 

At -0.4V (Fig. 3.4), th e  initial b a n d s  a re  at 1006, 1198 a n d  1606 c m '1 , an d  the  

1019  c m ' 1 b a n d  d o e s  not show  up  at this potential. This is similar to the  1025 

c m ' 1 ban d  in pyridine’s  S E R S  sp e c tru m ,2 which only sh o w s  up  a t  very positive 

poten tia ls . T he  newly growing b a n d s  at ab o u t  1211 (vs), 1415(m ), a n d  1510(s) 

c m ' 1 a re  s e e n  e v e n  in th e  first sp ec tru m  right a f te r  th e  p re trea tm en t .  With time 

s o m e  o th e r  b a n d s  a t 9 70 (sh ) ,  1068(w) a n d  1262  c m ' 1 (m) a r e  o b se rv e d .  At 

-0.6V (Fig. 3.5), e x cep t  for the  th re e  major b a n d s  a t 1006, 1198 a n d  1606 c m '1, 

two new  b a n d s  a t  1411 a n d  1506 c m ' 1 a p p e a r  a t the  beginning  a n d  th en  shift 

with tim e to 1416 a n d  1521 c m '1. Another new b a n d  a p p e a r s  a t  1451 c m '1 after 

ab o u t  o n e  a n d  half m inutes. If Fig. 3 .4  a n d  Fig. 3 .5  a re  c o m p a red ,  It c a n  be  s e e n  

tha t  the  s tarting s p e c t r a  a re  the  s a m e ,  but the  final s p e c t r a  a re  qu ite  different. 

For ex am p le ,  the  spec trum  at -0.6V in Fig. 3.5 s h o w s  two strong  b a n d s  at 1521 

a n d  969  c m '1 a n d  a  m edium  b a n d  a t  1451 c m '1 , w h e r e a s  the  sp ec tru m  at -0.4V 

s h o w s  two b a n d s  at 1510 a n d  1415 c m '1 in s tead . T h e s e  latter b a n d s  a re  the  

s a m e  a s  th o se  in the  starting spectrum . In addition, the  970  c m '1 b a n d  a p p e a r s  

a s  a  sh o u ld e r  b a n d  at -0.4V in s te a d  of a  very s trong  band . In fact, th e  final 

s p e c t r a  o b ta in e d  at -0.1V a n d  -0.6V a re  nearly  th e  s a m e  a s  th e  s te a d y - s ta te  

sp e c t ra  a t high concen tra tions , though  there  a re  s o m e  frequency  shifts for so m e  

b a n d s  which a re  probably c a u s e d  by the  e lec trode  potential. T h u s  th e  d im er or 

a g g re g a te  is fo rm ed  at t h e s e  two poten tia ls . H ow ever, th e  s u rfa c e  s p e c ie s  at 

-0.4V might b e  a  m o n o m e r  ra th e r  th an  a  d im er  o r  a g g r e g a te  s in c e  the  final 

S E R S  spec trum  h ere  is m ore  like the  low concen tra tion  s te a d y  s ta te  spectrum .

The p r e s e n c e  of lase r  light during the  O R C  p re t re a tm e n ts  h a s  a n  effect
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on the  S E R S  sp e c t ra  only at specia l potentials. For exam ple ,  a t  both -0.1V a n d  

-0.6V th e  s a m e  s e t s  of trans ien t  S E R S  s p e c t r a  a re  ob ta ined  no m atte r  w h e th e r  

th e  la s e r  light is on o r  off the  e le c tro d e  during th e  O R C . H ow ever, the  S E R S  

sp e c tru m  d e te c te d  at -0.4V w hen  e le c tro d e  is p re t re a te d  in-situ in th e  da rk  is 

q u i te  d ifferen t from th a t  o b ta in e d  w h e n  la s e r  light is p r e s e n t  du ring  th e  

p re trea tm en t. T he  spec trum  looks m ore  like th e  s te a d y -s ta te  sp e c tru m  ob ta ined  

at -0.6V in high c oncen tra t ions  (Fig. 3 .1e).

This sp ec ia l  p h e n o m e n o n  is probab ly  re la ted  to the  photosensitiv ity  of 

AgCI at -0.4V at which AgCI form ed during the  oxidation half-cycle in th e  O R C  

pre trea tm en t  is m ore  sensitive  to the  la se r  light. An in tensive investigation of the  

la se r  illumination effect on  the  m orphology of Ag s u rfa c e  h a s  sh o w n  tha t  the  

p r e s e n c e  of the  la se r  light during the  O R C  c a u s e s  a  photoreduction  of AgCI a n d  

this pho to reduc tion  p ro d u c e s  m ore  s i te s  for a d so rp t io n .24 More availab le  s i te s  

favor th e  adso rp t ion  of m o n o m e r  a n d  a lso  m ake  th e  ad so rp t io n  p ro c e s s  e a s y  

a n d  faster. T he  S E R S  spec trum  at -0.4V w hen  the  e lec trode  is p re t rea ted  in the  

p r e s e n c e  of lase r  light d o e s  reach  its sa tu ra te d  value fas te r  then  a t the  o ther  two 

potential va lues .

E xpe r im en ts  a lso  sh o w  that th e  p r e s e n c e  of la s e r  light during th e  time 

e la p s e d  b e tw e en  m e a s u re m e n ts  h a s  little effect on the  tim e d e p e n d e n c e  of the  

sp e c t ra .  This ind ica te s  tha t  the  intensity build-up is d u e  to  th e  a bso rp t ion  of 

m olecu les  not th e  photolysis.

T he  ex-situ p re trea tm en t  in pure  0.1M KCI a q u e o u s  solution a t potentia ls  

which a re  m ore  nega tive  than  -0.3V g ives  rise to  the  s a m e  resu l ts  a s  th e  in-situ 

p re trea tm en t  in the  dark. For exam ple , c ons ide r  a  Ag e lec trode  p re trea tm en t  ex-
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positive potential pu lse  in the  O R C  h a s  a lready  b e e n  red u c e d  to Ag. T hen  if this 

e le c tro d e  is put into a  S E R S  cell which co n ta in s  10mM 4-C N PY  solution a n d  

th e  S E R S  s p e c tru m  is m e a s u r e d  a t th e  s a m e  potential, a  gradually  build-up of 

th e  S E R S  intensity with tim e w a s  o b s e rv e d  similar to  th e  situation with in-situ 

p r e t r e a tm e n t .  T h e  s a m e  p h e n o m e n o n  w a s  a ls o  o b s e r v e d  e v e n  w h e n  th e  

e lectric  circuit is o pen . In this c a s e  th e  buildup of th e  S E R S  intensity is solely 

d u e  to th e  adso rp tion  of 4-CNPY m olecu les  s ince  no reduction  of AgCI occurs . 

T h e s e  resu lts  indicate that the  reduction of Ag a to m s  from AgCI m ay  not b e  the  

r e a s o n  for th e  tim e d e p e n d e n c e  of 4-CNPY S E R S  sp e c tru m , i.e., it is not th e  

ra te -de te rm in ing-s tep .  The adso rp t ion  of 4-CNPY m o lecu le s  a n d  th e  formation 

of a g g re g a te s  a re  the  slow s te p s  which control the  whole  p ro cess .

In conclusion , the  t im e-d e p e n d en t  s p e c t ra  at different po ten tia ls  in 0.02M  

4-C N PY  solution s h o w  th a t  a fter  O R C  p re t re a tm e n ts ,  th e  e n d -o n  s p e c ie s ,  a  

m o n o m e r ,  a d s o r b s  first a n d  th e n  th e  tilted s p e c ie s ,  m a y b e  a  d im e r  o r  a n  

a g g re g a te ,  with only o n e  exception , i.e., w hen  e lec trode  is p re t re a te d  in-situ at 

-0 .4V in th e  p r e s e n c e  of la se r  light, only th e  e n d -o n  m o n o m e r  s p e c t r a  a re  

o b se rv e d .
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(c) The Electroreduction of 4-CNPY

I. M onom olecu lar  R eac tions

Electrochem ically , th e  reduction of 4-CNPY in neutral a q u e o u s  solutions 

o c c u rs  a t the  potentia l m ore  nega tive  th an  -1.0V with a  p e a k  potential at abou t  

-1 .35V . T h e  m e c h a n is t ic  a n a ly s i s  for th e  e le c t r o c h e m ic a l  re d u c t io n  is 

c o m p l ic a te d  by m an y  p o s s ib le  p a th w a y s  a n d  p ro d u c ts .  T h e  tw o s im p les t  

p o ss ib le  m o n o m o lec u la r  p r o c e s s e s  (1) p ro d u c e  pyridine a n d  C N ' a n d  (2) 4- 

am inom ethylpyrid ine, PY-CH2 NH2  (AMPY),

PY-CN + 2e* + H+ = PY + C N ' (1)

PY-CN + 4 e '  + 4H+ = PY-CH2NH2 (2)

Fig. 3 .6  s h o w s  a  typical po ten tia l  d e p e n d e n c e  of S E R S  s p e c t r a  for 

1 .OmM 4-CNPY in the  ran g e  from 800  to 1700 c n r 1 at s te a d y  s ta te .  T h e  starting 

sp ec tru m  c o r r e s p o n d s  to a  vertically o rien ta ted  4-C N PY  m onom er. A new  ban d  

at ab o u t  1522 c m 1 a p p e a r s  at -0.7V an d  it k e e p s  growing a s  potential is m oved  

further nega tive .  T he  original 1501 a n d  1411 c n r 1 b a n d s  beg in  to  d e c r e a s e  at 

-0.9V a n d  totally vanish  in the  product spectrum  at -1.2V T he  original 1605 c n r 1 

b a n d  shifts to  1589 c n r 1, 1522 c n r 1 to 1529 c n r 1, a n d  1008 c n r 1 to 1002 c n r 1. 

A nother  new  b a n d  a p p e a r s  a t 1630 c n r 1 a n d  a  sh o u ld e r  b a n d  a t  ab o u t  970  c n r

1. T he  final sp e c tru m  at -1.2V c a n  b e  a s s ig n e d  to pyridine which is p ro d u ce d  

a long  with c y a n id e  by tw o-electron  reduction  of 4-CNPY. T h e  S E R S  b a n d  of 

free  c y a n id e  w a s  o b s e rv e d  a t  -1.2V a t 2 1 9 0  c n r 1 which c o r r e s p o n d s  to the  

stre tching m o d e  of CN ' triple bond.

Fig. 3 .7  s h o w s  th e  S E R S  s p e c t r a  of pyridine a t  -0.4V a n d  -1.2V. T he  

sp e c tru m  obviously  d e p e n d s  on potential. T he  s p e c tru m  at -0.4V (Curve  a  in
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Fig. 3 .7) looks qu ite  different from the  p roduct sp e c tru m  o b ta in e d  a t  -1.2V. It 

s h o w s  two ex trem e ly  s tro n g  b a n d s  a t  1034 a n d  1004  c n r 1. H ow ever ,  the  

sp e c t ru m  at -1.2V (C urve  b in Fig. 3 .7) is a lm o s t  identical with th e  p roduct 

sp e c tru m  at -1.2V in Fig. 3 .6  e x cep t  for a  w e a k  b a n d  at 1529 c n r 1 a n d  a  small 

sh o u ld e r  b a n d  at 970  c n r 1. This d ifference is probably  c a u s e d  by the  formation 

of sm all  a m o u n t  of a n o th e r  c o m p o u n d  s u c h  a s  a  p ro d u c t  of a  b im olecu la r  

chem ica l  coupling reaction.

II. Bimolecular R eac tions

T he  m o st  p o s s ib le  p ro d u c ts  of b im o lec u la r  r e a c t io n s  inc lude  4 ,4 ’- 

b ipyrid ine (BIPY), 4 -py ridy lm ethy leneaz in  (AZIN) a n d  azo -4 -m ethy l-py rid ine  

(AZO). The following s e t s  of reac tions  show  all of th e  possibilities,

2PY-CN + 2 e '  = PY-PY + 2C N ‘ (3)

T he  b im o lecu la r  p ro d u c ts  cou ld  b e  th o u g h t  to  be  fo rm ed  th ro u g h  following 

s c h e m e ,

BIPY

2PY-CN + 2 e - + 2H+ = PY-CH=N-N=CH-PY (4)

AZIN

PY-CH=N-N=CH-PY + 2 e - + 2H+ = PY-CH2 -N=N-CH2 -PY (5)

AZO

PY-CN + e- = PY-CN- (1a)
(1 b) 

(3a) 

(4a)

PY-CN" = PY + C N ­

PY + PY = PY-PY

PY-CN’ + PY-CN + e- + 2H+ = PY-CH=N-N=CH-PY



T im e-reso lved  S E R S  c a n  be  u s e d  to follow the  e lec tro reduc tion  p ro c e s s  

of 4-CNPY. T he  experim en ta l  result in 20  mM 4-CNPY in th e  p s  dom ain  for a  

p o te n t ia l -p u ls e  e x p e r im e n t  is s h o w n  in Fig. 3 .8 , w h e re  th e  po ten t ia l  w a s  

s te p p e d  from -0.4V to -1.2V. T he  Ag e lec trode  w a s  p re t rea ted  in-situ in the  dark  

at -0.4V in 0 .02M  4-CNPY with 0.1 M KCI. T he  starting sp e c tru m  is th e  s a m e  a s  

th e  s te a d y -s ta te  spec trum  show n  in Fig. 3.1 (d) or (e). T he  tim e-reso lved  S E R S  

resu lts  sh o w  that, at the  beginning, th e  relative intensity of th e  1450, 1262 an d  

9 7 0  c m '1 b a n d s  d e c r e a s e s ,  but the  8 4 7  c m '1 b a n d  in c re a s e s .  No new  b a n d s  

w ere  found in the  first 2 ,500  p s .  After abou t  2 ,500  ps , two new  b a n d s  a p p e a r  at 

1417  a n d  1472  c m ' 1 a n d  the  original 1520 c m ' 1 b a n d  gradually  shifts to 1530 

c m ' 1 . Although no  t ran s ien t  b a n d s  w ere  found in the  10 m s  tim e window, the  

d e c r e a s e  of the  intensity of th ree  initial b a n d s  in the  first 2 ,000  p s  c a n  b e  rela ted  

to the  formation of 4-CNPY an ion  by o n e  elec tron  reduction. T he  final spectrum  

r e p r e s e n t s  new  s p e c ie s  g e n e ra te d  by e lec trode  reac tions . T h e s e  could  be long  

to  any  o n e  o r  a  num ber  of poss ib le  products .

T he  s te a d y  s ta te  S E R S  s p e c t r a  in c o n c e n t ra te d  so lu t io n s  (Fig. 3.9), 

sh o w  c h a n g e s  at -1.0V, a s  p red ic ted  from the  CV results . T he  original b a n d s  at 

1471 a n d  847  c m '1 begin to  in c re a s e  a t -1.0V, but the  1450 a n d  th e  1261 c m '1 

b a n d s  beg in  to d e c re a s e .  Two new  b a n d s  a p p e a r  a t 1426 a n d  1417  cm*1 a t  

-1.1V a n d  k e e p  growing no m atte r  w h e th e r  potential s ta y s  th e re  or is m oved  

further nega tive . T he  product spec trum  ob ta ined  at -1.2V is th e  s a m e  a s  tha t  in 

t im e-reso lved  S E R S  experim ent. It c o n ta in s  two very s trong  b a n d s  a t 1416 and  

1208  c m ' 1 , five s trong  b a n d s  a t  1600 , 1530, 1003, 989  a n d  966  c m '1 , two 

m ed ium  s tre n g th  b a n d s  a t 1471 a n d  8 4 7  c m '1 a n d  two s trong  s h o u ld e r s  a t  

1590  a n d  1426  c m ' 1 . T he  1630 c m '1 b a n d  which is p r e s e n t  in th e  1.0 mM 

product sp ec tru m  d o e s  not a p p e a r  in this spectrum . T he  S E R S  s p e c t ra  a re  lost
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if potential is m a d e  m ore  negative  th a n  -1.2V. E ven  at this potential, th e  total 

intensity of s p e c t ra  is m uch  w e a k e r  th a n  at m ore  positive po ten tia ls  a n d  f a d e s  

with la s e r  light. T he  in tense  s p e c t ra  w ere  ob ta in ed  a t  a  new  point on  th e  Ag 

e le c tro d e  s u r f a c e  which h a d  not b e e n  i rrad ia ted  by l a s e r  light. T h e  m ajor  

d iffe rence  b e tw e e n  th e  s p e c t r a  in c o n c e n t ra te d  so lu tions  a n d  t h o s e  in dilute 

so lu tions  is that  four b a n d s  a t 1470, 1426, 1416 a n d  8 4 7  c m ' 1 a p p e a r  m ore  

in tensive in the  form er c a s e  (Fig. 3.9). This ind ica tes  tha t  b e s id e s  pyridine, a t  

leas t  a n o th e r  p roduct is p ro d u ced  in th e  c o n c e n t ra te d  solutions. Most likely it is 

an  a z o  c o m p o u n d  which c o m e s  from a  b i-m olecular p ro c e s s .  T he  a s s ig n m e n t  

will b e  m a d e  la ter  by ruling out o th e r  p o ss ib le  p ro d u c ts  by c o m p a r is o n  of 

spec tra .

III. C oncen tra tion  D e p e n d e n c e  of the  E lectroreduction P roduc ts

T he  reduction product s p e c t r a  of 4-CNPY on a  Ag e le c tro d e  in different 

CNPY concen tra tion  solutions at -1.2V a re  show n in Fig. 3 .10 , which evolved  a s  

th e  potential w a s  sw ep t  very slowly (0.33V/S) from -0.4V to -1.2V. As m entioned  

a b o v e ,  two ty p e s  of p roduct sp ec tra ,  o n e  of which is re la ted  to  pyridine a n d  the  

o th e r  to a n  a z o  c o m p o u n d ,  a re  o b ta in e d  in dilute (1.0 mM) a n d  c o n c e n t ra te d  

(20.0 mM) solutions, respectively. Similar to the  s p e c t r a  of th e  starting  s p e c ie s  

show n  in Fig. 3 .1, the  p roduct s p e c t r a  in in te rm ed ia te  c o n c e n t ra t io n s  a r e  the  

com bina tions  of t h e s e  two ty p es  of s p e c t ra  with different w eighing factors . The 

ratio of the  a z o  over  pyridine in c re a s e s  with 4-CNPY bulk concen tra tion .

It is hard  to tell w he ther  or not pyridine is p re se n t  in the  product s p e c t ra  in 

very c o n c e n t ra te d  solutions, s in ce  th e  pyridine s p e c tru m  is w e a k  a t  -1.2V an d
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m ay  b e  c o v e r e d  by t h e  i n t e n s e  a z o  s p e c t r u m .  H o w e v e r ,  in m e d iu m  

concen tra t ions ,  both pyridine a n d  a z o  sp e c t ra  a re  p re se n t  in the  product sp e c tra  

(Curve b in Fig. 3.10). T he  1630 c m '1 b a n d  is exclusive  for pyridine a t -1.2V a n d  

its intensity relative to th e  a z o  spec trum  d e c r e a s e s  with the  in c re a se  of 4-CNPY 

concen tra tion . Thus, it is certa in  that  e v e n  in c o n c e n t ra te d  solutions, pyridine is 

still o n e  of th e  p ro d u c ts  of 4 -C N P Y  reduc tion . T h is  is in a g r e e m e n t  with 

F u ru k a w a 's  c o n c lu s io n .16

T h e re  s e e m s  to b e  a  o n e  to o n e  c o r r e s p o n d e n c e  b e tw e e n  th e  starting 

s p e c ie s  a n d  the  p roducts ,  that  is, th e  4-CNPY m o n o m e r  p ro d u c e s  pyridine an d  

th e  d im er  or a g g re g a te  g ives  r ise to th e  a z o  co m p o u n d .  This c a n  be  s e e n  by 

c o m p a r in g  th e  s p e c t r a  in Fig. 3.1 with th o s e  in Fig. 3 .10 . H ow ever ,  in a n  

in te rm e d ia te  c o n c en tra t io n ,  2 .5  mM 4-CN PY , w e c a n  ob ta in  both  a z o  a n d  

pyridine d e p e n d in g  on  ex p e r im en ta l  cond it ions . If th e  po ten tia l is s t e p p e d  to  

-1.2V from -0.4V directly, the  p roduct sp e c tru m  (Curve b in Fig. 3 .11) is quite  

different from tha t  o b ta in ed  w h en  potential is c h a n g e d  very slowly (Curve b in 

Fig. 3 .10). In th is  po ten tia l  s te p  ex p e r im e n t ,  only th e  pyridine s p e c t ru m  is 

o b s e rv e d  ra ther  than  a  com bination of the  pyridine a n d  a z o  spec tra .

A no ther  deviation from th e  o n e  to  o n e  c o r r e s p o n d e n c e  is sh o w n  in an  

expe rim en t  w hen  4-CNPY is only p re se n t  on the  e le c tro d e  s u rfa c e  (Fig. 3.12). 

T he  Ag e le c tro d e  c a n  be  modified by p retrea ting  with O R C s  in 0 .02M  4-CN PY  

solution. T he  modified e lec trode  is then  w a s h e d  a n d  p laced  in a  solution which 

co n ta in s  only supporting electrolyte, 0.1 M KCI. T he  initial S E R S  spec trum  of this 

s y s te m  a t  -0.4V (Curve a  in Fig. 3 .12)  is primarily th e  s a m e  a s  th e  in-situ 

e x p e r im e n t  in 0 .02  M 4-CN PY  solution (Curve e  in Fig. 3.1). H ow ever ,  the  

p roduct sp ec tru m  in the  expe rim en t  with the  modified e lec trode  at -1.2V (Curve



b in Fig. 3 .12) is different from that  o b s e rv e d  in the  in-situ expe rim en t  in 0 .02  M 

4-CNPY (Curve e  in Fig. 3.10). It is, how ever, similar to th e  product sp e c tru m  in 

1.0 mM 4-CN PY  solution (Curve a  in Fig. 3 .10), which looks like pyridine. This 

in d ic a te s  th a t  a n  a g g r e g a te  on  th e  s u r f a c e  is p robab ly  n e c e s s a r y  but not 

sufficient for producing the  a z o  com pound . In' o th e r  words, th e  p roduct ob ta ined  

in c o n c e n t r a te d  so lu t ions  is not just from a  s im ple  m o n o -m o le c u la r  reac tion  

su c h  a s  e lec tron  t ran s fe rs  or su rface  product reacting with so lvent, or a  reaction 

b e tw e e n  th e  s u r f a c e  p r o d u c e d  s p e c ie s .  O th e rw ise ,  th e  p ro d u c t  s p e c t ru m  

o b s e rv e d  in th e  experim en t  with the  modified e lec trode  shou ld  b e  the  s a m e  a s  

th e  sp e c t ru m  o b ta in e d  in th e  in-situ experim en t. It s e e m s  m ore  likely tha t  the  

p roduct p ro d u c e d  in c o n c en tra te d  solutions c o m e s  from a  b i-m olecular reaction 

in w hich  th e  so lu tion  s p e c i e s  p lays  a n  im portan t  role. O n  th e  o th e r  h and , 

pyrid ine  c a n  b e  p ro d u c e d  from both  4 -C N PY  m o n o m e r  a s  s h o w n  in th e  

e x p e r im e n t  in 1.0 mM 4-C N PY  solu tion , a n d  from a n  a g g r e g a t e  a s  in th e  

p o ten t ia l  s t e p  e x p e r im e n t  in 2 .5  mM C N PY  solu tion  a n d  in th e  m odified  

e le c tro d e  experim ent. O n e  thing co m m o n  to all s itua tions  w h e re  pyridine is the  

m ajor p roduct  is tha t  th e re  is little possibility of a  chem ically  coupling reaction 

b e tw e e n  th e  e lec trode  p roduct sp e c ie s ,  probably a  radical o r  radical an ion , a n d  

th e  solution sp e c ie s ,  4-CNPY m olecules . For exam ple , in th e  modified e lec trode  

ex perim en t ,  only the  a d s o rb e d  s p e c ie s  c a n  be  involved in th e  e lec trochem ica l  

red u c t io n  p r o c e s s .  In very dilute so lu t ions  s u c h  a s  1.0 mM, th e  c h e m ica l  

coup ling  reac tion  is m inim ized b e c a u s e  of th e  low c o n c e n tra t io n  of solution 

sp e c ie s .  Fo r  th e  potential s te p  experim en t in 2 .5m M  4-C N PY  solution, s ince  the  

potential is s te p p e d  to a  very nega tive  value  immediately, th e  rad ica ls  r ed u c e d  

on th e  s u rfa c e  would b e  further re d u c e d  to the  final r e d u c e d  p roduct b e fo re  it 

r e a c ts  with a  solution s p e c ie s .  It shou ld  b e  point ou t th a t  th is  resu lt  c a n  be  

o b ta in ed  only in low 4-CNPY concen tra t ions .  If the  potentia l s te p  ex p e r im e n t  is
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d o n e  in a  c o n c e n t ra te d  4-CNPY solution, su c h  a s  0.01 M or 0.02M, the  a z o  type 

spec trum  is o b s e rv e d  a n d  overw helm s th e  pyridine spectrum .

Monitoring of the  S E R S  s p e c t ra  in th e  region from 1800 to  2 6 0 0  c m ' 1 

sh o w s  th a t  only o n e  b a n d  is loca ted  at ab o u t  2239  c m '1 a t -0.6V a n d  at m ore 

pos it ive  p o ten t ia ls .  A n o th e r  b a n d  a p p e a r s  a t  a b o u t  2 0 9 0  c m ' 1 w h e n  th e  

potentia l is m ore  nega tive  than  -1.0V, which is exactly  th e  s a m e  frequency  a s  

th a t  of c y a n id e  ion s u rfa c e  s p e c ie s ,  C N '.  T h e  relative in tensity  of this b a n d  

d e c r e a s e s  with th e  in c re a s e  of 4-CNPY bulk concen tra t ion . Similar re su l ts  a re  

ob ta ined  in the  experim en t  with the  modified e lec tro d e  which is p re t re a te d  in 20 

mM 4-CNPY. In this experim ent, the  CN s tre tch  ban d  of 4-CNPY at 2240  c m '1 is 

hardly  o b s e rv e d ,  but th e  C N ' ion s tre tch  b a n d  at 2 0 9 0  c m ' 1 in th e  p roduct 

s p e c tru m  is m uch  m ore  in tensive th an  in th e  c o n c e n t ra te d  4-CN PY  solutions. 

T he re fo re ,  o n e  o b v io u s  fact is that ,  a long  with pyridine, c y an id e  is p ro d u c e d  

during th e  e lec tro ch em ica l  reduction , a n d  th e  efficiency of p roducing  cyan ide  

d e c r e a s e  with 4 -C N P Y  c o n c e n t ra t io n .  Th is  s u g g e s t s  th a t  th e  p ro d u c t  in 

c o n c e n t ra te d  solu tions probably c o m e s  from a  p ro c e s s  which d o e s  not p roduce  

cy an id e .  For s u c h  a  p r o c e s s  which involves two re a c ta n t  m o le c u le s  without 

p roduc ing  c y a n id e ,  a z o -4 -m e thy lpy r id ine  w ould  b e  o u r  first c h o ic e  for th e  

product.

As a  sum m ery , the  following conc lu s ions  can  b e  d raw n  from the  a n a ly s e s  

ab o v e :  1) T he  e lec trochem ica l  reduction p roducts  in dilute so lu tions  is pyridine 

a n d  cyan ide ;  2) T he  m ajor reduction p ro c e s s  in c o n c e n t ra te d  solutions involves 

a  b i-m olecular reaction be tw een  an  e lec trode  g e n e ra te d  s p e c ie s  a n d  a  solution 

s p e c ie s ,  a n d  this reac tion  either d o e s  not p ro d u ce  or p ro d u c e s  only very little 

cyan ide ;  3) Azo-4-m ethylpyridine is probably  th e  m ajor p roduct in c o n c e n t ra te d
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so lu tions; 4) Azo-4-m ethylpyrid ine is fo rm ed  after  2 .5  m s  in th e  t im e-reso lv e d  

S E R S  experim ent.

IV. P roduct Identification

B e s id e s  pyridine a n d  4 -am inom ethy lpyr id ine ,  th e r e  a r e  s e v e r a l  o th e r  

po ss ib le  p ro d u c ts  from th e  m o n o m o lec u la r  p ro c e s s ,  s u c h  a s  4-(iminomethyl)- 

pyrid ine  (abbr. IMPY), 4 - p y r id in e c a rb o x a ld e h y d e  (ALPY) o r  its red u c t io n  

product, 4-(hydroxymethyl)pyridine (HMPY).

PY-CN + 2e- + 2H+ = PY-CH=NH (6)

IMPY

PY-CH=NH + H20  = PY-CHO + NH3 (7)

ALPY

PY-CHO + 2 e ‘ + 2H+ = PY-CH2 OH (8)

HMPY

For th e  b im olecu lar  p ro c e s s ,  4-pyridyl(4-pyridylm ethylene)am ine  (PPM EA), 4- 

pyridyl(4-pyridyl-methyl)amine (PPMA) a re  a lso  possib le ,

2PY-CN + 2 e '  + H+ = PY-N=CH-PY + C N ' (9)

PPMEA

PY-N=CH-PY + 2 e - + 2H+ = PY-NH-CH2 -PY (10)

PPMA

If the  hydrolysis is poss ib le , 4-am inopyridine would a lso  be  p roduced ,

PY-N=CH-PY + H2 0  = PY-NH2 + PY-CHO (11)

In o rd e r  to  fu r the r  identify th e  p ro d u c ts ,  S E R S  s p e c t r a  of s e v e ra l

a u th e n t ic  c o m p o u n d s  w e re  ta k e n  in cond it ions  similar to  th a t  for th e  4-CNPY
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reduc tion . T a b le  3 .2  g ives  all th e  e x p e r im e n t  resu l ts .  T h e  s p e c t ru m  of 4- 

(am inom ethyl)-pyrid ine  looks very m uch  like th a t  of 4-C N PY  in c o n c e n t ra te d  

solutions. It s h o w s  th re e  very strong  b a n d s  at 1605, 1206 a n d  1006 c m '1 a n d  

th re e  s trong  b a n d s  at 1532, 1262 a n d  971 c m '1. H ow ever, unlike 4-CNPY, the  

S E R S  sp e c tru m  of 4-AMPY is a lm ost in d ep en d en t  of potential. T he  strong  1262 

c m '1 b a n d  in 4-AMPY spec trum  d o e s  not exist in the  product s p e c t ra  in dilute 4- 

CN PY solu tions a n d  is very w eak  in c o n c en tra te d  solutions. In addition, the  two 

very  s trong  b a n d s  at 1416 a n d  1469  c m '1 in th e  p roduct  sp e c tru m  of th e  4- 

CN PY reduction  do not a p p e a r  in 4-AMPY spec tra .  Therefore , 4-AMPY is ruled 

out a s  a  p roduct or a t  least  a s  a  m ajor p roduct in th e  reduction  p ro c e s s  of 4- 

CN PY u n d e r  our  experim enta l  conditions.

O n e  c a n  find p h e n y lm e th y le n e a m in e  ty p e  m o le c u le s  in B e i ls te in ’s  

H a n d b o o k ,25 but 4 -p y r id in e m e th y len e a m in e  is not com m erc ia l ly  ava ilab le .  

F o r tu n a te ly  4 -p y r id in e c a rb o x a ld e h y d e  (ALPY) is a v a i la b le  a n d  its S E R S  

s p e c t ra  h a v e  b e e n  taken  at various  e lec trode  potentials. T he  spec trum  of 0.01 M 

ALPY in 0.1M  KCI at its equilibrium potential, -0.2V, s h o w  th re e  very  s trong  

b a n d s  a t  1605, 1207, a n d  1005  c m '1 , th re e  s trong  b a n d s  at 1531, 1260 a n d  

970  c m ' 1 a n d  s e v e n  w eak  b a n d s  a t 1460, 1423, 1325, 1088, 1056, 8 6 8  a n d  

842  cm *1. Am ong th e s e  b a n d s ,  only two of them , located  at 1531 a n d  1325 c m '

1 , a re  un ique  for ALPY. All the  o th e rs  have  their c o re s p o n d e n ts  in the  4-CNPY 

sp e c t ru m  a lthough  th e  868  c m " 1 b a n d  only sh o w s  up  in IR, not in the  R a m a n  

sp e c t ru m . A significant c h a n g e  in th e  sp e c t ru m  o c c u rs  a t  -0.6V. W hen  th e  

po ten t ia l  is  m o re  n e g a t iv e  th a n  -0.6V, th e  sp e c t ru m  re m a in s  th e  s a m e .  It 

c o r r e s p o n d s  to th e  e lec tro reduc tion  product of ALPY, 1 ,2-b is(4-pyridyl)ethane  

(se e  C h a p te r  IV). C o m p ared  to the  ALPY spec trum  a t  -0.2V, the  sp ec tru m  found 

be tw e en  -0.6V a n d  -1.2V is quite  com plicated . The th ree  original b a n d s  a t  1605,



1207 a n d  1005  c m '1 rem ain  very strong, but th e  first b a n d  shifts to 1601 cm*1 . 

T h ree  strong  new  b a n d s  a p p e a r  a t 1561, 1538, 1505 c m '1 a n d  a  sh o u ld e r  ban d  

a t 1480 c m '1 . T he  relative in tensities  of th e  1423, 1325, a n d  8 6 8  cm*1 b a n d s  

b e c o m e  in te n s e  a n d  th e  8 6 8  c m ' 1 b a n d  shifts  to 8 7 8  c m ' 1 . T h re e  original 

b a n d s  a t 1531, 1460 a n d  970  c m '1 d i s a p p e a r  from the  spec trum . T he  spec trum  

of 1 ,2-bis(4-pyridyl)ethane is quite  different from the  p roduct s p e c t r a  of 4-CNPY 

reduction. T h u s  neither  ALPY nor 1 ,2-bis(4-pyridyl)ethane c a n  b e  th e  reduction 

p ro d u c t  of 4 -CN PY . Accord ing  to e q n s .  (7) a n d  (11), ALPY is o n e  of the  

hydrolysis p roducts  of IMPY a n d  PPMEA. S ince  ALPY is not form ed, th e  o ther  

two c o m p o u n d s ,  a m m o n ia  a n d  4-am inopyridine will not b e  form ed either. Thus, 

all th e  p o ss ib le  m o n o m o lecu la r  reduction  p roducts ,  e x c e p t  IMPY, h a v e  b e e n  

eliminated. Even  IMPY c a n  a lso  b e  e liminated a s  the  p ro d u c ts  for two re a so n s ,  

i). According to B aizer  a n d  A d a m s ,15 26 th e  hydro lysis  of immino c o m p o u n d s  

easily  o c c u rs ,  th u s  if it ex is ts ,  ALPY or HMPY sh o u ld  b e  o b s e rv e d ,  ii). Both 

pyridine a n d  IMPY a re  tw o-electron  reduction p ro d u c ts  of 4-C N PY  a n d  th e s e  

two reac tions  a re  in parallel, th u s  the  concen tra t ion  d e p e n d e n c e s  of t h e s e  two 

reaction  ra te s  a re  e x p e c te d  to be  the  s a m e .  How ever, the  p roduct sp e c tru m  in 

dilute solution c a n  b e  a s s ig n e d  to pyridine. T he  o ther  p roduct spec trum  a p p e a r s  

only in h igher 4-CNPY co ncen tra t ions  a n d  its relative intensity to that  of pyridine 

in c re a s e s  with concentration. T hus  it c a n  not be  a s s ig n e d  to IMPY.

S ince  th e  possibilities of the  reac tions  show n  in e q n s . (2), (6)-(8) a n d  (11) 

h a v e  b e e n  elim inated, b e s id e s  pyridine, only five poss ib le  p roducts  a re  left an d  

all of th em  a re  de rived  from b im olecu lar  p ro c e s s .  4 ,4 ’-Bipyridine is th e  only 

c o m p o u n d  com m ercially  available. T he  BIPY s p e c tru m  s h o w s  little c h a n g e  in 

th e  potential region from -0.4V to -0.8V. Two very in te n se  b a n d s  a r e  found at 

a b o u t  1606 a n d  1292 c m '1 , o n e  strong  b a n d  a t  1011 c m ' 1 a n d  two m edium
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strong  b a n d s  at ab o u t  1512 a n d  1230 c m -1 , two w eak  b a n d s  a t  1474, 1436 c n r  

1 a n d  two s h o u ld e r  b a n d s  a t 1530 a n d  1322 c m - 1 . T h e s e  s p e c t r a  r e p r e s e n t  

s ta b le  BIPY. W hen  potential is m ore  nega tive  th a n  -1.0V, the  1474 c m '1 b a n d  

d i s a p p e a r s .  T h e  in tens it ie s  of th e  1530, 1512, 1322 a n d  1230  cm *1 b a n d s  

beg in  to  in c re a s e  a n d  th e  1235  c m '1 b a n d  shifts to 1222 c m '1 . A n o th e r  new  

b a n d  a t  1652  c m ' 1 a p p e a r s  a t  -1.1V. Large  c h a n g e s  in both f re q u e n c y  a n d  

relative intensity o ccu r  at -1 .2V. The 1606 cm*1 b a n d  shifts to 1594 c m " 1 , 1530 

to  1535, 1512 to 1505, 1322 to 1335, 1011 to 996  c n r 1. The 1652, 1594, 1535, 

1505  a n d  9 9 6  c r r r 1 b a n d s  b e c o m e  very  in te n se ,  but th e  1292  c n r 1 b a n d  

b e c o m e s  w eaker.  In addition, a  new  b a n d  a p p e a r s  at 1043 cm *1.

W hen  the  potential is m oved  further negative, th e  1505, 1335  a n d  1043 

c n r 1 b a n d s  k e e p  in c re a s in g ,  but th e  1652, 1535  a n d  1292  c n r 1 b a n d s  

d e c r e a s e .  In addition , th e  1505  c n r 1 b a n d  sh ifts  to  1500  cm *1 . Finally th e  

sp ec tru m  at -1.5V s h o w s  th ree  very in tense  b a n d s  at 1593, 1500 a n d  1336 c n r  

1 , th ree  in tense  b a n d s  at 1222, 1043 an d  996  c n r 1. T he  1652, 1535, a n d  1292 

c m '1 b a n d s  b e c o m e  very weak.

W hen  potential is sw ep t  b a c k  in positive direction, th e  sp e c tru m  s h o w s  a  

d e lay  up  to  -1.2V, i.e., it rem a in s  a lm os t  th e  s a m e  a s  th a t  a t  -1.5V a n d  the  

sp e c t ru m  which a p p e a r s  at -1.2V during th e  nega tive-go ing  potentia l s w e e p ,  

c a n  not b e  recove red . At m ore  positive po ten tia ls ,  th e  s p e c t r a  o b s e rv e d  a re  

a lm ost the  s a m e  a s  th o se  during the  negative-going sw eep .

This e x p e r im e n ta l  result  ind ica te s  th a t  th e  overall reduc tion-ox ida tion  

p ro c e s s  is reversib le. T he  reduction includes  two s u c c e s s iv e  e lec tron  transfe rs .  

T he  first e lec tron  t ra n s fe r  is m uch e a s ie r  th an  th e  s e c o n d ,  or th e  first en e rg y
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barr ie r  is m uch  low er th a n  th e  s e c o n d  barrier. As a  resu lt, th e  o n e -e lec tro n  

reduc tion  in te rm e d ia te ,  B I P Y '  radical, c a n  b e  o b s e rv e d  during th e  nega tive-  

going potential s w e e p ,  but not during the  positive-going sw e e p .

S ince  BIPY is r e d u c e d  a t  a lm ost th e  s a m e  poten tia l a s  4 -CN PY , w hat 

would h a p p e n  to BIPY if large a m o u n ts  of 4-CNPY e x is ts  in its vicinity. The 

S E R S  resu lt  o b ta in e d  in a  0 .4  mM BIPY-0.02 M 4-C N PY  m ixture at -0.4V is 

a lm ost the  s a m e  a s  that  in pure  4-CNPY solution, e x cep t  for a  very strong  1291 

cm * 1 band . At -1.2V w h ere  both c o m p o u n d s  a re  r e d u c e d  if they  a re  a lone , 4- 

CN PY is re d u c e d  but BIPY isn't. The  product sp ec tru m  of 4-CN PY  is the  s a m e  

a s  in pu re  solution. BIPY spec trum  sh o w s  only a  small f requency  shift at 1291 

band .

B e c a u s e  the  S E R S  ex p e r im en ts  of BIPY in both pu re  BIPY a n d  BIPY-4- 

CN PY  m ixture so lu t ions  sh o w  totally d ifferent s p e c t r a  a t  th e  c o rre sp o n d in g  

potentia ls , BIPY c a n  not b e  a  product in 4-CNPY reduction p ro ce ss .

T h e re  a re  only two poss ib le  m e c h a n is m s  with four poss ib le  p roducts  left. 

They  a re  PPM EA, PPMA, AZIN a n d  AZO. According to Colthup  e t al,27 the  C-N 

single  bond  s tre tch  f requency  is at 1191-1171 c m '1 for th e  aliphatic  s e c o n d a ry  

a m in e s ,  1 3 4 2 -1 3 2 0  c m '1 a n d  1 3 1 5 -1 2 5 0  c m " 1 for th e  a ro m a t ic  s e c o n d a ry  

a m in e s .  Also th e  C=N a n d  the  N=N double  bond  s t r e tc h e s  a re  in the  f requency  

r a n g e s  1690 -1620  c m '1 a n d  1450-1400  c m '1 respective ly . S in c e  th e  p roduct 

sp e c tru m  in c o n c e n t ra te d  solutions sh o w s  o n e  strong  distinct b a n d  a t  1417 c m '

1 , therefore , e x cep t  for AZO, none  of them  could b e  the  product.
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Section 3.4 Conclusion

T h e re  a re  two kinds of s p e c ie s  a d s o rb e d  on  the  Ag e le c tro d e  su rface .  

T h e  o n e  w hich  is p r e d o m in a n t  in d ilu te  s o lu t io n s  is th e  s im ple  4 -C N P Y  

m olecu le  a d s o rb e d  with a n  e nd -on  orientation. T he  o th e r  s p e c i e s  which p lays  

a n  im portant role in c o n c e n t ra te d  solu tions is a  d im er  or a g g re g a te  of 4-CNPY 

a d s o r b e d  in a  tilted orien tation . The tim e d e p e n d e n t  S E R S  s h o w s  tha t ,  in 

c o n c e n t ra te d  solutions, the  m o n o m e r  a d s o rb s  on the  e lec trode  s u rfa c e  first a n d  

th en  th e  d im er  or a g g re g a te  is formed. T he  p r e s e n c e  of la se r  light during th e  

O R C  p re trea tm e n ts  h a s  s o m e  effect on the  formation of d im er or a g g re g a te  a t a  

particular potential, but it h a s  little effect on the  adso rp t ion  p r o c e s s  during the  

tim e e la p s e d  b e tw e en  m e a s u re m e n ts .  T he  reduction p roduct in dilute solutions 

is pyridine no m atte r  which s p e c ie s ,  m o n o m e r  or a g g re g a te ,  is a d s o rb e d  on  the  

e le c tro d e  su rfa c e .  A zo-4-m ethylpyrid ine  is p robab ly  th e  b e s t  c h o ic e  for th e  

product in c o n c e n t ra te d  so lu tions  a n d  a  bi-m olecular p r o c e s s  is th e  m ost likely 

a p p ro a c h  in this situation. The overall reac tion  m ec h a n ism  c a n  b e  p ro p o se d  a s  

follows,

PY-CN + e '  = PY-CN-

PY-CN- + e -  + H + =  PY + CN- 

(pyridine)

PY-CN’ + PY-CN + e- + 2H+ = PY-CH=N-N=CH-PY

(AZIN)

PY-CH=N-N=CH-PY + 2 e - + 2H+ = PY-CH2 -N=N-CH2 -PY

(AZO)



Table 3.1 Assignments of Normal Raman and SERS Spectra of 4-CNPY

assignm ent symmetry fundam entals solid in acetone in elhenol SE R S 1 OmM S E R S 2 5mM S E R S 5 OmM SE R S 10 OmM SER S 20 OmM
CH strech B2 3086 w 3084 w
CH strech A1 3068 s 3068 s 3070 s 3070 s
CH strech A1 3049 m 3050 m
CH strech B2 3 0 3 0 m 3030 m
CN strech A1 2246 vs 2246 vs 2242 vs 2240 vs 2239 vs 2239 s 2238 m 2238 w 2238 w
v(CC)** A1 1600 s
v(CC) A1 1596 s 1596 vs 1594 vs 1596 s 1605 vs 1602 vs 1603 vs 1602 vs 1600 vs
v(CC )* B2 1519 m 1520 s 1521 s 1520 s
V(CC) B2 1547 m 1510 w 1502 s 1505 m 1504 sh
v(CC,CN)* A1 1470 vw 1471 w 1472 w
v(CC,CN) A1 1497 m 1488 m 1451 vw 1451 w 1449 w 1450 m
v(CC,CN)* B2 1430 vw 1429 vw 1429 vw 1431 vw
v(CC.CN) B2 (1406)f 1410 s 1408 m 1406 w 1406 vw 1406 vw
P(CH) B2 1340 m 1340 m 1332 w 1336 w 1372 w 1345 w
X-sens A1 1240 m 1240 m 1260 w 1260 m 1262 s 1261 s 1261 s
a(CC) B2 (1 2 1 9 )t
«CH) A 1 1193 vs 1194 vs 1194 vs 1196 vs 1214 s 1209 vs 1208 vs 1208 vs 1208 vs
«CH) B2 (1 0 8 1 )t
WCH) A 1 1073 m 1078 w 1064 w 1063 w 1064 w 1064 w 1064 vw
ring** A1 1002 vs
r in g A 1 989 vs 992 vs 992 vs 992 vs 1008 vs 1006 vs 1006 vs 1006 s 1006 s
Y(CH) A2 979 w 970 s 970 s 970 vs 970 vs
Y<CH) A2 941 vw (941)
Y<CH) B1 (865)
tfCH ) B1 827 w
X-sens A1 774 s 778 m 776 m 778 m
<KCC) B1 (7 1 0 )t
a(CCC) B2 667 s 670 s 672 m 672 m
0<CC) B1 559 m 562 m 564 m 564 w
X-sens B2 550 w (550)
X-sens A1 452 m 456 m 458 s 456 m
<tfCC) A2 (400)
X-sens B1 371 vw
6<CN) B2 190 s
Y(CN) B1 145 m

a  - - -  sc is so rs  m otion; v s ---- very strong;
P — - in p lan e  bend ing ; s  —- strong;
y  —- ou t of p lan e  bending ; m —- m edium ;

v ---- stre tch ; w - - -  w eak;

6 —- ou t of p lan e  motion of bond. sh  —- shoulder.

* a ss ig n ed  to th e  ag g reg a te ; ** a ss ig n ed  to the  p ro tonated  m olecules.
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T able  3.2 S E R S  B an d s  of AMPY, ALPY and  BIPY in 0.1 M KCI on Ag E lectrode

AN PY ALPY B PY

-0 .6V - 1 ,2V -0.2V -1.2V -0.6V -1.2V

1652 vs

1605 vs 1605 vs 1605 vs 1601 vs 1606 vs 1594 vs

1561 s

1532 s 1532 s 1531 s 1538 s 1530 sh 1535 vs

1505 s 1512 m 1505 vs

1457 w 1454 m 1460 w 1480 sh 1474 w

1426 w 1426 w 1423 w 1425 s 1436 w

1372 m 1324 w 1325 w 1326 s 1322 sh 1335 m

1292 vs 1292 m

1262 s 1262 s 1260 s 1254 s

1230 m 1222 m

1206 vs 1204 vs 1207 vs 1208 vs

1088 w 1089 w

1057 w 1057 w 1056 w 1057 w 1043 m

1006 vs 1004 s 1005 vs 1004 vs 1011 s 996 vs

971 s 971 s 970 s

868 w 878 s

842 w 842 m
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Fig. 3.1 SE R S spectra  of 4-CNPY in 0.1 M KCI with different 4-CNPY concentrations 

at -0.4V. (a) 1.0 mM; (b) 2.5 mM; (c) 5.0 mM; (d) 10.0 mM; (e) 20.0 mM.
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Fig. 3.2 Concentration d ependence  of relative SER S intensity of 4-CNPY in 0.1 M 

KCI solutions a t -0.4V. (a) bands  970/1006;(b) bands 1520/1006.
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Fig. 3.3 Time dependence of 4-CNPY SERS spectra in 20.0mM 4-CNPY

-0.1 M KCI solution at -0.1V right after an in-situ pretreatment.
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Fig. 3.4 Time dependence of 4-CNPY SERS spectra in 20.0mM 4-CNPY

-0.1 M KCI solution at -0.4V right after an in-situ pretreatment
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Fig. 3.5 Time dependence of 4-CNPY SERS spectra in 20.0mM 4-CNPY

0.1M KCI solution at -0.6V right after an in-situ pretreatment.
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Fig. 3.6 Potential dependence of 4-CNPY SERS specira in 1.0 mM 4-CNPY

0.1 M KCI solution.
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Fig. 3.7 SE R S  spectra  of pyridine in 5.0mM pyridine-0.1M KCI at potential: 

(a) -0.4V; (b) -1.2V.
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Fig. 3.8 Time-resolved SERS spectra during the reduction of 4 CNPY in 20.0mM 
4-CNPY-0.1M KCI solution in a potential step experiment. Initial potential: -0.4V; 
final potential: -1.2V. Time scale from front to back: (1) 200 jxs; (2) 500 us; (3)
1.000 ^s; (4) 1,500 us; (5) 2,000 ps; (6) 2,500 us; (7) 3,000 us; (8) 3,500 ^s; (9)
4.000 ps; (10) 5,000 |is.
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Fig. 3.9 Potential dependence of 4-CNPY SERS spectra in 20.0 mM 4-CNPY

0.1M KCI solution.
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Fig. 3.10 Concentration d e p e n d en c e  of S E R S  spectra  of the  products of 
4-CNPY reduction. The electrode potential is sw ept slowly (0.33mV/s) 
form -0.4V to -1.2V.
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Fig. 3.11 SER S spectra  of 4-CNPY at -0.4V (a) and  its reduction product at 
-1.2V (b) in 2.5 mM 4-CNPY-0.1M KCI solution. The electrode potential is 
s teped  from -0.4V to -1.2V directly.
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Fig. 3.12 SE R S spectra  in 0.1 M KCI solution on an  electrochemically 
modified electrode: (a) 4-CNPY at -0.4V; (b) its reduction product at -1.2V.
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Chapter IV

Study of Adsorption and Electrochemical Reduction 

of 4-Pyridinecarboxaldehyde 

by Time-Resolved Surface-Enhanced Raman Spectroscopy
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Section 4.1 Introduction

T h e  r e d u c t io n s  of a ld e h y d e s  a n d  k e to n e s  a lw a y s  u n d e rg o  

different p a th w a y s  in acidic  a n d  b a s ic  m e d ia .1 2  Both th e  p ro d u c ts  a n d  

th e  i n te r m e d ia te s  from  th e  red u c t io n  p r o c e s s e s  vary  with rea c t io n  

conditions. T he  two main factors  that affect the  p roducts  a re  th e  na tu re  of 

th e  e le c tro d e  m ate ria l3 7 a n d  th e  pH of so lu tion .811  F o r  e x a m p le ,  th e  

e lec tro reduc tion  of a c e to n e  on a  lead  e lec tro d e  p r o d u c e s  iso p ro p a n o l3 

a n d  p in a lc o l ,4 while on a  m ercu ry  e le c tro d e  th e  m ajo r  p ro d u c t  is 

isop ropano l with s o m e  am o u n t  of p ro p a n e .5 T he  reduction of p-am ino- 

a c e t o p h e n o n e  in a q u e o u s  a c id  on a  Hg e le c t r o d e  p r o d u c e s  th e  

c o r r e s p o n d in g  a lcoho l ,  bu t on  a  tin e le c t ro d e  th e  m ain  p ro d u c t  is 

p inaco l .6 T he  effect of pH on the  reduction of a ld e h y d e s  a n d  k e to n e s  is 

a lso  significant. Acidic conditions favor the  formation of p inaco ls8 9 while 

in b a s i c  c o n d i t io n s  th e  m a jo r  p r o d u c t s  a r e  th e  c o r r e s p o n d in g  

a lc o h o ls .1011 In s o m e  situations, e lec trode  potential a n d  cu rren t  density  

a lso  h a v e  a n  effect on the  p roducts  of th e  reduc t ion .1 As a  specia l  c a s e ,  

th e  e le c tro ch em ica l  reduc tion  of a rom a tic  a ld e h y d e s  d e v ia te s  from th e  

g e n e ra l  ru les  a b o v e .1215 For  ex am ple ,  th e  reduction  of fo rm y lbenzene  

on a  Hg e le c tro d e  in b a s ic  a q u e o u s  solution p r o d u c e s  p inacol i so m e rs  

a s  the  m ajor product.

T h e  c o u r s e  of th e  e le c tro red u c t io n  of a ro m a tic  a ld e h y d e s  a n d  

k e to n e s  h a s  b e e n  s tud ied  intensively by p o la ro g rap h y .12-22 T he  g e n e ra l  

reac tion  s c h e m e  of th e  reduction w a s  p ro p o se d  a s  follows,15-19

Py-CHO + H20  = Py-CH(OH)2 Ki = 1.525
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Py-CH O  + e- + H20  = Py-CHOH + O H '

2Py-C H O H  = dim er 

Py-CHOH + e- = Py-CH O H '

Py-CHOH- + H2 0  = Py-CH2 OH + O H ‘

T he  p ro to n a ted  form s of th e  s p e c ie s  a re  re la ted  to t h e s e  u n p ro to n a ted  

s p e c ie s  by the  following e q u a t io n s ,16 23' 25

H+Py-CH (O H)2 = Py-CH(OH)2 + H+ Ka1 = 1.8 x 10‘5

H+Py-CHO = Py-CHO + H+ Ka 2  = 6 .3  x 10 ' 4

H +Py-CH O  + H2 0  = H+Py-CH(OH)2 K2 = 52

Both H+ P y-C H O  a n d  Py-C H O  a r e  e lec troac tive .  T he  p ro d u c ts  of th e  

e lec tro red u c tio n  w ere  a n a ly z e d  ex-situ  by UV-Vis, IR s p e c t ro s c o p y  or 

c h ro m a to g ra p h y  after  long time electrolysis. T hus , no information a b o u t  

the  identity of the  in term edia te  w a s  obtained.

T im e-reso lved  S u r fa c e -e n h a n c e d  R a m a n  sp e c t ro sc o p y  (S E R S ) is 

a  powerful real-tim e in-situ m eth o d  for investigating the  h e te r o g e n e o u s  

e le c t r o c h e m ic a l  red u c t io n  p r o c e s s e s  w hich  o c c u r  on  o r  n e a r  th e  

e le c tro d e  s u r f a c e .26 This m ethod  c a n  p ro d u ce  information on th e  s tab le  

p ro d u c ts  a t  different po ten tia ls  a n d  the  u n s tab le  in te rm ed ia tes  a s  well. In 

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

p y r id in e c a rb o x a ld e h y d e  (ALPY) in bo th  ac id ic  a n d  b a s ic  m e d ia  is 

inves t iga ted  by tim e-reso lved  S E R S  a n d  a  p o ss ib le  reaction  m e c h a n ism  

is p ro p o sed .
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Section 4.2 Experimental

T he  ex p e r im en t  s e tu p  is d e s c r ib e d  in Sec tion  1.4. T he  Ag e le c tro d e  is 

p r e t r e a te d  b e fo re  the  s p e c t ru m  is m e a s u r e d .  During th e  p re t re a tm e n t ,  th e  

e le c tro d e  po ten tia l is held  a t -0.1V a n d  two +0.3V p u l s e s  a re  app lied  to the  

e le c tro d e  e a c h  for tw o -se c o n d  duration. T he  s a m e  sp e c tru m  is o b s e rv e d  with 

e i th e r  in-situ p r e t r e a tm e n t  in 10 mM 4-ALPY with 0 .1M  KCI, o r  ex-s i tu  

p re t re a tm e n t  in pu re  0.1M  KCI solution, but th e  in-situ p re t re a tm e n t  g iv es  a  

s tro n g e r  signal. T hus  in-situ p re trea tm en t  is u s e d  throughout th e s e  experim ents . 

In th e  t im e-reso lved  S E R S  ex p e r im en ts ,  both the  w aveform  g e n e ra to r  a n d  the  

d io d e  a rray  p h o to -d e te c to r  a re  con tro lled  by a  TTL trigger  g e n e ra to r .  T he  

red u c t io n  is initialized by -0.8V po ten tia l  s t e p  w hich is g e n e r a t e d  by th e  

w aveform  g e n e ra to r  w hen  it rec e iv e s  a  TTL trigger, a n d  which las ts  a s  long a s  

th e  su m  of a  d e lay  a n d  a n  e x p o s u re  time. H ere  th e  e x p o s u re  tim e is th e  time 

w indow  during which th e  d e te c to r  is active a n d  th e  d e lay  is th e  tim e e la p s e d  

a f te r  th e  TTL signal is r ec e iv e d  a n d  b e fo re  th e  d e te c to r  is tu rn e d  on. T he  

e x p o s u re  t im e is 10 p S  a n d  five th o u s a n d  m e a s u r e m e n ts  a re  c o - a d d e d  to 

im prove  th e  s ig na l- to -no ise  ratio. In o rd e r  to avoid  th e  accu m u la t io n  of the  

product(s)  from e a c h  p rev ious potential pulse , a  +0.3V c lean ing  pu lse  with 5 m s 

dura tion  is app lied  a f te r  e a c h  reduction-initiating pulse . W h e n  th e  expe rim en t  

w a s  m oved  from o n e  tim e sc a le  to ano the r ,  e .g .,  from 100 p S  to 200  pS , the  

e le c tro d e  w a s  p re t re a te d  a g a in  to m a k e  su re  th e  s tarting  cond it ions  a re  th e  

s a m e .  4 -P y r id in e c a rb o x a ld e h y d e  (ALPY) (99% ), 4 - (hydroxym ethy l)py rid ine  

(HMPY) (99%) a n d  1 ,2-bis(4-pyridyl)ethane (BPE) (99%), w ere  p u rc h a s e d  from 

Aldrich C hem ical  Co. a n d  u s e d  without further purification. R e a g e n t  g r a d e  KCI, 

HCI, KQH a n d  d e ion ized  distilled w a te r  w ere  u se d .  All e le c tro d e  po ten tia ls  a re  

q u o te d  v e rs u s  the  S a tu ra te d  Calom el Electrode, SC E , re fe rence .
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Section 4.3 Results and Discussions

(a) Effect of pH and Potential Scan Rate on the Electrochemical Measurements

Cyclic  v o l tam m etr ic  s tu d ie s  of ALPY in ac id ic  a n d  b a s ic  a q u e o u s  

so lu tions  sh o w  different vo l tam m ogram s (Fig. 4.1). In acidic m ed ia  w hen  the  pH 

is le ss  than  3.7, the  vo ltam m ogram  is totally different from that in neutral or bas ic  

solutions. At pH 2.0  it s h o w s  th re e  reduction w a v e s  a t -0.38, -0 .50 a n d  -0.62V 

a n d  th re e  oxidation w a v e s  but only o n e  of th em  at -0.32V is p ro n o u n c e d  (Fig. 

4 .1a).  W hen  the  pH is in c re a se d  from 2.0  to 3 .0 , the  p e a k  po ten tia ls  for all the  

w a v e s  shift negatively  by a b o u t  60  mV which in d ica te s  th a t  all th e  e lec tron  

t ra n s fe rs  involve o n e  proton. It w a s  verified by adjusting the  switching potential 

tha t  the  anod ic  w av e  at -0.32V is pa ired  with th e  first c a thod ic  w a v e  a t  -0.38V. 

Apparently , w av e  1 is the  first one-e lec tron  reduction of the  s tarting  c o m p o u n d  

a n d  c a n  b e  a s s ig n e d  to reduction of the  p ro to n a ted  ALPY, s in c e  a t  pH 2, the  

p ro tona ted  ALPY is th e  m ajor sp e c ie s .  Both w ave  2 a n d  w ave  3 a re  co n s id e red  

to  b e  th e  further reduction of the  product of w ave  1. B e c a u s e  th e  p e a k  curren t 

ratio of w av e  3 to w av e  2 in c re a s e s  with both pH a n d  potential s c a n  rate, w ave 

2 c a n  b e  a s s ig n e d  to the  reduction of p ro to n a ted  radical cation, Py-C H 2 0 H +, 

a n d  w ave  3 th e  direct reduction of u np ro tona ted  radical, Py-CH O H  ,

H+Py-CHOH • + H* = H+Py-CH 2 OH +

H+Py-CH 2 OH
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T h e  pH v a lu e  of th e  so lu t ion  e f fe c ts  th e  d is tr ibu tion  of th e  equilibrium  

c o n c e n t ra t io n s  b e tw e e n  u n p ro to n a te d  a n d  p ro to n a te d  s p e c ie s .  Accord ing  to 

C a m a c h o  et. a l . , 15-16 bo th  th e  p ro to n a te d  a n d  th e  u n p r o to n a te d  ALPY 

m o lecu le s  a re  e lec troac tive  a n d  they  will b e  re d u c e d  at th e  s a m e  potentia l at 

th e  s a m e  pH. Although no d a ta  a b o u t  th e  d issoc ia tion  c o n s ta n t  of th e  ALPY 

radical h a v e  b e e n  found in literature, It is no doubt that  h igher pH va lue  favors 

th e  u n p ro to n a ted  form of th e  radical. T h e  effect of potentia l s c a n  ra te  c o m e s  

from th e  kinetics of th e  protonation of the  neutral radical, Py-CHOH-. The fas te r  

th e  s c a n  rate, th e  le s s  p ro to n a ted  s p e c ie s  is form ed during the  potentia l s c a n  

an d  so  its reduction curren t (wave 2) is lowered.

T h e  d im er iza tio n  of th e  rad ica l  in ac id ic  s o lu t io n s  s h o u ld  a ls o  b e  

p o s s ib l e .1-2’15-16 In both  acidic  a n d  b a s ic  m ed ia ,  th e  d im eriza tion  c o m p e te s  

with th e  further reductions . Which o n e  p red o m in an ts  d e p e n d s  on their  reaction 

r a te s  u n d e r  th e  g iven  cond it ions . In b a s ic  or neu tra l  m ed ia ,  d im eriza tion  is 

p r e d o m i n a n t , 1 -2,15 b ut this is not t rue  in acidic m ed ia  s in ce  further reduc tions  

a re  m a d e  e a s i e r  by high p ro ton  c oncen tra t ion . O n e  o th e r  thing w e  h a v e  not 

m en tioned  is tha t  th e  pro tonation  of th e  pyridine n itrogen will o c c u r  in low pH 

solution a n d  it m ay h a v e  s o m e  effect on the  reduction poten tia ls  a n d  the  lifetime 

of the  in te rm edia tes. For exam ple ,  th e  protonation of pyridine ring will m ak e  the  

ring e lec tron-poor th rough  the  inductive effect or so m e  kind of r e s o n a n c e  effect. 

This in turn  will c a u s e  a  positive  shift in ha lf-w ave poten tia l  a n d  m ay  a lso  

sho rten  the  life time of the  radicals  which would p roduce  th e  dimer.

W h en  th e  pH is g r e a te r  th a n  4 .5  (Fig. 4 .1b), only o n e  reduction  w a v e  is 

d e te c te d  with a  p e a k  po ten t ia l  -0.5V. No oxidation  w a v e  is found  on th e  

re tu rn ing  s w e e p .  It s e e m s  th a t  th e  reduc t ion  in n eu tra l  a n d  b a s ic  m ed ia  

te rm in a te s  a t  reac tion  (4.3), a n d  th is  s te p  is m uch  f a s te r  th a n  th e  fu rther
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reduc tions  so  tha t  no HMPY, P y -C h ^ O H , is fo rm ed  w hen  potential g o e s  further 

nega tive  a n d  no oxidation w ave  a p p e a r s  w hen  potential is sw ep t  back.

Both dim eriza tion  a n d  further reduc t ions  a re  going  on in weakly  acidic 

solutions. For exam p le ,  at pH 3.7, the  CV resu lts  sh o w  a  very high w ave  for the  

first e lec tron  reduction  but qu ite  low w a v e s  for th e  s e c o n d  e lec tron  reduction. 

T he  anod ic  w av e  pa ired  to  the  first c a thod ic  w av e  is a lso  lowered. T h e s e  fac ts  

ind icate  that s o m e  of the  one-e lec tron  red u c e d  product is c o n s u m e d  by a n o th e r  

reaction , nam ely  th e  dimerization.

CV e x p e r im e n ts  do  give m uch va luab le  information a b o u t  the  reduction 

p r o c e s s  of ALPY; how ever, in o rd e r  to e luc ida te  th e  reaction  m e c h a n is m  with 

c o n f id e n c e ,  o th e r  e v id e n c e  is n e e d e d  to  verify th e  p r o d u c t s  a n d  th e  

in te rm ed ia tes .  CV resu lts  a lone  c a n  only s u g g e s t  w hat th e  s p e c ie s  might b e  but 

it c a n  not b e  definitive. S E R S  a n d  especially  t im e-reso lved  S E R S  is a  powerful 

tool for real-tim e in-situ de tec tion  of th e  e lec trochem ica l  p r o c e s s e s ,  b e c a u s e  it 

p rov ides  s tructural information ab o u t  both the  in te rm ed ia te s  a n d  th e  p roducts  of 

a n  e lec tro d e  reduction.

(b) SERS Spectral Measurements and Assignments

S E R S  s p e c t r a  of ALPY in acidic a n d  b as ic  m ed ia  look quite  different, a s  

show n  in Fig. 4.2. How ever, if a  careful com parison  is m a d e ,  it c a n  b e  s e e n  that 

t h e s e  two s p e c t r a  do  s h a re  s o m e  b a n d s  with small f req u en cy  shifts. S o m e  of 

th e  b a n d s  h a v e  the  s a m e  relative in tensities  in both  m edia . For e x a m p le ,  th e  

two A-| sym m etry  m o d e s  1 a n d  9a , which a re  th e  ring s tre tch ing  a n d  C-H in­

p lan e  bend ing  m o d e s ,  show  two strong  b a n d s  a t 1204 a n d  1008 c m -1 in acidic
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m ed ium , a n d  at 1216  a n d  1012 cm *1 in neutra l or b a s ic  so lu tions . Two B-j

m o d es ,  th e  ring C-C stre tching m ode  14 a n d  the  C-H bend ing  m o d e  15, a n d  an 

A-| m o d e ,  the  X-sensitive  m ode  13, a p p e a r  a s  w e a k  b a n d s  a t 1335, 1150 an d

1272  cm *1 in b as ic  m ed ia  a n d  at 1334, 1150 a n d  1250 cm *1 in acidic  m ed ia  

resp ec tiv e ly .  T h e  a s s ig n m e n t  m a d e  h e re  is a id e d  by th e  a s s i g n m e n t s  of 

pyrid ine, 4 - su b s t i tu te d  p y r id in es27*35 a n d  p h e n y lc a rb o x a ld e h y d e ,36 a n d  the  

m o d e  n u m b e r s  u s e d  h e re  a re  a f te r  W ilson 's  no ta t ion .37 S o m e  o th e r  s h a r e d  

b a n d s  p o s s e s s  just the  o p pos ite  relative in tensit ies  in acidic  a n d  b a s ic  m edia . 

For in s tance ,  th e  1572, 1512, 1062 a n d  876  cm *1 b a n d s ,  which c o r r e s p o n d s  to 

th e  ring C-C s tre tch ing  m o d e s  8b  (B2 ) a n d  19a  (A-)), th e  C-H b o n d  in-plane 

ben d in g  m o d e  18b  (B2 ), a n d  th e  C-H b o n d  ou t-o f-p lane  ben d in g  m o d e  10a  

(A2 ) respective ly , a re  w e a k  in b as ic  so lu tions  but quite  s trong  in acidic  m edia.

On th e  o th e r  h a n d ,  th e  two strong  1096 a n d  849  cm *1 b a n d s  in b a s ic  m edia , 

which be long  to  th e  C-H in -p lane  a n d  ou t-o f-p lane  b e n d in g  m o d e s  18a  (A-|) 

a n d  10b (B-j), b e c o m e  very w eak  in acidic  m edia . S o m e  b a n d s  a p p e a r  in bas ic  

so lu tion  exclusively , s u c h  a s  th e  1375  a n d  1359  cm *1 b a n d s ,  a n d  s o m e  in 

acidic solution only, su c h  a s  1626, 1452, 1427 a n d  1303 cm*1 b a n d s .  T he  1375 

cm * 1 b a n d  is a s s ig n e d  to  th e  deform ation  of C-H b o n d  of th e  a ld e h y d e  group. 

T he  1427  a n d  1303  cm *1 b a n d s  c a n  b e  a s s ig n e d  to ring C-H in-plane bending  

m o d e s  19b (B2 ) a n d  3 (B2 ). T he  a s s ig n m en t  of the  1626 a n d  1452 cm *1 b a n d s

is a  little l e s s  s tra igh t  forward. S ince  t h e s e  two b a n d s  a p p e a r  exclusively  in 

ac id ic  so lu tions , they  sh o u ld  h a v e  s o m e  kind of relation with th e  p ro to n a ted  

s p e c ie s .  In d eed , th e  sp e c t ru m  of pyridinium s h o w s  f re q u e n c y  shifts  to w a rd s  

h igher frequency  in m any R a m a n  or IR b a n d s ,  especially  of th o se  ring C-C bond 

stre tch ing  m o d e s .27'28 34 T hus  the  1626 a n d  1452 cm*1 b a n d s  a re  a s s ig n e d  to 

th e  C -C  s t r e tc h in g  m o d e s  8 a  a n d  19b  of th e  p r o to n a te d  py r id ine  ring 

respectively . According to C aban i a n d  Rusling et. a l . ,17 23 ALPY is p ro tona ted
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at pH lower th an  3 a n d  u n p ro tona ted  a t  pH h igher than  5. Although m ost ALPY 

m o le c u le s  a r e  p r o to n a te d  a t  pH 3, th e  co m p e t i t io n  b e tw e e n  th e  s u r f a c e  

adso rp tion  a n d  the  protonation m a k e s  so m e  ALPY m o lecu le s  a d s o rb e d  with an  

u n p ro to n a te d  form. All t h e s e  b a n d  a s s ig n m e n ts  a re  listed in T ab le  4 .1 . With 

re fe re n c e  to literature cita tions 27, 28 a n d  34, th re e  co n c lu s io n s  c a n  b e  m a d e  

from th e  a ss ig n m e n ts :

(1) T h e  protonation of the  pyridine nitrogen influences  the  high f requency  

b a n d s  m ore  significantly than  th e  low frequency  b a n d s .

(2) T h e  p ro tona t ion  of th e  pyridine n itrogen  a lw a y s  m a k e s  th e  ring 

c a rb o n -c a rb o n  stre tch ing  f requency  in crease .

(3) T h e  pro tona tion  of th e  pyridine ring nitrogen favors  th e  a dso rp t ion  

with a  face-on  orientation.

U nder  all pH conditions no C = 0  s tre tch  b a n d  at ab o u t  1700 c m ’ 1 2728 is 

d e te c te d .  O n e  re a s o n  for th e  a b s e n c e  of th e  C = 0  s tre tch ing  b a n d  is th a t  in 

a q u e o u s  solution, w h e th e r  acid ic  o r  bas ic , ALPY ex is ts  p redom inan tly  in the  

hydro lyzed  form, Py-CH (O H )2 , ra the r  th an  a ld e h y d e  form 16-23 A no ther  rea so n

for lo ss  of this b a n d  would be  a  su r fa c e  q u e n c h in g  effect by strong  interaction 

with the  su rfa c e .  T he  different ALPY s p e c t r a  in ac id ic  a n d  in b a s ic  m ed ia  is 

p robab ly  r e la te d  to  both  p ro tona t ion  a n d  o r ie n ta t io n s  of ALPY on th e  Ag 

su rface .  In b a s ic  m ed ia  the  pyridine ring nitrogen is u n p ro to n a ted  so  that  it can  

a d s o rb  on the  Ag su rfa c e  firmly th rough  a  Ag-N bond. The orien tation  of ALPY 

m olecu les  in this c a s e  is vertical or end-on . T herefo re ,  th o s e  v ibrations with A-|

sym m etry  give s trong  signals . In acidic  m edia , th e  pro tona tion  of th e  pyridine 

ring nitrogen w e a k e n s  the  adsorp tion  with an  e nd -on  orientation a n d  this m a k e s  

o th e r  o rien tations , su ch  a s  face-on , m ore  likely. T herefo re ,  th e  b a n d s  with A2 ,
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B-| a n d  B2  sym m etry  including th o se  a sym m etr ic  a n d  out-of-plane (y) vibrational 

b a n d s  sh o w  s tro n g e r  in tensities  in acidic m ed ia  (S e e  Tab le  4.1).

O n e  o th e r  thing which c a n  be  s e e n  from T ab le  4.1 is tha t ,  e v e n  in ou r  

m o st  ac id ic  m edium , pH 3, the  S E R S  b a n d s  c o rre sp o n d in g  to th e  b a s e  form 

ALPY still sh o w  up  with s o m e  intensity. This effect is probably  re la ted  to  both the  

basicity of th e  a ld eh y d e  g roup  a n d  the  affinity of the  n itrogen lone-pair  e lec tron  

for the  ro u g h e n e d  Ag surface . ALPY h a s  two b a s e  g roups ,  th e  ring nitrogen an d  

th e  a ld e h y d e  oxygen . Both g ro u p s  c a n  a s s o c i a te  with p ro ton  a n d  p ro d u c e  

p ro to n a ted  s p e c ie s  Py-C H O H + a n d  H+PY-CHO through the  following equilibria,

Py-CHOH+ = Py-CH O + H+

a n d

H+Py-CH O = Py-CH O  + H+

In neu tra l  or b a s ic  m ed ium  th e  equilibrium favo rs  ALPY, th e re fo re  only the  

sp ec tru m  of this neutral s p e c ie s  is o bse rved . At lower pH, the  equilibrium favors 

th e  p ro to n a ted  s p e c ie s ,  but th e re  will still be  s o m e  am o u n t  of neutral m o lecu les  

left if th e  p ro ton  co n cen tra t io n  is not too  high. E ven  in th e  sing le  p ro to n a ted  

s p e c ie s ,  w h e re  th e  proton c a n  go  to e ither  the  pyridine nitrogen or the  a ld e h y d e  

o xygen , th e  later  s p e c ie s ,  Py-CH O H +, still h a s  a n  u n p ro to n a ted  pyridine ring. 

S in c e  t h e  a ld e h y d e  o x y g en  is tw o a to m s  fa r th e r  a w a y  from th e  ring, th e  

in fluence  of its p ro tona t ion  on th e  ring C-C s tre tch ing  f re q u e n c ie s  is m uch  

w e a k e r  th a n  tha t  d u e  to th e  pro tonation  of the  ring nitrogen. T h u s  Py-CH O H + 

will give rise to similar S E R S  frequency  for the  ring sy s te m  a s  the  neutral ALPY 

m olecu le s .

A n o th e r  com petit ion  is th e  a d so rp t io n  of d ifferent s p e c i e s  on th e  Ag
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su rface .  T he  neutral ALPY an d  Py-C H O H + c a n  a d s o rb  m ore  strongly on  the  Ag 

s u r f a c e  th ro u g h  th e  n itrogen  lone-pa ir  e le c t ro n  th a n  th e  s p e c i e s  with a  

p ro to n a te d  ring, H+Py-CHO, which a d s o r b s  th rough  th e  ring r t-sy s tem . This  

situation a lso  favors the  ex is tence  of the  neutral ALPY a n d  Py-C H O H + .

(c) Time-resolved SERS Spectra

Fig. 4 .3  s h o w s  th e  t im e-reso lved  S E R S  s p e c t r a  o b ta in e d  during  ALPY 

reduction . T h e  reduc tion  is initiated by n ega tive  po ten tia l s t e p s  to  -0 .8V in 

neutral 10mM ALPY-0.1M KCI solution in the  time window from 100 p s  to 30 ms. 

Up to 1.0 m s, no new  b a n d s  a re  found but severa l  original b a n d s  d e c ay ,  located  

at 1571, 1270, 1150, 1092 an d  1059 c m '1 . A trans ien t  sp ec tru m  a p p e a r s  a t 3.0 

m s  a n d  d i s a p p e a r s  a t  10.0 m s. S ev e ra l  new  b a n d s  a r e  found in th e  t ran s ien t  

s p e c t ru m , w hich a r e  a t  1384, 1356, 1330  a n d  1276  c m - 1 . Th is  t ra n s ie n t  

s p e c t r u m  p ro b ab ly  b e lo n g s  to  a n  in te rm e d ia te  1 ,2 -b ish y d ro x y -1 ,2 -b is (4 -  

pyridy l)e thane  (BHBPE). T he  p roduct sp e c t ru m  a p p e a r s  a f te r  10 m s  a n d  its 

in tens ity  is m uch  s t r o n g e r  th a n  both  th a t  of th e  r e a c ta n t  a n d  p o s s ib le  

in te rm ed ia tes .  This p roduct sp ec tru m  h a s  two very s trong  b a n d s  at 1592 a n d  

1208 cm *1, six s trong  b a n d s  at 1554, 1532, 1494, 1476, 1322 a n d  1004  cm*1 , 

four m edium  strong  b a n d s  at 1424, 1248, 878  a n d  842  cm *1 a n d  th re e  w eak  

b a n d s  a t 1636, 1090 a n d  1056 cm*1 .

According to  the  CV resu lts  (Fig. 4 .1b), the  reduction of ALPY in neutral 

or b as ic  m edium  is irreversible, an d  a  following chem ica l  coupling reaction  (4.3) 

is p red ic ted  to  explain th e  irreversibility. In o rder  to  a s s ig n  th e  d e te c te d  s p e c t r a  

to th o s e  s p e c i e s  which a p p e a r  in th e  reduction  p r o c e s s  a n d  to g e t  a  c le a r  

p icture a b o u t  the  reduction m ech an ism , m ore  information is n e e d e d  to identify
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th e  p ro d u c ts  a n d  in te rm ed ia tes .  For ex am p le ,  d o e s  th e  sp e c t ru m  afte r  10 m s 

c o r r e s p o n d  to  th e  final s ta b le  p ro d u c t?  W h a t  is th e  p roduct  a n d  is th e re  a  

po ten tia l  a t  w hich th e  t ra n s ie n t  sp e c t ru m  is s t a b le ?  W h a t  s p e c i e s  m ay  th e  

t ran s ien t  spec trum  b e  re la ted  to?

T he  potential d e p e n d e n c e  of S E R S  sp ec tru m  of ALPY in b a s ic  m ed ia  is 

show n  in Fig. 4.4. T he  ALPY sp e c t ra  a re  s tab le  until -0.3V a n d  m any  new  b a n d s  

a p p e a r  w h e n  th e  po ten tia l  is m ore  nega tive .  T he  p ro d u c t  s p e c t ru m  is fully 

d e v e lo p e d  a t  -0 .8V  a n d  r e m a in s  th e  s a m e  until -1.5V. At m o re  n e g a t iv e  

potentia ls , th e  sp ec tru m  is d e s tro y e d  by the  evolution of hydrogen . This product 

s p e c t ru m  is exactly  th e  s a m e  a s  tha t  o b ta in e d  a f te r  10 m s  in t im e-reso lv ed  

S E R S  m e a s u re m e n t  ( s e e  Fig. 4.3) a n d  no b a n d  c o rre sp o n d in g  to th e  trans ien t  

sp e c tru m  is found in this s te a d y  s ta te  m e a s u re m e n t .  This result ind ica te s  that 

th e  p ro d u c t  o b t a in e d  a f te r  10 m s  is th e  final s t a b l e  p ro d u c t  a n d  th e  

in te rm ed ia te s  a r e  not s tab le  unde r  the  experim enta l  conditions.

It w a s  found  tha t  the  pH value  of the  solution h a s  a  significant effect on 

th e  a p p e a r a n c e  of th e  s p e c t r a  of th e  p ro d u c t  p r o d u c e d  in n eu tra l  o r  b a s ic  

m edium . In o rd e r  to m ak e  certa in  tha t  th e  reduction  p ro d u c ts  in ac id ic  a n d  in 

b a s ic  m e d ia  a r e  not th e  s a m e  c o m p o u n d ,  th e  pH v a lu e  of th e  e lec tro ly te  

solution w a s  a d ju s te d  by adding 0.1 M HCI a n d  0.1M KOH to the  neutral solution 

w hen  the  potential w a s  held a t -0.8V a t which the  final product is form ed. W hen 

th e  pH is a d ju s te d  to  a  m ore  b a s ic  va lue , pH 11, th e re  is no c h a n g e  in the  

p ro d u c t  s p e c t ru m . H ow ever ,  if pH is a d ju s te d  to a  m o re  ac id ic  v a lu e ,  for 

e x a m p le ,  a b o u t  pH 3, a  large c h a n g e  in th e  sp e c tru m  w a s  found  a s  sh o w n  in 

Fig. 4 .5b . C urve  b in Fig. 4 .5  co n ta in s  only four s trong  b a n d s  a t 1632, 1602, 

1201 a n d  1013  c m '1 . Furtherm ore , w hen  the  pH is rea d ju s te d  to  a  b a s ic  va lue  

a g a in ,  th e  original s p e c t ru m  is r e c o v e re d .  E x p e r im e n ts  u s in g  a  m odified
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e lec tro d e  which is c o a te d  with p roduct give th e  s a m e  result, which e x c lu d e s  the  

possibility of newly fo rm ed  product afte r  pH ad ju s tm en t .  This result m e a n s  that  

two s p e c i e s  a r e  c o n v e r te d  reversib ly  d e p e n d in g  on th e  pro ton  concen tra t ion , 

such  a s

A = B + H+

w here  A re p re s e n ts  the  ac id  form of the  product a n d  B r e p re s e n ts  th e  b a s e  form 

of the  product. T he  c h a n g e  in s p e c t ra  could  b e  c a u s e d  by protonation, s ince  the  

p ro tona tion  m ay  not only affect the  e lec tron  distribution but a lso  th e  su rfa c e  

orien tations .

In ac id ic  m ed ia  (Fig. 4 .6), no significant c h a n g e  in sp e c t ru m  is found 

w h en  th e  e le c tro d e  potentia l is sw e p t  from th e  equilibrium value , -0.05V, to 

-0.9V, a lthough  th re e  reduction w a v e s  a re  fount, in the  CV. T he  poss ib le  rea so n  

for th is  is th a t  in ac id ic  m ed ium  th e  ad so rp t iv i t ie s  of th e  e le c tro red u c t io n  

p ro d u c ts  on th e  Ag e lec tro d e  su rface  a re  not a s  s trong  a s  tha t  of the  reac tan t ,  

ALPY. T h e re fo re ,  d u e  to th e  com pe ti t ive  a d so rp t io n  with th e  re a c ta n t ,  th e  

p ro d u c ts  a re  repe lled  from the  e le c tro d e  s u rfa c e  a n d  diffuse into th e  a d ja c e n t  

solution. W hen  the  potential is m ore  nega tive  than  -1.0V, th e  1602 c m ' 1 b a n d  

in c r e a s e s  a n d  finally b e c o m e s  very s trong . Along with th is  c h a n g e  sm all 

f re q u e n c y  sh ifts  of s o m e  b a n d s  a re  o b s e rv e d .  A ccord ing  to CV resu l ts ,  th e  

reduc tion  p roduct cou ld  b e  4-(hydroxym ethyl)pyrid ine (HMPY), P y -C H 2 0 H  or 

picoline, P y -C H 3  if th e  form er c a n  b e  further r e d u c e d  u n d e r  th e  experim en ta l  

conditions . H ow ever, a s  w e  will s e e  later, th e  S E R S  sp e c t ru m  of both HMPY 

a n d  picoline a re  different from th e  s p e c t ra  w e  obtain here .

T he  c h a n g e  of ALPY in acidic solution a t po ten tia ls  m ore  nega tive  than  

-1.0V c a n  b e  exp la ined  by one  of the  following possibilities: (1) th e  adso rp tion
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of th e  u n p ro to n a te d  ALPY m olecu le s  with a n  orien tation  c h a n g e ;  a n d  (2) the  

ad so rp t io n  of th e  reduc tion  p roduct at very n eg a t iv e  po ten tia ls .  As w e  have  

d i s c u s s e d  before , in acidic conditions, m ost of ALPY m olecu le s  a re  p ro tona ted  

a n d  a d s o rb  on th e  Ag e lec trode  su rface  with face-on  or s lan ted  orientation. This 

s p e c ie s  g ives  rise to m any  strong  S E R S  b a n d s  with both A-| a n d  B2  sym m etry

( s e e  Fig. 4.1 a n d  Tab le  4.1). O n th e  o th e r  hand , th e  S E R S  sp e c tru m  of ALPY 

s h o w s  only th re e  in te n s e  b a n d s  with A-) sym m etry  in b a s ic  so lu tions .  This

ind ica tes  tha t  ALPY m o lecu le s  a d s o rb  vertically with th e  pyridine ring nitrogen 

a ttach ing  on the  su rfa c e  in th e  b as ic  m edium . T he  two s trong  S E R S  b a n d s  at 

1012  a n d  1216 c m -1 a r e  c o v e re d  by s trong  c o r re s p o n d in g  b a n d s  in acid ic  

m ed ia ,  but th e  s trong  1601 c m ’ 1 b a n d s  is still p re se n t .  T h u s  th e  1601 c m ' 1 

b a n d  c a n  b e  u s e d  to  identify th e  e x i s t e n c e  of th e  vertica lly  a d s o r b e d  

u n p ro to n a ted  ALPY m olecules . In acidic conditions, the  p ro to n a ted  ALPY is the  

m ajor  s p e c i e s  a d s o rb e d  on  th e  e le c tro d e  s u rfa c e  a t po ten t ia ls  m ore  positive  

th an  -1.0V. T he  u n p ro to n a ted  s p e c ie s  a p p e a r s  on th e  e lec tro d e  s u rfa c e  d u e  to 

a  pH c h a n g e  n e a r  th e  su r fa c e  c a u s e d  by H+ reduc tion  a t  p o ten t ia ls  m ore  

nega tive  than  -1.0V.

T he  s e c o n d  possibility is re la ted  to the  product in neutral or b as ic  m edia. 

As w e  h a v e  s e e n  from the  pH d e p e n d e n c e  of its S E R S  spec trum , th e  spec trum  

of th e  ac id  form of th e  p roduct h a s  only four m ajor b a n d s  in 8 0 0 -1 6 5 0  c m ' 1 

region. T h re e  of th em  overlap  with the  strong  S E R S  b a n d s  of th e  p ro to n a ted  

reac tan t.  Only the  strong  1602 c m '1 ban d  in the  sp e c tru m  is d ist ingu ished  from 

th e  re a c ta n t  spec trum . T h u s ,  if t h e s e  two s p e c t r a  a re  co m b in ed ,  the  resulting 

sp e c tru m  will be  th e  s a m e  a s  that  o b ta in ed  in th e  acidic solution at po ten tia ls  

m ore  n eg a t iv e  th an  -1.0V. From  this point of view, th e  reduc tion  of ALPY in 

acid ic  m ed ia  m ay, a t  lea s t  in s o m e  d e g re e ,  p ro d u ce  th e  s a m e  p roduct  a s  in
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neutral or b a s ic  m edia .

T h re e  co n c lu s io n s  cou ld  be  d raw n  from th e  fac ts  d i s c u s s e d  a b o v e :  (1) 

th e  m ajo r  red u c t io n  p ro d u c ts  p ro d u c e d  in ac id ic  a n d  in b a s ic  m e d ia  a re  

different; (2) a t  very nega tive  potential, th e  p roduct p ro d u ce d  in neutral o r  bas ic  

m ed ium  m ay  a lso  b e  p ro d u c e d  in acidic  m edium  a s  a  m inor p roduct;  (3) the  

p o s t  pH a d ju s tm e n t  d o e s  not c h a n g e  th e  p ro d u c t  w hich h a s  b e e n  fo rm ed  

before , e x c e p t  for th e  t ra n s fo rm a t io n ‘b e tw e e n  the  ac id  a n d  b a s e  fo rm s of the  

p roduc t .  T h e  c h a n g e  in s p e c t ru m  d u e  to  pH a d ju s tm e n t  is re v e rs ib le  a n d  

probably  c a u s e d  by protonation an d  orientation effects.

(d) Product SERS Spectra

According to th e  l iterature ,1-2 1 5 ’19 th e  two m ost  likely p ro d u c ts  of ALPY 

reduc tion  a r e  HMPY a n d  th e  d im er  1 ,2 -b ishyd roxy -1 ,2 -b is (4 -py r idy l)e thane  

(BHBPE), Py-CH(OH)CH(OH)-Py. T he  form er is a  d irect tw o-electron  reduction 

p roduct a n d  th e  latter is a  p roduct of a  c h em ica l  coupling reac tion  a f te r  o n e  

e le c tro n  t ra n s fe r .  H ow ever, p icoline, P y -C H 3 , a n d  1 ,2 -b is (4 -p y r id y l)e th an e  

(BPE), Py-CH 2 -CH2 -Py, the  further reduction p roducts ,  a re  a lso  possib le .

Py-CH 2 OH + 2e- + 2H+ = Py-CH3 + H20

a n d

Py-CH(OH)CH(OH)-Py + 4 e '  + 4H+ = Py-CH2 -CH2 -Py + 2 H2 O

In o rd e r  to  identify the  p roduct,  th e  S E R S  s p e c t r a  of a u th e n t ic  HMPY 

w e re  m e a s u r e d  first u n d e r  similar expe r im en ta l  cond it ions  a n d  sh o w n  in Fig. 

4.7. T he  spec trum  of HMPY at pH 3 (Fig. 4 .7a) sh o w s  th ree  very strong  b a n d s  at
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1633, 1204  a n d  1008 c m ' 1 , two s trong  b a n d s  a t  1063  a n d  884  c m ' 1 a n d  a  

sh o u ld e r  b a n d  at 867  c m '1 . Apparently, this spec trum  is different from both  the  

sp e c tru m  of the  ac id  form product of ALPY reduction a s  show n  in Fig. 4 .5 b  an d  

the  sp ec tru m  of th e  product p ro d u ced  directly in acidic m edium  a s  show n  in Fig. 

4.6. T he  sp ec tru m  of HMPY in neutral solution a t -0.8V (Fig. 4 .7b) looks similar 

to th e  p roduct sp e c tru m  in th e  s a m e  conditions. H ow ever, s e v e ra l  d iffe rences  

m ust b e  noticed. First, th e  relative in tensities  a re  quite  different. The 1636 c m ' 1 

b a n d  in the  HMPY sp e c tru m  is very s trong  while the  b a n d s  in th e  frequency  

region 1400-1550  c m '1 a re  quite  w eak . This is just the  o p pos ite  to  th e  product 

s p e c t ru m .  S e c o n d ,  b e s id e s  sm all  f r e q u e n c y  d i f f e re n c e s  of s o m e  of th e  

c o rre sp o n d in g  b a n d s ,  th e  HMPY s p e c tru m  s h o w s  a  m edium  s trong  b a n d  a t 

1332 a n d  a  sh o u ld e r  b a n d  at 964  c m '1 , but the re  a re  no c o rre sp o n d in g  b a n d s  

in the  product spectrum . Thus, the  possibility of HMPY a s  the  product, at leas t  a s  

th e  m ajor product, is excluded .

T he  possibility of picoline a s  p roduct  is e v a lu a te d  by c o m p a r in g  with 

au then tic  4-picoline S E R S  spec trum  u n d e r  similar experim en ta l  conditions. Fig. 

4 .8  sh o w s  the  S E R S  sp e c tra  of 4-picoline in 0.1 M KCI at pH 7. T he  sp ec tru m  of 

4 -p ico l ine  is  a lm o s t  iden tica l  to its no rm al R a m a n  s p e c t r u m  fo u n d  from 

literature2 ^ .2 4 . Unlike ALPY or HMPY, the  spec trum  of 4-picoline is not a ffec ted  

by pH very m uch. T he  sp ec tru m  at pH 3 is similar to  tha t  at pH 7. Apparently , 4- 

picoline is not the  product.

T h e  third p o ss ib le  p roduct e x a m in e d  is 1 ,2-b is(4-pyridyl)ethane  (BPE), 

P y - C H 2 - C H 2 -Py , w hich c o m e s  from th e  c h e m ic a l  c oup ling  rea c t io n  a s

m en tio n ed  above . S E R S  s p e c t ra  of BPE, which is com m ercially  available , w ere  

m e a s u r e d  at pH 7 a n d  a re  show n  in Fig. 4.9. S in ce  no oxidation or reduction 

o c c u rs  in the  potential range  em ployed , the  c h a n g e s  in the  sp ec tra ,  which occur
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at -0.6V, a re  d u e  to  a n  o r ien ta tiona l  or c o n fo rm at io n a l  c h a n g e  c a u s e d  by 

potential. The BPE s p e c t r a  a t -0.8V at pH 7 a re  a lm os t  identical to th e  product 

s p e c t r a  for reduction of ALPY, e x cep t  for the  a b s e n c e  of the  1636 c m '1 band . 

However, if o n e  c o m p a re s  the  HMPY spec trum  (Fig. 4 .7b) with that of BPE (Fig. 

4.9) carefully, it c a n  b e  s e e n  that  1636 c m '1 b a n d  exclusively b e lo n g s  to HMPY, 

s in c e  e x c e p t  for th e  1636  c m ' 1 b a n d ,  all th e  o th e r  S E R S  b a n d s  in HMPY 

s p e c t r a  ove r lap  with th e  co rre sp o n d in g  b a n d s  in th e  B PE  s p e c t ra .  T h u s  the  

1636 c m '1 b a n d  could  b e  u s e d  to identify th e  e x is te n c e  of HMPY during the  

reaction. T herefore , the  product spec trum  of ALPY reduction is th e  su m  of the  

sp e c tra  of HMPY a n d  BPE, i.e., both of them  a re  the  p roducts  of ALPY reduction, 

but th e  latter is the  m ajor one .

P oss ib le  a s s ig n m e n ts  of the  1 ,2-bis(4-pyridyl)ethane s p e c t ra  a re  given in 

T ab le  4 .2. T he  b a s e  form s p e c t ru m  of BPE, a s  sh o w n  in Fig. 4 .9 , c a n  b e  

a s s i g n e d  with r e f e r e n c e  to  th e  a s s ig n m e n t  of th e  4 - s u b s t i tu te d  pyrid ine 

s p e c t r a . 2 7 -35  T he  1592 a n d  1554 c m ' 1 b a n d s  a re  a s s ig n e d  to  th e  c a rb o n -  

c a rb o n  s tre tch ing  m o d e s  8 a  (A-|) a n d  8b  (B-|), a n d  th e  1494  a n d  1424  cm *1

b a n d s  be long  to  the  c a rb o n -c a rb o n  a n d  ca rbon-n itrogen  s tre tch ing  m o d e s  19a  

(A-|) a n d  19b (B i) ,  respectively. T he  o ther  two b a n d s  re la ted  to  the  ring ca rbon  

stre tch ing  m o d e s  1 (A-|) a n d  14 (B-|) a re  loca ted  at 1004 a n d  1322 c m '1 . T he  

four pyridine ring C-H bend ing  m o d e s  3 (B-|), 9 a  (A-|), 18b (B-|) a n d  18a  (A-j)

a p p e a r  a t  1248, 1208, 1090 a n d  1056 c m '1 respectively. Two C-H out-of-plane 

vibrations sh o w  up  a t 878  a n d  842 c m '1 an d  they  a re  m o d e s  1 0 a  (A2 ) a n d  10b

(B2 ).

T h e re  a re  still two b a n d s  a t 1532 an d  1476 c m -1 left u n a s s ig n e d .  T hey  

c a n  not b e  a s s ig n e d  e ither  to the  e th a n e  CH 2  deform ation or to  the  C H 2  w ag  or

rock vibrations. T he  fo rm er h a s  a  f requency  a b o u t  1440 c m 1 if it is next to a
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d o u b le  or triple b o n d  or a n  a rom a tic  g roup  a n d  th e  later  two h a v e  e v e n  lower 

f r e q u e n c i e s  in t h e  r a n g e s  of 1 3 4 7 - 1 1 8 2  c m ' 1 a n d  7 3 0 - 7 2 0  c m ' 1 

r e sp e c t iv e ly .27 29 T he  C-C single b a n d  stre tch ing  f requency  is found  a t ab o u t  

970  c m '1 ,28,29 thus ,  it c a n  not be  th e  cho ice  for th e  a s s ig n m en t .  A re a s o n a b le  

c o n s id e ra t io n  is to a s s ig n  th e  1532  a n d  1476 c m '1 b a n d s  to  th e  ring ca rb o n  

s tre tch ing  m o d e s  8b  a n d  19a, respective ly . T he  m ost  s ta b le  confo rm ation  of 

BPE is the  t ra n s  conform ation, w here  the  two pyridine rings a re  a w a y  from e a c h  

o ther  a n d  their no rm als  lie on  th e  s a m e  p lan e  which equally  d iv ides  th e  ang le  

b e tw e en  the  two hy d ro g en s  on e a c h  e th a n e  carbon . T hus  the  two pyridine rings 

a re  parallel. T he  two 19a m o d e s  of th e  two pyridine rings, which a p p e a r s  a t 

a b o u t  1486 c m ' 1 for a  4 -su b s t i tu ted  pyridine, c o u p le  with bo th  th e  Py-C-C 

b e n d in g  a n d  th e  e th a n e  C-C s tre tc h in g  m o d e s  a n d  split into tw o slightly 

different f requenc ie s ,  1494 a n d  1476 c m '1 . The two 8b  m o d e s  a lso  split into two 

slightly different f requenc ies ,  1554 a n d  1532 c m "1 , d u e  to the  coupling with the  

e th a n e  C H 2 rocking m ode.

T he  p o ss ib le  a s s ig n m e n ts  of th e  s p e c tru m  of the  ac id  form p roduct  of ALPY 

reduction is a lso  listed in Table  4.2.
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(e) Mechanistic Elucidation from Time-resolved SERS

Now, the  tim e-reso lved  S E R S  experim en ta l  result show n  in Fig. 4 .3  c a n  

b e  d i s c u s s e d  with m o re  insight. T he  c h a n g e  in s p e c t ru m  in th e  first o n e  

m illisecond in Fig. 4 .3  is m ost  likely d u e  to th e  o n e  e lec tron  addition to the  

neutral ALPY molecule,

Py-CHO + e - = Py-CHO- (4.1)

T he  t ra n s ie n t  s p e c tru m  d e te c te d  during th e  tim e window 1.0 m s  to  10.0 m s 

could be re la ted  to a  radical, Py-CHOH , which is p ro d u ce d  th rough  hydration,

Py-CH O ' + H20  = Py-CHOH + OH- (4.2)

or the  in term ediate  product from further reactions.

T he  possibility of HMPY a s  a n  in te rm ed ia te  is re jec ted  by th e  fact that  

HMPY is still s ta b le  a t the  potential w h e re  ALPY h a s  a lready  b e e n  r e d u c e d  to 

th e  final p roduct  B PE  ( s e e  C h a p te r  V). If HMPY w e re  th e  in te rm ed ia te ,  the  

poten tia l  for B PE  form ation in ALPY would b e  th e  s a m e  a s  th a t  in HMPY 

su p p o s in g  HMPY is readily form ed from ALPY. If th e  form ation of HMPY from 

ALPY is m ore  difficult than  BPE from HMPY, then  the  potential of BPE formation 

from ALPY would b e  m ore  negative  than  from HMPY.

T h e  s e c o n d  p o ss ib le  reac tion  p a th  is th ro u g h  B H B PE , Py-CH (O H)- 

CH(OH)-Py, which is fo rm ed  from the  d im erization of the  a ld e h y d e  radical, Py- 

CH(OH)-,

2Py-CH(OH) = Py-CH(OH)-CH(OH)-Py (4.3)

which c a n  b e  further reduced  to BPE by a  four e lectron reduction,

Py-CH(OH)-CH(OH)-Py + 4 e ‘ + 2H 20  = Py-CH2 -CH2 -Py + 4 0 H -  (4.4)
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This pa th  s e e m s  re a so n a b le ,  but m ore  efforts h a v e  to b e  m a d e  to confirm it. For 

e x a m p le ,  the  reduction  potential of BHBPE shou ld  be  m e a s u r e d  a n d  its S E R S  

sp e c t ru m  shou ld  b e  c h e c k e d  too, b e c a u s e  w e  c a n  not ex c lu d e  th e  possibility 

tha t  both BHBPE a n d  BPE h a v e  similar S E R S  spec trum . Unfortunately, s ince  

BHBPE is not com m ercially  available , w e  h a v e  to await its sy n th e s is  for further 

conc lus ions. T he  trans ien t  spec trum  is c o n s id e re d  to r e p re s e n t  th e  formation of 

B H BPE th rough  a  chem ica l  coupling reaction (4.3) from the  rad ica ls  fo rm ed  in 

reac tions  (4.1) a n d  (4.2).

A nother a lternative for reaction (4.3) is 

Py-CHOH + Py-CHO + e '  + H20  = Py-CH(OH)CH(OH)-Py + O H ' (4.3')

Although reaction (4.3') p ro d u c e s  the  s a m e  product a s  reaction  (4.3) d o e s ,  it will 

d e p e n d  on  th e  ALPY concen tra t ion  in solution a s  in c a s e  of th e  reduction of 4- 

cyanopyrid ine  ( s e e  C h a p te r  III). According to eq. (4.3'), if th e re  w ere  no ALPY in 

solution, th e  ALPY radical would  b e  fu rther  r e d u c e d  to  a lcoho l r a th e r  th an  

dimerize. How ever, the  experim en t resu lts  by using a  modified e lec trode , which 

is first p re t re a te d  in ALPY solution then  put into pure  0.1M  KCI solution, sh o w  

the  s a m e  product sp ec tru m  a s  the  in-situ experim en ts .  Thus, the  reaction  m ust 

go  th rough  eq. (4.3) ra ther  th an  eq . (4.3').

As we h a v e  m en tioned  ab o v e ,  both HMPY a n d  BPE a re  th e  reduction  

p roducts  of ALPY, but the  latter o n e  is the  m ajor product. E xperim ents  sh o w  that 

the  irradiation of 488  nm lase r  light a lso  a ffec ts  th e  ratio of t h e s e  two products .  

S ince  the  1636 c m '1 b a n d  exclusively be longs  to HMPY, the  ratio of intensity of 

th e  1554  or 1532  c m ' 1 b a n d  o v e r  th a t  of th e  1636 c m ' 1 b a n d  is roughly 

proportional to th e  ratio of BPE over  HMPY. E xperim enta l resu lts  indicate  that  

th e  longer  th e  irradiation, th e  h igher  th e  ratio. T h e  pho to-effec t  cou ld  a lso  b e



re la ted  to  th e  one -e lec tron  reduction product of ALPY, Py-CHOH-, accord ing  to 

the  following reactions ,

Py-CHOH + Py-CH 2OH + hv + e  = Py-CH(OH)CH2-Py + OH- (4.5)

Py-CH (O H)CH2-Py + H20  + 2 e '  = Py-CH 2CH 2 -Py + 2 0 H '  (4  6 )

s ince  no su ch  photo-effect is found in HMPY solution u n d e r  similar conditions.
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Section 4.4 Conclusion

Both th e  neu tra l  4 -p y r id in e c a rb o x a ld eh y d e  (ALPY) a n d  its p ro to n a ted  

s p e c ie s  which is p ro tona ted  on the  a ld e h y d e  g roup  (Py-CHOH+) a d s o rb  on the  

ro u g h e n e d  Ag e lec trode  su rfa c e  with an  e nd -on  orientation th rough  th e  pyridine 

nitrogen, but the  s p e c ie s  with a  p ro tona ted  ring (H+Py-CHO) p refe rs  adsorp tion  

with a  face -on  orientation th rough  its rc-ring. T h e  e lec tro ch em ica l  reduction  of 

ALPY p r o d u c e s ,  a t  l e a s t  to s o m e  ex te n t ,  a  c o m m o n  p ro d u c t ,  1 ,2-b is(4- 

py r id y l)e th an e  (B PE), in bo th  ac id ic  a n d  b a s ic  m ed ia .  In neu tra l  o r  b a s ic  

so lu t ions ,  th e  m ajo r  reac tion  p r o c e s s  invo lves  an  E C C E  m e c h a n is m  a n d  

p ro d u c e s  1 ,2-bis(4-pyridyl)ethane,

E P y -C H O +  e- = Py-CH O '

C P y - C H O '+ H2 O = Py-CHOH- + OH'

C 2 Py-CHOH- = Py-CH(OH)CH(OH)-Py

E Py-CH(OH)-CH(OH)-Py + 4 e ’ + 2H20  = Py-CH 2-CH 2-Py + 4 0 H '

which is d e te c te d  by t im e- re so lv e d  S E R S  a n d  the  p ro d u c t  is identified by 

com paring  th e  product sp ec tru m  to th o se  of the  pure  c o m p o u n d s  which a re  the  

poss ib le  p roducts .
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Table  4.1 A ss ignm en t of ALPY S E R S  S p e c tra

A ss ig n m en t M ode No. Sym m etry pH 3 pH 7

v(CC) 8a* A1 1626 s

v(CC) 8 a A1 1602 w 1601 vs

v(CC) 8b,8b* B2 1575  vs 1572  w

v(CC,CN) 19a ,19a* A1 1510 s 1512 w

v(CC,CN) 19b* B2 1452 vs

v(CC,CN) 19b B2 1427 s

8(CH) 1375 m

v(CC,CN) 14 B2 1333 m 1335 w

P(CH) 3 B2 1303 s

X -sens.,v(CC ) 13 A1 1250 w 1272 w

P(CH) 9 a A1 1204 vs 1216 vs

X-sens.,P (CH) 15 B2 1150 m 1150 m

P(CH) 1 8 a A1 1096 w 1096 s

P(CH) 18b B2 1058 s 1062 w

v(CC,CN) 1 A1 1008 S 1012 vs

Y(CH) 10a or 5 A2 or B1 880  s 880  sh

Y(CH) 10b B1 850  sh 849  S

* a s s ig n e d  to  th e  p ro tona ted  pyridine ring.
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Table 4.2 Assignment of the SERS Spectra of ALPY Reduction Product

A ss ig n m en t M ode No. Sym m etry pH 3* pH 7

v(CC) 8 a A1 1632 s 1592 vs

v(CC) 8 b B2 1601 s 1554 s

v(CC) 8 b A1 1537 w 1532 s

v(CC,CN) 1 9 a A1 1492 vw 1494 s

v(CC,CN) 1 9 a A1 1476 s

v(CC.CN) 19b B2 1424 w 1424  m

v(CC,CN) 14 B2 1335 m 1322 s

p(CH) o rv (C C ) 3 or 13 A1 or B2 1219 sh 1248 m

P(CH) 9 a A1 1201 s 1208 vs

P(CH) 1 8 a A1 1096 w 1090 w

P(CH) 18b B2 1064 w 1056 w

v(CC.CN) 1 A1 1013 s 1004 vs

* T h e  p ro d u c t  is p ro d u c e d  in a  neu tra l  so lu tion  a n d  th e n  th e  pH va lue  is 

a d ju s te d  to 3
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Figure 4.1 Cyclic Voltammograms of 1.0 mM 4-pyridinecarbox-aldehyde in 
0.1 M KCI on a  smooth Ag electrode with potential scan  rate 100 mV/S. (a) 
pH 3; (b) pH 7.
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Figure 4.3 Tim e-resolved S E R S  for 4 -pyrid inecarboxaldehyde reduction 
initiated by negative  potential p u lse s  in neutral 0.1 M KCI solution in the  time 
window from 100 p S  to 30 mS. Exposure  time: 100 pS . Delay time for 
e a c h  spec trum  is m arked  on its right side.
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Fig. 4.4 Potential dependence of SERS spectrum of 1.0 mM 4-pyridin-
carboxaldehyde in 0.1 M KCI at pH 7. Potential from bottom to top: -0.1V;
-0.2V; -0.3V; -0.4V; -0.6V; -0.8V; -1,0V; -1,2V.
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Fig. 4.5 PH d e p e n d e n c e  of S E R S  spectrum  of 4-pyridinecarbox- 
a ld eh y d e  reduction product which w a s  form ed in a  neutral solution. 
From bottom to top: pH 7; pH 3; pH 9.
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Fig. 4.6 Potential dependence of SERS spectrum of 1.0 mM 4-
pyridinecarboxaldehyde in 0.1 M KCI at pH 3. Potential from bottom
to top: -0.05V; -0.2V; -0.4V; -0.6V; -0.8V; -1.0V; -1.2V.
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Fig. 4.8 S E R S  sp e c tra  of 4-picoline in 0.1 M KCI at pH 7. 
Potential from the  bottom to the  top: -0.1V; -0.4V; -0.8V.
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Fig. 4.9 Potential dependence of SERS spectra of 1,2-bis(4-
pyridyl)ethane at pH 7. Potential from bottom to top: -0.2V; -0.4V;
-0.6V; -0.8V; -1.0V; -1.2V.
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Chapter V

Study of the Protonation and Electrochemical Reduction 

of 4-(Hydroxymethyl)pyridine
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Section 5.1 Introduction

As a  c la s s  of o rgan ic  c o m p o u n d s ,  th e  e lec troox idation  of a lcoho ls  h a s  

b e e n  e x te n s iv e ly  s tu d ie d .  H o w e v e r ,  little a t t e n t io n  w a s  p a id  to  t h e  

e lec tro reduc tion  of t h e s e  c o m p o u n d s .  According to B aizer  a n d  Lund,1 reductive  

c l e a v a g e  o c c u rs  du ring  th e  e lec tro red u c t io n  of a lc o h o ls ,  which p r o d u c e s  a  

radical a s  th e  in te rm edia te . T he  final p roduct of th e  reduction d e p e n d s  on the  

stability  of t h e  rad ica l .  U n s ta b le  in te rm e d ia te s  favo r  th e  d irectly  r e d u c e d  

a lk a n e s ,  while s ta b le  rad ic a ls  will p ro d u c e ,  to  s o m e  ex te n t ,  r e a r r a n g e d  or 

d im e r iz e d  p r o d u c t s .12  T he  e lec tro reduc tion  of an  a ry l-subs t i tu ted  m ethano l,  

s u c h  a s  p h e n y lm e th a n o l  or pyridylm ethanol, could  p ro d u c e  only two k inds of 

p ro d u c ts ,  s in c e  th e re  is no p o ss ib le  in tra m o lec u la r  r e a r r a n g e m e n t .  T h e s e  

p ro d u c ts  a re  the  fully re d u c e d  a lk a n e s  a n d  the  partially r e d u c e d  d im ers. In this 

ch a p te r ,  th e  p ro c e s s  a n d  p roducts  of th e  e lec trochem ica l  reduction of a  pyridine 

su b s t i tu te d  alcohol, 4 -(hydroxym ethyl)pyrid ine a re  in v es t ig a ted  in both  acidic  

a n d  n eu tra l  co n d it io n s  by m e a n s  of cyclic v o l tam m etry  (CV) a n d  su rfa c e -  

e n h a n c e d  R a m a n  s p e c t ro s c o p y  (S E R S ). A p o s s ib le  reac tion  m e c h a n is m  is 

s u g g e s te d .

Section 5.2 Experimental

T he  ex p e r im e n ta l  s e tu p  is similar to th a t  u s e d  in p rev io u s  w ork ( s e e  

E xper im en ta l  S e c t io n s  in C h a p te r s  II a n d  III). A th re e -e le c t ro d e  S E R S  cell is 

u s e d  a n d  th e  e le c tro d e  potentia l is contro lled  by a  w aveform  g e n e r a to r  (175 

EG&G PARC) th rough  a  po ten tio s ta t  (173 EG&G PARC). A Ag e le c tro d e  w a s  

po lished  a n d  th a n  p re t re a te d  in-situ in 5 mM 4-(hydroxym ethyl)pyrid ine, 0.1M
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KCI solution with two +0.3V potential pu lse s .  E ach  pu lse  la s ted  2 s e c o n d s  a n d  

th en  the  potential w a s  re tu rned  to -0.1V. T he  488  nm b e a m  from a n  Ar+ lase r  

( S p e c t r a p h y s ic s )  w a s  u s e d  to i rrad ia te  th e  Ag working e le c t ro d e  a n d  th e  

s c a t t e r e d  R a m a n  light w a s  co llec ted  by a  len s  at a  right a ng le .  T h e  R a m a n  

s ignal w a s  d i s p e r s e d  by a  trip lem ate  m ono ch ro m ato r  (Spex) a n d  d e te c te d  by a  

d iode  array  d e te c to r  (EG&G PA RC 1455XC). T he  d e te c to r  is contro lled  by a  

M acin tosh  c o m p u te r  (Classic) through an  OMA d e tec to r  interface (EG&G PARC 

1461). T he  d a ta  w ere  s to re d  in d isk e t te s  a n d  plotted using  a  la s e r  printer. 4- 

(hydroxym ethyl)pyridine (HMPY) (99%) w a s  p u r c h a s e d  from Aldrich a n d  u s e d  

w ithout fu rthe r  purification. R e a g e n t  g r a d e  KCI, HCI, KOH a n d  d e io n iz ed  

distilled w a te r  w e re  u s e d .  All po ten t ia ls  a re  v e r s u s  th e  s a tu r a te d  ca lom el 

e lec trode , S C E , re fe rence .

Section 5.3 Results and Discussion
(a) Cyclic Voltammetry of HMPY

G enera lly , th e  e le c tro ch em ica l  reduction  of 4-(hydroxym ethyl)-pyrid ine 

(HMPY) cou ld  p ro d u ce  a  fully red u c e d  product, 4-picoline,

P y -C H 20H  + 2H+ + 2 e ' = Py-CH3 + H2 0  (5.1)

an d /o r  a  partially re d u c e d  product, 1 ,2-bis(4-pyridyl)ethane,

2Py-C H 2 OH + 2H+ + 2 e ’ = Py-CH2 -CH2-Py + 2H 2 0  (5.2)

Actually , t h e s e  two r e a c t io n s  invo lves  th e  s a m e  rad ica l ,  P y -C H 2 a s  a n  

in term edia te , s ince  the  s tep w ise  p ro c e s s  c a n  be  written a s  follows,

Py-CH 2OH + e- + H+ = Py-CH2 + H2 0  (5.1a)

Py-C H 2 + e ‘ + H+ = Py-CH3 (5.1b)
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2Py-C H 2 = Py-CH 2 -CH2 -Py (5.2a)

or

Py-C H 2 + Py-CH 2OH + e* + H+ = Py-CH2 -CH2 -Py + H20  (5.2b)

Fig. 5.1 sh o w s  the  results  of a  cyclic voltamm etric  (CV) s tudy  of HMPY in 

both  ac id ic  a n d  b a s ic  a q u e o u s  so lu tions. CV c u rv e s  of th is  c o m p o u n d  a re  

o b ta in e d  at a  s e r ie s  of pH values . At pH 3 two s e p a r a te  reduction w a v e s  a re  

d e te c te d .  T he  p e a k  potential is ab o u t  -1 .07V for the  first w av e  a n d  -1 3V for the  

s e c o n d  w ave . No significant anod ic  w av e  is found in the  return potential s c a n  

with switching potential a t  -1.2V or -1.5V, e v e n  w hen  the  s c a n  rate  is a s  high a s  

50 V/s. Th is  ind ica te s  that  both e lec tron  t ra n s fe rs  a re  irreversible. T he  ratio of 

th e  p e a k -c u r re n ts  of th e  first reduction w a v e  o v e r  th e  s e c o n d  w a v e  d o e s  not 

c h a n g e  significantly with the  s c a n  rate. A plot of the  p e a k  potentia ls , Ep , v e rs u s  

th e  logarithm of s c a n  rate  sh o w s  two straight lines with s lo p e s  abou t  86 mV per  

d e c a d e  for th e  first w a v e  a n d  72  mV p e r  d e c a d e  for th e  s e c o n d  w a v e ,  

respective ly , in th e  r an g e  from 100 mV/s to 50 V/s (C urves  (a) a n d  (b) in Fig. 

5.2). T he  irreversibility is p robab ly  not d u e  to s lugg ish  e lec tron  t ra n s fe r  but 

ra the r  fas t following chem ica l  s te p s  which c o n s u m e  th e  p roducts  of the  e lec tron  

tran sfe r  reactions. However, the  first reduction w ave  d e c r e a s e s  very rapidly with 

increas ing  pH.

T he  CV result a t  pH g r e a te r  than  7 s h o w s  only th e  s e c o n d  reduction  

w a v e  with a  p e a k  potential, Ep, a b o u t  -1.33V. T he  re la tionsh ip  b e tw e e n  the

p e a k  potential a n d  the  logarithm of s c a n  rate  is a lso  linear with a  s lope  72 mV 

p e r  d e c a d e  (Curve  (c) in Fig. 5.2). At pH 5, a lthough  both  reduc tion  w a v e s  

a p p e a r  in th e  CV, th e  first w ave  is m uch  lower th an  th e  s e c o n d .  T he  s a m e
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relationship  b e tw e e n  th e  Ep of th e  s e c o n d  w ave  a n d  the  s c a n  rate  is found a s  at 

pH 7. T he refo re ,  within expe rim en ta l  e rro rs ,  th e  s e c o n d  w a v e  d e te c te d  a t  all 

th re e  pH v a lu e s  b e h a v e s  exactly  the  s a m e  a n d  is p robab ly  d u e  to th e  s a m e  

e lec tron  t ra n s fe r  reaction. The first reduction  w a v e  a t low pH v a lu e s  cou ld  be  

c a u s e d  by th e  e lec trochem ica l  reduction  of th e  p ro to n a ted  HMPY m olecu les ,  

H + P Y -C H 2 0 H or H+ P Y -C H 2 0 H2 + , s ince  th e  pyridine nitrogen is m ore  bas ic

than  th e  hydroxy g roup  a n d  should  b e  p ro tona ted  first. HMPY is a  s tro n g e r  b a s e  

(Ka = 3 .9 x 1 0  6)3 4 th an  4 -py rid ineca rboxa ldehyde  (Ka = 1 .8x1 O'5 ).5-6 Even  a t  pH 

7, th e  pyridine nitrogen is, at leas t  to s o m e  d e g re e ,  p ro tona ted . In addition, the  

p ro tonation  of the  pyridine N shou ld  not influence the  reduction  potential very 

significantly s ince  this site is too far aw ay  from the  reacting group. Thus, th e  first 

reduction w av e  is m ost likely c a u s e d  by the  reduction of the  doub le  p ro tona ted  

s p e c ie s ,  H+ P y - C H 2 0 H 2 + . T h erefo re ,  in neu tra l  or le s s  acid ic  so lu tions, the  

reduction p ro c e s s  c a n  b e  written a s

H+Py-CH2 OH + e- + H+ = H+Py-CH2 + H2 0  (5.1a)

2H + Py-C H 2 = H +Py-CH2 -C H 2-PyH + (5.2a)

or

H +Py-CH2 - + e - + H+ = H+Py-CH3 (5.1b)

All th e  p ro to n a te d  s p e c i e s  in t h e s e  e q u a t io n s  sh o u ld  b e  su b s t i tu te d  by the  

c o rre sp o n d in g  non -p ro to n a ted  s p e c ie s  in b a s ic  so lu tions. R eac tion  (5.1b), if it 

exists , shou ld  have  a  m ore  positive E° than  the  first e lec tron  transfer ,  o therw ise , 

two s e p a r a t e  reduction  w a v e s  would  b e  d e te c te d  in th e  CV. While in s trong  

acid ic  m ed ia ,  b e s id e s  th e  rea c t io n s  listed a b o v e ,  o n e  m ore  reac tion  c a n  b e  

a d d e d

H+Py-C H 2 O H 2 + + e- = H+Py-CH2 + H20  (5.1 a ’)

which o c c u rs  at a  m ore  positive potential th an  th e  s p e c ie s  with a n  u n p ro tona ted
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hydroxy group , s in ce  the  protonation of the  hydroxy g ro u p  m a k e s  the  reduction 

e a s ie r .

A nother a lternative  m ec h a n ism  for th e  reac tion  in acidic m ed ia  is w h ere  

t h e  r e a c t io n  w ou ld  go  th ro u g h  (5 .1 a ')  a n d  (5 .1b ) ,  i .e .,  t h e  first w a v e  

c o r r e s p o n d in g  to  reac tion  (5 .1 a ’) a n d  th e  s e c o n d  w a v e  to reac tion  (5.1b). 

H ow ever, this m ec h a n ism  c a n  b e  e lim inated  by th e  fact that  no anod ic  w av e  is 

found  in th e  re tu rn  posit ive-go ing  s w e e p .  If th e  s e c o n d  w a v e  involved th e  

reduction of H+ P y-C H 2 , an  anod ic  w av e  would h a v e  b e e n  o b s e rv e d  w hen  the

potential s w e e p  is rev e rsed  right after the  first reduction w ave.

T he  possibility of (5 .1a ')  followed by th e  d im eriza tion  s te p  (5 .2a)  a n d  

a n o th e r  e lec tron  tran sfe r  (5.2b') a t  m ore  nega tive  potential

H +Py-CH2 + H+Py-CH2OH + H+ + e '

= H+Py-C H 2-CH2-PyH + + H20  (5.2b')

is a ls o  r e je c te d  for th e  s a m e  r e a s o n  a s  for th e  (5 .1a ') - (5 .1b )  m e c h a n is m .  

Additional e v id e n c e  for rejecting the  (5 .1a')-(5 .2a)-(5 .2b ')  m ec h a n ism  is that the  

ratio of the  p e a k  curren t,  iP2/ipi. is in d ep e n d e n t  of th e  s c a n  rate. According to 

this m echan ism , the  ratio would be  e x p e c te d  to in c re a se  with s c a n  rate.

(b) SERS Spectra of Possible Species Involved in the Electrode Process

From  th e  CV resu l ts  a lo n e ,  how ever ,  it’s  still difficult to  know  which 

reaction, (5.2a) o r  (5.1b), occu rs  after  the  first e lectron tran sfe r  s te p  (5.1a) and /o r  

(5 .1a') , s ince  bo th  reac tions  (5 .2a) a n d  (5.1b) s e e m  to b e  poss ib le .  In o rder  to 

identify the  product p ro d u ce d  in the  reduction p ro c e s s ,  S E R S  s p e c t r a  of HMPY 

in both acidic a n d  neutral m ed ia  a re  tak en  an d  investiga ted . The S E R S  s p e c t ra  

of HMPY in acidic a n d  neutral m edia  look quite  different, a s  sh o w n  in Fig. 5.3. In
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c o n tra s t  to th e  situation of 4 -pyrid inecarboxa ldehyde  (ALPY) ( s e e  C h a p te r  IV), 

th e  S E R S  sp e c t ru m  of HMPY s h o w s  m ore  b a n d s  in neu tra l  m ed ium  th a n  in 

acid ic  m edium . T he  S E R S  s p e c tru m  of P y -C H 2 0 H  a t  pH 3 (Fig. 5 .3a)  sh o w s

th re e  very s trong  b a n d s  a t 1633, 1204 a n d  1008  c m ' 1 , two s trong  b a n d s  at 

1063 a n d  884  c m -1 a n d  a  sh o u ld e r  b a n d  a t 867  c m '1 . If o n e  c o m p a r e s  the  Py- 

C H 2 OH sp e c tru m  in acidic  with that  in b a s ic  or neutral m ed ia ,  it c a n  b e  s e e n

th a t  a l though  they  s h a re  m ost  of th e  S E R S  b a n d s ,  th e  relative in tens it ies  a re  

different. For ex am p le ,  In neutral or b a s ic  m edium , th e  1600  c m " 1 b a n d  is very 

in te n s e  a n d  th e  1064  a n d  882  c m ' 1 b a n d s  a r e  very w e a k ,  while in ac id ic  

m edium  th e  1600 c m " 1 b a n d  totally v a n is h e s  but th e  o th e r  two b a n d s  b e c o m e  

quite  in tense .

T h e  p o s s ib le  a s s i g n m e n t s  (T ab le  5 .1) is m a d e  by r e f e r e n c e  to  th e  

l i te ra tu re714  a n d  th e  a s s ig n m e n t  of ALPY ( s e e  C h a p te r  IV). As in th e  situation 

of ALPY in acidic m edia , sev era l  ex tra  b a n d s  a re  found in th e  HMPY sp ec tru m  

in neu tra l  so lutions. H ow ever, if a  careful c o m p a r iso n  is m a d e ,  it c a n  b e  s e e n  

tha t  a lm os t  all th e  ex tra  b a n d s  which c a n  not be  a s s ig n e d  to the  neutra l HMPY 

m o le c u le s  h a v e  their  co rre sp o n d in g  b a n d s  in th e  s p e c tru m  in ac id ic  m edia . If 

th e  sp e c tru m  ob ta in ed  at pH 3 is a s s ig n e d  to the  ac id  form o r  th e  p ro to n a ted  

H M P Y ,7-8 13 then  th o s e  ex tra  b a n d s  a t pH 7 c a n  b e  easi ly  a s s ig n e d  to th e  

p ro to n a ted  sp e c ie s .  For ex am p le ,  th e  s trong  1636 cm*1 b a n d  c a n  b e  a s s ig n e d  

to  th e  C -C  stre tch ing  m o d e  8 a  of the  p ro to n a ted  pyridine ring, th e  1554  a n d  

1496 c m ' 1 b a n d s  to th e  m o d e s  8b  a n d  19a, respectively . E xcep t  for the  1633, 

1204 a n d  1010  c m ' 1 b a n d s  which a re  very in ten se  in both acidic  a n d  neutral 

conditions , nearly  all th e  o th e r  b a n d s  a p p e a r in g  in the  sp e c tru m  at pH 3 do  not 

b e long  to  A-) sym m etry . S o m e  of th em , su c h  a s  th e  1062, 8 8 4  a n d  869  c m ' 1

b a n d s ,  h a v e  m ore  in ten se  relative in tensities than  their  c o rre sp o n d in g  b a n d s  a t
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pH 7. S ince  th e  latter  two b a n d s  be long  the  C-H b o n d  ou t-o t-p lane  vibrations 

(CH), th e  e n h a n c e m e n t  of t h e s e  tw o m o d e s  is p ro b a b ly  r e la te d  to th e  

o r ien tation  c h a n g e  of the  a d s o rb e d  HMPY m o lecu le s  d u e  to  pro tona tion  ( se e  

C h a p te r  IV). In neu tra l  o r b a s ic  solution, th e  c o m p o u n d  is a d s o r b e d  on  the  

e le c tro d e  su rfa c e  vertically th rough  its pyridine ring nitrogen so  tha t  th e  totally 

sy m m e tr ic  ring m o d e  v ib ra tions  p ro d u c e  very in te n s e  R a m a n  signal. S ince  

adso rp t ion  with vertical or e nd -on  orientation requ ires  a  b a re  e lec tron  lone pair, 

th e  lo ss  of th e  e lec tron  lone pair on the  pyridine ring nitrogen by pro tonation  will 

c a u s e  a  fac e -o n  ad so rp t io n  th rough  th e  ring rc-bonds. T h e  d iffe rence  b e tw e e n  

th e  S E R S  of ALPY a n d  HMPY is p robab ly  d u e  to th e  d if fe re n c e  in their  

functional g roups,  which c a u s e s  the  d ifference  in their basicity.3 ' 6 T he  a ld eh y d e  

g ro u p  in ALPY is not a n  ac id  b e c a u s e  it c a n  not r e l e a s e  a  p ro ton  a n d  the  

o xygen  in this g ro u p  is a  proton accep to r .  Therefore , e v e n  in acidic  conditions, 

t h e r e  a r e  still u n p ro to n a te d  o r  neu tra l  m o le c u le s  a d so rb in g  on  th e  su rfa c e .  

HMPY is an  a lcohol, it c a n ,  to s o m e  exten t,  d o n a te  a  pro ton  e v e n  in neutral or 

w e a k  b a s ic  cond it ions  a n d  the  d o n a te d  proton c a n  b e  c a p tu re d  by the  pyridine 

n i trogen  a n d  form a  d ipo lar  ion, H + P y - C H 2 0 * .  T h e  inductive  effec t of the

hydroxym ethyl g ro u p  a lso  m a k e s  the  HMPY ring N m ore  b a s ic  than  ALPY, so  

tha t  it is partially p ro tona ted  in the  neutral or e v e n  weakly b a s ic  conditions.

Fig. 5 .4  s h o w s  th e  po ten t ia l  d e p e n d e n c e  of th e  P y - C H 2 0 H  S E R S  

s p e c t ru m  at pH 7. T he  s p e c t ru m  d o e s  not c h a n g e  very  m uch  until -1.0V. 

H ow ever, w hen  the  e lec tro d e  potential is m ore  nega tive  th a n  -1.1V, th e  S E R S  

s p e c t ru m  of P y -C H 2 0 H  u n d e rg o e s  a  significant c h a n g e .  T h e  c h a n g e  in Py- 

C H 2 OH s p e c t ru m  is c o n s is te n t  with th e  CV resu l ts  a t  pH 7 w hich s h o w  a

reduction cu rren t  rising a t ab o u t  -1.2v. This ind ica tes  that  th e  c h a n g e  in th e  Py- 

C H 2 OH s p e c t ru m  is mainly c a u s e d  by the  e lec tron  t r a n s fe r  ra th e r  th a n  a n
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electric  field or orientation effect. A striking fact is that  the  resu l ted  sp e c tru m  is 

iden tica l  to  th e  p ro d u c t  s p e c t ru m  of ALPY e le c tro re d u c t io n ,  th a t  is, th e  

e lec tro ch em ica l  red u c t io n s  of ALPY a n d  HMPY on a  Ag e le c tro d e  in neutral 

conditions p ro d u ce  the  s a m e  product, 1 ,2-bis(4-pyridyl)ethane (BPE). At pH 3  a  

significant c h a n g e  in sp e c t ru m  is o b s e rv e d  a t  -0.8V (Fig. 5.5), which is a lso  

c o n s is ten t  with th e  CV resu lts  w here  a  reduction w a v e  p e a k e d  a t -0.9V. A very 

s trong  new  b a n d  a p p e a r s  at abou t  1600 cm*1 . If th e  potential is held a t -0.8V 

w h e n  th e  reduction  of P y -C H 2 0 H  h a s  occu rred , a n d  then  th e  pH va lue  of the

so lu tion  is a d ju s te d  to 7 by add ing  0.1 M KOH ( s e e  Fig. 5 .6), th e  p roduct 

sp e c tru m  u n d e rg o e s  a  significant c h a n g e  a n d  is identical to that ob ta ined  from 

the  direct reduction a t -1.1 V at pH 7. Again the  sp ec tru m  at pH 3 is recoverab le  

if the  pH is ad ju s ted  back. T he  s a m e  product is p roduced  in the  HMPY reduction 

no m atte r  w h e th e r  the  m edium  is acidic, neu tra l  o r  bas ic .  F u r th e rm o re ,  the  

s p e c t ru m  of P y -C H 2 0 H  a t  -0.8V a t  pH 3 is a lso  identical to th e  s p e c tru m  of

ALPY reduction p roduct ( s e e  C h a p te r  IV), w h e re  the  reduction w a s  carr ied  out 

a t  pH 7 a n d  th a n  th e  pH w a s  a d ju s te d  to 3. This  is additional e v id e n c e  for 

identifying th e  two reduction  p ro d u c ts  of ALPY a n d  P y -C H 2 0 H  a s  the  s a m e

com pound . T he  a s s ig n m e n t  of the  product spec trum  h a s  b e e n  m a d e  in C h a p te r  

IV.

T he m ec h a n ism  of HMPY e lec trochem ica l  reduction is m uch sim pler than  

tha t  of ALPY. It includes  o n e  elec tron  reduction (5.1a) a n d  a  following chem ica l  

coup ling  reac tion  (5 .2a)  in neu tra l  m ed ia ,  or two para lle l  e le c tro n  t r a n s fe r  

r eac tions  (5 .1a) a n d  (5.1a') , followed by reaction  (5.2a) in s trong  acidic m edia . 

Only o n e  p roduct,  o r  o n e  m ajor p roduct,  1 ,2 -b is (4 -pyr idy l)e thane  (E PE ), is 

p ro d u ce d  in th e  e lec trochem ica l  p ro cess .
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Section 5.4 Conclusion

4 -(H ydroxym ethy l)pyrid ine  (HMPY) e x is t s  in neu tra l  a n d  le s s  ac id ic  

m ed ia  a s  a  mixture of neutra l a n d  s ing le -p ro tona ted  s p e c ie s .  In s trong  acidic 

solution, it a p p e a r s  a s  a n  equilibrium m ixture of both  s in g le -p ro to n a te d  a n d  

d o u b le -p ro to n a te d  sp e c ie s .  How ever, th e  reduction  of HMPY u n d e rg o e s  similar 

reaction p a th w a y s  in both acidic a n d  b as ic  m edia , a n d  th e  m ajor p roduct is the  

s a m e .  A striking fact is that  the  reduction of HMPY p ro d u c e s  th e  s a m e  product 

a s  ALPY, i.e., 1 ,2-bis(4-pyridyl)ethane. T he  reduction p ro c e s s  c a n  b e  d e sc r ib ed  

b es t  by the  following EC m echan ism ,

H+Py-CH 2 OH + H+ <  >  H+Py-CH 2 OH2 +

( o r  Py-CH 2 OH) ( o r  Py-CH 2 OH2 +)

H+Py-CH 2 - ( o r  Py-CH 2 ) +  ^ 0

d im e r iz a t io n

\ '

H+Py-CH 2 -CH 2 -PyH + ( o r  Py-C H 2-C H 2-Py)

w h e re  th e  r e d u c t io n s  of P y -C H 2OH a n d  H+P y - C H 2OH o c c u r  a t  th e  s a m e  

potential a n d  H+P y -C H 2O H 2+ is red u c e d  m ore  easily  th a n  H+P y -C H 2OH. The 

s u r f a c e  s p e c i e s  of th e  r e a c ta n t s  a n d  th e  p ro d u c t  on  th e  Ag e le c t ro d e  is 

identified by s u r f a c e -e n h a n c e d  R a m a n  sp e c t ro sc o p y  (S E R S ) a n d  the  poss ib le  

a s s ig n m e n ts  h a s  b e e n  m ade .
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Table 5.1 Assignm ent of HMPY SERS Spectra

A ssignm en t M ode No. Sym m etry pH 3 pH 7

n(CC) 8a* A1 1633 vs 1636 s
n(CC) 8 a A1 1601 vs
v(CC) 8b* B2 1554 m
v(CC,CN) 8 b A1 1534 m

v(CC,CN) 19a* B2 1501 w 1496 m
v(CC,CN) 1 9 a 1478  m

v(CC,CN) 19b,19b* B2 1422 vw 1428 m
P(CH) 1375 m
v(CC,CN) 14 B2 1334 w 1335 m
P(CH) 3 B2 1328 m

X -sens.,(C C ) 13 A1 1256 w 1250 w
P(CH) 9 a A1 1204 vs 1204 vs

X-sens.,(CH ) 15 B2
P(CH) 18 a A1 1094 vw

P(CH) 18b B2 1062 s 1064 w

v(CC,CN) 1 A1 1008 vs 1010 vs
Y(CH) 10a or 5 A2 o r  B1 884  s 882 m
Y(CH) 10b B1 8 6 9  S 848  m

* a s s ig n e d  to the  p ro tona ted  pyridine ring.
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Fig. 5.1 Cyclic V oltam m ogram s of 5.0 mM 4-(hydroxymethyl)pyridin 
in 0.1 M KCI on a  sm ooth  Ag e lec trode  with potential s c a n  rate  100 
mV/s. (a) pH 3; (b) pH 7.
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Fig . 5 .2  D e p e n d e n c e  of peak  potential, Ep, on the  s c a n  rate 
(a) p e a k  1 at pH 3; (b) p e a k  2 at pH 3; (c) p e a k  2 at pH 7.
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Fig. 5 .3  S E R S  sp e c t ra  of 4-(hydroxymethyl)pyridin in 0.1 M KCI. 
Curve (a) pH 3; C urve  (b) pH 7.
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Fig. 5 .4  Potential d e p e n d e n c e  of S E R S  spectrum  of 4- 
(hydroxymethyl)-pyridine in 0.1 M KCI at pH 7. Potential from 
bottom to top: -0.1V; -0.3V; -0.5V; -0.7V; -0.9V; -1.1V; -1.2V; 
-1.3V.
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Fig. 5.5 Potential d e p e n d e n c e  of S E R S  spec trum  of 4- 
(hydroxymethyl)pyridine in 0.1 M KCI at pH 3. Potential from 
bottom to top: -0.1V; -0.2V; -0.3V; -0 .4V ;-0 .5V ;-0 .6V ;-0 .7V ; 
-0 .8V ;-0 .9V ;-1 .0V .



169

2 300000

CM

O
CM■<3-00

CM

GO 
CM Is*
Tf 00
00

o

CM

800 1000 1200 1400 1600

R am an  Shift, c m '1

Fig. 5 .6  T he  pH d e p e n d e n c e  of S E R S  spectrum  of the  4-(hydroxymethyl)- 
pyridine reduction product which w as  form ed at -0.8V in acidic solution 
(pH 3). The pH value is c h a n g e d  in following o rder  (from the  bottom to 
the  top): a) pH 3; b) pH 6; c) pH 7; d) pH 3; e) pH 2.
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