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JOURNAL OF L I Q U I D  CHROMATOGRAPHY, G(Supp1. 2 ) ,  321-357 (1981) 

REDUCTIVE LCEC O F  ORGANIC COMPOUNDS 

Karl Bratin and P .  T .  Kissinger 
Department of Chemistry 

Purdue University 
West Lafayet te ,  Indiana 47907 

Liquid chromatography and e lectrochemistry have been 
combined ( L C E C )  t o  form a new ana ly t i ca l  approach with unique 
c a p a b i l i t i e s .  While LCEC i s  now well es tab l i shed  f o r  ox id izable  
substances,  i t s  use f o r  determination of reducible  compounds 
i s  just beginning t o  develop. The electrochemistry of  e a s i l y  
reducible  funct ional  groups (e lec t rophores)  i s  b r i e f l y  discussed.  
Factors which inf luence the performance of reduct ive mode 
de tec t ion  a r e  reviewed, including mobile phase composition, 
e lec t rode  material  , voltage waveform, and dissolved oxygen. 
Recent appl ica t ions  o f  reduct ive mode L C E C  a r e  presented.  

I .  INTRODUCTION 

Progress in  theore t ica l  e lectrochemistry has been rapid 
over the pas t  t h i r t y  years ;  however, a completely s a t i s f a c t o  
physical and chemical i n t e rp re t a t ion  which accounts f o r  
d i f fe rences  in e lec t rode  r e a c t i v i t i e s  (ove rpo ten t i a l s )  i s  s t  
not we1 1 understood. DC pol arography and re1 ated vol tammetr 
techniques have been used f o r  the determination of 1 i t e r a l  l y  
thousands of  environmentally and b io log ica l ly  important 

Y 

11 
C 

compounds. 
s e l e c t i v e ,  provided t h a t  the sample i s  not very complicated. 

These techniques a r e  very s e n s i t i v e  and reasonably 
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322 BRATIN AND KISSINGER 

Unfo r tuna te l y ,  samples o f  b i o l o g i c a l ,  environmental  , and 

c l i n i c a l  i n t e r e s t  are u s u a l l y  complex and o f t e n  r e q u i r e  i s o l a t i o n  

steps p r i o r  t o  e lect rochemical  determinat ions.  As a r e s u l t ,  

c l a s s i c a l  vo l tamne t r i c  techniques have f o r  the most Dar t  remained 

an academic c u r i o s i t y .  
The combinat ion o f  an i s o l a t i o n  ( separa t i on )  technique w i t h  

e lect rochemical  d e t e c t i o n  i n  an "on 1 i ne "  arrangement has g iven 

e lec t rochemis t r y  a new f o l l o w i n g  as a p r a c t i c a l  a n a l y t i c a l  t o o l .  
The benchmark paper which gave t h i s  f i e l d  momentum demonstrated 

the  v i r t u e  o f  combining h i g h  e f f i c i e n c y  l i q u i d  chromatography 

w i t h  t h i n - l a y e r  hydrodynamic amperometry (LCEC) t o  d e t e c t  e a s i l y  

o x i d i z e d  compounds a t  s o l i d  e lec t rodes  ( 1 ) .  Recent technologica l  

advances and a p p l i c a t i o n s  i n  t h i s  area have been thoroughly  

reviewed (2 -6 ) .  
Progress i n  r e d u c t i v e  mode LCEC has been slow because, 

u n t i l  r e c e n t l y ,  i t  has been d i f f i c u l t  t o  prepare a r e l i a b l e  

t ransducer which cou ld  be used w i t h  h i g h  e f f i c i e n c y  l i q u i d  

chromatographic separat ion techniques. 

ments f o r  such a t ransducer  i n c l u d e  low dead volume (20 uL) , 
good to lerance t o  h i g h  volume f l ow  r a t e s  (2-3 mL/min), chemical 

i ne r tness  t o  common so lven ts ,  e a s i l y  renewable sur face,  and 

mechanical s t a b i l i t y .  The f i r s t  s e c t i o n  o f  t h i s  review considers 
some common e lect rochemical  reac t i ons  which have been s tud ied  

a t  mercury e lec t rodes .  
reac t i ons  w i l l  be h e l p f u l  f o r  o p t i m i z a t i o n  o f  LC w i t h  r e d u c t i v e  

o r  dual -e lec t rode  transducers,  

review consider  the  importance of t he  mobi le  phase, the e l e c t r o d e  
m a t e r i a l ,  and the  way i n  which the  d e t e c t o r  p o t e n t i a l  i s  tuned. 

Techniques f o r  removal o f  d i sso l ved  oxygen and an overview o f  

recen t  a p p l i c a t i o n s  concludes t h i s  r e p o r t .  Reduct ive mode LCEC 

i s  developing very r a p i d l y  and the references i n  t h i s  rev iew 

w i l l  soon be dated. Nevertheless,  much o f  the m a t e r i a l  presented 

i s  o f  an i n t r o d u c t o r y  na tu re  and should be o f  more permanent valde 

The necessary r e q u i r e -  

A reasonable understanding o f  these 

Subsequent sec t i ons  of t he  
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REDUCTIVE LCEC OF ORGANIC COMPOUNDS 323 

11. ELECTROCHEMISTRY O F  C A N D I D A T E  ANALYTES 

Electrochemical techniques have been useful in solving 
numerous problems i n  organic a n d  inorganic redox chemistry.  The 
following sect ion b r i e f l y  descr ibes  the  e lec t rochemis t ry  of  some 
of t he  key organic functional groups most o f t en  encountered in  
biological  l y  and environmentally important compounds. Many o the r  
functional groups a r e  e lectrochemical ly  ac t ive  a t  very negative 
po ten t i a l s  and thus a r e  not amenable t o  d i r e c t  L C E C  determinations 
a t  favorable de tec t ion  1 imi t s .  

compounds has a t t r a c t e d  considerable  a t t e n t i o n .  
i s  an exce l l en t  e l ec t ron  acceptor .  
reduction po ten t i a l ,  number o f  e lec t rons  t r ans fe r r ed )  a r e  strongly 
influenced by the nature  and the pos i t ion  o f  other '  funct ional  
groups. Electrochemical s tud ies  on a va r i e ty  o f  mono and 
polyni t ro  aromatic compounds reveal t h a t  the reduct ion of t he  
n i t r o  aromatic group i s  i r r e v e r s i b l e  and usually occurs i n  two 

s t eps  t o  form an amine. 

Nitro Compounds. The redox chemistry of  n i t r o  aromatic 
The n i t r o  group 

I t s  redox proper t ies  ( e . g .  

R-N02 + 4e- + 4Ht -+ R-NHOH f H20 (1 1 
R-NHOH f 2e- + 2Hf -+ R - N H 2  + H20 ( 2 )  

Compounds such as  p- and 0- ni t roani l inesand  p- and 
o-ni t rophenols ,  which a re  capable of rapid dehydration of  the 
hydroxylamines t o  form quinoid forms, ( I 1  and IV) undergo a 
s ing le  6e- reduction process,  s ince  the quinoid forms a r e  e a s i e r  
t o  reduce than the parent n i t r o  compounds. 

NHOH NH NHOH NH 0 -q@ 0 0 Tp+ ( 3 3 )  

I I  
OH k! NH2 NH 

I. I I. 111. I v. 
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324 BRATIN AND KISSINGER 

The reduction processes of polyaromatic n i t r o  aromatic 
compounds a r e  much more complex and  several  reviews have been 
published ( 7 - 9 ) .  The mechanism depends on th 'e  number of n i t r o  
groups and t h e i r  r e l a t i v e  posi t ion on the  r i n g ,  the nature  o f  
other  subs t i t uen t s  on the aromatic system, and the pH. 
meta polyni t r o  isomers w i t h  o r  without any a1 kyl subs t i t uen t s  
undergo sequential  four  e lec t ron  reduction of each n i t r o  g r o u p  
followed by a p a r t i a l  o r  complete reduct ion of the r e su l t i ng  
hydroxyl ami ne groups depending on the pH, Tri ni t r o t o l  uene (TNT) 
i s  reduced in  t h i s  fashion i n  both s t a t i c  so lu t ion  and flowing 
s t reams,  while p i c r i c  acid i s  reduced by a n  i n i t i a l  s i x  e lec t ron  
reduction of one n i t r o  group followed by a p a r t i a l  reduction of 
the o ther  two n i t r o  groups (lee') (10) .  

isosorbidedini  t r a t e  ( I S D N ) ,  n i t rog lyce r in  ( N G )  , e ry th r i  to1 t e -  
t r an i  t r a t e  (ENT) , and manni to1 hexani t r a t e  ( M H N )  a r e  potent  
vassodi la tors .  
and seve r i ty  of angina a t t a c k s ,  decrease hear t  workload and reduce 
myocardial consumption of oxygen in  pa t i en t s  su f fe r ing  from 
various cardiovascular  a i lments .  The n i t r a t e  e s t e r  func t iona l i t y  
i s  reduced via a two e lec t ron  pro'cess which re leases  n i t r i t e  i o n  
and alcohol ( 1 1 )  as follows: 

Typically,  

Ni t ra te  e s t e r s  such a s  pentaerythr i  t o t e t r an i  t r a t e  ( P E T N ) ,  

They a r e  widely used t o  decrease the  frequency 

RO-N02 + 2e- + H20 -f ROH + O H -  + NO2- ( 4 )  

Polyni t ra te  e s t e r s  undergo a stepwise reduction o f  each e s t e r  
group according t o  the  process given in  equation 4 .  

compounds have been found t o  be e i t h e r  carcinogenic or 
mutagenic t o  laboratory animals and humans. 
in  various products ,  including cu t t i ng  f l u i d s ,  cosmetics,  d r u g s ,  
f i s h ,  and cooked cured meats. 

i n  some d e t a i l  by several  inves t iga tors  (12-14). 

Nitrosamines. I n  the pas t  several  years  over 100 N-nitroso 

They have been found 

The electrochemistry of the N-nitroso group has  been s tudied  
A t  low pH, the 
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REDUCTIVE LCEC OF ORGANIC COMPOUNDS 325 

protonated N-n i t roso  group i s  reduced i n  a f o u r  e l e c t r o n  process 
t o  form a hf l raz ine.  

RR'NN'OH + 4e- f 4Ht + RR'NNtH3 t H20 ( 5 )  

A t  n e u t r a l  and a l k a l i n e  pH, the  N-n i t roso  group i s  cleaved t o  

form d i n i t r o g e n  ox ide and an arnine. 

R R ~ N - N O  t 2e- t ZH+ RR'NH + 1 / 2  N20 + 1 / 2  H20 ( 6 )  

Ni t ramines.  While the re  i s  a g rea t  wea l th  o f  i n f o r m a t i o n  on 

A s i n g l e  s i x  e l e c t r o n  r e d u c t i o n  

the redox p r o p e r t i e s  o f  n i t r o  aromat ic and n i t r a t e  e s t e r s ,  t he  
opposi te  i s  t r u e  f o r  n i t ram ines .  

wave f o r  ROX ( V )  forms the  N-n i t roso  d e r i v a t i v e  ( V I )  which can 
undergo f u r t h e r  reduc t i on  according t o  the  process g i ven  by 

equat ion 5 (10) .  

Quinones. A number o f  b i o l o g i c a l l y  impor tant  compounds 

con ta in  the quinone s t r u c t u r e  i n c l u d i n g  a group o f  n a t u r a l l y  
o c c u r r i n g  substances r e f e r r e d  t o  as t h e  v i t a m i n  K ' s ,  which take 
an a c t i v e  p a r t  i n  t h e  e l e c t r o n  t r a n s p o r t  system and are i n v o l v e d  
i n  t h e  format ion o f  b lood c l o t t i n g  f a c t o r s .  

The redox p r o p e r t i e s  o f  quinones i s  w e l l  es tab l i shed .  They 

are e a s i l y  reduced t o  hydroquinones by a f a m i l i a r  two e l e c t r o n  
chemical ly  r e v e r s i b l e  process: 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
8
:
1
7
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



326 BRATIN AND KISSINGER 

Imine, AZO, and N-oxide Funct ional  Groups. The imine bond 

can be found i n  numerous i n d u s t r i a l  arid pharmaceutical products 

and i t  i s  a c h a r a c t e r i s t i c  f u n c t i o n a l i t y  o f  1,4-benzodiazepines, 

one o f  the most widely  p resc r ibed  c lasses o f  drugs i n  the  U . S .  

An "ac t i va ted "  (by aromat ic system) imine bond undergoes a two 

e l e c t r o n  reduc t i on  t o  form a secondary amine ( 1 5 ) .  

R, R 

R' R 
C=NR + 2e- + ZH+ -+ CH-NHR (9) 

Compounds con ta in ing  an azo group a re  o f t e n  used as food 

a d d i t i v e s  and i n  commercial dyes and thus have a h i g h  p r o b a b i l i t y  
o f  being found i n  b i o l o g i c a l  f l u i d s  o r  t he  environment. 
group i s  e a s i l y  reduced i n  a two e l e c t r o n  process t o  form a 

hyd ra t i ne  (eq. l o ) ,  o r  i n  c e r t a i n  cases the  r e d u c t i o n  r e s u l t s  

An azo 

RN=NR' + 2e- t 2H' -+ RNH-NHR' (10)  

i n  the  cleavage o f  t h e  n i t r o g e n  double bond (4e-)  t o  form the  
corresponding ami nes (1 6 ) .  

n i t rogen-con ta in ing  substances (e.g. imine, azo, and n i t r o g e n  

heterocyc les) .  
negat ive p o t e n t i a l s  unless they are " a c t i v a t e d "  w i t h  an e l e c t r o n  
r i c h  group such as a phenyl r i n g .  

N-oxide bond i s  c leaved v i a  a two e l e c t r o n  process ( 1 7 )  as 

fo l lows:  

N-oxides a re  t y p i c a l l y  encountered as me tabo l i t es  o f  

N-oxides a r e  reduced a t  r e l a t i v e l y  h i g h  

A t  low pH, t h e  protonated 

(11 1 + + 
( R ) ~ N - O H  + 2e- + ZH+ ( R ) ~ N H  + H20 

111. MOBILE PHASE CONSIDERATIONS 

The usefulness of  r e d u c t i v e  mode e lect rochemical  d e t e c t i o n  
t o  a given problem u l t i m a t e l y  depends on the  vo l tammetr ic  
c h a r a c t e r i s t i c s  o f  t he  ana ly te  i n  a s u i t a b l e  mobi le  phase and a t  
a s p e c i f i c  e lec t rode  surface. A l l  de tec to rs  l i m i t  mobi le  phase 
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R E D U C T I V E  L C E C  OF ORGANIC COMPOUNDS 327 

compos i t ion  t o  some degree; however, i n  e l e c t r o c h e m i c a l  d e t e c t i o n  
one must be aware o f  t he  f a c t  t h a t  e lec t rochemica l  r e a c t i o n s  

a re  s t r o n g l y  i n f l u e n c e d  by t h e  p h y s i c a l  and chemical  n a t u r e  o f  

t h e  mob i l e  phase. 

a u n i t  i n  s e l e c t i n g  the  mob i l e  phase f o r  o p t i m i z a t i o n  o f  LCEC 

de te rm ina t ions .  

r e d u c t i v e  LCEC may n o t  always be s t r a i g h t f o r w a r d ,  u s e f u l  
general  i z a t i o n s  can be made. 

reve rse  phase methodology. 

t y p i c a l l y  aqueous s o l u t i o n s  w i t h  and w i t h o u t  b u f f e r s  and p o l a r  
non-aqueous s o l v e n t s  (e.g. methanol ,  t e t r a h y d r o f u r a n ,  and 

aceton i  t r i  l e )  . Depending on t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  

a n a l y t e  o f  i n t e r e s t ,  r e t e n t i o n  may be v a r i e d  by a d j u s t i n g  t h e  

c o n c e n t r a t i o n  o f  o r g a n i c  m o d i f i e r ( s ) ,  pH, i o n i c  s t r e n g t h ,  o r  by  

adding i o n - p a i r i n g  reagents .  A t  t h e  p r e s e n t  t ime ,  reverse-phase 

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

d e t e c t i o n  due t o  t h e  p o l a r  n a t u r e  o f  t h e  mob i l e  phase. E l e c t r o -  

chemis t r y  demands t h a t  t h e  mob i l e  phase conduct c u r r e n t  (charge) ,  
be c h e m i c a l l y  and e l e c t r o c h e m i c a l l y  i n e r t  a t  t h e  s e l e c t e d  

d e t e c t o r  p o t e n t i a l  and d i s s o l v e  t h e  a n a l y t e  o f  i n t e r e s t .  D i r e c t  

e lec t rochemica l  d e t e c t i o n  i s  n o t  l i k e l y  t o  be u s e f u l  i n  normal 

phase chromatographic separa t i ons  s i n c e  nonpo la r  sol ven ts  a r e  

n o t  ve ry  w e l l  s u i t e d  t o  conduct e l e c t r i c  c u r r e n t  (have low 
d i e l e c t r i c  c o n s t a n t s )  r e s u l t i n g  i n  poor p o t e n t i a l  c o n t r o l .  

T o t a l l y  nonaqueous mob i l e  phases can be used w i t h  t h e  e l e c t r o -  

chemical d e t e c t o r  b u t  r e q u i r e  expens ive  s a l t s  (e.g. t e t r a -  

alkylammonium hexaf luorophosphates) .  These mob i l e  phasesare 

e s p e c i a l l y  u s e f u l  when a t ten ip t i np  t o  d e t e c t  an a n a l y t e  d i f f i c u l t  

t o  reduce, because they  o f f e r  w i d e r  n e g a t i v e  p o t e n t i a l  l i m i t s  

which va ry  depending on t h e  e l e c t r o d e  m a t e r i a l  (as  d i scussed  i n  
s e c t i o n  I V ) .  T h i s  advantage i s  o n l y  ach ieved a f t e r  t e d i o u s  and 

t ime  consuming removal o f  wa te r  f rom t h e  nonaqueous s o l v e n t  

The column and d e t e c t o r  must be cons ide red  as 

Whi le  o p t i m i z a t i o n  o f  t h e  mob i l e  phase f o r  

The m a j o r i t y  o f  LC separa t i ons  performed today  employ 

The mob i l e  phases o f  c h o i c e  a r e  
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328 BRATIN AID KISSINCER 

because the reduction of hydrogen ions l imits the useful 
potential range o f  the electrode. The need for removal o f  water 
also complicates processing o f  samples and  thus reductive L C E C  
in aprotic media has no t  achieved much attention. 

Care i s  needed in selection of the mobile phase pH because 
i t  nay strongly influence the electrochemical reaction o f  
in te res t ,  ,the magnitude of the background current,  and the LC 
separation process. This i s  part cularly true i n  organic 
electrochemistry, where a general zed electrochemical reduction 
of an  oxidized species ( 0 )  can be written as follows: 

0 + ne- + nHt -, OHn ( 1 2 )  

I n  unbuffered mobile phases, pH changes near the electrode 
surface may have an adverse effect  on the electrochemical 
processes. 
i s  caused by evolution of hydrogen gas. 

I n  acidic solutions the negative background l i m i t  

ZH+ + 2e- -, H* ( 1  3)  

This sh i f t s  by approximately 59 mV/pH u n i t  t o  more positive 
potentials with decreasing pH. 
the background current (due t o  H reduction) will increase w i t h  
decreasing pH, thus decreasing the "operating potential window" 
o f  the detector and  resulting i n  less  satisfactory detection 
l imits.  The opposite e f fec t  i s  observed with ease of reduction. 
Since the majority of  electrochemical reductions o f  organic 
compounds involve a transfer of a proton(s),  i t  i s  easier t o  
reduce molecules a t  lower pH (18).  
potentials (lower background currents) can be used for  detection 
o f ' t h e  analytes o f  interest .  Usually a compromise must be made 
i n  selection of the pH of the mobile phase i n  order t o  achieve 
the necessary separation and detector performance. 

also have a significant influence on the performance o f  the 

A t  a given detector potential + 

This means t h a t  less  negative 

The choice and the concentration o f  buffer components may 
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electrochemical detector. The redox chemistry of  analytes can 
be altered w i t h  different buffers due t o  specific analyte-buffer 
interactions (often observed w i t h  borate ions which are good 
complexing agents) or buffer-electrode interactions.  Buffer 
solutions of moderate concentrations (e.g.  0.01 t o  0 .1  M )  are 
generally used i n  LCEC.  T h i s  i s  adequte to sat isfy b o t h  the 
buffering and ionic strength requirements, especially under low 
current conditions. I n  reductive mode LCEC i t  i s  often desired 
t o  use mobile phases w i t h  lower buffer concentrations (on the 
order of 0.001 t o  0.01 M )  i n  order t o  minimize the concentration 
of transit ion metal ions (e .g .  Pbt2, Zni2, Cut') i n  the mobile 
phase. These metal ions are easily reduced and deposited on the 
electrode surface. The resulting effect  of metal deposition i s  
a decrease in the negative background limit  due t o  a lower 
hydrogen overvoltage. Traces of metal ions can be removed by 

preelectrolysis of the mobile phase ( a  procedure which can be 
cumbersome and time consuming for large quantit ies of mobile 
phase). 
preelectrolyzed mobile phases, the real improvement i n  SIN and 
long  term electrode s t a b i l i t y  was inconclusive for one ser ies  
of experiinents w i t h  a mercury film electrode ( 1 9 ) ,  while 
Hanekamp and coworkers obtained a tenfold decrease i n  baseline.  
noise with an on-1 ine electrochemical scrubber (removed oxygen 
and metal ions) ( 2 0 ) .  The significant reduction in the baseline 
noise was probably achieved due t o  removal of dissolved oxygen. 

The relatively large cathodic background currents and h i g h  
solution resistance o f  low ionic strength nonaqueous mobile 
phases can l imit  the l inear range (on  the h i g h  end) of thin layer 
amperometric detectors (Figure 1 A )  due to  uncompensated potential 
losses ( a  product of current and  solution resistance,  referred t o  
as " I R  d r o p " )  a l o n g  the thin-layer channel ( 2 1 ) .  
Positioning the auxiliary electrode i n  the thin-layer channel 
directly opposite the working electrode (Figure 1 B)  reduces the 

Even t h o u g h  lower background currents are obtained w i t h  
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F I G U R E  1 .  
transducer. 

Common designs for the thin-layer amperornetric 

IR drop  t o  a negligible value resulting in extension of the 
l inear dynamic range by a t  least  one and a h a l f  orders o f  
magnitude ( t o  5 1 / 2  orders of magnitude). 
use o f  nonaqueous and low ionic strength aqueous mobile phases 
because solution resi stance across the t h i  n- 1 ayer channel i s  
negligible. 

This cell  allows the 

IV. CHOICES OF ELECTRODE MATERIALS 

Several factors must be considered when selecting the 
electrode material of choice fo r  reductive mode LCEC.  The 
operating potential 
i s  usually limited by the solvent breakdown. The l i m i t i n g  
reaction in acidic solutions i s  hydrogen evolution, and i n  
alkaline media the reduction o f  alkali  metal i o n s  i s  the 
limiting factor.  

range or "window" of an electrode material 

The operating range of an electrode material 
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is  of ten  fu r the r  l imi ted  by reduction of e a s i l y  reducible  
impuri t ies  present i n  LC mobile phases (e .g .  t r a n s i t i o n  metal 
ions ,  organicI compounds, dissolved oxygen) o r  by adsorpt ion of 
compounds on the  e lec t rode  sur face .  For a n  e lec t rode  mater ia l  
t o  be useful f o r  reduct ive mode de tec t ion ,  i t  should have a low 
exchange cur ren t  f o r  hydrogen reduction ( h i g h  hydrogen over- 
p o t e n t i a l ) ,  good mechanical s t a b i l i t y ,  and an e a s i l y  renewable 
surface.  

The most widely used e lec t rode  mater ia l s  in e lectrochemistry 
a re  mercury drops (dropping and hanging) , mercury f i lms ,  amalgams, 
various forms of carbon, platinum, gold,  s i l v e r ,  carb ides ,  l ead ,  
n i cke l ,  bor ides ,  a n d  semiconductor e lec t rodes  ( e .g .  Sn02, Ti02) .  

reductions because i t  has a very la rge  hydrogen overpoten t ia l  
and a smooth and e a s i l y  renewable sur face  ( 2 2 , 2 3 ) .  Mercury 
pool e lec t rodes  a r e  general ly  not  s u i t a b l e  as  a n  e l ec t rode  
mater ia l  in  a th in- layer  t ransducer  f o r  LC because they s u f f e r  
from vibra t ions  and edge e f f e c t s  due t o  creeping of so lu t ion  
between the mercury and i t s  conta iner .  While these problems 
a re  ser ious  a t  low cur ren t  densities (high sensi  t i v i t y )  , 
mercury pool e lec t rodes  have been successfu l ly  used f o r  the 
determination of sul  fhydryl compounds (24,25). 

duced i n  1952 by Kemula (26), b u t  i t s  use was l imi ted  t o  a few 
academic l abora to r i e s  due t o  the time dependent sur face  a rea ,  the 
expense and t o x i c i t y  o f  mercury, the poor tolerance t o  a rap id ly  
moving e f f l u e n t ,  i r r e g u l a r  drop s i z e  and drop t ime, the  consider- 
ab le  charging cur ren t  f o r  a OME i n  a flowing s t ream, and awkward 
c e l l  cons t ruc t ion .  Recent improvements i n  the design of the DME 

detec tor  has s t imulated renewed i n t e r e s t .  Improvements in  
tolerance t o  a moving so lu t ion  and  reduction o f  the de tec to r  
volume was achieved by means of a rapidly dropping mercury 
e lec t rode  ( R D M E )  w i t h  a conica l ly  ground c a p i l l a r y  (20-50 ms 

Mercury i s  the material  o f  choice f o r  most electrochemical 

The dropping mercury e lec t rode  ( D M E )  L C  de t ec to r  was i n t r o -  
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BRATIN AND KISSINGER 332 

I 

FIGURE 2. A s c h e m a t i c  d i a g r a m  o f  SMDE d e t e c t o r .  ( 1 )  d e t e c t o r  
body, ( 2 )  O - r i n g ,  ( 3 )  p l u g ,  ( 4 )  f l o w  a d a p t e r ,  ( 5 )  g r i p p e r f i t t i n g ,  
( 6 )  t u b i n g  e n d f i t t i n g ,  and  ( 7 )  t u b i n g .  (Reproduced  by p e r m i s s i o n  
o f  EG & G P r i n c e t o n  A p p l i e d  R e s e a r c h  Company.) 
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drop t imes)  (27-29) 
(30).  A schematic diagram of the SMDE i s  i l l u s t r a t e d  in Figure2. 
Problems with " tear -of f  e f f e c t s "  on a RDME were el iminated with a 
s t r a i g h t  flow channel (28). Nevertheless,  even though several  
problems a r e  ser ious  (e.g.  i r reproducib le  drop s i z e s  w i t h  small 
drops,  l o s s  of e l e c t r i c a l  contac t  due t o  e a r l y  f a l l  of mercury 
drops,  co l l ec t ion  o f  used mercury), several  promising appl i ca- 
t i ons  of the DME-based de tec tors  have been reported and a r e  
summarized i n  the appl ica t ions  sec t ion  of t h i s  review. I n t e r e s t  
in DME-based L C E C  transducers wi l l  continue because mercury has 
remained unchallenged i n  i t s  negative "poten t ia l  window" and 
cons tan t ly  renewed surface which e l imina tes  many problems a r i s i n g  
from adsorption of organic compounds. Furthermore, mercury 
t ransducers  (DME and SMDE) w i t h  d i f f e r e n t i a l  and square wave 
de tec t ion  modes wil l  gain i n  popular i ty  because the mercury 
surface i s  not suscept ib le  t o  slow farada ic  changes a t  the 
e lec t rode  sur face  (caused by reorganizat ion of sur face  funct ional  
groups) which a r e  very' common f o r  carbon e l ec t rodes .  

Because problems with DME-SMDE L C  t ransducers  p e r s i s t ,  
several  groups have concentrated on the development of s u i t a b l e  
so l id  e lec t rode  t ransducers .  The most popular designs have been 
the th in- layer  t ransducers  with flow pa ra l l e l  t o  an e l e c t r o d e ( s )  
sur face  which i s  embedded i n  a ce l l  block (Figure 1 ) .  Other 
designs include tubular  e lec t rodes  (31-33) ,  wall j e t  ( 3 4 1 ,  
carbon c lo th  (35 ,36) ,  and a ro t a t ing  disk e lec t rode  ( 3 7 ) .  
While most of these have been developed f o r  ox ida t ive  L C E C ,  some 
are  a l s o  s u i t a b l e  f o r  reduct ive L C E C .  

The most commonly used e lec t rode  mater ia l s  i n  LCEC a r e  
carbon paste  (mineral o i l  base)  and glassy carbon. 
i s  made by mixing an u l t rapure  graphi te  powder with mineral o i l  
( o r  another d i e l e c t r i c  mater ia l  such as  wax o r  s i l i c o n e  grease)  
t o  obtain a pas te .  The major advantage of paste  e lec t rodes  i s  
the r e l a t i v e  freedom from sur face  f i lming.  Usually e lec t rodes  

and a s t a t i c  drop mercury e l ec t rode  (SMDE) 

Carbon pas te  
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334 BEUTIN AND KISSINGER 

will  l a s t  fo r  several  days or weeks without resur fac ing ,  depending 
on the  e lec t rode  poten t ia l  and type of samples in j ec t ed .  A 

ser ious  disadvantage of most paste  e lec t rodes  i s  t h e i r  1 imi t ed  
solvent  compat ib i l i ty .  Mobile phases w i t h  more than 20-30: 

methanol ( o r  a c e t o n i t r i l e )  wil l  d i s so lve  the paste  over a sho r t  
period o f  time. Carbon paste  exh ib i t s  a small negative l i m i t  
due t o  p e r s i s t e n t  res idual  (background) cu r ren t s .  This background 
cur ren t  has been a t t r i b u t e d  t o  the presence of oxygen dissolved 
in the paste o r  adsorbed on the e lec t rode  su r face .  

Glassy ( o r  "v i t reous")  carbon e lec t rodes  ( G C s ) ,  a r e  
prepared a t  e levated temperatures and pressures  and a r e  highly 
impervious t o  l i qu ids  and gases .  
solvents  and a r e  r e l a t i v e l y  f r e e  of entrapped gases and me ta l l i c  
contaminants. GC has the widest useful po ten t ia l  range i n  

aqueous so lu t ions  (+  1 . 2  t o  -0.8V) (38,39)  among the common 
so l id-e lec t rode  mater ia l s  , so t h a t  both e a s i l y  oxid izable  and 
reducible  organic  species  can be detected with these e l ec t rodes .  
A wider negative range has been reported by Lund and coworkers 
(-1.3V) (40); however, o ther  workers have demonstrated t h a t  a t  
po ten t i a l s  g rea t e r  than -0.8 t o  -0.9V GCs become unstable  
r e su l t i ng  i n  poorer de tec t ion  l i m i t s  (39 ,40) .  The GCs i n  cu r ren t  
use a r e  subjec t  t o  adsorption and may have t o  be polished 
frequent ly .  
reproducib i l i ty  and long equ i l ib ra t ion  times a t  negative 
po ten t i a l s ,  which i s  probably due t o  slow reduction of sur face  
funct ional  groups. Furthermore, fa rada ic  reorganizat ion of 
funct ional  groups a t  the e lec t rode  su r face ,  e spec ia l ly  on GC i s  
of ten a slow process which wastes charge and leads t o  very l a rge  
background and noise  cur ren ts  (poorer  S I N  r a t i o s )  when t r a c e  
ana lys i s  i s  attempted. 

One o f  the  most important advantages o f  GC r e l a t i v e  t o  
mercury i s  a much l a rge r  oxygen overpotent ia l  (39)  as  i l l u s t r a t e d  
in Figure 3 .  

They a r e  i n e r t  t o  common organic 

The mater ia l  has a reputa t ion  f o r  a poor l o t  t o  l o t  

The l a rge  overpotent ia l  of oxygen on a G C  al lows 
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FIGURE 3 .  
(0) and Au/Hg (B) e lec t rodes .  
Biophase column, 0.1M ace ta t e  in  20% ( V / V )  1-propanol,  5% gthanol, 
pH 4.8 a t  1 mL/min. 

Hydrodynamic voltammogram of oxygen on g lassy  carbon 
Conditions: 25 x 0.46 cm C 

subpicornole de tec t ion  of e a s i l y  reducible  substances ( e .g .  poly- 
n i t r o  aromatics ,  quinones) without any s i g n i f i c a n t  i n t e r f e rence  
from dissolved oxygen. The lack of oxygen in te r fe rence  on a GC 
( E P  i s  g rea t e r  than -0.5 V vs Ag/AgCl) s impl i f i e s  the construct ion 
of the reduct ive LCEC system because i t  e l imina tes  the need f o r  
the oxygen removal apparatus.  Even though G C  has a smaller  
negative poten t ia l  range, i t  i s  more r e l i a b l e  and convenient t o  
use than the  DME-SMDE o r  Au/Hg (discussed l a t e r  in t h i s  s ec t ion )  
e lec t rode  for rout ine  de tec t ion  o f  e a s i l y  reducible  ana ly t e s .  

g raphi te  ( 4 2 ) ,  and carbon impregnated s i  1 i cone rubber (43,44)  
have been used i n  reduct ive LCEC w i t h  moderate success ,  b u t  w i t h  
no readi ly  apparent advantages. 

Other carbon mater ia l s  such as basal plane pyro ly t ic  
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Platinum and g o l d  are the most commonly used s o l i d  metal 
electrodes i n  electrochemical studies. A p p l i c a t i o n  of these 
electrodes i n  flow-through transducers have been limited t o  
detection of i no rgan ic  i ons  (35 ,45 -47) .  They are n o t  at tractive 
fo r  general organic use in aqueous solutions, since formation o f  
oxide layers and adsorption or filming o f  material a t  the 
electrode surface often makes frequent and careful cleaning 
necessary. These problems are less severe in nonaqueous sol vents, 
where platinum and gold are often an  ideal choice. 

Since mercury continues t o  be the material  of choice f o r  
most electrochemical reductions, several groups have successfully 
used mercury or amalgamated electrodes on various substrates 
(e.g. gold, platinum). 
flow-through electrodes has been made by Kissinger's group a t  
Purdue (6,10,21 ,48) and MacCrehan and coworkers (49,50). They 

used amalgamated go ld  thin-layer electordes ( A u / H g )  (schematically 
i l lustrated i n  Figure 1 B )  t o  prepare a reliable and mechanically 
rigid transducer for  monitoring trace amounts of easily reducible 
organic and organometallic substances. Such electrodes were also 
shown t o  be suitable for  detection o f  substances w h i c h  react with 
the amalgam surface t o  form insoluble sa l t s  ( 5 1 ) .  
electrode has a larger hydrogen overvoltage t h a n  GC ( b u t  smaller 
than  pure mercury) and thus i s  better suited for detection o f  

compounds more diff icul t  t o  reduce. G C  and  platinum coated 
with mercury have been used i n  flow-through detectors (33,52,53)  
and  GC has also been very popular i n  anodic stripping voltammetry 
( 5 4 ) .  The use of these electrodes i n  reductive L C E C  has n o t  been 
seriously explored. Other electrode materials (carbides , borides, 
oxides, nitr ides) have been proposed. 
have been generally employed i n  fundamental studies o f  electron- 
transfer reactions ( 5 5 ) .  
cant advantages over GC or  pyrolytic graphite electrodes 
(22,231- 

A very promising improvement i n  mercury 

A n  Au/Hg 

Semiconductor electrodes 

They do n o t  appear t o  have any s ignif i -  
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A promising e lec t rode  mater ia l  which needs f u r t h e r  i nves t i -  
gation f o r  reduct ive L C E C  i s  lead .  Lead has been widely used as  
an reduct ive e lec t rode  material  i n  organic  e l ec t rosyn thes i s  (56) 
and i t s  exchange cur ren t  densi ty  f o r  hydrogen evolut ion i s  only 
s l i g h t l y  higher than fo r  mercury. 

mater ia l s  have been summarized (38,39);  however, they should be 
used w i t h  caut ion because they were abs t rac ted  from several  
sources ,  and the experimental procedures and guide1 ines  f o r  their  
determination were not uniform. A t  the  present  time, GC 
t ransducers  a r e  most convenient t o  use a t  po ten t i a l s  l e s s  than 
- 1 . O V .  Au/Hg a r e  very useful between -0.9 and - 1 . 2  and DME o r  
SMDE e lec t rodes  must be used a t  more negative p o t e n t i a l s .  

Approximate negative "poten t ia l  ranges" f o r  various e l ec t rode  

V .  DETECTION MODE 

Since the development of polarography by Heyrovsky i n  the 
1920'5,  the number of electrochemical techniques has been 
s t e a d i l y  increasing.  
d i r e c t  cur ren t  ( D C )  amperometric de tec t ion  in  l i qu id  chromato- 
graphy has become widely accepted f o r  solving many problems 
( t r a c e  determinat ions)  of environmental ,  pharmaceutical ,  and 
c l i n i c a l  i n t e r e s t .  Recently, several  pulse  electrochemical 
techniques have been applied t o  LCEC de tec t ion  (41 ,5037-63) .  
A debate in the primary l i t e r a t u r e  concerns the  r e l a t i v e  mer i t s  
of pulse and DC techniques ( i n  the oxida t ive  mode). This 
controversy appears t o  be moving i n t o  reduct ive mode LCEC without 
se r ious  considerat ion of the s i g n i f i c a n t  d i f fe rences  i n  the 
nature  of common e lec t rode  mater ia l s  (and ongoing processes a t  
t h e i r  sur faces)  employed in  the reduct ive (mercury base) and 
oxidat ive (carbon base) modes of de tec t ion .  I n  add i t ion ,  
statements such as "the DC mode o f  HPLC-reducti ve amperometric 
detect ion was found t o  be approximately two orders  o f  magnitude 

Over the pas t  e igh t  yea r s ,  ox ida t ive  mode 
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l e s s  s e n s i t i v e  than  t h e  DP mode" ( 6 3 )  and "As  expected, DP 

mode was found t o  be approx ima te l y  30 t imes  more s e n s i t i v e  than  

the  sample DC mode" ( 6 2 ) ,  t end  t o  confuse t h e  i s s u e  w i t h o u t  

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

e i t h e r  techn ique.  

c u r r e n t s  a r e  o f t e n  assoc ia ted  w i t h  an i n c r e a s e  i n  n o i s e  t h a t  more 

than o f f s e t s  t h e  i nc rease  i n  t h e  f a r a d a i c  c u r r e n t  ( 5 0 3 7 ) .  
S e n s i t i v i t y ,  o r  "response f a c t o r "  a lone does n o t  de termine  t h e  

d e t e c t i o n  l i m i t  ( t h e  c h a r a c t e r i s t i c  o f  i n t e r e s t ) .  The s i g n a l  

t o  n o i s e  r a t i o  i s  t h e  c r i t i c a l  f a c t o r  (5 ,64) .  
The purpose o f  t h i s  s e c t i o n  i s  t o  compare t h e  m e r i t s  o f  

seve ra l  e lec t rochemica l  techn iques  c u r r e n t l y  be ing  used i n  
r e d u c t i v e  mode LCEC and t o  suggest p o s s i b l e  areas wh ich  need 

f u r t h e r  improvement and development. 

wh ich  have been used i n  r e d u c t i v e  mode LCEC a r e  s c h e m a t i c a l l y  
i l l u s t r a t e d  i n  F i g u r e  4. 

I t  i s  a w e l l  known f a c t  t h a t  l a r g e r  f a r a d a i c  

The e x c i t a t i o n  waveforms 

DC Amperometric D e t e c t i o n  

I n  DC amperometry t h e  work ing  e l e c t r o d e  i s  po i sed  a t  a 

cons tan t  p o t e n t i a l  and t h e  i ns tan taneous  c u r r e n t  i s  measured as 
a f u n c t i o n  o f  t i m e  (F igu re  4A). 

every  p o i n t  a long  t h e  vo l  tarnmetric cu rve  i s  d i r e c t l y  p r o p o r t i o n a l  

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

d e t e c t o r  on the  l i m i t i n g  c u r r e n t  p l a t e d u  (Ed) ,  i n  some cases i t  

i s  advantageous t o  ope ra te  on t h e  r i s i n g  p o r t i o n  of t h e  vo l tam-  

m e t r i c  cu rve  (El).  S e n s i t i v i t y  i s  thereby  s a c r i f i c e d  f o r  b e t t e r  

s e l e c t i v i t y .  Whi le  t h e  s e n s i t i v i t y  w i l l  be somewhat d im in i shed  

( t o  a degree dependent on t h e  e x a c t  p o s i t i o n  o f  El on t h e  r i s i n g  

p o r t i o n ) ;  i n  many cases a b e t t e r  s i g n a l  t o  n o i s e  r a t i o  i s  ach ieved 
due t o  a co r respond ing ly  g r e a t e r  decrease i n  n o i s e ,  r e s u l t i n g  

The magnitude o f  t h e  c u r r e n t  a t  

The s e l e c t i v i t y  i s  

Whi le i t  i s  o f t e n  d e s i r a b l e  t o  ope ra te  the  amperometr ic 
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REDUCTIVE LCEC OF ORGANIC COMPOUNDS 339 

HYDRODY NAMlC EX C I TAT I ON QUANTITY METHOD 
VOLTAMMOGRAM FUNCTION MEASURED 

I Instantaneous 
OC currentW 

2 Cnarqe(Ol*f~dt 

.I * 12-11 

I 1  l,-l* 

tbt  the end of the 
porltlve purse) 

I.DC Amperometry 

2.Coulometr y 

Square Wave 
Voltammelry 
(3-0 output) 

Reverse Pulse 
Amperometr y 

FIGURE 4 .  Common excitation waveforms used in reductive LCEC 
detection. 

in better'!"detection limits ( 3 9 ) .  
metric detector operated on the rising portion o f  the wave i s  
more susceptible t o  sh i f t s  along the potential axis (caused 
by modifications o f  the electrode surface, e.g. by adsorption). 

The popularity o f  the DC amperometric detector stems from 
the fact t h a t  the transducer and the associated electronics are 
simple ir  design and offer picomole and subpicomole detection 
limits a t  low cost. Typical detection limits for  easily reducible 
molecules are on the order of 1 t o  10 picomoles ( in  many cases 
detection limits of 0.1 t o  1 picomole have been achieved) 
(10,39,48,65). 

On the other hand, an ampero- 

A t  the present time, amperometric detection using 
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340 BRATIN AND KISSINGER 

thin-layer transducers offers the lowest detection l imits because 
steady-state (constant potential ) hydrodynamic electroanalysi s 
has the advantage of being relatively free of double layer 
charging effects .  
detection i s  limited select ivi ty  [e.g. a l l  molecules w i t h  
reduction (or oxidation) energies lower t h a n  or equal t o  the 
applied detector potential w i  1 1  be detected]. 

The major limitations of DC amperometric 

Differential Pulse Detection 

The excitation function used i n  the different ia l  pulse ( D P )  
amperometric technique i s  i l lus t ra ted  i n  Figure 48. The potential 
of the working electrode ( u s u a l l y  choosen a r o u n d  E o f  the 
analyte of  in te res t )  i s  pulsed around a base potential ; typically 
pulse heights are 25-50 mV ( A E ) .  A larger pulse height c a n  be 
used t o  increase the measured current; however, this  is achieved 
a t  the expense o f  higher detection l imits (the signal t o  noise 
ra t io  follows a bell-shape curve relationship w i t h  increasing 
pulse height) (50).  I n  DP amperometry, the current i s  measured 
a t  both ends of the pulse and  the difference in these currents 
( i 2 - i l ) i s  displayed. 
capacitance (charging) currents. 

A significant enhancement i n  se lect ivi ty  i s  achieved with 
the DP mode when compared t o  the DC amperometric mode. I n  the 
DP mode, a compound with a r ising portion of i t s  voltammogram 
outside the window marked by E l  and E2 (Figure 48) will n o t  be 
detected. I n  a d d i t i o n ,  i n  the DP mode select ivi ty  can be "tuned 
i n "  by varying the base potential ; a condition which can be 
successfully exploited for the selective detection of chromato- 
graphically separated compounds w i t h  similar electrochemically 
active functional groups.  The more selective detection i s  useful 
near the "potenti a1 1 imi t" o f  the electrochemical transducer 
(large negative potentials)  and for  detection of analytes present 

112 

The DP current i s  composed of f a r a d a i c  a n d  
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REDUCTIVE LCEC OF ORGANIC COMPOUNDS 341 

i n  very complex samples where the chromatography i s  inadequate 
(2,50,57). The base1 ine d r i f t  commonly observed in a1 1 detectors 
( i n  reductive mode LCEC slow changes i n  levels of dissolved oxygen 
and trace metals occur) are minimized or eliminated by the virtue 
of the differential nature of  the o u t p u t .  

Osteryoung and coworkers ( 6 6 )  noted t h a t  convection did not  
effect DP (and normal pulse) faradaic currents as long as the 
Nernstian diffusion layer is small in comparison t o  the convective 
shear layer thickness. Others have shown t h a t  this i s  only true 
Over a narrow range of flowrates and f o r  short pulses (< 200 ms) 
(57 ,67 ) .  The flowrate independence of  DP deemphasizes the need 
for "pu l  sel ess I' pumping sys tems and a1 so because i t provides some 
signal-to-noise improvements (50) .  Corresponding reduction in 
S/N i s  not  obtained for  "capacitive" noise which i s  the major 
limiting noise in DP mode, especially on solid electrodes ( 2 , 5 7 ) .  
In addition, the DP mode has " p u t  some l i f e "  back i n t o  mercury 
poo l ,  D M E ,  and SMOE L C  transducers by diminishing the noise 
effects caused by oscillation of liquid mercury surface in the 
flowing streams. Differential pulse detection has been recently 
shown t o  be successful i n  minimizing electrode f o u l i n g  due t o  
adsorption of products of the electrode reaction (50) .  

Square Wave Vol tammetric Detection and Other Novel Techniques- 

The excitation function fo r  SW vol tammetry i s  i 11 ustrated 
The potential i s  scanned very quickly (entire scan in Figure 4C. 

is  completed in 1-2 sec) and the current i s  measured before and 
a f te r  each pulse step. The forward difference i n  these currents 
( i l - i 2 )  i s  displayed either through a simple sample-and-hold 
circui t  or digi ta l ly .  When coupled to L C ,  the SW technique 
provides "simultaneous" mu1 tipotential chromatograms which are 
analogous i n  many respects t o  multiple ion monitoring i n  GUMS 
or multiwavelength monitoring i n  LC/UV ( 6 1 ) .  Stationary 
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e lec t rodes  can be used t o  improve the  t ime r e s o l u t i o n  o f  c u r r e n t  
sampling; however, t h e  advantage o f  a con t inuous ly  renewable 
sur face i s  l o s t .  Since h i g h  scan r a t e s  (100-200 mVlsec) can be 
achieved, the e n t i r e  scan can be completed on a f r e s h  mercury 
drop w i t h  SMDE o r  s l o w l y  dropping DME ( t  > 400-500 ins) (61,611. 

A very  a t t r a c t i v e  f e a t u r e  o f  SW d e t e c t i o n  i s  i t s  c a p a b i l i t y  
o f  measuring t h e  "peak homogeneity." A three-dimensional  p l o t  
( i n  t ime, p o t e n t i a l ,  and c u r r e n t )  would e a s i l y  revea l  t h e  presence 

o f  two chromatographica l ly  unresolved e l e c t r o a c t i v e  analy tes . 
Fou l i ng  e f f e c t s  on the  e l e c t r o d e  su r face  caused by adso rp t i on  o f  
products o f  ana ly te  r e d u c t i o n  are a l s o  minimized i n  SW d e t e c t i o n  

mode. 

m e t r i c  mode, d e t e c t i o n  l i m i t s  a t  t he  present  t ime are one o r  two 
orders of  magnitude h igher .  Nonetheless , SW d e t e c t i o n  i s  s t i  11 
i n  i t s  i n fancy  and f u r t h e r  ref inements w i l l  r e s u l t  i n  lower 
d e t e c t i o n  l i m i t s .  A t  present ,  t he  h i g h  cos t  o f  SW de tec to rs  
makes them u n a t t r a c t i v e  f o r  r o u t i n e  a p p l i c a t i o n s .  

Other newcomers t o  r e d u c t i v e  LCEC d e t e c t i o n  a re  reverse 
pulse amperometry (RP) (68) and dua l -e lec t rode  t h i n - l a y e r  
amperometry (69-71). 
i n  F igure 40. Th.e c u r r e n t ,  sampled a t  the end o f  t he  p o s i t i v e  
pulse,  i s  p r o p o r t i o n a l  t o  t h e  concen t ra t i on  o f  analy tes i n  t h e  
f l o w i n g  stream. 
p o t e n t i a l  f o r  d e t e c t i o n  o f  amalgam s o l u b l e  metals w i t h o u t  
i n t e r f e r e n c e  from d i sso l ved  oxygen because E2 i s  s e t  a t  p o t e n t i a l s  
where oxygen i s  n o t  reduced. However, i t s  a p p l i c a t i o n  t o  d e t e c t i o n  
o f  organic  substances i s  l i m i t e d  t o  r e d u c t i o n  r e a c t i o n s  which 
produce species which a re  o x i d i z a b l e  ( o r  can undergo a fo l l ow-up  
chemical r e a c t i o n  which generate o x i d i z a b l e  species)  and are ab le  
t o  r e a c t  w i t h  t h e  e l e c t r o d e  m a t e r i a l  (e.g. t h i o l )  o r  adsorb a t  
t he  e lec t rode  sur face.  

While t h e  s e l e c t i v i t y  o f  SW i s  b e t t e r  than f o r  DC ampero- 

The e x c i t a t i o n  f u n c t i o n  o f  RP i s  i 11 u s t r a t e d  

Reverse pu lse  amperometry appears t o  have g r e a t  
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REDUCTIVE LCEC OF ORGANIC COMPOUNDS 343 

While most L C E C  experiments will continue for  some time t o  
be performed w i t h  single electrode transducers, i t  i s  a relatively 
simple matter t o  monitor the current a t  two different working 
electrodes simultaneously. This i s  perfectly analogous t o  the 
so-called “dual wavelength UV absorption detector. I’ The 
electronics needed t o  accomplish this  are straightforward and i n  
principle identical to  the c i rcu i t s  used w i t h  ring-disk electrodes 
The following figure schematically depicts thin-layer transducers 
with two working electrodes i n  parallel ( A )  and i n  ser ies  ( B ) .  , 

The parallel -adjacent arrangement ( A )  i s  particularly useful 
when one wishes t o  siiiiul taneously quantitate a very easi ly  reduced 
( o r  oxidized) substance i n  the presence of others which react a t  
higher energies. 
oxidized) substance can thus be excellent and other compounds are 
detected as well. The parallel dual-electrode arrangement can 
also provide simultaneous measurement o f  peak current ra t ios  fo r  
the purpose o f  confirming the identity o f  eluted compounds ( j u s t  
as the absorbance r a t i o  a t  two wavelengths i s  character is t ic  f o r  
a given analyte). 
permitting a single chromatographic experiment where two would 
have been required with a single electrode. 

The select ivi ty  f o r  the easily reduced (or  

Both applications save valuable time by 

FRONT VIEW SIDE VIEW 

I 
FRONT VIEW SIDE VIEW 
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J 

C. 

2 6 

4 5  
14 
3 

1 
0.5 nA I 

D. 

FIGURE 5. Series dual-electrode vol tammograms o f  a synthetic 
mixture o f  explosive compounds without (traces A , B )  and with 
(traces C,D) sample deoxygenation. Traces A and C are for the 
upstream electrode (reductive, E = -0.9V) and Traces B and D 
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The s e r i e s  dual-electrode t ransducer  i s  used in  the same 
manner as the c l a s s i ca l  r ing-disk e l ec t rode .  The products formed 
a t  the upstream e lec t rode  are monitored a t  the downstream 
e lec t rode .  The major appl ica t ion  of t h i s  scheme i s  t o  improve 
the de tec t ion  o f  compounds ( e .g .  aromatic n i t r o  compounds, 
quinones e t c . )  which have r eac t ive  products and t o  enhance 
s e l e c t i v i t y  when the e l e c t r o l y s i s  products can be de tec ted  in  a 
more favorable poten t ia l  region t h a n  was necessary t o  car ry  out  
the or ig ina l  reac t ion .  For example, the de tec t ion  l i m i t s  f o r  
compounds which r eac t  a t  po ten t i a l s  where backgroud processes 
i n t e r f e r e  can be improved by de tec t ing  the  product (s )  i n  a more 
favorable pa r t  of the ava i l ab le  "poten t ia l  window" ( t h e  maximum 
"potent ia l  window" i s  obtained with a t ransducer  cons is t ing  of 
s ing le  GC and Au/Hg  e l ec t rodes ) .  T h i s  i s  successful because 
most background (media) reac t ions  a r e  chemically i r r e v e r s i b l e  
( e .g .  reduction of hydrogen ions ,  oxidat ion o f  wate r ) .  The s e r i e s  
arrangement has another a t t r a c t i v e  f e a t u r e ,  in  t h a t  i t  can be 
used t o  minimize in te r fe rence  from dissolved oxygen as i l l u s t r a t e d  
in  Figure 5.  Chromatographically separated sample components 
along with dissolved oxygen a re  reduced a t  the upstream e lec t rode  
(Figure 5 A ) .  The downstream e lec t rode  de tec t s  compounds which 
a re  oxidized a t  more pos i t ive  p o t e n t i a l s ,  with minimal oxygen 
in te r fe rence  (Figure 5 6 ) .  

e lec t rode  can be t o t a l l y  e l iminated by applying a poten t ia l  a t  
Oxygen in te r fe rence  a t  the downstream 

~ 

a r e  f o r  the downstream e lec t rode  (oxida t ive ,  E = +0.8V). The 
mixture contained 11 picomoles of HMX ( l ) ,  5 picomoles of p i c r i c  
ac id  ( 2 ) ,  18 picomoles of 4-nitrophenol ( 4 ) ,  9 picomoles of TNT 
( 5 ) ,  30 picomoles of  n i t roglycer in  (6), and 14 picomoles of 
2 ,4-dini t rotoluene.  Peak 3 i s  oxygen. Conditions: 25 x 0.46 cm 
Biophase C 
a c e t a t e ,  O'.flOl (vl EDTA i n  17% (V/V) l-propanol and 5% ( V / V )  ethanol, 
pH 3.5, upstream e lec t rode  ( A u / H g )  was s e t  a t  -0.90 V and down- 
stream e lec t rode  (g lassy  carbon) was s e t  a t  +0.80 V ,  flow r a t e  
was 1.7 m L / m i n .  

column, 0.02M monochloroacetic ac id ,  0.015 N sodium 
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346 BRATIN AND KISSINCER 

the downstream e lec t rode  which i s  i n s u f f i c i e n t  t o  o x i d i z e  
H202, which i s  t he  product  o f  oxygen reduc t i on .  Oxygen must be 

removed from the  moDile phase i n  o rde r  t o  d e t e c t  most analy tes 

a t  e i t h e r  e lec t rode .  The f u l l  advantage o f  s e r i e s  dual -e lec t rode  

( r e d u c t i v e - o x i d a t i v e )  d e t e c t i o n  approach i s  achieved i n  t r a c e  

determinat ions where on ly  a l i n i t e d  sample volume i s  a v a i l a b l e  

( <  250 pL) because w i t h  o x i d a t i v e  d e t e c t i o n  a t  t h e  downstream 

e lec t rode  the re  i s  no need t o  remove dissolvec;  oxygen from t h e  

i n j e c t e d  s o l u t i o n .  

Both the  p a r a l l e l  and s e r i e s  t ransducers p rov ide  most o f  the 

advantages o f  d i f f e r e n t i a l  pu l se  o p e r a t i o n  w i t h o u t  disadvantages 

o f  enhancing double l a y e r  charg ing c u r r e n t s  ( thus i n c r e a s i n g  

no ise )  and comp l i ca t i ng  i ns t rumen ta t i on .  

s p e c i f i c i t y  and d e t e c t i o n  l i m i t s  f o r  t h i n - l a y e r  amperometric 

de tec to rs  and can prov ide b e t t e r  assurance o f  peak i d e n t i t y .  

In sumnary, w h i l e  c o u p l i n g  complex e lec t rochemica l  techniques 

(e.9. a l t e r n a t i n g  c u r r e n t ,  square wave, reverse pu lse )  t o  

chromatographic separat ions w i  1 1  prov ide  some fun  and cha l l enge  

f o r  e lec t rochemis ts  and chromatographers i n  the  near f u t u r e ,  

the workhorses o f  t he  r e d u c t i v e  ( a l s o  o x i d a t i v e )  mode LCEC w i l l  
remain i n  the  hands o f  s ingle-and-dual  -e lec t rode  DC and 

d i f f e r e n t i a l  p u l s e  amperometry. 

They extend the  

V I .  REMOVAL OF DISSOLVED OXYGEN 

In every aqueous s o l u t i o n  which i s  i n  e q u i l i b r i u m  w i t h  t h e  

atmosphere the  concen t ra t i on  of  d i s s o l v e d  oxygen i s  on t h e  o r d e r  
of 0.001 M. D isso lved oxygen creates se r ious  problems f o r  

r e d u c t i v e  mode arnperometric d e t e c t i o n .  
The e lec t rochemis t r y  o f  oxygen has a t t r a c t e d  considerable 

Oxygen i s  u l t i m a t e l y  reduced t o  water  o r  hydrox ide a t t e n t i o n .  
v i a  a f o u r  e l e c t r o n  process, however, t h e  e lec t rochemica l  
r e d u c t i o n  o f  oxyqen u s u a l l y  proceeds v i a  two w e l l  -separated two- 
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REDUCTIVE LCEC OF ORGANIC COMPOUNDS 347 

e l e c t r o n  s teps  ( 7 2 ) .  The f i r s t  s t e p  corresponds t o  t h e  f o r m a t i o n  

o f  hydrogen pe rox ide :  

o2 + ZH+ + 2e- + H ~ O ~  A c i d i c  media (14) 

O2 + H20 + 2e- + HO; + OH- N e u t r a l  o r  (15) 
b a s i c  media 

and t h e  second s t e p  corresponds t o  t h e  r e d u c t i o n  o f  pe rox ide :  

H ~ O ~  + Ze- -+ 2 ~ +  * Z H ~ O  A c i d i c  media (16)  

HOi t 2e- t HzO + 30H- N e u t r a l  o r  (1 7 )  
bas ic  media 

The r e d u c t i o n  o f  hydrogen pe rox ide  on g l a s s y  carbon and nob le  

e l e c t r o d e s  ( P t  and Au) i n  a c i d i c  s o l u t i o n s  i s  s low o r  occurs  

a t  p o t e n t i a l s  m r e  nega t i ve  than  t h a t  o f  t h e  s o l v e n t .  Oxygen 
o v e r p o t e n t i a l  i s  much l a r g e r  on a GC t h a n  Au/Hg as i l l u s t r a t e d  

i n  F i g u r e  3. 

A v a r i e t y  o f  p h y s i c a l  methods have been used f o r  removal 

o f  d i s s o l v e d  oxygen. 

w i t h  i n e r t  gases such as n i t r o g e n ,  argon, and h e l i u m  ( 7 3 , 7 4 ) .  
Other  methods i n c l u d e  t h e  use o f  a n i t r o q e n  a c t i v a t e d  n e b u l i z e r  

( 7 5 )  r e f l u x i n g  (27,73), vacuum degassing ( 7 3 ) ,  and u l t r a s o n i c  

a g i t a t i o n  ( 7 3 ) .  Nebu l i ze rs  a r e  n o t  s u i t a b l e  i n  h i g h  r e s o l u t i o n  
chromatographic reve rse  phase systems because t h e y  have l a r g e  

dead-volumes. 
e f f e c t i v e ,  bubbles formed a t  t h e  bo t tom o f  t h e  r e f l u x  vessel  o r  

i n  t h e  pumping system i n l e t  t u b i n q  can e n t e r  t h e  LC pump 

r e s u l t i n g  i n  f l o w  r a t e  f l u c t u a t i o n s .  U l t r a s o n i c  deoxygenat ion  

i s  i n e f f e c t i v e ,  and under c e r t a i n  c i rcumstances  i t  may l e a d  t o  

inc reased l e v e l s  of  d i s s o l v e d  oxygen. Vacuum deoxygenat ion  

and h e l i u m  sparg ing  were judged t o  be o n l y  p a r t i a l l y  e f f e c t i v e  

w h i l e  n i t r o g e n  spa rg ing  was e f f e c t i v e  i n  removal o f  d i s s o l v e d  

oxygen f rom aqueous s o l u t i o n s  ( 7 3 ) .  
phase compos i t ion  and p r e v e n t i o n  o f  t h e  f o r m a t i o n  o f  gas bubbles 

i n  t h e  d e t e c t o r  c e l l  d u r i n g  cont inuous  n i t r o g e n  spa rg ing  can be 

The most commn method has been spa rg ing  

Even though r e f l u x i n g  o f  t h e  mob i l e  phase i s  v e r y  

P r e s e r v a t i o n  o f  t h e  m o b i l e  
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348 BRATIN AND KISSINGER 

e a s i l y  achieved with a re f lux  apparatus schematically i l l u s t r a t e d  
in Figure 6 .  
sparging and heating of t he  mobile phase (10-15°C above ambient) 
in  order  to  prevent reentry o f  oxygen. 

A flow-through electrochemical scrubber w i t h  a porous s i l v e r  
e lec t rode  (20) and an apparatus based on oxygen d i f fus ion  through 
a semipermeable membrane (76)  a re  promising new techniques,  b u t  

they require  more extensive evaluat ion.  
As described above, the removal of oxygen i s  c r i t i c a l  t o  the 

operation of a reductive L C E C  system. 
gases ,  espec ia l ly  oxygen, have a pronounced e f f e c t  on the perfor-  
mance of UV (below 260 nm)  and fluorescence de tec to r s .  
i n  concentration of dissolved oxygen cause a UV d r i f t  and  can 
decrease the  signal in t h e  fluorescence de tec tor  ( 7 4 ) .  A 

de ta i l ed  discussion of the ro le  of dissolved gases in l i q u i d  
chromatography i s ava i lab le  e l  sewhere ( 74) .  

The removal o f  oxygen from the in jec ted  so lu t ion  can be 
achieved w i t h  nitrogen sparging as  i l l  i istrated by the  schematic 
diagram i n  Figure 6 .  The i n l e t  of the s i x  port  ro ta ry  valve 
loop i s  immersed in sample so lu t ion  and the deoxyqenated sample 
so lu t ion  i s  pulled through the  in jec t ion  loop using a syringe 
without any exposure to  ambient a i r .  W i t h  t h i s  arrangement, 
nitrogen i s  f i r s t  presaturated w i t h  t h e  solvent  i n  which the 
sample i s  dissolved in order  t o  minimize solvent  l o s s .  

recent ly  proposed by Johnson and coworkers a t  Iowa S ta t e  (681, 

and Kissinger 's  group a t  Purdue (791 and MacCrehan ( 6 9 ) .  Johnson 
group's approach u t i l i zed  reverse  pulse  amperometric detect ion 
and Ki s s i  nger' s group and MacCrehan appl ied dual -e lectrode 
amperometric detect ion (two electrodes a re  i n  " se r i a l  'I 
arranqement). 
where reduction o f  oxygen and oxidation of hydrogen peroxide does 
not occur,  thus minimizing a major inconvenience of reductive 

I t  i s  necessary t o  maintain continuous ni t rogen 

A t  the same time, dissolved 

Changes 

A1 t e rna te  approaches t o  oxygen removal methods have been 

Both of these methods de t ec t  analytes  a t  po ten t i a l s  
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FIGURE 6. Schematic diagram o f  a reductive mode LCEC system. 
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mode LCEC. The theo ry ,  l i m i t a t i o n s ,  and m e r i t s  o f  b o t h  o f  these 

approaches were b r i e f l y  d iscussed i n  t h e  p reced ing  s e c t i o n  o f  
t h i s  rev iew.  

-I_- V I I .  APPLICATIONS 

Many b iochemica l  s ,  pharmaceut ica l  s ,  food  a d d i t i v e s ,  

p e s t i c i d e s ,  i n d u s t r i a l  and n a t u r a l  p roduc ts ,  and so  f o r t h  a r e  

i d e a l  cand ida tes  f o r  r e d u c t i v e  LCEC methods development.  

D e r i v a t i v e s  o f  s imp le  amines, a l c o h o l s ,  and c a r b o x y l  i c  a c i d s  

d e r i v e d  f rom d i - a n d  t r i n i t r o  a romat i c  reagen ts  ( 7 7 )  w i l l  g r e a t l y  

ex tend the  number o f  problems wh ich  can be a t t a c k e d  b y  LCEC. 

Other  compounds wh ich  r e a c t  w i t h  t h e  mercury s u r f a c e  ( e . 9 .  t h i o l s ,  

t h i o u r e a s )  can be s e l e c t i v e l y  d e t e c t e d  by mercury-based t r a n s -  

ducers .  Recent a p p l i c a t i o n s  o f  r e d u c t i v e  mode LCEC a r e  summarized 

i n  Table I; however, t h i s  l i s t  i s  by  no means comple te .  A 

f r e q u e n t l y  updated b i b l i o g r a p h y  o f  c u r r e n t  LCEC appl  i c a t i o n s  i s  

a v a i l a b l e  (78 ) .  
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