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The feasibility of using Internal Reflectance Spectroscopy (IRS) \\ 

1 as a method for monitoring electrochemical reactions spectrophoto- 
metrically at the electrode surface has been demonstrated previously 
( 3 , 7 ) .  Since that time, it has been found that it would be highly 
advantageous to produce IRS crystal-electrodes which have surfaces 
with better electrochemical characteristics than those used previ- 
ously [i.e., those which employed doped tin oxide in the visible range 
of the electromagnetic spectrum (3) and germanium in the infrared 
region ( 7 ) ] .  The semiconductor properties of tin oxide and germanium 
make these materials quite unsuitable for many experiments as their 
electrode properties are quite complex ( 5 , l O ) .  This, therefore, makes 

I. the characterization of this combination electrolysis-spectrophotometric 
technique extremely difficult. Experimentally, it has been observed 
that the absorption baseline of tin oxide coated glass electrodes does 
not remain constant from one electrolysis to the next (5,lO). Other 
investigators have also observed the same changes in the optical 
properties on electrolysis ( 6 , g )  which indicates that the surface is 

I' changing in some way. 

For these reasons, the possibility of using thin platinum and 
alladium ,netal films on optically transparent substrates which can 

de would Like to report a relatively rapid and inexpensive 

I 
:hen be employed as IRS electrodes has been investigated. 

method of producing such films and present some preliminary electrode- 
optical characteristics of these electrodes. 

\ 
1) 

I 

I 

EXPERIMENTAL 

' Pla cinum-Glass IRS-Electrode 

11 The method of producing the platinum-glass IRS-electrode employs 
the use of a solution of an organic ligand complex of platinum, 
(Liquid Platinum No. 1, Engelhard Industries Inc., Hanovia Liquid 
Gold Division, East Neward, N. J.) which is readily reduced to platinum 
metal on an inert substrate, such as glass, at sufficiently high 
temperatures. 

ennbles a thin platinum film to be produced), a small amount (0.1 to 
0.2 ml, depending on the thickness of film desired) is dissolved in 
3 nl oi' dichloromethane, and the resulting solution is painted on to 

r the IRS plate using brush strokes parallel to the light path. Several 

1 To lessen the viscosity of the available Liquid Platinum (which 

, 
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coat:nr;'s .-.q be a p p l i e d ,  q a i n  depcndin,: on t h e  thic!mC;s o f  i'il::! 
d e s i r c d .  The plate i s  then allowed t o  C U R  i n  a i r  r J r  about one hour 
a t  ro3x tenpcr2 turc .  It i s  then  f i r e d  i n  an open ovcn f o r  about four 
hours .  Tnc l ~ i r i n g  terrperature  f o r  Pyres  p l a t e s  i s  between u\,O°C and 
680°C ( , ipproxinately t h e  fus ion  p o i n t  ai' t h e  &lass). 

The c e l l  was e s s e n t i a l l y  t h e  same as employed by Hanseln e t  al.  
(3,Q). 

Constant c u r r e n t  chronopotentiometry was c a r r i e d  out  on the  
previoclsly c h a r a c t e r i z e d  ( 3 )  o - t o l i d i n e  system. The apparatus  i s  
s i m i l a r  t o  those  descr ibed  e a r l i e r  ( 2 , 3 ) .  - o - t o l i d i n e  i n  a pH 2.00 KC1-HC1 b u f f e r  was placed i n  t h e  r e a c t i o n  
c e l l ,  a d  on c l e c t r o l y s i s  the  fol lowing r e a c t i o n  occurs:  

A j mi l l imolar  s o l u t i o n  of 

I I1 
(yellow ) 

Species  I is c o l o r l e s s  in  the v i s i b l e  range, b u t  I1 absorbs a t  4,380 A ( A n d .  The Gary Model 1 4  was set  a t  t h i s  wavelength and simultaneous 
absor  ance-time and p o t e n t i a l - t i m e  p l o t s  of t h e  oxida t ion  r e a c t i o n  
were c a r r i e d  out.  The results are shown i n  Figure 1. 

cnrono otent iometry t h a t  t h e  Z s o r b a n c e  observed i s  p r o p o r t i o n a l  t o  
t h e  provided t h a t  t h e  p e n c t r a t i o n  depth of t h e  e l e c t r i c  f i e l d  
v e c t o r  Ts s m a l l  conpa t o  t h e  d i f f u s i o n  layer. Figure 2 shows a 
t y p i c a l  absorbance -t'y9 p l o t .  These p l o t s  a r e  linear over a wide 
range of c u r r e n t  d e n x i t i e s  and r e a c t a n t  concent ra t ions .  They have 
a l s o  been found t o  be reproducib le  f o r  success ive  runs w i t h  no s h i f t  
appearing i n  t h e  b a s e l i n e  which is  what w a s  o r i g i n a l l y  des i red .  This 
i s  an  a b s o l u t e l y  n e c e s s a r y  c o n d i t i o n  f o r  scanning wavelength during 
an e l e c t r o l y s i s  t o  o b t a i n  a spectrum of t h e  e l e c t r o l y s i s  product or  
in te rmedia te .  

Typical  1% spectrum scan r e s u l t s  dur ing  he e l e c t r o o x i d a t i o n  of - 0 - t o l i d i n e  a r e  shown i n  Figure 3. A 5.0 x 10-5 M 2 - t o l i d i n e  and 0.22 
- M c h l o r i d e  (pH = 2.0) s o l u t i o n  w a s  p o t e n t i o s t a t e a  a t  +0.60 1 vs SCE. 
Curve 1 r e p r e s e n t s  t h e  spectrum ( b a s e l i n e )  of t h e  s o l u t i o n  a t  zero 
a p p l i e d  vol tage  and Curve 2 r e p r e s e n t s  t h e  spectrum obtained during 
a c t u a l  e l e c t r o l y s i s .  A very pronounced absorbance peak is observed 
which has a m a x i m u m  a t  4375 dI.  
n o r m 1  transmission peak ( h  = 4380 8)  observed f o r  t h e  oxida t ion  
product  ( s p e c i e s  I1 of  equa!!%n 1) of o - t o l i d i n e  (Curve 3 of Figure 3 
a c t u a l l y  shows t h e  t ransmiss ion  s p e c t r a  of t h i s  compound prepared 
dur ing  e l e c t r o l y s i s ) .  It should be noted a t  t h i s  p o i n t  t h a t  t h e  IRS- 
s p e c t r a  obtained d u r i n g  e l e c t r o l y s i s  a t  plat inum f i l m  e l e c t r o d e s  as 
several  orders  of magnitude b e t t e r ,  with respec t  t o  both &I and 
r e s o l u t i o n ,  than any obta ined  w i t h  t in -oxide  conducting glass 
e l e c t r o d e s  (1,  6, 9, 10). A r e p l i c a t e  IRS c e l l  conta in ing  support ing 
e l e c t r o l y t e  was p l a c e d  in t h e  r e f e r e n c e  beam of t h e  Gary 1 4  during a l l  
runs. 

C h r i s t i e  (1) and Hansen e t  g. (3) have shown for forward cur ren t  

This  c rresponds almost  e x a c t l y  t o  t h e  

. ._ . 
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Experiments were also c a r r i e d  o u t  vary ing  t h e  a p p l i e d  p o t e n t i a l  
v i t h  c e l l s  c o n t a i n i n g  only  suppor t ing  e l e c t r o l y t e  s o l u t i o n  t o  s e e  if 
t h e  IRS absorp t ion  b a s e l i n e  was efi’ected 01’ f a r i e d  i n  any way ( a  
P o s s i b l e  change i n  r e f r a c t i v e  index i n  t h e  s o l u t i o n  a t  t h e  e l e c t r o d e  
s u r f a c e  n i g h t  occur a s  t h e  c o n c e n t r a t i o n s  of  t h e  an ions  and c a t i o n s  
o i  t h e  suppor t ing  e l e c t r o l y t e  i n  t h e  compact and d i f f u s e  double l a y e r  
vary  wi th  p o t e n t i a l ) .  As expected,  however, no s i g n i f i c a n t  change i n  
t h e  b a s e l i n e  viith p o t e n t i a l  was observed. The p e n e t r a t i o n  o r  e f f e c t i v e  
patn l e n & t h  i n t o  a s o l u t i o n  of t h e  e l e c t r i c  f i e l d  v e c t o r  i s  approxi-  
J a t e l y  1000 A i n  t h e  v i s i b l e  range a i d  t h e  s l i g h t  change i n  conccn- 
t rc l t ion  o?  t h e  v a r i o u s  i o n s  i n  t h e  double l a y e r  (approx. 100 1 )  
p r e d i c t e d  by Guoy-Chapman t h e o r y  does n o t  a p p r e c i a b l y  a l t e r  t h e  
inte;rated o r  average environment seen by t h e  e l e c t r i c  v e c t o r  i n  t h e  
1000 d thicG s o l u t i o n  volume. However, whenever t h e  p o t e n t i a l s  were 
s u f l ~ i c i c n t  t o  reach s o l v e n t  o r  e l e c t r o l y t e  breakdown l a r g e  s h i f t s  i n  
a b s o r p t i o n  a r e  observed, e s p e c i a l l y  wi th  t h e  h a l i d e  s o l u t i o n s  where 
c o r r o s i o n  of‘ t h e  f i l m  was iound a t  anodic  breakdown. 

I n  des ignin?  an 113.5-Electrode, such as t h e  meta l  f i l m  type  
descr ibed  above, i t  i s  d e s i r e d  t o  have t h e  f i l m  as t h i n  as p o s s i b l e  
y e t  t h i c :  enough t o  have good e l e c t r i c a l  c o n d u c t i v i t y .  Transmission 
measurements on t h e  above I R S  c e l l s  have shown t h a t  t h e  f i l m  i s  n o t  
completely uniform i n  t h i c k n e s s  i n  some small a r e a s  b u t  appeared t o  
be covered t o  t h e  eye.  The average o p t i c a l  absorbance o f  t h e  f i l m s  
das about 0.40 absorbance u n i t s  which would i n d i c a t e  an average t h i c k -  
n e s s  of about  75 A (11). 
f i l m  $iould be exceedingly high,  however. Actua l  measurements of t h e  
c o n i a c t  r c s i c t a n c e  of t h e  a c t u a l  f i l m s  was about  25 0-cm. To r e s o l v e  
t h i s  discrepancy,  e l e c t r o n p h o t o  micrographs were made of t h e  sur face  
of t h e  films. Two d i s t i n c t  c h a r a c t e r i s t i c s  were observed t h a t  o f f e r  
a p o s s i b l e  explana t ion  as t o  t h e  o p e r a t i o n  of  t h e s e  p l a t e s .  
is a p o r t i o n  01 t h e  en larged  (45,000 d i a m e t e r s )  s u r f a c e  which shows 
t h a t  t h e r e  a r e  a l a r g e  number of smal l  h o l e s  ( e s t i m a t e d  t o  be about 
1 . ~  x cm i n  diameter  on t h e  a v e r a g e ) .  These holes appear  t o  
p e n e t r a t e  t o  the g l a s s  s u r f a c e  which e x p l a i n s  why t h e  f i l m  has  such 
good o p t i c a l  t ransparency.  They a r e  made up e s s e n t i a l l y  of  b a r e  
a r e a s  a n d  t h i c k  opaque i n t e r c o n n e c t e d  areas of metal. The s i z e  of 
t h e  h o l e s  i s  small compared t o  t h e  d i f f u s i o n  l a y e r  t h i c k n e s s ,  of 
course,  so a l l  IRS measurements appear  d i f f u s i o n  c o n t r o l l e d  t o  a 
p lane  e l e c t r o d e .  

The second anomally i n  t h e  o p t i c a l  behavior  of t h e s e  f i l m s  i s  
t h e  experimental  f a c t  t h a t  absorbances o b t a i n e d  u s i n g  t h e s e  e l e c t r o d e s  
a r e  an o r d e r  of magnitude l a r g e r  than  t h o s e  observed a t  conduct ing 
glass I R S  Elec t rodes  [compare F igure  3 t o  F igure  16 of Reference (2)] 
even though t h e  c e l l  geometr ies  were e s s e n t i a l l y  t h e  same number of  
i n t e r n a l  r e f l e c t i o n s .  F igure  4b shows a second t y p e  of s t r u c t u r e  of 
t h e  f i l m s .  These are l o n g  p a r a l l e l  t u n n e l s  [ r a t h e r  t h a n  grooves as 
can be d i s t i n g u i s h e d  by t h e  shadowing and o t h e r  f e a t u r e s  of t h e  
p i c t u r e ]  (11) i n  t h e  f i l m  which are a l s o  p a r a l l e l  t o  t h e  b r u s h  

’ s t r o k e s .  
way by t h e  i n i t i a l  entrapment of  s o l v e n t ,  a:t as t i n y  
(8). go an extremely high number of r e f l e c t i o n s  because of t h e  small 

\ dimension i n  t ravel ingl ldown t h e  t u n n e l .  Thus, t h e  o v e r a l l  e f f e c t i v e  
nlL.nber of r e f l e c t i o n s  i s  very l a r g e  compared t o  t h o s e  c a l c u l a t e d  
fr3r t h e  g ross  geometry of  t h e  c r y s t a l .  The average  width of  t h e s e  
” t u n n e l s ”  was about 1 x cm. This  concept  i s  f u r t h e r  s u b s t a n t i -  
a t e d  by t h e  f a c t  t h a t  IRS-Electrode made i n  t h e  exact manner except  

The e l e c t r i c a l  r e s i s t a n c e  of such a t h i n  

F igure  4a 

It i s  p o s t u l a t e d  that  t h e s e  t u n n e l s ,  perhaps, ,formed i n  som; 
wave channels  

The l i g h t  beam e n t e r i n g  one of t h e s e  wave channels”  will under- 
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i. Lr l<ZL, 7 , 1~ th? =. i l ; n  ~ 3 , s  cl.pplied x i t h  bi-usl? stro!:cs p e r p e n d i c u K  t o  the 
i i ; ; h t  path e s s e n t i a l l y  o p q u e  w i t h  r e s p e c t  t o  t h c  s o l u t i o n  phase .  

gs . t ions  01' t h e  i ' i . l : n  c o n s t r u c t i o n  a i d  t h c  o p t i c a l  t h e o r y  of t h e s e  "wave 
cha rme i s"  is b e i n 5  i n v e s t i g a t e d  and will bi: r e p o r t e d  i n  t h e  nea r  
f 'u ture .  

n L  pi-esent ~ t h i s  t h e o r y  i?, only  speculn t lon ;  hoviever, d e t a i l e d  i n v c s t i -  

CONCLUSIONS 

It I s  C e l t ,  tii::t t h e s e  :.c:;ults sho:.~ that i t  i s  p o s s i b l e  to produce 
:;i.;itnble t h i n  cictnl  r.uiq:races on glass t h a t  are o p t t c a l l y  t r a n s p a r e n t  
as  i'ar a s  IRS i s  concerned and t h a t  enab le  one t o  s tudy  t h e  IRS- 
e 1 e c t roche m i  c i t1  t e c iin i que and e 1 e c t rod e r c a c  t i o n  me c han i  s nis vr i thout  
r,ci:sus climges .CY t h e  c l c c t r o d e  i t s c l r  o r  t h e  absorbance background 
durin;  e l e c t r o l y s i s .  T h i s  c o n c l u s i s n  i s  suppor ted  by t h e  f a c t  tha t  
t h e  d a t n  i n  the v i s i b l e  refgi.cn of' t h e  spectrum was r ep roduc ib le  and 
i i ' i t e d  t h e o r y  w e l l .  F u r t h e r  i n v e s t i g a t i o n  of o t h e r  n e t a l  su r f aces ,  v 
nethods  oi' L'i1:n d e p a s i t i o n ,  c h a r a c t e r i s t i c s  o f  t h e  depos i t ed  l a y e r ,  
and 3 p t i c a l  c h a r a c t e r i s t i c s  of t h e  f i l m  are i n  p rogres s  and w i l l  be r) 

r e p s r t e d  at an e a r l y  da t e .  Also, meta l  f i l m  d e p o s i t s  on q u a r t z  p l a t e s  
a r e  be ing  studie:; i n  the u l t r a v i o l e t  r e g i s n  and on AgCl and KKS-5 a r e  
be ing  s t u d i e d  in the I3 r eg ion  ( p r e l i m i n a r y  experiments h?ve shown 
t h a t  Palladium films on KZS-5 c r y s t a l s  have a much b roade r  I R  window 
(5 t o  16 microns)  than conduct ing  Germanium c r y s t a l s  ( 2  t o  10  microns) 
used i n  p r e v i o u s  -- i n  s i t u  TRS-e lec t ro lys i s  s t u d i e s  ( '7). 
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Figure 4. 
Electron photomicrographs of the 
platinum coated IRS electrode 

a )  45,000 Dismeters, showing 
hole penetration of 
surface 

b) 7,000 Diameters, showing 
one of the "wave channels" 


