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ABSTRACT 

C o n s i d e r a b l y  m o r e  i n f o r m a t i o n  c a n .  b e  o b t a i n e d  by 

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

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

t e c h n i q u e  a l o n e .  I n  t h i s  w o r k  t h e  o x i d a t i o n  o f  2- 

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

t e c h n i q u e .  The e l e c t r o c h e m i c a l  r e a c t i o n ,  o c c u r r i n g  on a 

g o l d '  e l e c t r o d e  f o r m e d  n e a r  t h e  s u r f a c e  o f  a ZnSe 

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

m o n i t o r e d  by  I R  s p e c t r o s c o p y .  The d e s i g n  o f  a n  

e l e c t r o c h e m i c a l  c e l l  t o  c a r r y  o u t  t h e  r e a c t i o n  of t h e  

s o l u t i o n s  n e a r  a n  ATR c r y s t a l  i s  g i v e n .  R e s u l t s  o f  t h e  

s p e c t r o s c o p y  show t h a t  a c e t o n e  c a n  be o b s e r v e d  a n d  t h a t  

t h e  i n t e n s i t y  o f  t h e  s p e c t r o s c o p i c  p e a k  i s  p r o p o r t i o n a l  

t o  t h e  o x i d a t i o n  o f  2 - p r o p a n o l .  
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INTRODUCTION 

The use of electrochemistry to analyze substances 

started with the invention of polarography by 

Heyrovsky . This technique used a dropping mercury 

electrode (DME) inserted in the solution to be tested. 

The current was measured as the voltage was changed with 

respect to a reference electrode. 

The use of the dropping mercury electrode decreased 

with the introduction of other more accurate non- 

electrochemical tests. It was not until the advent of 

microelectronics that interest in electroanaiytical 

techniques was revived. Modern electronic devices and 

techniques allow the measurement of smaller currents 

more accurately than ever before. These devices along 

with newer materials make electrochemistry one of the 

most sensitive and versatile analytical techniques. 

The classical electrochemical techniques include DC 

polarography, TAST polarography, and cyclic voltammetry 

(CV) . Newer techniques include normal pulse, 

differential pulse, differential normal pulse, and 

square wave voltammetry. 2 1 3  All of these techniques can 

be used with a variety of electrode types. These 

electrode types include membrane (glass), solid state, 

liquid membrane, ion-exchange, and enzyme. 

Even though electroanalytical techniques are among 

the most sensitive they all suffer from the same 

drawback.   he techniques are not very chemically or 
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strllcturaiiy specific so can only be used for detection 

of electroactive substances. The ideal analytic 

technique would possess the ability to detect very low 

levels of a specific substance. This can be 

accomplished by combining a highly specific technique 

like IR, UV, or NMH spectrometry with the low level 

detectability of electroanalytical methods. 4 

In this thesis I will present some preliminary 

findings of the combination of fourier transform 

infrared spectroscopy (FTIR) with cyclic voltammetry and 

potential step electrochemical techniques. With this 

combination I will study the ability of this technique 

to detect intermediates or products qenerated by the 

electrochemical oxidation of 2-propanol. A proposed 

mechanism will be presented that may account for the 

observed spectra. 

THEORY 

The oxidation and reduction of orsanic compounds 

has been studied for some time. Alcohols are 

particularly interesting because of their use as fuels 

in electrochemical fuel cells. Fuels are reacted at 

electrodes to convert chemical energy directly to 

electrical energy. Alcohols are qood fuel sources 

because of their relative non-toxicity, ease of 

transportation, and low pollution from the reaction. 



The problem with the use of alcohol fuels is that very 

little is known about the reaction mechanism itself. 

Because not very much is known about the reaction 

mechanism, the current techniques of using alcohols as 

electrochemical fuel sources are far from optimum. What 

is known shows that there is a great deal of concern 

about the poisoning of electrode surfaces by reaction 

intermediates. ' j 6  Some reaction intermediates may also 

catalyze the r e a ~ t i o n . ~  To optimize the electrochemical 

uses of alcohols as fuels, it is necessary to determine 

the reaction mechanism. Various studies of the 

interfaces between an electrolyte solution and an 

electrode have been carried out using infrared 

spectroscopy. 8-14 Studies carried out previously 

obtained IR spectra by transmission through the 

solution. The electrochemistry was performed between 

transparent electrodes. This required the use of non- 

aqueous solvents since water is opaque to IR radiation. 

These techniques also suffer from the problem of low 

light throughput that requires the use of very thin 

samples. Non-aqueous solvents are a problem because 

they negate some of the good attributes of alcohols as 

fuel sources. They are often toxic and hazardous to the 

environment. Water as a solvent in electrochemical 

reactions has some very important qualities. Water's 

high dielectric strength and high polarity make it a 

very good solvent for the electrochemical oxidation of 



alcohols. Therefore the study of the reaction 

mechanisms of the electrochemical oxidation of alcohols 

should be performed in aqueous solvents because that is 

the solvent that would be used in a fuel cell. The 

techniques that have been used in the past to study the 

interface have all relied on the transmission of the 

infrared light through the electrochemical solution. If 

water is used as a solvent, very little light will be 

transmitted by the solution because water absorbs 

infrared radiation. In order to overcome these problems 

a new infrared method, called attenuated total 

reflectance, can be used. 

ATTENUATED TOTAL REFLECTANCE 

When radiation strikes an interface between two 

materials of different refractive index it is either 

transmitted or reflected. This is governed by Snell's 

law 

nl sin 

where nl and n2 are the refractive indices of the 

respective media and 6 and are the angles of incidence P 
and transmittance. If n2<nl then there exists some 

c r i t i c a l  angle where and r ad i a t i on  

transmitted through the interface. For angles greater 



t h a n  t h i s  c r i t i c a l  a n g l e  a l l  r a d i a t i o n  i s  r e f l e c t e d :  

t o t a l  i n t e r n a l  r e f l e c t a n c e .  T h i s  i s  d i f f e r e n t  from 

r e f l e c t i o n  f rom a m i r r o r  where  s e v e r a l  p e r c e n t  i s  

a b s o r b e d  by  t h e  s u r f a c e  i n  t h e  r e f l e c t i o n .  No r a d i a t i o n  

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

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

i n d e f i n i t e l y  . However t h i s  d o e s  n o t  imp ly  t h a t  no  

e n e r g y  p a s s e s  i n t o  t h e  s e c o n d  medium. T h i s  e n e r g y ,  

ca l l ed  t h e  e v a n e s c e n t  wave,  p a s s e s  a  s h o r t  d i s t a n c e  i n t o  

t h e  s e c o n d  medium. I f  t h e  s e c o n d  medium c a n  a b s o r b  t h e  

r a d i a t i o n  i t  w i l l  a t t e n u a t e  t h e  beam. T h i s  i s  

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

p e n e t r a t e s  t h e  s e c o n d  medium t o  a d e p t h  g i v e n  by 15 

w h e r e  i s  t h e  w a v e l e n g t h  i n  t h e  c r y s t a l  ( ,[/rill, 

i s  t h e  a n g l e  o f  i n c i d e n c e ,  a n d  nSp=n2/nl 

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

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

The  i n d e x  of  r e f r a c t i o n  c a n  be c a l c u l a t e d  b y  16 

w h e r e  nr i s  t h e  r e f r a c t i v e  i n d e x ,  e- i s  t h e  c h a r g e  on a n  

electron, me i s  t h e  mass of  t h e  e l e c t r o n ,  W i s  the 

f r e q u e n c y  o f  t h e  r a d i a t i o n ,  N, i s  t h e  t o t a l  number o f  



electrons in the molecule,(o is the permittivity, andN 

is the molecular number density. From this equation the 

index of refraction is calculated to be 1.4142 for a 

solution of water and 2-propanol at 1500 cm-I, The 

penetration depth is then calculated to be about 3 X 10- 

* cm or approximately a half-wavelength. 
A typical attenuated total reflectance (ATRI cell 

is shown in Figure 1. The infrared radiation passes 

into and through a crystai of zinc seienide. The 

radiation enters the crystal at a 45O anqle, and is 

reflected off the sides of the crystal as it travels 

down the length of the crystal. The radiation is 

reflected ten times for a crystal 0.25 in. in diameter 

and 2.50 in. in length. The crystal is supported by a 

stainless steel boat that is used to hold the solution 

that is being analyzed 

MECHANISM OF REACTION 

Before describing the spectroscopic; theory of this 

work it is desirable to discuss the mechanism of the 

oxidation of 2-propanol. The oxidation of some alcohols 

has been described in the literature and the ideas 

presented should apply equally well t o 2- 

propanol . 5 j 6 9 7 9 1 2 9 1 7 1 1 8  There are a number of alternate 

mechanisms that propose different intermediates. There 

are, however, three steps to the process of oxidation of 





a n y  s u b s t a n c e  on t h e  s u r f a c e  of  a n  e l e c t r o d e .  These  

s t e p s  a r e  a d s o r p t i o n ,  r e a c t i o n ,  a n d  d e s o r p t i o n .  

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

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

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

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

p r o p e r t i e s  of  t h e  b u l k  s o l u t i o n .  A l l  models  u s e d  

t o d a y  a re  e m p i r i c a l  a n d  a re  r e l a t e d  t o  Langmui r ' s  

e q u a t i o n .  The s u r f a c e  c o v e r a g e  c a n  a l s o  b e  r e l a t e d  t o  

t h e  s o l u b i l i t i e s  o f  t h e  m a t e r i a l s  i n  t h e  s o l v e n t .  20 

The mechanism of  t h e  o x i d a t i o n  of 2- propano l  t o  

a c e t o n e  i s  o n l y  p a r t  o f  t h e  r e a c t i o n  mechanism t h a t  

t a k e s  2- propano l  t o  C02 a n d  H 2 0 .  The r e a c t i o n  c a n  b e  

w r i t t e n  as 

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

l o s e  hydrogen .  6 ~ 1 2 9 1 7 ~ 1 8  Under t h e  c o n d i t i o n s  of  t h e  

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

hydrogen  i s  removed i n  a n  o x i d a t i v e  a d d i t i o n  t y p e  

r e a c t i o n .  25 Once t h e  m o l e c u l e  i s .  bound t o  t h e  s u r f a c e ,  

t h e  e l e c t r o d e  c a n  t h e n  remove e l e c t r o n s  t o  o x i d i z e  t h e  

bound i n t e r m e d i a t e s  t o  a c e t o n e .  The a c e t o n e  t h e n  must 

d e s o r b  f rom t h e  s u r f a c e .  Very l i t t l e  i s  known a b o u t  t h e  

d e s o r p t i o n  o f  m o l e c u l e s  f rom t h e  s u r f a c e .  A s  w i t h  

a b s o r p t i o n  t h e  avai lable  e q u a t i o n s  a re  f o r  s t e a d y .  s t a t e  



9 

not dynamic systems. If the acetone does not desorb it 

will be oxidized to other intermediates that may also 

desorb or, ultimately, be oxidized to C% and water. 

These other intermediates may include CO, COH, HCO, 

C2H,0, CH, and others, 

INFRARED SPECTROSCOPY 

A description of attenuated total reflectance was 

given above., How infrared. (IR) spectroscopy can be used 

for analysis is discussed here. The frequencies of IR 

are such that only molecular vibrations have the right 

characteristics to be observed. These vibrations are IR 

active if the vibration leads to a change in the 

electric dipole moment of the molecule. 21 

The absorption of IR radiation can be illustrated 

by considering that the molecules are a series of 

charged point sources connected by springs. The force 

between two atoms is given by Hooke's law 

where k is a force constant, x is the displacement of 

the atoms from equilibrium, and m is the reduced mass of 

the system. The frequency of such a vibration is given 



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

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

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

c o n v e n i e n t  i n  t h e s e  cases t o  u s e  i n t e r n a l  c o o r d i n a t e s  

r a t h e r  t h a n  c a r t e s i a n  c o o r d i n a t e s .  22  The  i n t e r n a l  

c o o r d i n a t e s  a r e  b o n d  s t r e t c h i n g ,  b o n d  b e n d i n g ,  b o n d  

t o r s i o n ,  a n d  o u t - o f - p l a n e  b e n d i n g .  The s p e c t r u m  o f  a 

s y s t e m  w o u l d  show t h e s e  modes o f  v i b r a t i o n .  A 

c o r r e l a t i o n  o f  t h e  o b s e r v e d  spect ra  w i t h  t h e  f r e q u e n c i e s  

o f  t h e  i n t e r n a l  modes of  v i b r a t i o n  w o u l d  i d e n t i f y  t h e  

spec ies .  The a d s o r p t i o n  o n t o  a s u r f a c e  as  w e l l  as  

s o l v e n t  e f f e c t s  may s h i f t  t h e  f r e q u e n c i e s  f r o m  t h e i r  

c a l c u l a t e d  v a l u e s .  

A s p e c t r u m  o f  a c e t o n e  w o u l d  show p e a k s  t h a t  

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

p e a k s  a t  a b o u t  3 0 0 0  cml f r o m  t h e  C-H s t r e t c h  o f  t h e  CH3 

g r o u p s .  A r o u n d  1 4 0 0  c m - I  a r e  t h e  b e n d i n g  v i b r a t i o n s  o f  

t h e  CH3 g r o u p s .  The  C=O s t r e t c h  y i e l d s  a peak a t  a b o u t  

1 7 3 0  c m - l .  W h i l e  t h e  C-C b o n d  s t r e t c h e s  a t  a b o u t  1 1 6 5  

22  I R  s p e c t r o s c o p y  a l l o w s  u s  t o  d i f f e r e n t i a t e  c m  . 
b e t w e e n  a c e t o n e  a n d  2- p r o p a n o l .  2- p r o p a n o l  w o u l d  n o t  

h a v e  t h e  p e a k  c o r r e s p o n d i n g  t o  t h e  C=O s t r e t c h .  I t  

w o u l d  h a v e  a d d i t i o n a l  p e a k s  f o r  t h e  a l c o h o l i c  oxygen  a n d  

t h e  C-H s t r e t c h  o f  t h e  a l p h a  h y d r o g e n .  



ELECTROCHEMISTRY 

Electrochemistry requires at least a pair of 

electrodes in contact with a solution. These electrodes 

are connected to electronic devices to set the 

conditions at the. electrodes and measure the conditions 

at the electrodes. When the electrode conditions are 

set the solution organizes itself in a fundamental way 

first proposed by Stern. This model consists of an 

Inner Helmholtz Plane (IHP) , an Outer Helmholtz Plane 

(OHP) , and a Diffusion layer. The IHP is that plane 

that contains the centers of the ions actually in 

contact with the electrode. These ions are usually the 

same charge as the electrode. The OHP is that plane 

that contains the centers of the ions plus their 

hydration layer. These ions are of opposite charge as 

the electrode. The Diffusion layer is the transition 

layer between the OHP and the bulk solution. It is a 

mixture of ions diffusing into and away from the 

electrode. These three layers form a capacitor whose 

capacitance is proportional to the concentration of the 

electroactive species in the bulk solution. To minimize 

the effect of the bulk solution on the electrode 

capacitance an inert supporting electrolyte is added to 

the solution. This electrolyte, usually added in 0.1 M 

concentrations, aids the transport of electric current 

but is electrochemically inactive . This three - layer 
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model  i s  shown s c h e m a t i c a l l y  i n  F i g u r e  2 .  2 3  

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

s y s t e m  i s  t o  m e a s u r e  t h e  p o t e n t i a l  w i t h  no c u r r e n t  f l o w .  

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

p o t e n t i a l  measu remen t s  r e q u i r e  some c u r r e n t  f l o w .  

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

d r o p  t h r o u g h  t h e  s o l u t i o n  d u e  t o  i t s  r e s i s t a n c e ;  i . e . ,  I R  

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

e l e c t r o d e  i t s e l f .  One of  t h e s e  e f f e c t s  i s  t h e  

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

p o t e n t i a l  o f  a n  e l e c t r o d e  a s  a r e d o x  r e a c t i o n  o c c u r s .  

A n o t h e r  e f f e c t  i s  a  c h a r g e- p o t e n t i a l  o v e r p o t e n t i a l  Cnt) . 
I t  c a u s e s  a c h a n g e  i n  p o t e n t i a l  of  a n  e l e c t r o d e  d u e  t o  

t h e  n e c e s s i t y  o f  a c c e l e r a t i n g  a r e a c t i o n  t o  t h e  d e s i r e d  

s t a t e .  Combining a l l  o f  t h e s e  e f f e c t s  g i v e s  t h e  

e x p r e s s i o n  f o r  t h e  v o l t a g e  o f  a c e l l  a s  

where  Eindic i s  t h e  measu red  v o l t a g e ,  Er,f i s  t h e  

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

v o l t a g e  v e r s u s  a s t a n d a r d  hydrogen  e l e c t r o d e  (SHE), n  i s  

t h e  number o f  mo les  o f  e l e c t r o n s  i n v o l v e d  i n  t h e  
- 

r e a c t i o n ,  a n d  Cox a n d  C r e d  a r e  t h e  b u l k  c o n c e n t r a t i o n s  

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

IR are additive corrections to the Nernst equation. 

They c a n  b e  t rea ted  as c o n s t a n t s  i f  t h e  c o n d i t i o n s  of  
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the cell do not change much. This is ensured by the 

presence of a supporting electrolyte. Thus the above 

equation reduces to an equation that relates the cell 

voltage to the ratio of oxidant and reductant 

concentrations. 

The electrochemical cell used here is a 

conventional three- electrode cell. It consists of a 

working electrode, an auxilliary electrode, and a 

reference electrode. The setup is shown schematically 

in Figure 3. The electrochemical reaction of interest 

occurs at the working electrode. The reference 

electrode is used to monitor the voltage and feedback to 

the controlling electronics. The controlling 

electronics adjust the conditions at the electrodes to 

maintain the desired voltage or voltage versus time 

relationship. 

Two' techniques were used in these experiments. 

They are .cyclic voltammetry (CV) and potential step. In 

potential step the voltage is stepped from one voltage 

to another. The current response is a decaying curve 

with the current given by the Cottrell equation 

where i is the current, A is the electrode area, t is 

the time, D o  is the d i f f u s i o n  c o e f f i c i e n t  of the 

oxidizer, Co is the bulk concentration of the oxidizer, 





F i s  t h e  F a r a d a y  c o n s t a n t ,  a n d  n  i s  t h e  number o f  

e l e c t r o n s  i n v o l v e d  i n  t h e  r e a c t i o n .  I n  c y c l i c  

v o l t a m m e t r y  t h e  v o l t a g e  i s  s w e p t  l i n e a r l y  be tween  two 

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

swep t  c o n t i n u o u s l y  be tween  two v o l t a g e s  which  se t  up 

b o t h  o x i d i z i n g  a n d  r e d u c i n g  c o n d i t i o n s  a t  t h e  w o r k i n g  

e l e c t r o d e .  A t y p i c a l  c u r r e n t  v e r s u s  v o l t a g e  r e s p o n s e  i s  

shown i n  F i g u r e  4 .  I n  a r e v e r s i b l e  s y s t e m  two p e a k s  a re  

s e e n :  a c a t h o d i c  a n d  a n  a n o d i c  p e a k .  The c u r r e n t  o f  t h e  

p e a k  i s  g i v e n  by t h e  R a n d l e s  a n d  S e v c i k  e q u a t i o n  

w h e r e  v i s  t h e  sweep r a t e  i n  v o l t s  p e r  s e c o n d .  The p e a k  

v o l t a g e  i s  g i v e n  b y  

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

minus  s i g n  i s  f o r  t h e  a n o d i c  p e a k .  $k/2 i s  t h e  

p o t e n t i a l  a t  h a l f  p e a k  hefght. So t h e  a n o d i c  a n d  

c a t h o d i c  p e a k s  are  s e p a r a t e d  b y  5 7 / n  mV f o r  a r e v e r s i b l e  

s y s t e m .  I r r e v e r s i b l e  s y s t e m s  c a n  a l s o  show two p e a k s  

b u t  t h e y  a r e  u s u a l l y  separated b y  more t h a n  5 7 / n  mV. 





EXPERIMENTAL 

STRY 

The electrochemical experiments were carried out 

using a BAS CV27 model electrochemical controller with a 

three-electrode cell. The working electrode was a gold 

electrode. The auxiliary electrode was a platinum wire 

electrode. The reference electrode was a silver/silver 

chloride electrode in a saturated (approximately 4 MI 

KC1 solution. The potential step experiments were 

carried out by applying a voltage step to the working 

electrode. These voltage steps were from 0 V to either 

-0.5 V or -1.0 V. The CV analysis was carried out by 

applying a linear voltage sweep to the working 

electrode. The sweep ran from 1 V to -1 V at a sweep 

rate of 100 mv/sec. 

SPECTRO-ELECTROCHEMISTRY 

The spectroscopic studies were carried out on a IBM 

IR/32 Fourier Transform Infrared (FTIR) spectrometer. A 

circle cell attenuated total reflectance attachment was 

modified to allow electrochemistry to be performed near 

the zinc selenide crystal. The modifications are shown 

in Figure 5. Two types of working electrodes were 

tried. The first was a vapor deposited gold coating. 





The ATR crystal was placed in a vacuum chamber and 

coated with gold from a heated target. The gold 

thickness was not measured but was probably 500 to 1000 

angstroms. This is based on the time of gold deposition 

and the subjectively observed transmission through the 

film. The second was a gold mini-grid wrapped around 

the crystal. A mini-grid is an electro-formed screen of 

gold. The grid had about 50 holes per inch with 10% gold 

area; i.e.,the holes were 10 times wider than the gold 

wires between the holes. Electrical connection to the 

gold electrodes was made by attaching a thin copper wire 

with silver conductive epoxy. Two types of auxiliary 

electrodes were also tried. One was a silver foil tube 

on the inside of a plastic flow-through cell. The other 

was the stainless steel body of an open solution holder. 

The reference electrode was the same as used above: a 

silver/silver chloride electrode in a saturated 

(approximately 4 M) KC1 solution. A voltage was applied 

to the electrodes until a noticeable current was seen on 

the current meter: i . e., the meter needle moved at least 
one minor division. 

The modified ATR attachment was installed in the 

FTIR and adjusted according to the manufacturer's 

procedure. 24 The spectra were obtained at a resolution 

of 4 cm-I with 64 scans from 800 cm-I to 4000 cm-l. The 

area of interest extended from 1000 cm-I to 3200 cm-'. 



SOLUTIONS 

The s o l u t i o n s  u s e d  c o n s i s t e d  o f  2- p r o p a n o l  i n  w a t e r  

w i t h  a n  ac id  c a t a l y s t  a n d  s u p p o r t i n g  e l e c t r o l y t e .  The 

e l e c t r o c h e m i c a l  s o l u t i o n s  c o n s i s i t e d  o f  2 . 5 ,  5 ,  7 . 5 ,  a n d  

1 0  p e r c e n t  by v o l u m e  o f  2 - p r o p a n o l .  Sodium o r  p o t a s s i u m  

c h l o r i d e  was  added i n  a b o u t  1 M c o n c e n t r a t i o n s  as a 

s u p p o r t i n g  e l e c t r o l y t e .  The s p e c t r o s c o p i c  s o l u t i o n s  

c o n s i s t e d  o f  a 4 0  p e r c e n t  by v o l u m e  o f  2- p r o p a n o l  

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

ac id  as a c a t a l y s t  a n d  t h e  s o l u t i o n  w a s  made 1 M i n  K C 1 .  

A s p e c t r o s c o p y  s t a n d a r d  o f  5  p e r c e n t  2- p r o p a n o l  w a s  a l s o  

u s e d  t o  t e s t  t h e  ATR s e t u p .  

RESULTS 

ELECTROCHEMISTRY 

F i g u r e  6 s h o w s  t h e  v o l t a g e  v e r s u s  c u r r e n t  p l o t  f o r  

t h e  p o t e n t i a l  s t e p  e x p e r i m e n t .  T h i s  w a s  f o r  5% 2- 

p r o p a n o l  i n  w a t e r  a t  s t e p s  f r o m  O V  t o  - 0 . 5  V a n d  0  V t o  

-1. O V .  F i g u r e  7 shows a t y p i c a l  o u t p u t  f o r  a CV 

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

1096 2- p r o p a n o l  i n  w a t e r  s o l u t i o n .  F i g u r e  8 i s  t h e  

o u t p u t  s i m i l a r  t o  F i g u r e  7 e x c e p t  o n l y  w a t e r  was  t e s t e d ,  

A  c o m p a r i s o n  o f  t h e s e  t w o  p l o t s  shows a peak a t  - 0 . 5  V 

o n  t h e  10% 2- p r o p a n o l  s o l u t i o n  t h a t  i s  n o t  t h e r e  on t h e  









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

o f  t h e  2 - p r o p a n o l .  The c u r r e n t  (ip) a t  t h e  v o l t a g e  p e a k  

i s  m e a s u r e d '  f r o m  t h e  p l o t  t o  be 0 . 6 3  x A .  S i n c e  

t h i s  p e a k  c o r r e s p o n d s  t o  a 2- p r o p a n o l  r e a c t i o n  a n d  i s  a t  

- 0 . 5  V, w e  c a n  u s e  t h e  r e s u l t s  f r o m  t h e  p o t e n t i a l  s t e p  

e x p e r i m e n t ,  a t  - 0 . 5  V, t o  c a l c u l a t e  t h e  number o f  

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

e q u a t i o n  w i t h  t h e  R a n d l e s  a n d  S o v c i k  e q u a t i o n  a n d  

s o l v i n g  f o r  n  gives 

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

u s e d  i n  t h e  CV e x p e r i m e n t  ( 0 . 1  V/s) . C u r r e n t  t i m e s  t h e  

s q u a r e  r o o t  o f  t i m e ,  it1/2, i s  a c a l c u l a t e d  c o n s t a n t  

f r o m  t h e  p o t e n t i a l  s t e p  e x p e r i m e n t .  From t h e  c u r r e n t  

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

t i m e s .  The m e a s u r e d  da ta  a r e  as f o l l o w s :  

TIME (s) CURRENT m-6 &m a6 &lLZl 
0 . 2 0  2 . 9 5  1 . 3 1  

0 . 3 2  2 . 5 2  1 . 4 1  

The  average v a l u e  f o r  it  'I2 i s  1 . 4 5 x 1 0 - ~  As 1 / 2  . 

S u b s t i t u t i n g  t h e  v a l u e s  i n t o  t h e  C o t t r e l l  e q u a t i o n  a n d  

s o l v i n g  gives a v a l u e  o f  n  o f  0 .77 .  B e c a u s e  e l e c t r o n s  



c a n n o t  b e  d i v i d e d  t h e  r e a c t i o n  takes one  e l e c t r o n .  

T h i s  i s  a n  u n e x p e c t e d  f i n d i n g  s i n c e  t h e  o x i d a t i o n  

of 2- p r o p a n o l  t o  a c e t o n e  i s  t h o u g h t  t o  b e  a t w o- e l e c t r o n  

p r o c e s s .  A n o t h e r  r e a c t i o n  must  b e  o c c u r r i n g  u n d e r  t h e s e  

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

2- propano l  t o  t h e  s u r f a c e  w i t h  t h e  l o s s  o f  a p r o t o n .  

T h i s  p r o c e s s  wou ld  u s e  o n l y  one  e l e c t r o n .  The hyd rogen  

wou ld  come o f f  i n  a n  o x i d a t i v e  a d d i t i o n  s t e p  where  t h e  

m e t a l  would  t a k e  on a +2 c h a r q e  w h i l e  t h e  i n t e r m e d i a t e  

a n d  t h e  hyd rogen  would  h a v e  a f o r m a l  c h a r q e  o f  -1. The 

h y d r o g e n  c o u l d  e a s i l y  l o s e  a n  e l e c t r o n  t o  become a  

n e u t r a l  a d s o r b e d  a tom.  Adsorbed  hyd rogen  a t  oms a r e  

known t o  e x i s t  on m e t a l  s u r f a c e s .  6 ~ 1 8 ~ 2 6  The o x i d a t i o n  

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

n e g a t i v e  t h a n  - 0.5 V a n d  would  b e  l o s t  i n  t h e  l a r g e  

w a t e r  o x i d a t i o n  p e a k .  

SPECTRO-ELECTROCHEMISTRY 

The ATR s e t u p  w a s  f i r s t  t e s t e d  f o r  t h e  a b i l i t y  t o  

o b s e r v e  2- p r o p a n o l  i n  w a t e r .  F o l l o w i n g  t h e  

m a n u f a c t u r e r ' s  p r o c e d u r e  t h e  s p e c t r u m  i n  F i g u r e  9 w a s  

o b t a i n e d  f o r  5% 2- propano l  i n  w a t e r  wh ich  a g r e e s  w i t h  

p u b l i s h e d  s p e c t r a .  24 O b t a i n i n g  t h i s  s p e c t r u m  was v e r y  

d i f f i c u l t  d u e  t o  t h e  n a t u r e  of  t h e  s o l u t i o n .  ' Because  

water absorbs I R  radiation strongly, nearly 90% of the 

i n p u t  I R  r a d i a t i o n  w a s  a b s o r b e d  by t h e  s o l u t i o n .  The 



n e x t  e x p e r i m e n t  was  d e s i g n e d  t o  d e t e r m i n e  i f  a c e t o n e  c a n  

be o b s e r v e d  as a m i n o r  i n g r e d i e n t  i n  a 5% 2- p r o p a n o l  

s o l u t i o n .  F i g u r e  1 0  i s  t h e  s p e c t r u m  o b t a i n e d  f o r  a 5% 

2- p r o p a n o l  s o l u t i o n  w i t h  0 . 5 %  a c e t o n e  added. A  

c o m p a r i s o n  b e t w e e n  F i g u r e s  9 a n d  10  shows t h a t  a c e t o n e  

c a n  b e  s e e n  b y  t h e  a p p e a r a n c e  o f  p e a k s  a t  1 2 0 0  c m - l ,  

1 4 0 0  c d ,  a n d  1 7 0 0  c m - l .  The  ATR c e l l  c a n  b e  u s e d  t o  

d e t e r m i n e  a c e t o n e  as a m i n o r  i n g r e d i e n t  i n  a 2- p r o p a n o l  

s o l u t i o n .  

The n e x t  s t e p  w a s  t o  a c t u a l l y  d o  t h e  

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

t r i e d  f i r s t .  The  ATR c e l l  e l e c t r o d e s  w e r e  c o n n e c t e d  t o  

t h e  e l e c t r o n i c s  a n d  a 5% s o l u t i o n  o f  2- p r o p a n o l  w a s  

added t o  t h e  c e l l .  A b a s e l i n e  r e a d i n g  was  t a k e n  a n d  t h e  

p o t e n t i a l  was s t e p p e d  t o  a b o u t  - 0 . 9  V .  A s e r i e s  o f  

s p e c t r a  showed n o  d i f f e r e n c e .  E x a m i n a t i o n  o f  t h e  

c r y s t a l  showed some r e a s o n s  why t h i s  o c c u r r e d .  The 

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

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

v e r y  t r a n s p a r e n t  s o ,  e v e n  t h o u g h  l i g h t  was  a b s o r b e d  by 

t h e  s o l u t i o n ,  n o t  e n o u g h  l i g h t  w a s  o u t p u t  t o  show 

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

showed  n o  p e a k s ,  j u s t  n o i s e .  B e c a u s e  o f  t h e  l o w  

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

decided t o  u s e  a g o l d  m i n i - g r i d .  The t r a n s p a r e n c y  o f  

t h e  c r y s t a l  d id  n o t  i n c r e a s e  g r e a t l y  b u t  m o r e  I R  was  

p a s s i n g  i n t o  t h e  s o l u t i o n .  A g a i n  t h e  e l e c t r o d e  w a s  
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a t t a c h e d  t o  t h e  e l e c t r o n i c s  a n d  a 5% 2- p r o p a n o l  s o l u t i o n  

was  added. The p o t e n t i a l  w a s  s t e p p e d  t o  a b o u t  - 0 .9  V .  

A g a i n  t h e  s p e c t r a  showed  n o  d i f f e r e n c e  f r o m  t h e  

b a s e l i n e .  T h e r e  w e r e  no. a c e t o n e  a d s o r p t i o n  b a n d s .  The  

c u r r e n t  meter on t h e  power  s u p p l y  i n d i c a t e d  t h a t  a n  

e l e c t r o c h e m i c a l  r e a c t i o n  w a s  t a k i n q  p l a c e .  I t  w a s  

decided t h a t  p e r h a p s  t h e  g e n e r a t i o n  o f  a c e t o n e  i s  n o t  

great  enough  t o  b e  d e t e c t e d  b y  t h e  s p e c t r o m e t e r .  The  

remedy  w o u l d  b e  t o  i n c r e a s e  t h e  c o n c e n t r a t i o n  o f  2- 

p r o p a n o l  t o  40%.  The s a m e  p r o c e d u r e  w a s  f o l l o w e d  as 

a b o v e  b u t  u s i n g  a 40% 2- p r o p a n o l  s o l u t i o n .  Some p e a k s  i n  

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

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

e l e c t r o c h e m i c a l  o x i d a t i o n .  F i g u r e  11 shows t h e  b a s e l i n e  

s p e c t r u m  f o r  t h e  40% 2- p r o p a n o l  s o l u t i o n .  F i g u r e  12  

shows  a t y p i c a l  s p e c t r u m  f o r  a p o t e n t i a l  s t e p  o f  - 0 . 9  V .  

T h e  p e a k s  w e r e  v e r i f i e d  as  b e i n g  c a u s e d  b y  t h e  

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

p e a k s  w o u l d  g r o w  when t h e  p o t e n t i a l  was  on a n d  t h e  

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

o f f .  T h i s  i s  as  e x p e c t e d  b e c a u s e  t h e  e l e c t r o c h e m i s t r y  

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

e l e c t r o d e  a n d  i n  t h i s  case n e a r  t h e  ATR c r y s t a l .  T h i s  

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

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

produced. When t h e  p o t e n t i a l  i s  turned o f f  t h e  products 

h a v e  a c h a n c e  t o  d i f f u s e  away f r o m  t h e  e l e c t r o d e  a n d  t h e  
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ATR c r y s t a l  s o  t h e  l o c a l  c o n c e n t r a t i o n  i s  l o w e r e d .  

The o n l y  q u e s t i o n  r e m a i n i n g  i s  w h e t h e r  t h e  p e a k s  d o  

c o r r e s p o n d  t o  a c e t o n e  o r  a n o t h e r  i n t e r m e d i a t e .  The p e a k  

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

e l e c t r o c h e m i c a l  e x p e r i m e n t s  w a s  c e n t e r e d  a t  a b o u t  1400 

c m  T h i s  p e a k  was  a l s o  s e e n  a s  a n  a c e t o n e  p e a k  i n  t h e  

I R  s p e c t r a  o f  5% 2- p r o p a n o l  w i t h  0 .5% a c e t o n e  a n d  i s  

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

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

g r o u p s .  22 

CONCLUSIONS 

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

t h e  e l e c t r o d e  s u r f a c e  b y  I R  s p e c t r o s c o p y  i n  a q u e o u s  

s o l u t i o n s  h a s  b e e n  shown.  We h a v e  shown t h e  p r e s e n c e  o f  

a c e t o n e  f r o m  t h e  e l e c t r o c h e m i c a l  o x i d a t i o n  o f  p r o p a n o l .  

CV e x p e r i m e n t s  i n d i c a t e d  t h a t  2- p r o p a n o l  may b e  a d s o r b e d  

o n t o  t h e  s u r f a c e  t h r o u g h  a o n e  - e l e c t r o n  p r o c e s s .  

O b t a i n i n g  a u s e a b l e  I R  s p e c t r a  t h r o u g h  a n  ATR device 

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

g o l d  on t h e  e l e c t r o d e  d o e s  n o t  seem t o  p r o v i d e  a 

s u f f i c i e n t l y  t r a n s p a r e n t  s u r f a c e  f o r  t h e  I R  r a d i a t i o n  t o  

p a s s  t h r o u g h .  T h e  m i n i - g r i d  s o l v e d  t h i s  p r o b l e m  b u t  t h e  

e l e c t r o c h e m i c a l l y  a c t i ve  s u r f a c e  i s  no  l o n g e r  a c t u a l l y  

a t  t h e  surface  o f  t h e  ATR crystal. T h i s  was  a c c e p t a b l e  

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



cannot be observed using a mini-grid technique. The 

reaction might, in the future, be carried out on a 

conductive ATR crystal. Doped silicon crystals are 

available that are conductive. However, the surface of 

silicon would be vastly different from that of a metal. 

Other equipment might allow more sensitive results. 

There are spectrometers that have nearly 1000 times the 

light throughput of the one used in this study. This 

amount of light throughput would allow an increase in 

resolution from the 4 cm-I used here. The time of 

spectrum acquisition would also be shortened, greatly, 

with an increase of signal to noise. An increase in 

light throughput of this magnitude would also increase 

the sensitivity of the system. Low concentration 

intermediates might then be observed. With these 

refinements to the technique a greater understanding of 

the electrochemical oxidation of alcohols may be 

realized. This understanding may lead to more efficient 

and more economical fuel cells that can take advantage 

of alcohols as fuels, 
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