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ENHANCEMENT OF LCEC RESPONSE BY USE OF 
ELECTROCHEMICALLY PRETREATED 

GLASSY CARBON ELECTRODES 

K. Ravichandran and R. P. Baldwin" 
Department of Chemistry 

U n i v e r s i t y  o f  L o u i s v i l l e  
L o u i s v i l l e ,  Kentucky 40292 

ABSTRACT 

A simple electrochemical  pretreatment procedure has been shown 
t o  increase the  s e l e c t i v i t y  of LCEC detec t ion  by lowering the  
requ i red  operat ing p o t e n t i a l  compared t o  t h a t  needed a t  
conventional untreated glassy carbon. The e f f e c t  o f  a cond i t i on ing  

procedure cons is t i ng  o f  sequential app l i ca t i on  o f  b r i e f  p o s i t i v e  
and negat ive p o t e n t i a l s  t o  a pol ished glassy carbon surface was 
examined f o r  a group o f  model LCEC analytes i nc lud ing  
p-hydroquinone, dopamine, dihydronicot inamide adenine d inuc leo t i de  
(NADH), ascorbic acid, and hydrazine. 
p o t e n t i a l  requ i red  f o r  de tec t ion  o f  these species was greatest  f o r  

t h e  i r r e v e r s i b l y  ox id ized  systems which e x h i b i t  t he  l a r g e s t  
overvol tage a t  untreated glassy carbon--namely , NADH, ascorbic 

acid,  and hydrazine. For these species a t  p re t rea ted  electrodes, 

comparable de tec tor  response was achieved using p o t e n t i a l s  0.2 t o  
0.5 V l ess  than t h a t  otherwise needed f o r  optimum response. 
improved performance o f  the  e lec t rochemica l l y  p re t rea ted  e lec t rodes  

was maintained over a wide range o f  pH cond i t ions  and mobi le phase 
compositions and dramat ica l l y  f a c i l i t a t e d  the  determinat ion o f  t he  
l a t t e r  se t  o f  compounds i n  phys io log ica l  matr ices. 

The lowering o f  the  

The 
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INTRODUCTION 

I n  recen t  years,  e l e c t r o c h e m i c a l  measurement techn iques  have 

been shown t o  o f f e r  a u s e f u l  approach f o r  t h e  d e t e c t i o n  o f  numerous 

e a s i l y  o x i d i z e d  o r  reduced compounds f o l  1 owi ng h i g h  performance 

1 i q u i d  chromatography (1,2). I n  p r a c t i c e ,  of course, t h e  success 

w i t h  which such 1 i q u i d  chromatographic/electrochemi c a l  d e t e c t i o n  

(LCEC) methods can be a p p l i e d  i s  determined p r i m a r i l y  by t h e  

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

t h e  compound o f  i n t e r e s t .  Thus, LCEC has found i t s  p r i n c i p a l  

a p p l i c a t i o n s  f o r  t h e  d e t e r m i n a t i o n  o f  e a s i l y  o x i d i z e d  spec ies  such 

as ca techo ls  and a romat i c  amines which r e q u i r e  t h e  use o f  modest 

p o s i t i v e  p o t e n t i a l s  where t h e  t y p i c a l  background c u r r e n t  i s  l ow  and 

few e l e c t r o l y z a b l e  i n t e r f e r e n c e s  a r e  l i k e l y  t o  be encountered. 

U n f o r t u n a t e l y ,  many o t h e r  compounds o f  cons ide rab le  a n a l y t i c a l  

i n t e r e s t  undergo e l e c t r o l y s i s  o n l y  a t  a c t i v a t i o n - c o n t r o l l e d  r a t e s  

and, as a r e s u l t ,  a t  p o t e n t i a l s  d r a s t i c a l l y  exceeding t h e i r  

thermodynamic redox p o t e n t i a l s .  Fo r  these  compounds, d e t e c t i o n  by 

LCEC cannot p r o v i d e  optimum l e v e l s  o f  s e n s i t i v i t y  and s e l e c t i v i t y  

and, i n  extreme cases, can p r o v i d e  no u s e f u l  q u a n t i t a t i o n  a t  a l l .  

development o f  e l e c t r o d e  systems which e x h i b i t  enhanced response 

towards these  a c t i v a t i o n - c o n t r o l l e d  systems. I n  t h i s  regard, bo th  

chemical m o d i f i c a t i o n  o f  t h e  n a t i v e  e l e c t r o d e  s u r f a c e  by at tachment  

o f  c a t a l y t i c  med ia to r  molecules (3 ,4)  and e l e c t r o d e  c o n d i t i o n i n g  by 

chemical (5), thermal  (6) , and e lec t rochemica l  (7-13) t r e a t m e n t  

have been u t i l i z e d .  

p re t rea tmen t  procedures, most o f  which c o n s i s t  o f  t h e  i m p o s i t i o n  o f  

a l t e r n a t i n g  o x i d i z i n g  and reduc ing  p o t e n t i a l s  a t  carbon e l e c t r o d e s ,  

rep resen t  t h e  s i m p l e s t  and most w i d e l y  a p p l i c a b l e  approach. 
t h i s  l a b o r a t o r y ,  such an e lec t rochemica l  c o n d i t i o n i n g  sequence has 

been shown t o  make LCEC d e t e c t i o n  o f  s imp le  hyd raz ines  a t t r a c t i v e ,  

l o w e r i n g  t h e  p o t e n t i a l  r e q u i r e d  f o r  t h e i r  d e t e c t i o n  by 0.5 t o  1.0 V 

and y e t  p e r m i t t i n g  d e t e c t i o n  l i m i t s  two t o  t h r e e  o r d e r s  o f  

magnitude lower  t h a n  p r e v i o u s l y  achieved a t  conven t iona l  u n t r e a t e d  

Consequently, cons ide rab le  e f f o r t  has been d i r e c t e d  toward  t h e  

O f  t hese  p o s s i b i l i t i e s ,  t h e  e l e c t r o c h e m i c a l  
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e l e c t r o d e s  (14). However, as ide  f rom t h i s  one ins tance ,  t h e  

p o t e n t i a l  o f  e lec t rochemica l  p re t rea tmen t  procedures t o  improve 

LCEC d e t e c t i o n  has no t  been s e r i o u s l y  considered. Acco rd ing l y ,  i n  

t h i s  paper, we w i l l  i n v e s t i g a t e  t h e  general u t i l i t y  o f  
e l e c t r o c h e m i c a l  p re t rea tmen t  f o r  use i n  LCEC. The e f f e c t  o f  

e l e c t r o d e  p re t rea tmen t  on t h e  LCEC d e t e r m i n a t i o n  o f  a s e r i e s  o f  
s tandard  compounds i n c l u d i n g  dopamine, p-hydroquinone, a s c o r b i c  

a c i d ,  hydraz ine,  and d ihyd ro -n i co t i namide  cdenine d i n u c l e o t i d e  

(NADH) w i l l  be c h a r a c t e r i z e d ;  and i t  w i l l  be shown t h a t  t h i s  s imp le  

procedure can s i g n i f i c a n t l y  decrease t h e  p o t e n t i a l  r e q u i r e d  f o r  

d e t e c t o r  ope ra t i on .  The e f f e c t  i s  most pronounced f o r  

e l e c t r o c h e m i c a l l y  i r r e v e r s i b l e  a n a l y t e s  such as a s c o r b i c  ac id ,  
hyd raz ine ,  and NADH which e x h i b i t  a h i g h  ove rvo l tage  a t  t h e  

o r d i n a r y  e l e c t r o d e  surface. As a r e s u l t ,  LCEC q u a n t i t a t i o n  of 

t h e s e  species i n  r e a l  sample m a t r i c e s  c o n t a i n i n g  a complex spectrum 

o f  p o s s i b l e  i n t e r f e r e n t s  can be s i g n i f i c a n t l y  s i m p l i f i e d .  

MATERIALS AND METHODS -- 

Chemicals 

NADH (Grade 111) , a s c o r b i c  ac id ,  and dopamine h y d r o c h l o r i d e  
were ob ta ined  f rom Sigma Chemical Co. ( S t .  Louis ,  MO). 

Hydroquinone was ob ta ined  f rom F i s h e r  S c i e n t i f i c  Co. 

grade n-octy lamine was ob ta ined  f rom Eastman Kodak Go. (Rochester, 

NY).  A l l  were used as rece ived  w i t h o u t  any f u r t h e r  p u r i f i c a t i o n .  

De ion ized  water  was used f o r  a l l  s o l u t i o n  p repara t i on .  

P r a c t i c a l  

The b u f f e r  medium used d u r i n g  e l e c t r o d e  p re t rea tmen t  u s u a l l y  

c o n s i s t e d  o f  a s o l u t i o n  o f  0.1 M KNO3 and 0.01 M NazHP04 w i t h  t h e  

pH a d j u s t e d  t o  7 w i t h  0.015 M HNO3. When o t h e r  b u f f e r s  were used 

f o r  p re t rea tmen t  o r  f o r  c y c l i c  voltammetry ( C V ) ,  t h e y  were prepared 

f r o m  KHzP04 and NazHP04 acco rd ing  t o  re fe rence  15. 

hydroquinone sample s o l u t i o n s  always con ta ined  0.05 M HClO4. 

a d d i t i o n ,  f r e s h  s tandards were made each day. U r i n e  samples were 

To i nh i  b i t  sample degradat ion,  asco rb i  c ac id ,  dopami ne , and 
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2034 RAVICHANDRAN AND BALDWIN 

f i l t e r e d  th rough  a 0.27-p Gelman g lass  f i l t e r  and, f o r  a s c o r b i c  

a c i d  de te rm ina t ions ,  were d i l u t e d  w i t h  an equal volume o f  0.05 M 

HClO4 p r i o r  t o  chromatographic  a n a l y s i s .  

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

CV exper iments and e l e c t r o d e  p re t rea tmen t  were per formed w i t h  
a B i o a n a l y t i c a l  Systems (West L a f a y e t t e ,  I N )  Model CV-1B 

p o t e n t i o s t a t  and Model MF-2012 g lassy  carbon work ing  e lec t rode .  A 

t h r e e - e l e c t r o d e  c e l l  was employed w i t h  an Ag/AgCl r e f e r e n c e  and a 

P t  coun te r  e l e c t r o d e .  The p re t rea tmen t  procedure used was s i m i l a r  

t o  t h a t  r e p o r t e d  by Engstrom (12).  F i r s t ,  t h e  e l e c t r o d e  was 

p o l i s h e d  t h r e e  t imes  w i t h  a 5-p a lumina s l u r r y  f o r  one m inu te  and 
r i n s e d  t h o r o u g h l y  each t i m e  w i t h  d e i o n i z e d  water. To e l i m i n a t e  t h e  

p o s s i b i l i t y  o f  A1203 c a t a l y s i s  as r e p o r t e d  r e c e n t l y  by Kuwana (16), 
t h e  e l e c t r o d e  was t h e n  t h o r o u g h l y  son ica ted  i n  d e i o n i z e d  water. 

The e lec t rochemica l  p re t rea tmen t  i t s e l f  c o n s i s t e d  o f  h o l d i n g  t h e  

e l e c t r o d e  f i r s t  a t  +1.75 V vs. SCE f o r  f i v e  minutes and t h e n  a t  

-1.2 V f o r  t e n  seconds. Unless o the rw ise  i n d i c a t e d ,  t h e  e l e c t r o d e  

was immersed i n  pH 7 phosphate b u f f e r  d u r i n g  t h i s  p o t e n t i a l  

sequence. 

The l i q u i d  chromatograph employed c o n s i s t e d  o f  a Waters 

Assoc ia tes  Model M-600 o r  a Perk in-Elmer Model LC-10 pump, a 

Rheodyne Model 7125 i n j e c t o r ,  a Waters Assoc ia tes  Model 440 UV 

d e t e c t o r ,  and an IBM Model EC-230 e l e c t r o c h e m i c a l  d e t e c t o r  w i t h  a 
B i o a n a l y t i c a l  TL-5 t h i n  l a y e r  g lassy  carbon e l e c t r o d e  assembly. 

A1 1 chromatography was performed on an oc tadecy l  s i  1 ane c o l  umn o f  

10-U, i r r e g u l a r  p a r t i c l e s  ( A l l t e c h  Associates,  D e e r f i e l d ,  I L ) .  A 

home-made s i l i c a  (Adsorbos i l  , Mesh 200/425, A l l t e c h  Assoc ia tes )  
p r e s a t u r a t i o n  column was p laced  between t h e  pump and t h e  i n j e c t o r  

i n  o r d e r  t o  p reven t  t h e  n e u t r a l  mob i l e  phase f rom a t t a c k i n g  t h e  

a n a l y t i c a l  column. A o c t a d e c y l s i l a n e  guard column (Brownlee Labs, 

Santa Clara, C A )  was used when u r i n e  samples were i n j e c t e d .  
o t h e r w i s e  s p e c i f i e d ,  t h e  f l o w  r a t e  used i n  a l l  chromatographic  

exper iments was 1.0 ml/min. 

Unless 
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RESULTS AND DISCUSSION -- 
F i v e  compounds were s e l e c t e d  f o r  use as t e s t  systems t o  e v a l u a t e  

t h e  e f f e c t i v e n e s s  o f  e l e c t r o d e  p re t rea tmen t  t o  enhance t h e  

a n a l y t i c a l  performance o f  LCEC: dopamine, p-hydroquinone, a s c o r b i c  

ac id ,  hydraz ine,  and NADH. A l l  of t hese  species can be o x i d i z e d  a t  

g l a s s y  carbon e l e c t r o d e s  and have p r e v i o u s l y  been t h e  o b j e c t s  o f  

LCEC a n a l y s i s .  O f  t h i s  group, dopamine and hydroquinone a r e  

o x i d i z e d  q u a s i - r e v e r s i b l y  a t  low p o s i t i v e  p o t e n t i a l s  and t h u s  

rep resen t  i d e a l  cand ida tes  f o r  LCEC. The o t h e r  t h r e e  systems a re  

e l e c t r o c h e m i c a l l y  i r r e v e r s i b l e ;  and, a l t hough  LCEC has been 

employed w i t h  some success f o r  each, s i g n i f i c a n t  improvements m igh t  

be expected t o  r e s u l t  f rom p r i o r  e lec t rochemica l  c o n d i t i o n i n g  o f  
t h e  sensing e l e c t r o d e .  

e l e c t r o c h e m i c a l  p re t rea tmen t  on a l l  f i v e  systems. The r e s u l t s  

o b t a i n e d  f o r  CV per formed i n  pH 7 b u f f e r  b o t h  b e f o r e  and a f t e r  

p re t rea tmen t  of t h e  g lassy  carbon e l e c t r o d e s  a r e  summarized in 
Table 1. I n  genera l ,  t h i s  da ta  i s  c o n s i s t e n t  w i th  r e s u l t s  

p r e v i o u s l y  ob ta ined  a t  p r e t r e a t e d  g lassy  carbon e l e c t r o d e s  by 
Engstrom (12) and i n  our  own l a b o r a t o r y  (14).  A l l  o f  t h e  

o x i d a t i o n s  were s h i f t e d  t o  l ower  p o t e n t i a l s ;  and, i n  genera l ,  t h e  

CVs e x h i b i t e d  sharper  peaks which resemble more c l o s e l y  t h e  shapes 
expected f o r  i d e a l  r e v e r s i b l e  e l e c t r o d e  processes. The s h i f t s  i n  

peak p o t e n t i a l  (AEp's) were more pronounced f o r  t h e  i r r e v e r s i b l e  

systems d i s p l a y i n g  t h e  h i g h e s t  ove rvo l tage  a t  t h e  u n t r e a t e d  

C y c l i c  voltammetry ( C V )  was employed t o  survey t h e  e f f e c t  o f  

e l e c t  rode 

p o o r l y  de 

carbon t o  

e l  e c t  rode 

t o  l ower  

Thus, t h e  hyd raz ine  o x i d a t i o n  changed f rom a broad, 

i n e d  wave a t  t0.85 V vs. Ag/AgCl a t  u n t r e a t e d  g l a s s y  

a sharp, wel l -shaped peak a t  +0.30 V a t  t h e  p r e t r e a t e d  

o t e n t i a l s  which i n i t i a l l y  a t t r a c t e d  ou r  a t t e n t i o n  t o  t h e  

It was these  c o n s i s t e n t  and sometimes d ramat i c  s h i f t s  

p o s s i b l e  advantages o f  employing e l e c t r o c h e m i c a l  p re t rea tmen t  

procedures i n  LCEC. 

chromatographic  a p p l i c a t i o n s ,  i t  i s  necessary t h a t  t h e  performance 

I f  t h e  p r e t r e a t e d  e l e c t r o d e s  a r e  t o  be employed i n  p r a c t i c a l  
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Anal y t  e 

Hydroqui none 
Dopami ne 
Asco rb i c  A c i d  
NADH 
Hydraz ine 

R A V I C M D R A N  AND BALDWIN 

Ep (Ox ida t i on ) ,  V vs. Ag/AgCl 
B e f o r e  P re t rea tmen t  A f t e r  P re t rea tmen t  

AEp,mV 

t0.18 to.11 70 
t0.21 to. 19 20 
t0.30 +o. 00 300 
+0.56 t0.41 150 
t0.85 to. 30 550 

enhancements o f  Table 1 a r e  r e t a i n e d  under a v a r i e t y  o f  s o l u t i o n  

( o r  mob i l e  phase) c o n d i t i o n s .  It has a l r e a d y  been demonstrated 
t h a t  t h e  e f f e c t s  o f  p re t rea tmen t  a r e  u n a l t e r e d  by t h e  presence o f  

s i g n i f i c a n t  p r o p o r t i o n s  o f  o r g a n i c  s o l v e n t s  such as methanol and 

a c e t o n i t r i l e  i n  t h e  e l e c t r o l y s i s  medium (14).  However, as a l l  

p r e v i o u s  work w i t h  t h e  p r e t r e a t e d  e l e c t r o d e s  has been c a r r i e d  out  

o n l y  in n e u t r a l  s o l u t i o n s ,  t h e i r  performance i n  s o l u t i o n s  of 
v a r i o u s  pH a l s o  needed t o  be examined. Acco rd ing l y ,  t h e  
vo l tammet r i c  behav io r  of seve ra l  o f  t h e  t e s t  systems a t  e l e c t r o d e s  

p r e t r e a t e d  as above i n  pH 7 b u f f e r  was f u r t h e r  c h a r a c t e r i z e d  by 

o b t a i n i n g  t h e  CVs i n  s o l u t i o n s  of d i f f e r e n t  pH and comparing t h e  

r e s u l t s  w i t h  t h e  behav io r  under t h e  same c o n d i t i o n s  a t  u n t r e a t e d  

e l e c t r o d e s .  

e l e c t r o d e s ,  summarized f o r  dopamine and a s c o r b i c  a c i d  i n  Table 2, 

was again d i r e c t l y  analogous t o  t h e  well-known redox behav io r  o f  

t h e s e  compounds a t  t h e  u n t r e a t e d  sur faces.  I n  a l l  cases examined, 
pH-dependent s h i f t s  i n  t h e  peak p o t e n t i a l s  observed f o r  t h e  

o x i d a t i o n s  a t  t h e  u n t r e a t e d  e l e c t r o d e s  were p a r a l l e l e d  by s h i f t s  i n  
t h e  same d i r e c t i o n  and o f  rough ly  t h e  same magnitude a t  t h e  

p r e t r e a t e d  surfaces. 

from t h e  p re t rea tmen t  procedure occu r red  u n i f o r m l y  over  t h e  e n t i r e  

pH range employed as ev idenced by t h e  r o u g h l y  cons tan t  A E ~ ' s  

observed a t  each pH. Thus, f o r  example, a s c o r b i c  a c i d  o x i d a t i o n  a t  

b o t h  e l e c t r o d e  sur faces showed l i t t l e  o r  no change i n  p o t e n t i a l  

between pH 7 and 4 b u t  s h i f t e d ,  as expected, t o  more p o s i t i v e  

The behav io r  a t  e l e c t  rochemi c a l  l y  c o n d i t i o n e d  

A t  t h e  same t ime,  t h e  enhancement r e s u l t i n g  
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I 

Table 2 

I pH 

E f f e c t  o f  S o l u t i o n  pH on T rea ted  and Un t rea ted  E l e c t r o d e  Response 

DOPAMINEa 
Ep Be fo re  E A f t e r  

Pret reatment  , Pre t rea tmen t  , Prht reatment , 
V vs. AgIAgC1 V vs. AgIAgC1 V vs. AgIAgC1 I 

p~ 

ASCORB 
En Be fo re  

DOPAMINEa ASCORB 

Pret reatment  , Pre t rea tmen t  , Pre t rea tmen t  , 
V vs. AgIAgC1 V vs. AgIAgC1 V vs. AgIAgC1 

Ep Be fo re  E A f t e r  Ep Be fo re  

4.3 +0.46 
3.1 +0.54 

+0.38 +0.31 
+O. 44 ~ 0 . 3 8  

+o. 00 
-0.05 
+O. 06 

p o t e n t i a l s  a t  l ower  pH values. 

f o r  t h e  o x i d a t i o n  between t h e  two su r faces  remained r e l a t i v e l y  

cons tan t  (240 t o  300 mV). For  hyd raz ine  a t  u n t r e a t e d  g l a s s y  

carbon, t h e  hyd rox ide -ca ta l yzed  o x i d a t i o n  s h i f t e d  r a p i d l y  t o  more 

p o s i t i v e  p o t e n t i a l s  as t h e  s o l u t i o n  was made more a c i d i c .  

e f f e c t  was so g r e a t  t h a t ,  a t  pH va lues l e s s  than  5, t h e  hyd raz ine  
o x i d a t i o n  c o n s i s t e d  o n l y  o f  an ex t reme ly  broad and g r e a t l y  reduced 

wave whose p l a t e a u  occu r red  a t  p o t e n t i a l s  w e l l  i n  excess o f  +1.0 V 

b u t  whose "peak" p o s i t i o n  c o u l d  n o t  be c l e a r l y  resolved.  

p r e t r e a t e d  e lec t rode ,  pH decreases l i k e w i s e  r e s u l t e d  b o t h  i n  severe 

broadening o f  t h e  hyd raz ine  o x i d a t i o n  and i n  s h i f t s  t o  h i g h e r  

p o t e n t i a l s .  However, even a t  pH 4.1, t h e  p l a t e a u  p o s i t i o n  occu r red  
a t  a p o t e n t i a l  o f  o n l y  +0.61 V. 

p r e t r e a t e d  g l a s s y  carbon i n  dec reas ing  t h e  ove rvo l tages  observed i n  

C V  f o r  t h e  t e s t  ana ly tes ,  t h e  i d e n t i c a l  e l e c t r o d e  c o n d i t i o n i n g  
o p e r a t i o n s  were subsequent ly  a p p l i e d  i n  LCEC and e v a l u a t e d  f o r  t h e  

same s e t  o f  compounds. The mob i l e  phase compos i t i on  employed f o r  

each compound was s e l e c t e d  i n d i v i d u a l l y  on t h e  b a s i s  o f  p r e v i o u s l y  

r e p o r t e d  chromatographic  analyses (14,17-19) and i s  summarized i n  

Table 3. No a t tempt  was made t o  u t i l i z e  i d e n t i c a l  chromatographic  

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

v a r i e t y  o f  a1 ready e s t a b l i s h e d  procedures was deemed t o  p r o v i d e  

But, over  t h e  e n t i r e  pH range, A E ~  

The 

A t  t h e  

I n  view o f  t h e  encouraging performance o f  e l e c t r o c h e m i c a l l y  
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a b e t t e r  t e s t  o f  t h e  p r a c t i c a l  u t i l i t y  o f  t h e  e l e c t r o d e  
p re t rea tmen t  approach as a genera l  means o f  p r o v i d i n g  enhanced LCEC 

response. T y p i c a l  responses ob ta ined  f o r  NADH and a s c o r b i c  a c i d  

a r e  shown r e s p e c t i v e l y  i n  F igu res  1 and 2. Each o f  t h e  

chromatograms was recorded u s i n g  a d e t e c t o r  p o t e n t i a l  o f  +0.30 V 

vs. Ag/AgCl b o t h  f o r  t h e  p o l i s h e d  b u t  u n t r e a t e d  and t h e  
e l e c t r o c h e m i c a l l y  c o n d i t i o n e d  g lassy  carbon sur faces.  With b o t h  

ana ly tes ,  g r e a t l y  i nc reased  c u r r e n t  l e v e l s  were observed f o r  t h e  

s u r f a c e s  which had been sub jec ted  t o  t h e  p re t rea tmen t  process. 

F u r t h e r ,  t h e  response enhancement was q u i t e  l o n g - l i v e d  as was 

ev idenced by t h e  chromatograms ob ta ined  f o r  a s c o r b i c  a c i d  a t  t h e  

same p r e t r e a t e d  s u r f a c e  over  t h e  5-hour o b s e r v a t i o n  p e r i o d  employed 
( F i g u r e  2). 

The LCEC da ta  p resen ted  i n  Table 3 match c l o s e l y  t h e  behav io r  

expected f o r  t h e  p r e t r e a t e d  e l e c t r o d e s  on t h e  b a s i s  o f  t h e  C V  d a t a  

o f  Table 1. Again, l ower  p o t e n t i a l s  were r e q u i r e d  f o r  d e t e c t i o n  o f  

each o f  t h e  t e s t  a n a l y t e s - - w i t h  t h e  decrease g r e a t e s t  f o r  t h e  

i r r e v e r s i b l e  systems showing t h e  l a r g e s t  o v e r v o l t a g e  a t  t h e  
u n t r e a t e d  e lec t rode .  As shown i n  F i g u r e  3, hydrodynamic 

v o l  tammograms (HDVs) observed upon p re t rea tmen t  f o r  dopami ne and 

hydroquinone showed o n l y  compara t i ve l y  smal l  s h i f t s  which were o f  

r e l a t i v e l y  minor  impor tance s i n c e  b o t h  compounds a r e  a1 ready 

d e t e c t a b l e  b e f o r e  p re t rea tmen t  a t  modest d e t e c t o r  p o t e n t i a l s .  

t h e  o t h e r  hand, t h e  s h i f t s  observed f o r  t h e  o t h e r  systems were 
s u f f i c i e n t l y  l a r g e  t h a t  s i g n i f i c a n t  r e d u c t i o n s  i n  t h e  p o t e n t i a l s  

r e q u i r e d  f o r  optimum LCEC a n a l y s i s  resu l ted .  The most d ramat i c  
example was, o f  course, hyd raz ine  f o r  which e l e c t r o d e  p re t rea tmen t  

has been shown t o  decrease t h e  p o t e n t i a l  r e q u i r e d  f rom +1.0 V vs. 

Ag/AgCl t o  +0.5 V (14). 

advantage r e s u l t i n g  f rom t h e  use o f  p r e t r e a t e d  e l e c t r o d e s  f o r  LCEC 
a n a l y s i s  w i l l  be i nc reased  s e l e c t i v i t y  due t o  t h e  g r e a t l y  
decreased number o f  i n t e r f e r e n t s  a t  t h e  l ower  va lues o f  a p p l i e d  

p o t e n t i a l  made p o s s i b l e  by t h e  p re t rea tmen t  procedure. Fo r  

hydraz ine,  t h i s  s e l e c t i v i t y  improvement was accompanied by a 

On 

I n  genera l  a p p l i c a t i o n s ,  we expect  t h a t  t h e  most i m p o r t a n t  
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IsnA 

Y 

- 
s m i n  

tR 
c 

FIGURE 1. Chromatograms obtained at +0.30 V vs. Ag/AgCl for repeated 
injection of 30 ppm solution of NADH at (A) untreated and 
(B) electrochemically pretreated glassy carbon electrodes. 
Injection volume: 20 ~ 1 ;  flow rate: 2.0 mllmin. 
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A 

F 

B 1 hr 

L L 

2 hrs 3 hrs 

204 1 

5 hrs 

' IGURE 2. Chromatograms ob ta ined  a t0.30 V vs. Ag/AgCl f o r  repeated 
i n j e c t i o n s  o f  10 ppm a s c o r b i c  a c i d  s o l u t i o n  a t  ( A )  u n t r e a t e d  
e l e c t r o d e  and (B) e l e c t r o c h e m i c a l l y  p r e t r e a t e d  e lec t rode .  
I n j e c t i o n  volume: 6 p l .  

decrease i n  t h e  d e t e c t i o n  l i m i t  by a f a c t o r  o f  more t h a n  100 (14). 
However, as expected f rom t h e  s i m i l a r  c u r r e n t  l e v e l s  a t t a i n e d  a t  

t h e  HDV p l a t e a u s  f o r  b o t h  t h e  p r e t r e a t e d  and u n t r e a t e d  su r faces  i n  
F i g u r e  3 and shown by t h e  a c t u a l  d e t e c t i o n  l i m i t s  r e p o r t e d  i n  Table 

3, a b s o l u t e  s e n s i t i v i t i e s  f o r  t h e  o t h e r  a n a l y t e s  were enhanced by a 
f a c t o r  o f  2 a t  bes t  by t h e  e lec t rochemica l  c o n d i t i o n i n g .  

A d d i t i o n a l  examples demons t ra t i ng  t h e  i nc reased  s e l e c t i v i t y  f o r  t h e  
d e t e c t i o n  o f  NADH and a s c o r b i c  a c i d  a r e  p r o v i d e d  i n  F igu res  4 and 

5. I n  t h e  f i r s t  example, NADH was added a t  t h e  50 ppm l e v e l  t o  t h e  
u r i n e  o f  a h e a l t h y  v o l u n t e e r ;  and chromatograms were recorded under 

a v a r i e t y  o f  d e t e c t o r  c o n d i t i o n s .  The o n l y  sample t rea tmen t  
per formed p r i o r  t o  i n j e c t i o n  c o n s i s t e d  o f  f i l t r a t i o n  th rough  a 

0.27-11 g l a s s  f i l t e r .  
o b t a i n e d  a t  b o t h  u n t r e a t e d  and e l e c t r o c h e m i c a l l y  p r e t r e a t e d  

Curves 4B and 40 i l l u s t r a t e  t h e  r e s u l t s  
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I - -  
/ 

,-r- 30 n A  

I 

I 
I 

I 
I 

i 
I 

I .' 
I -  I I 

0.0 +0.4  + 0.8 

/-Ti- 

/ :  
+O!* 

POTENTIAL E vs AgIAgCI 

FIGURE 3. Hydrodynamic voltammograms f o r  ( A )  hydroquinone (60 ppm), ( B )  
dopamine (100 ppm), (C) a s c o r b i c  a c i d  (10 ppm), and (D) NADH (20 
ppm) a t  u n t r e a t e d  (---) and e l e c t r o c h e m i c a l l y  p r e t r e a t e d  (-) 
g l a s s y  carbon e lec t rodes .  See Table 3 f o r  chromatographic  
c o n d i t i o n s  . 
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e l e c t r o d e s  a t  +0.80 V vs. Ag/AgCl, t h e  p o t e n t i a l  o r d i n a r i l y  

p r e s c r i b e d  f o r  optimum d e t e c t i o n  o f  NADH by LCEC (19). I n  b o t h  

cases, t h e  q u a n t i t a t i o n  o f  t h e  NADH was i m p r a c t i c a l  as t h e  NADH 
s i g n a l  ( r e t e n t i o n  t i m e  o f  16 minutes)  was s e v e r e l y  obscured by t h e  

l a r g e  background c u r r e n t s  due t o  t h e  numerous e a r l y  e l u t i n g  sample 
components o x i d i z a b l e  a t  t h i s  r e l a t i v e l y  h i g h  p o t e n t i a l .  When t h e  

background s i g n a l s  were reduced t o  a more manageable l e v e l  by 
l o w e r i n g  t h e  a p p l i e d  p o t e n t i a l  t o  +0.30 V, no NADH peak a t  a l l  

c o u l d  be observed a t  t h e  u n t r e a t e d  s u r f a c e  ( cu rve  4A). A t  t h e  
p r e t r e a t e d  e l e c t r o d e ,  however, a s m a l l e r  b u t  neve r the less  q u i t e  

u s a b l e  peak, now l a r g e l y  r e s o l v e d  f rom t h e  background, was s t i l l  i n  

evidence. 

I n  t h e  second example, t h e  chromatographic  response upon 
i n j e c t i o n  o f  a u r i n e  sample doped w i t h  10 ppm a s c o r b i c  a c i d  i s  

shown f o r  seve ra l  LCEC s i t u a t i o n s  (F igu re  5). I n  a l l  cases shown, 

t h e  chromatographic  background was g r e a t l y  reduced compared t o  t h a t  

seen i n  F i g u r e  4 because t h i s  u r i n e  sample had been o b t a i n e d  f rom a 
v o l u n t e e r  who had been f a s t i n g  f o r  t h e  p reced ing  24-hour pe r iod .  

The chromatographic  c o n d i t i o n s  employed were t h e  same as those  

suggested by K i s s i n g e r  (18) and d e t a i l e d  f o r  a s c o r b i c  a c i d  i n  Table 

3, and t h e  o n l y  sample t rea tmen t  c o n s i s t e d  o f  f i l t r a t i o n  and 

d i l u t i o n  w i t h  0.05 M HClO4. The chromatograms i n  F igu res  5A and 58 

rep resen t  t h e  r e s u l t s  ob ta ined  u s i n g  a s tandard  LCEC approach 

employ ing an u n t r e a t e d  g lassy  carbon e l e c t r o d e  h e l d  r e s p e c t i v e l y  a t  

+0.30 V and +0.60 V vs. AgfAgCl. The a s c o r b i c  a c i d  peak, o c c u r r i n g  
a t  a r e t e n t i o n  t i m e  o f  about f i v e  minutes, was observed a t  b o t h  

p o t e n t i a l s  but ,  as expected f rom t h e  HDV p r o v i d e d  e a r l i e r  f o r  t h e  

compound i n  F i g u r e  3, was seve re l y  reduced a t  t h e  l ower  p o t e n t i a l .  

A second, more s l o w l y  e l u t i n g  peak, observed o n l y  a t  t h e  h i g h e r  

p o t e n t i a l ,  was i d e n t i f i e d  as be ing  due t o  u r i c  a c i d  (which 

undergoes o x i d a t i o n  a t  about +0.4 V ) .  S ince t h e  a s c o r b i c  a c i d  and 
u r i c  a c i d  peaks f o r t u i t o u s l y  were w e l l  r e s o l v e d  under t h e s e  

chromatographic  c o n d i t i o n s ,  t h i s  p o t e n t i a l  c o u l d  i n  f a c t  have been 

employed s u c c e s s f u l l y  f o r  a s c o r b i c  a c i d  q u a n t i t a t i o n .  However, had 

t h e  two species possessed more s i m i l a r  r e t e n t i o n  p r o p e r t i e s ,  a 
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A 
B 

-- - 
i 

' a mini 
4 

FIGURE 4. Effect o f  electrochemical pretreatment on LCEC response for a 
urine sample doped with 50 ppm NADH. 
t0.30 V; (B)  untreated electrode a t  t0.80 V; ( C )  pretreated 
electrode a t  +0.30 V; (0) pretreated electrode a t  t0.80 V. All 
potentials are reported vs. Ag/AgCl. Injection volume: 20 111. 

( A )  untreated electrode a t  
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2045 

FIGURE 4 (continued) 
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FIGURE 5. E f f e c t  o f  e lec t rochemica l  p re t rea tmen t  on LCEC response f o r  a 
u r i n e  sample doped w i t h  10 ppm a s c o r b i c  ac id .  (A) u n t r e a t e d  
e l e c t r o d e  operated a t  +0.30 V ;  (B) u n t r e a t e d  e l e c t r o d e  a t  
+0.60 V ;  ( C )  p r e t r e a t e d  e l e c t r o d e  a t  t0.30 V ;  (D) p r e t r e a t e d  
e l e c t r o d e  a t  +0.60 V. A l l  p o t e n t i a l s  a r e  r e p o r t e d  vs. Ag/AgCl. 
I n j e c t i o n  volume: 6 111. 
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FIGURE 5 (continued) 
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L 

serious i n te r fe rence  would have resul ted.  Figures 5C and 5D show 
equ iva len t  chromatograms obtained a t  e lec t rochemica l l y  p re t rea ted  
glassy carbon. The response a t  +0.60 V was v i r t u a l l y  t h e  same as 

t h a t  seen i n  curve 58 f o r  t he  conventional e lectrode. But t he  
chromatogram taken a t  +0.30 V (which corresponds t o  the  HDV p la teau 
f o r  ascorbic a c i d  a t  the  pre t rea ted  e lec t rode)  not only showed no 
response f o r  t he  u r i c  ac id  bu t  a l so  exh ib i t ed  near ly  as much 

cu r ren t  response f o r  ascorbic ac id  as was observed f o r  t h e  
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u n t r e a t e d  e l e c t r o d e  a t  +0.60 V. 

a c i d  c o u l d  be accompl ished a t  t h e  p r e t r e a t e d  su r face  w i t h  no 

s i g n i f i c a n t  l o s s  o f  s e n s i t i v i t y  w i t h o u t  concern ove r  t h e  presence 

o r  r e t e n t i o n  behav io r  o f  t h e  u r i c  ac id .  I n  f a c t ,  t h e  a s c o r b i c  a c i d  

peak observed even a t  +0.10 V was reduced by o n l y  app rox ima te l y  

30%. Opera t i on  a t  t h i s  ex t reme ly  low p o t e n t i a l  t h u s  o f f e r s  a 

un ique r o u t e  t o  a n a l y s i s  which i s  b o t h  accep tab ly  s e n s i t i v e  and, a t  

t h e  same t ime ,  t remendously  s e l e c t i v e .  
An a d d i t i o n a l  advantage o f  t h e  e l e c t r o c h e m i c a l  p re t rea tmen t  

approach i s  t h e  ease w i t h  which t h e  e l e c t r o d e  m o d i f i c a t i o n  i n v o l v e d  

can be per formed i n  p r a c t i c e .  

s e c t i o n ,  t h e  p re t rea tmen t  process i t s e l f  r e q u i r e d  o n l y  about f i v e  

minutes t o  c a r r y  ou t  and c o u l d  even be per formed i n  s i t u  w h i l e  

t h e  e l e c t r o d e  was s imp ly  s e t  up as usual  f o r  LCEC and exposed t o  

t h e  chromatographic  m o b i l e  phase. F u r t h e r ,  t h e  performance 

enhancements which r e s u l t e d  were p a r t i c u l a r l y  long-1 i v e d  as t h e  
g l a s s y  carbon e l e c t r o d e s ,  once cond i t i oned ,  g e n e r a l l y  showed no 

obse rvab le  decrease i n  d e t e c t o r  c u r r e n t  even ove r  8 t o  10 hours of 
con t i nuous  chromatography. I n  a d d i t i o n ,  t h e  process was q u i t e  

v e r s a t i l e ,  showing l i t t l e  s e n s i t i v i t y  t o  t h e  p a r t i c u l a r  medium i n  
which t h e  p re t rea tmen t  was conducted. A l though a l l  o f  t h e  examples 

c i t e d  p r e v i o u s l y  were performed w i t h  e l e c t r o d e s  p r e t r e a t e d  i n  pH 7 
phosphate b u f f e r ,  v i r t u a l l y  no l i m i t a t i o n s  on t h e  p re t rea tmen t  

medium were observed i n  our work. I d e n t i c a l  enhancement i n  

e l e c t r o d e  performance was o b t a i n e d  r e g a r d l e s s  o f  whether  t h e  

e l e c t r o d e  was immersed i n  s o l u t i o n s  r a n g i n g  f rom pH 3 t o  7. 

Thus, q u a n t i t a t i o n  o f  a s c o r b i c  

As desc r ibed  i n  t h e  exper imen ta l  

CONCLUSION 

Re1 a t  i v e l y  s imp le  e l e c t  rochemi c a l  p r e t r e a t m e n t  has been shown 
t o  comprise a g e n e r a l l y  a p p l i c a b l e  approach t o  ach ieve  enhanced 

a n a l y t i c a l  response i n  LCEC d e t e r m i n a t i o n s  employ ing g l a s s y  carbon 

work ing  e lec t rodes .  The p r imary  e f f e c t  produced by such 
p re t rea tmen t  procedures c o n s i s t e d  o f  a s h i f t  o f  t h e  e l e c t r o d e  

processes examined t o  l e s s  extreme p o t e n t i a l s  t h a n  were o t h e r w i s e  
requ i red .  A l though t h e  r e s u l t i n g  i nc reases  i n  s e l e c t i v i t y  and 
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s e n s i t i v i t y  depended g r e a t l y  on t h e  s p e c i f i c  n a t u r e  of t h e  a n a l y t e  

system under c o n s i d e r a t i o n ,  s i g n i f i c a n t  improvements were found f o r  

systems which e x h i b i t e d  ex t reme ly  i r r e v e r s i b l e  behav io r  a t  t h e  

conven t iona l  u n t r e a t e d  e l e c t r o d e  su r face .  I n  a d d i t i o n ,  t h e  

enhancements r e s u l t i n g  f rom e l e c t r o d e  p re t rea tmen t  occu r red  over  a 

w ide  range o f  pH and s o l u t i o n  c o n d i t i o n s  s i m i l a r  t o  those  u s u a l l y  

employed i n  reverse-phase HPLC. 

T h i s  s tudy i s  n o t  meant t o  suggest t h a t  e l e c t r o c h e m i c a l  

p re t rea tmen t  can be expected t o  produce d ramat i c  improvements i n  

LCEC response f o r  a l l  spec ies c u r r e n t l y  determined by t h i s  
technique.  Rather  f o r  we1 1-behaved e lec t rochemica l  systems such as 

dopami ne and hydroqui  none which a r e  o x i d i z e d  a t  re1 a t  i v e l y  1 ow 

p o t e n t i a l s  a t  u n t r e a t e d  g lassy  carbon, o n l y  modest improvements a t  

most a r e  t o  be a n t i c i p a t e d .  However, c o n s i d e r i n g  t h e  p r a c t i c a l l y  
i n s i g n i f i c a n t  investments i n  t ime,  equipment, and exper imen ta l  

convenience r e q u i r e d  by t h e  e l e c t r o d e  c o n d i t i o n i n g  procedures 

employed here, we be1 i eve t h a t  anyone i n v o l v e d  i n  g lassy  carbon 

LCEC shou ld  a t  l e a s t  c o n s i d e r  t h e i r  use. 
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