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USE CF A DUAL COULOMETRIC-AMPEROMETRIC DETECTION 
CELL APPROACH I N  THYROID HORMONE ASSAY 

Bradford R. Hepler and William C. Purdy 

Department o f  Chemistry 
M c G i l l  U n i v e r s i t y  

801 Sherbrooke Street West 
Montrea l ,  Quebec, Canada H3A 2K6 

ABSTRACT 

The development and a p p l i c a t i o n  of a dua l  ( i n  series) coulo- 
metric-amperometric t h in - l aye r  e l ec t rochemica l  d e t e c t i o n  c e l l  
system t o  t h e  a s say  o f  t hy ro id  hormones fo l lowing  reversed-phase  
chromatography i s  desc r ibed .  Using t h i s  approach t h e  system was 
c h a r a c t e r i z e d  by e m p i r i c a l l y  determined e l e c t r o l y s i s  e f f i c i e n -  
c ies ,  demonst ra t ing  adherence  t o  t h e  d i f f u s i o n - l a y e r  approxima- 
t i o n  theory .  When academic mixtures o f  t h e  thy ro id  hormones 
were s t u d i e d ,  t h e  p r e c i s i o n  of bo th  r e sponse  and r e l a t i v e  r e t e n -  
t i o n  d a t a  was t o  wi th in  4%. With t h e  dua l - ce l l  approach, 
improvements by  a f a c t o r  o f  two i n  t h e  l i m i t  o f  d e t e c t i o n  were 
noted over t h e  same system us ing  o n l y  amperometric d e t e c t i o n .  
The e l ec t rochemica l  behavior  o f  t h e s e  a n a l  y t e s  i n  t h e  dua l - ce l l  
system was a l s o  s t u d i e d .  These l a t t e r  exper iments  demonstrated 
t h a t ,  i n  p r i n c i p l e ,  it is p o s s i b l e  to  a s s a y  t h e  t h y r o i d  hormones 
wi th  bo th  ce l l s  set  a t  a p o t e n t i a l  where mass t r a n s p o r t  c o n t r o l  
o b t a i n s ,  ana lyz ing  t h e  o x i d a t i o n  p roduc t s  o f  t h e  f irst  c e l l  a t  
t h e  amperometric c e l l .  

INTRODUCTION 

The use of  two e l e c t r o d e s  i n  series, o r  two th in - l aye r  

e l ec t rochemica l  (TLED) c e l l s  i n  sequence has  p r e v i o u s l y  been 
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2276 HEPLER AND PURDY 

app l i ed  i n  s e v e r a l  a r e a s .  Ger i scher  and coworkers ( 1 )  f i r s t  

in t roduced  and d i s c u s s e d  t h e  arrangement o f  two c l o s e l y  spaced 

e l e c t r o d e s  i n  a c o n f i g u r a t i o n  where laminar  f low o b t a i n e d .  Ihe 

f i r s t  e l e c t r o d e  served  a s  a "genera tor"  e l e c t r o d e  and t h e  l a t t e r  

a s  t h e  d e t e c t i o n  or ffcollectorlt e l e c t r o d e .  ?his t y p e  of conf ig-  

u r a t i o n  would have s i m i l a r  advantages  t o  t h a t  o f  t h e  r ing -d i sc  

system ( 2 )  f o r  a p p l i c a t i o n s  t o  e l e c t r o d e - k i n e t i c  s t u d i e s ,  and i n  

s p i t e  of t h e o r e t i c a l  r i g o r  from s e v e r a l  g roups  (3-51, t h e  

r ing -d i sc  system remains  t h e  more popular a p p l i c a t i o n .  

In 1976 Blank (6 )  noted t h a t  wi th  c l o s e l y  spaced channel  

electrodes placed i n  series wi th in  one  c e l l  body, it was pos- 

s i b l e  t o  c o n v e n i e n t l y  moni tor  a chromatographic e f f l u e n t  a t  two 

s e p a r a t e  p o t e n t i a l s .  Using t h i s  approach ,  i f  c o e l u t i o n  o f  elec- 

t r o a c t i v e  components o c c u r r e d ,  it was p o s s i b l e  t o  de te rmine  t h e  

presence  o r  absence o f  a g iven  component by  independen t ly  eva lu-  

a t i n g  peak r e sponses  a s  a f u n c t i o n  of app l i ed  p o t e n t i a l .  More 

r e c e n t l y ,  s t u d i e s  invo lv ing  dua l  channel e l e c t r o d e s  i n  series 

have been c a r r i e d  o u t  by  s e v e r a l  g roups  (7-12). Inc reased  se- 

l e c t i v i t y  (7 , IO.  12) .  on- l ine  b l ank  c o r r e c t i o n  ( 8 , 9 ) ,  e l e c t r o -  

chemical a n a l y s i s  of e l e c t r o l y s i s  p roduc t s  (10 ,12 ) ,  removal of 

oxygen i n t e r f e r e n c e s  ( 10.11 and inc reased  s e n s i t i v i t y  (10,121 

have both  sugges ted  and f u r t h e r  demonstrated t h e  p o t e n t i a l  

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

problems. 
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DUAL COULOMETRIC-AMPE ROME TRI C DETECTION 2277 

Other examples of t h e  a p p l i c a t i o n  of  d u a l  e l e c t r o d e  sys tems 

of va ry ing  geometry and c o n f i g u r a t i o n  have appeared i n  t h e  

l i t e r a t u r e .  Both Fenn e t  a l .  (13) and Weber (14,15) have demon- 

s t r a t e d  t h e  use  of p a r a l l e l  opposed e l e c t r o d e s  i n  a TLED c e l l  

c o n f i g u r a t i o n  f o r  purposes o f  improved d e t e c t i o n  l i m i t s ,  whi le  

Roston and Ki s s inge r  (16 )  have u t i l i z e d  t h i s  approach t o  eva l -  

u a t e  pheno l i c  c o n s t i t u e n t s  i n  commercial beverages .  S c h i e f f e r  

(17) h a s  demonstrated t h e  use  o f  a minimum volume packed bed 

cou lomet r i c  d e t e c t i o n  ce l l  placed on- l ine  i n  f r o n t  of an arnpero- 

metric "LED c e l l  f o r  purposes  o f  improving s e l e c t i v i t y  i n  t h i s  

l a t t e r  c e l l .  Most r e c e n t l y  Matson and co-workers (18) u t i l i z e d  

two porous g r a p h i t e  cou lomet r i c  e l e c t r o d e s  i n  series t o  d e t e c t  

e l e c t r o a c t i v e  components a t  two d i f f e r e n t  p o t e n t i a l s ,  improving 

both  q u a l i t a t i v e  and q u a n t i t a t i v e  d a t a  and provid ing  t h e  a b i l i t y  

t o  sc reen  o u t  unwanted s i g n a l s  from s p e c i f i c  chromatographic 

systems. 

In t h e  c u r r e n t  work on t h e  thy ro id  hormones, d i s c r i m i n a t i o n  

a g a i n s t  e l e c t r o a c t i v e  background was f e l t  t o  be  d e s i r a b l e  i n  

o r d e r  t o  improve d e t e c t i o n  limits. In t h i s  approsch ,  a s  opposed 

t o  t h e  s i n g l e - c e l l  method p rev ious ly  r e p o r t e d  ( 1 9 ) .  two c e l l s  

were connected i n  series fo l lowing  t h e  chromatographic column. 

The f i r s t  served  a s  a "scavenger" c e l l  t o  remove e l e c t r o a c t i v e  

background unimpor tan t  t o  t h e  a n a l y s i s ,  wh i l e  t h e  second c e l l  

was an m p e r o m e t r i c  ce l l  t h e  purpose of which was t o  d e t e c t  and 
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2278 HEPLER AND PURDY 

a s s a y  t h e  a n a l y t e s  o f  i n t e r e s t .  

cel l  ( i  .e., approaching  cou lomet r i c  y i e l d s )  t h e  b e t t e r  t h e  

clean-up. Using low t empera tu re  i s o t r o p i c  carbon,  LTIC (201, a s  

a working e l e c t r o d e  m a t e r i a l  i n  a t h in - l aye r  "sandwich cell" 

(21) geometry, it was hoped t o  accomplish t h i s  goa l  w i th  a 

minimum of ce l l  volume. 

The more e f f i c i e n t  t h e  f i rs t  

Applying t h e  above approach t o  t h e  a s s a y  of t h e  t h y r o i d  

hormones it was possible t o  c h a r a c t e r i z e  t h e  d u a l - c e l l  system 

through e m p i r i c a l l y  determined e l e c t r o l y s i s  e f f i c i e n c i e s .  Kese 

d a t a  were, i n  t u r n ,  u t i l i z e d  t o  document t h e  adherence  of t h e s e  

ce l l  t y p e s  t o  t h e  d i f f u s i o n - l a y e r  approximat ion  t h e o r y  (15,221. 

Improvements i n  t h e  l i m i t  of d e t e c t i o n  of t h e  t h y r o i d  hormones 

i n  a d u a l - c e l l  system were demonstrated and t h e  e l ec t rochemica l  

behavior  o f  t h e s e  a n a l y t e s  s t u d i e d .  

EXPERIMENTAL 

Apparatus 

The l i q u i d  chromatographic system used i n  t h i s  work was t h e  

same as  t h a t  p r e v i o u s l y  d e s c r i b e d  (19). Detec t ion  was c a r r i e d  

o u t  w i th  (i) a Waters Model 440 absorbance  d e t e c t o r  a t  254 nm 

connected i n  series wi th  a l a b o r a t o r y  des igned  TLED c e l l ,  ( ii) a 

s i n g l e  TLED ce l l  fo l lowing  t h e  chromatographic  column or (iii) 

two TLED ce l l s  i n  series. The PAR 174A Po la rograph ic  Analyzer 

p rev ious1  y noted  (19) and/or a B i o a n a l y t i c a l  Systems Inc .  Model 

DCV-4 voltannnetry c o n t r o l  u n i t  were used a s  p o t e n t i o s t a t s  i n  t h e  
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DUAL COULOMETRI C-AMP EROMETRI C DETECT1 ON 2279 

amperometric work. Heath-Schlumberger Model SR-204 s t r i p c h a r t  

r e c o r d e r s  were employed t o  record chromatograms a t  c h a r t  s p e e d s  

of 0.1 i n .  min-l. 

wi th  a Fluke Model 8030A m u l t i m e t e r .  An Orion Model 7018 pH 

meter was used for pH measurements. 

E lec t rode  r e s i s t a n c e  measurements were made 

Cons t ruc t ion  of LTIC Cells 

1. Ampermet r ic  ce l l :  e x t e r n a l  TLED ce l l  geometry - The 

ce l l  des ign  used i n  t h i s  work i s  t h e  same a s  t h a t  p r e v i o u s l y  

d e s c r i b e d  (19). 

2. Coulometric ce l l  - The cou lomet r i c  ce l l  des igned  for 

use  i n  t h i s  work is shown i n  F igure  1. The des ign  fo l lows  t h e  

p receden t  se t  i n  p rev ious  d e s i g n s  by  employing t h e  hemi- 

c y l i n d r i c a l - y o k e  approach  (19). The d i f f e r e n c e  i n  t h i s  ce l l  

l i e s  wi th  t h e  rep lacement  o f  t h e  platinum and/or s i l ve r -hoop  

e l e c t r o d e  imbedded i n  t h e  upper Kel-F h a l f  b y  a second LTIC 

p l a t e  e l e c t r o d e ,  M. ?ko h o l e s ,  0.1 cm i n  size, were d r i l l e d  

approximate ly  2.0 cm a p a r t  c e n t r a l l y  i n  t h i s  p l a t e  u s ing  a 

diamond-tipped d r i l l  b i t .  The l o c a t i o n  o f  t h e  two h o l e s  was 

such  t h a t  when t h e  p l a t e  was o v e r l a i d  on t h e  upper cel l  h a l f ,  

t h e y  were a l i g n e d  wi th  t h e  e n t r y ,  C, and t h e  e x i t ,  L, p o r t s  

p r e v i o u s l y  d r i l l e d  through t h e  cel l  b lock  ( F i g u r e  1).  This  

p l a t e  was f ixed  i n  p l a c e  u s i n g  EPD-TEK 353 ND epoxy (Epoxy 

Technology Inc . ,  B i l l e r i c a ,  MA 01821). Contac t  t o  t h i s  second 

p l a t e  was made by  means o f  t h e  banana p l u g - s t a i n l e s s  steel 

'.. 
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FIGURE 1. Hemicylindrical coulometric TLED c e l l ,  end view a t  
l e f t ,  exploded view a t  r i g h t ,  ( A )  and (J) upper and 
lower yokes machined *om polyvinyl chlor ide fo r  
holding together hemicylindrical  c e l l ,  (B) and (F )  
upper and lower c e l l  halves machined from Kel-F, ( C )  
en t ry  port  i n t o  c e l l ' s  inner channel, (D) PTFE 
spacer ,  (El L T I C  p l a t e  working e lec t rode ,  ( G )  s t a in -  
l e s s  s t e e l  screws for  holding yokes toge ther ,  (H) 
e l e c t r i c a l  contact  t o  LTIC p l a t e  working e lec t rode ,  
(I) e l e c t r i c a l  contact  t o  combined reference- 
aux i l i a ry  LTIC p l a t e  e lec t rode ,  (K) Altex 1/16 inch 
f i t t i n g s ,  (L)  exi t  from c e l l ' s  inner  channel, (M) 
LTIC p l a t e  combined reference-auxi l iary electrode.  
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DUAL COULOMETRIC-AMF'EROMETRIC DETECTION 2281 

s p r i n g  combination desc r ibed  e l sewhere  (19). Spacers  were c u t  

from 0.0025 cm PTFE m a t e r i a l  and t h e  channel  i n  t h e  space r  

provided a working e l e c t r o d e  a r e a  of about 3.0 cm'. 

r e s u l t e d  in  cel l  volumes of 7-8 uL. The ce l l  was u t i l i z e d  i n  

both  a two-el ec t r o d e  and t h r  ee-el ec t r o d e  s h o r t - c i r c u i t e d  

geometry mode (19) .  In t h e  former c o n f i g u r a t i o n  t h e  upper LTIC 

p l a t e  served as a " re ference l l  e l e c t r o d e  t o  which t h e  a u x i l i a r y  

e l e c t r o d e  l e a d  from t h e  PAR 174A ( o r  B i o a n a l y t i c a l  Systems DCV-4 

a n a l y z e r )  had been s h o r t e d .  In t h e  t h r e e - e l e c t r o d e  shor t -  

This  

c i r c u i t e d  c o n f i g u r a t i o n  t h e  upper LTIC p l a t e  was sho r t ed  t o  t h e  

e x t e r n a l  Ag/AgCl r e f e r e n c e  e l e c t r o d e .  The s t a i n l e s s  s teel  

c a p i l l a r y  served a s  bo th  an e x i t  condu i t  and a u x i l i a r y  

e l e c t r o d e .  

Reagents 

The s t r u c t u r e s  of t h e  v a r i o u s  t y r o s i n e  and thy ron ine  

ana logs  used i n  t h i s  s t u d y  a r e  shown i n  F igure  2. The sodium 

sa l t s  of t r i i o d o t h y r o n i n e  ( T  ) and t e t r a i o d o t h y r o n i n e  (T4) a s  

well  a s  t h e  compounds d i i o d o t h y r o n i n e  ( T 2 ) ,  monoiodotyros ine  

( M I T I ,  d i i o d o t y r o s i n e  ( D I T )  and t h y r o n i n e  (To) were ob ta ined  

from t h e  Sigma Chemical Co. (St .  Louis,  MO 63178). The r e v e r s e  

t r i i o d o t h y r o n i n e  ( r T 3 )  used was from t h e  same l o t  o f  m a t e r i a l  

p rovided  e a r l i e r  by Dr. Russel Saunders o f  t h e  Nuclear Medical 

Labora to r i e s .  

3% (v/v) concen t r a t ed  NH40H i n  methanol ( F i s h e r  S c i e n t i f i c ,  

Mont rea l ,  PQ). These m a t e r i a l s  were s t o r e d  t i g h t l y  capped a t  

3 

Stock  s t a n d a r d s  were prepared a t  1.00 mg mL-' i n  

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



2282 HEPLER AND PURDY 

a. 

b. 

C. 

d. 

e. 

f. 

9- 

h. 

HO@H#-l~OOH Tyrosine 
I 

FIGURE 2. S t r u c t u r e s  of t h e  v a r i o u s  t y r o s i n e  and t h y r o n i n e  
ana logs .  a.  Tyros ine ,  b . Monoiodotyrosine , c . D i -  
i o d o t y r o s i n e ,  d .  Thyronine,  e. Modo thyron ine ,  
f .  T r i iodo thyron ine ,  g .  l1Reversedl1 t r i i o d o -  
t h y r o n i n e ,  h .  Te t r a iodo thyron ine  . 

- 2 O O C .  Fresh  s t a n d a r d s  were prepared eve ry  s i x  weeks. Working 

s t a n d a r d s  were prepared  a s  needed i n  t h e  a p p r o p r i a t e  

chromatographic mobile phase.  

Proc ed ur e s 

A l l  g l a s sware  used was first washed wi th  Fisher-brand 

(Spark leen)  d e t e r g e n t ,  followed by  r i n s i n g  first i n  t a p  water 
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DUAL COULOMETRIC-AMPEROM73TRIC DETECTION 2283 

and f i n a l l y  i n  d i s t i l l e d  water .  These washed items were soaked 

ove rn igh t  i n  6 HNO r i n s e d  aga in  i n  t a p  water followed by 

d i s t i l l e d  wa te r ,  oven d r i e d ,  cooled  and s i l y l a t e d  wi th  10% (v /v)  

c h l o r o t r i m e t h y l s i l a n e  i n  to luene .  Th i s  r e a g e n t  was prepared  

from t o l u e n e  which had been d r i e d  and s t o r e d  over  molecular  

s i e v e s  (American Chemicals Ltd. ,  g rade  564, t y p e  3A, 8-12 mesh). 

The combined s i l a n e - t o l u e n e  r e a g e n t  was a l s o  s t o r e d  ove r  t h e s e  

same molecular  s i e v e s  and reused  up t o  t e n  times. A l l  s i l y l a -  

t i o n s  were c a r r i e d  o u t  b y  t o t a l  immersion i n  t h e  s i l y l a t i o n  b a t h  

f o r  15-30 min, followed by  t o l u e n e ,  t hen  methanol r i n s i n g  and 

f i n a l l y  o v e r n i g h t  oven d ry ing  a t  120OC. Glassware prepared  i n  

t h i s  manner was then  s t o r e d  d e s s i c a t e d  a t  room tempera tu re  u n t i l  

used. 

3' 

Dup l i ca t e  hydrodynamlc voltammograms were run on chromato- 

g r a p h i c  peaks fo l lowing  20-pL i n j e c t i o n s  of m i x t u r e s  c o n t a i n i n g  

25 ng each o f  T2, T3 and rT and 50 ng o f  T4; d u p l i c a t e  voltam- 

mograms were taken  a f t e r  independent  2 0 4  i n j e c t i o n s  o f  25 ng 

each of MIT, DIT and To. 

p o t e n t i a l  s e t t i n g  i n  t h e  r e g i o n  o f  t h e  hydrodynamic p l a t e a u  

( i  .e., t h e  p o t e n t i a l  i n v a r i a n t  peak he igh t I4  t o  a n e g a t i v e  v a l u e  

where t h e  s i g n a l  was i n d i s t i n g u i s h a b l e  from t h e  background. 

These voltammograms were p l o t t e d  from averaged peak c u r r e n t  

v a l u e s  a s  a f u n c t i o n  o f  p o t e n t i a l  a p p l i e d .  I n j e c t i o n  and r e t en -  

t i o n  p r e c i s i o n  d a t a  were ob ta ined  from 10 r e p l i c a t e  i n j e c t i o n s  

of 25 ng each (50 ng i n  t h e  c a s e  o f  T,,) of  t h e  m i x t u r e s  noted 

3 

Voltammograms were run  from a p o s i t i v e  
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2284 HEPLER AND PURDY 

above. R e l a t i v e  r e t e n t i o n  d a t a  were determined us ing  r T  a s  an 

i n t e r n a l  s t anda rd .  

3 

Dual-cell, d i f f u s i o n - l a y e r  approximat ion  v e r i f i c a t i o n  and 

coulome t r i c - y i e l d  ( el  e c t r o l  ys i s -e f  f i c i e n c  y) ex per iments  were 

c a r r i e d  o u t  wi th  t h e  amperometric-cell ( o r  l lfollowingll  TLED 

c e l l )  p o t e n t i a l  set a t  1.500 V and t h e  cou lomet r i c  ( g u a r d )  TLED 

c e l l  p o t e n t i a l  v a r i e d  a s  necessa ry .  MIT and DIT ( a t  concen- 

t r a t i o n s  o f  25 ng/20)1L) were used as  model compounds i n  elec- 

t r o l  y s i  s-recover y ( e f f i c i e n c y )  ex per imen ts. In t h e s e  r ecove ry  

exper iments  t h e  a p p l i e d  p o t e n t i a l  of t he  guard ce l l  was set on 

t h e  expe r imen ta l ly  de te rmined  hydrodynamic p l a t e a u  f o r  t h e  par- 

t i c u l a r  a n a l y t e  and t h e  change i n  r ecove ry  f o r  t h e  compound was 

monitored by t h e  amperometric c e l l  a s  t h e  guard c e l l  was turned  

on and then  o f f  d u r i n g  s e p a r a t e  runs .  Recovery was then  deter- 

mined by t a k i n g  t h e  r a t i o  of t h e  peak c u r r e n t  ob ta ined  a t  t h e  

fo l lowing  amperometric c e l l  wi th  t h e  guard c e l l  tu rned  on ,  t o  

t h a t  ob ta ined  wi th  t h e  guard c e l l  tu rned  o f f .  When t h i s  r a t i o  

is  m u l t i p l i e d  b y  a factor of 100 pe rcen t  r ecove ry  i s  ob ta ined .  

If t h i s  pe rcen tage  is s u b t r a c t e d  from 100, t h e  p e r c e n t  e l e c t r o -  

l y s i s  e f f i c i e n c y  forz a g iven  a n a l y t e  under de f ined  c o n d i t i o n s  a t  

a g iven  c e l l  can be  de te rmined .  

In  d u a l  c e l l  exper iments  on t h e  e l e c t r o c h e m i s t r y  of t h e  

t h y r o i d  hormones, t h e  guard c e l l  p o t e n t i a l  was v a r i e d  u n t i l  t h e  

hydrodynamic p l a t e a u  f o r  a s p e c i f i c  t h y r o i d  hormone was 

de te rmined .  The e l e c t r o l y s i s  p roduc t s  ob ta ined  from t h i s  oxida- 
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DUAL COULOMETRIC-AMPEROMETRIC DETECTION 2285 

t i o n  p rocess  were then  monitored a t  t h e  fo l lowing  amperometric 

ce l l  a t  a p o t e n t i a l  of 1.500 V, a s  a f u n c t i o n  of  a n a l y t e  recov- 

e r y  (guard  c e l l  o f f ,  then  on) and t r a n s p o r t  time between t h e  

guard and amperometric ce l l .  By v a r i a t i o n  of t h e  flow ra te  bo th  

a n a l y t e  r ecove ry  of t h e  c e l l s  s t u d i e d  and t h e  t r a n s p o r t  time 

between ce l l s  could b e  v a r i e d .  Flow r a t e s  used i n  t h e s e  s t u d i e s  

were 0.20, 0.50, 0.70, 1.00 and 1.50 (20.02) mL min-’. In t h e s e  

l a t t e r  exper iments  a l l  r e c o v e r i e s  ob ta ined  a s  a f u n c t i o n  of t h e  

e l e c t r o l y t i c  removal o f  a n a l y t e  by t h e  guard ce l l ,  were normal- 

i zed  by t h e  averaged r ecove ry  ob ta ined  from t h e  model compounds 

MIT and DIT eva lua ted  under t h e  same c o n d i t i o n s .  

For a l l  o f  t h e s e  exper iments  t h e  chromatographic columns 

were the rmos ta t t ed  a t  6OoC. 

RESULTS AND DISCUSSION_ 

P r e c i s i o n  S t u d i e s  

Represen ta t ive  p r e c i s i o n  data  f o r  t h e  d u a l - c e l l  TLED system 

were obta ined  from t h e  chromatographic a n a l y s i s  o f  academic t e s t  

m i x t u r e s  o f  t h e  t h y r o i d  hormones. These d a t a  a r e  p re sen ted  i n  

Tables  1-3 and i n  F igu re  3. Within-day and between-day r e t e n -  

t i o n  d a t a  can be  compared from Tables  2 and 3 .  

expected f o r  bo th  c a s e s  r e t e n t i o n  p r e c i s i o n  is  b e s t  when based 

upon an i n t e r n a l  s t anda rd  ( r T  1. 

As might be  

3 
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2286 HEPLER AND PURDY 

TABLE 1 

Tabulated Peak Height Data from 20-pL In jec t ions  of a Mixture of  
T T r T  and T Containing 25, 25, 25 and 50 ng, 
R$Lpe&ive$y. 
were: applied poten t ia l  o f  ana ly t i ca l  c e l l ,  1.500 V ( shor t -  
c i r cu i t ed  geometry); applied poten t ia l  of guard c e l l  9.600 V 
(51% e l e c t r o l y s i s  e f f i c i ency) ;  flow r a t e  1.00 mL min- ; 50:50 
aqueous 0.015 2 phosphate bu f fe r ,  pH 2:methanol; temperature of 
LC column, 6OoC. Peak heights  were measured i n  nA. 

CoAditions of the  chromatographic experiment 

3 T4 r T  3 T T2 

Mean 59.91 33.21 26.01 32.63 
SD 0.728 0.413 0.402 0.449 
RSD 0.01 22 0.01 24 0.0155 0.01 38 
n 10 10 10 10 

TABLE 2 

Within-Day Retention Time  (RT) and Relative Retention Time (RRT) 
Data for  a Mixture of T2, r T 3  and T4. Chromatographic 
condi t ions a re  the  same asT&ose i n  Table 1. 

RT, min R R T ~  

T2 T3 3 T4 T2 T3 T4 r T  

Mean 4.14 5.91 8.11 9.46 0.510 0.728 1.166 
SD 0.0852 0.105 0.127 0.120 0.00864 0.0115 0.00989 
RSD 0.0206 0.0178 0.0157 0.0127 0.0169 0.0159 0.00849 
n 12 12 12 12 12 12 12 

3 
Relative to  r T  a 

Evaluation of the Coulometric TLED Cell for  Application i n  

Dual-Cell Ex per i m e n t s  

As mentioned previously.  t he  coulometric TLED c e l l  has 

many uses i n  l i qu id  chromatography. One of  these i s  t o  

se l ec t ive ly  serve  as  an on-line clean-up (o r  guard) device t o  
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DUAL COULOMETEU C-AMP EROMETRIC DETECTION 2287 

TABLE 3 

a Between-Day Retention Time ( R T )  and Relative Retention Time 
(RRT) Data fo r  a M i x t u r e  of T2, 
condi t ions a re  the  same a s  those 

Chromatographic 

RT, min R R T ~  

T2 T3 r T  3 T4 T2 T3 T4 

Mean 4.22 6.26 8.58 9.97 0.492 0.730 1.162 
SD 0.126 0.321 0.434 0.523 0.0184 0.0132 0.0210 
RSD 0.0300 0.0512 0.0505 0.0524 0.0374 0.0181 0.0181 
n 11 11 11 11 11 11 11 

a 

bRelative to  r T  
Collected over a two-week period 

3' 

0 5  1.0 1.5, , , , --b * 

FIGURE 3. Representative chromatograms from r e p e t i t i v e  20-uL 
i n j ec t ions  of an academic mixture of T2. T3* r T  (25 
ng each) and T4 (50 ng)  i n t o  the  chromatographi2 
system containing the  dual-cell  de tec tor .  The guard 
c e l l  po ten t ia l  was set a t  0.600 V and the  ampero- 
metr ic  detect ion c e l l  po ten t ia l  a t  1.500 V. 
Chromatographic condi t ions a re  given i n  Table 1. 
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2288 EIEPLER AND PURDY 

remove unwanted e lec t roac t ive  background e i t h e r  contained i n  t h e  

mobile phase o r  introduced i n t o  i t  during the  chromatographic 

process. Conceptually, t he  pr inc ip le  of t h i s  use  is s t r a igh t -  

forward: however, i n  the  present context  i ts implementation was 

of l imited success.  The inherent  advantage of a coulometric 

c e l l  i s  the  complete conversion of the  t o t a l  amount of mater ia l  

ava i lab le  fo r  the  e l e c t r o l y s i s  process,  a s  opposed to  the  r a the r  

small port ions converted i n  amperometric c e l l s .  The p rac t i ca l  

disadvantage of t he  coulometric c e l l  l i es  i n  the c e l l  geometry 

required t o  achieve t o t a l  conversion of an e l ec t roac t ive  

analyte .  H i s to r i ca l ly  t h i s  has meant using packed beds of 

conduction f i b e r s  or  p a r t i c l e s  (17,23) ,  l a rge r  sur face  area 

channel e lectrodes (13.15.24) or a metal-gauze or  carbon-cloth 

electrode (25).  It has been noted (21.23.24) t h a t  under these 

condi t ions the  l a rge r  e lec t rode  sur faces  resu l ted  i n  propor- 

t i o n a l l y  l a rge r  background cu r ren t s  and hence s imi la r  s ignal-  

to-noise r a t i o s .  Additionally the  argument can be made t h a t  

w i t h  the  increased e lec t rode  a reas  necessary t o  achieve t o t a l  

conversion come increased ce l l  volumes which a re  po ten t i a l ly  

detr imental  to chromatographic processes. These problems a r e  

due t o  l a rge r  extra-column dead volumes which f a c i l i t a t e  band 

broadening. 

By using LTIC p l a t e  e lec t rodes  and the  c e l l  design shown in  

Figure 1 it was hoped t o  obviate  both problems mentioned above. 

Using the diffusion-layer  approximation theory (15.22) and an 
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DUAL COULOMETRIC-AMPEROMETRIC DETECTION 22 89 

7 assumed flow rate  o f  1.00 mL min- , t h e  ce l l  e f f i c i e n c y  was 

p l o t t e d  a g a i n s t  t h e  working e l e c t r o d e  a r e a  a t  t h e  v a r i o u s  FTFE 

t empla t e  t h i c k n e s s e s  a v a i l a b l e  (see F igure  4). A close inspec -  

t i o n  of t h i s  f i .gure demons t r a t e s  t h e  dynamic a s p e c t  of va ry ing  

t h e  t empla t e  t h i c k n e s s .  For example, i f  a ce l l  of 90% coulo- 

metric e f f i c i e n c y  i s  r e q u i r e d ,  a working e l e c t r o d e  a r e a  o f  1.7 

cm2 is needed wi th  a 0.00064-cm space r  o r  an e l e c t r o d e  a r e a  of 

z 5.0 cm wi th  a 0.0025-cm space r .  Th i s  t r a n s l a t e s  i n t o  c e l l  

volumes of 11 and 130 pL, r e s p e c t i v e l y .  Snyder and Kirk land  (7) 

have p r e v i o u s l y  observed t h a t  i t  is d e s i r a b l e  to  keep extra- 

column dead volumes t o  less than  100 pL and i d e a l l y  less t h a n  30 

pL. With t h e  advent  of microbore  chromatography (26) keeping  

100 

80 
V c .g 60 
.- 
.c 

40 

20 

0 

N 

0 2 4 6 8 
Electrode Areal cm2 

FIGURE 4. P l o t  of e l e c t r o l y s i s  e f f i c i e n c y  v s .  working e l e c t r o d e  
a r e a  as  a f u n c t i o n  of space r  t h i c k n e s s .  These d a t a  
wer$,obtained for a c o n s t a n t  f low r a t e  of 1.00 mL 
min and wi th  t h e  working e l e c t r o d e  width equal  t o  
t h e  channel  width.  C a l c u l a t i o n s  were based on t h e  
d i f f u s i o n - l a y e r  approximation theo ry .  Thicknesses  
a re :  A 0.00064, 0 0.0013, 0.0019, 0 0.0025, 
0.0051 c m .  
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2290 BEPLER AND PURDY 

t h i s  parameter smal l  becomes even more c r u c i a l .  Examination o f  

F igu re  4 r e v e a l s  t h a t  t h e  e a s i e s t  way t o  ach ieve  t h e  g o a l  of 

sma l l e r  c e l l  volumes i s  t o  d e c r e a s e  t empla t e  t h i c k n e s s .  The use  

o f  LTIC e l e c t r o d e  m a t e r i a l  helped t o  r e a l i z e  t h i s  g o a l .  

P r e l i m i n a r y  exper iments  w i th  two s t r i p s  o f  p l a s t i c ,  0.4 cm 

x 5.0 cm x 0,0006 cm t h i c k  placed a long  t h e  edge between two 

LTIC p l a t e s ,  demonst ra ted  t h a t  when t h e s e  p l a t e s  were squeezed 

t o g e t h e r  between t h e  PTFE-insulated jaws of a v i s e ,  c o n t a c t  

between t h e  p l a t e s  d i d  n o t  occur .  Thus, i n  p r i n c i p l e ,  any  

commercially a v a i l a b l e  PTFE m a t e r i a l  of t h i s  o r  g r e a t e r  

t h i c k n e s s  could s e r v e  a s  a spacer  i n  TLED ce l l s .  

Two p l a t e s  which e x h i b i t e d  no c o n t a c t  under t h e  above 

c o n d i t i o n s  were chosen a s  e l e c t r o d e s  i n  t h e  TLED c e l l .  When 

c o n s t r u c t e d ,  however, it was q u i c k l y  appa ren t  t h a t  i r r e s p e c t i v e  

of t h e  t h i c k n e s s  o f  space r  m a t e r i a l  (0.00064-0.0051 cm), no TLED 

cel l  could be assembled t h a t  possessed  an e f f i c i e n c y  g r e a t e r  

than  50% a t  a flow r a t e  o f  1.00 5 0.01 mL min-I. 

t o  e l e c t r o d e  c o n t a c t  problems and was independent  o f  t empla t e  

t h i c k n e s s .  More e f f i c i e n t  e l e c t r o l y s i s  could be  achieved a t  

slow flow r a t e s  (maximum 86% a t  0.20 2 0.02 mL min-'),  t h e  

t rade-of f  be ing  g r e a t l y  extended a n a l y s i s  times. No f u r t h e r  

s t u d i e s  on electrode m a t e r i a l  were under taken .  

This was due  

The i n a b i l i t y  t o  f u l l y  a c h i e v e  t h e  promise offered by t h e  

LTIC m a t e r i a l s  was a d isappoin tment .  However it was f e l t  t h a t  

t h e  f a i l u r e  was n o t  w i th  t h e  m a t e r i a l  i tself bu t  r a t h e r  w i th  its 
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bonding to  t h e  Kel-F. In a f f i x i n g  t h e  LTIC p l a t e s  t o  t h e  Kel-F 

h e m i c y l i n d r i c a l  c e l l  h a l f  w i th  t h e  Em-TEK 353 ND epoxy, a 

c u r i n g  t empera tu re  of 6OoC was used (27). Although bo th  t h e  

Kel-F ( 2 8 )  and t h e  LTIC (29) m a t e r i a l s  are s t a b l e  a t  t h i s  

t empera tu re ,  some expansion and c o n t r a c t i o n  does  occur  due  t o  

t h e  d i f f e r e n t  thermal  p r o p e r t i e s  of  t h e  two m a t e r i a l s .  When 

t h i s  o c c u r s ,  even t h e  s l i g h t e s t  llwarpingll of one  or bo th  

s u r f a c e s  can be  expected which l e a d s  t o  c o n t a c t  problems such  a s  

t h o s e  observed above. h e  might s p e c u l a t e  t h a t  a l lowing  t h e s e  

m a t e r i a l s  t o  c u r e  g r a d u a l l y  a t  room tempera tu re  might o b v i a t e  

t h i s  problem. Cells c o n s t r u c t e d  r e c e n t l y  ( 3 0 )  wi th  a 3-5 day  

c u r i n g  may y e t  f u l f i l l  t h e  promise i n i t i a l l y  sugges ted  f o r  t h e  

LTIC p roduc t .  In t h e  p r e s e n t  work it was dec ided  t o  a c c e p t  t h e  

e l e c t r o l y s i s  e f f i c i e n c i e s  t h a t  t h e  l lcoulometricll  cel l  would g i v e  

a t  a f low r a t e  of 1.00 mL min-". 

The 8-VL volume added by t h e  l lcoulometricll  cel l  had a 

n e g l i g i b l e  i n f l u e n c e  on chromatographic parameters .  In  con- 

t ras t ,  a l though  S c h i e f f e r  ( 1 7 )  also found n e g l i g i b l e  effects  

wi th  t h e  a d d i t i o n  o f  a packed-bed cou lomet r i c  c e l l  t o  a chromat- 

og raph ic  system i n  one  a p p l i c a t i o n ,  i n  r e l a t e d  work ( 3 1 )  us ing  a 

t e c h n i c a l l y  much less  compl ica ted  packed-bed ce l l  an o v e r a l l  12% 

l o s s  i n  chromatographic e f f i c i e n c y  was observed .  The use o f  

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

t h e  advantages  of dec reased  cell  volumes, b u t  t h e  p o s s i b i l i t y  of 

app ly ing  l lsuper-coulometricll  t e c h n i q u e s  (14,15,32) i n  a n a l y s e s  
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2292 HEPLER AND PURDY 

where t h e  p o t e n t i a l  o f  one  p l a t e  is c o n t r o l l e d  a t  an o x i d i z i n g  

p o t e n t i a l  and t h a t  o f  t h e  f a c i n g  p l a t e  a t  a reducing  p o t e n t i a l .  

Th i s  i s  n o t  p o s s i b l e  wi th  packed-bed cel ls .  

F i n a l l y  t h e  d u a l - c e l l  approach was used t o  reduce  back- 

ground c u r r e n t .  Employing t h e  d u a l  LTIC p l a t e  e l e c t r o l y s i s  

guard c e l l  wi th  an e l e c t r o l y s i s  e f f i c i e n c y  of 50.0 2 2.0% 

(determined over  a two-week p e r i o d )  t h e  p o t e n t i a l  o f  t h e  working 

e l e c t r o d e  was set a t  0.600 V ,  t h e  f o o t  o f  t h e  wave f o r  t h e  most 

r e a d i l y  ox id i zed  t h y r o i d  hormone ( r T  1. Background c u r r e n t s  

were measured. Background c u r r e n t s  recorded  a t  t h e  amperometric 

(8.6 2 0.1% e f f i c i e n t )  a n a l y s i s  ce l l  ( p o t e n t i a l  of t h e  working 

e l e c t r o d e  set a t  1.500 V) ranged from 75-200 nA wi th  t h e  guard  

c e l l  o f f .  When t h e  guard c e l l  was o p e r a t i n g ,  t h e  r e d u c t i o n  i n  

background c u r r e n t s  a t  t h e  amperometric ce l l  ranged from 25-50 

nA. For t h e  d u a l - c e l l  approach t h i s  t r a n s l a t e s  to  a r e d u c t i o n  

of 25-338. Since  t h i s  r educ t ion  ref lects  l o s s e s  i n  t h e  f a r a d a i c  

component o f  t h e  background c u r r e n t ,  t h e  range  i n  v a l u e s  i s  due 

3 

t o  t h e  q u a l i t y  v a r i a t i o n  o f  t h e  mobile phase which was prepared  

on a d a i l y  b a s i s .  More impor t an t ,  when d e t e c t i o n  limits f o r  a 

g iven  day were compared f o r  t h e  d u a l - c e l l  approach and t h e  

s i n g l e  amperometric X E D  c e l l  (19). lower d e t e c t i o n  l i m i t s  were 

seen wi th  t h e  d u a l  c e l l  (see Table  4). These resu l t s ,  u s ing  t h e  

same c e l l s ,  t e m p l a t e s ,  chromatographic c o n d i t i o n s  and c a l i b r a -  

t i o n  t e c h n i q u e s ,  sugges t  t h a t  i f  f a r a d a i c  components of t h e  

background a r e  minimized by t h e i r  e l e c t r o l y t i c  removal from t h e  
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DUAL COULOMETRIC-AMPEROMETRIC DETECTION 2293 

TABLE 4 

b L i m i t  o f  Detec t iona  Determined a s  t h e  Amougt of Analyte 
Necessary Under Chromatographic Condi t ions  to  Generate a S i g n a l  
Twice t h e  S ize  o f  t h e  Peak-to-Peak Noise for Both t h e  S i n g l e  
Amperometric Cell and Dual-Cell Systems. 

Ra t io  d S i n g l e  c e l l  , ng Dual cel le ,  ng s i n g l e / d u a l  

0.12 
0.096 
0.18 

0.047 2.6 
0.061 1.6 
0.096 1.9 

a 

bva lue  i n  nA from amperometric c e l l  d a t a .  

d2:rnethanol; column t empera tu re ,  6OOC. 
Amperometric TLED c e l l  (8.6 2 0.1% e f f i c i e n t )  s h o r t - c j r c u i t e d  
geometry,  app l i ed  p o t e n t i a l  1.00 V. 
TLED guard ce l l ,  0.600 V a p p l i e d  p o t e n t i a l ,  50.0 2 1% e 
e f f i c i e n t ,  amperometric TLED ce l l  a s  i n  ( d )  . 

Determined a s  s e n s i t i v i t i e s  i n  nA ng-I and tw ice  t h e  p-p n o i s e  

Using academ'c s t a n d a r d s  o f  T , r T  and T 
C 1.00 mL min-': 50:50 (v /v )  aqaeous 3 0.015 l ' p h o s p h a t e  b u f f e r ,  pH 

mobile phase ,  flow-dependent n o i s e  w i l l  i n  t u r n  be  minimized 

wi th  a p p r o p r i a t e  improvements i n  t h e  l i m i t s  of d e t e c t i o n .  

Except fo r  T t h e  improvement seen i n  t h e  r a t i o  of d u a l - c e l l :  

s i n g l e - c e l l  response ref lects  a s i m i l a r  improvement i n  t h e  l i m i t  

3' 

o f  d e t e c t i o n  f o r  s i m i l a r  e l e c t r o d e  p rocesses .  The d e v i a t i o n  of  

t h e  T va lue  from t h e  o t h e r  v a l u e s  seen i n  Table 4 i s  p robab ly  

a r t i f a c t u a l  and due t o  chromatographic f a c t o r s  i nvo lv ing  bands  
3 

e l u t i n g  c l o s e  t o  t h e  void volume and e x t r a  column band 

broadening .  

Determina t ion  of TLED Cell E f f i c i e n c i e s  

The d u a l - c e l l  approach was used t o  e m p i r i c a l l y  de t e rmine  

s p e c i f i c  TLED ce l l  e f f i c i e n c i e s .  The cel l  o f  i n t e r e s t  se rved  a s  
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2294 HEPLER AND PURDY 

t h e  f irst  i n  a two-cell sequence and its e f f e c t  on t h e  removal 

o f  a t es t  a n a l y t e  (MIT and DIT) from t h e  f low stream was 

de termined .  In t h e s e  exper iments  t h e  f i r s t  c e l l  was u t i l i z e d  i n  

t h e  "two-electrode'! mode, w i th  e i t h e r  t h e  p la t inum d i s c  (19) o r  

t h e  upper LTIC p l a t e  ( F i g u r e  1) s e r v i n g  a s  a combined 

a u x i l i a r y - r e f e r e n c e  e l e c t r o d e .  With t h e  second c e l l  f u n c t i o n i n g  

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

i n j e c t i o n s  o f  t h e  model compounds as a f u n c t i o n  o f  t h e  f i rs t  

c e l l  be ing  turned  o f f  o r  on ,  would r e p r e s e n t  t h e  e l e c t r o l y s i s  

e f f i c i e n c y  o f  t h e  f i r s t  c e l l .  In t h e s e  s t u d i e s ,  3 t o  5 i n j e c -  

t i o n s  of  each  compound were g e n e r a l l y  made and t h e  average  of 

r e s u l t s  for MIT and DIT were compared. 'he p r e c i s i o n  of t h e s e  

measurements for bo th  peak h e i g h t  and r e t e n t i o n  were c o n s i s t e n t  

wi th  t h e  d a t a  i n  Tab les  1-3; agreement between t h e  averaged MIT 

and D I T  v a l u e s  was wi th in  2%. Typica l  hydrodynamic t r a c i n g s  as 

a func t ion  of t h e  p o t e n t i a l  a p p l i e d  to  t h e  f i r s t  c e l l  ( o r  ce l l  

be ing  t e s t e d )  a r e  i n  F igu re  5. The r e sponse  o f  t h e  t es t  and t h e  

a n a l y t i c a l  cel l  a r e  shown i n  5 a  and 5b ,  r e s p e c t i v e l y .  These 

p l o t s  a r e  bo th  de te rmined  a s  averaged peak c u r r e n t s  v s .  t h e  

p o t e n t i a l  app l i ed  to t h e  guard ce l l .  It was noted t h a t  w i th  t h e  

a n a l y s i s  ce l l  held e s s e n t i a l l y  a t  i n f i n i t e  p o t e n t i a l ,  t h e  

hydrodynamic voltammograms ob ta ined  a r e  q u a l i t a t i v e l y  t h e  m i r r o r  

image of t h o s e  gene ra t ed  a t  t h e  test  cell .  P l a t e a u s  a r e  

achieved  bo th  p r i o r  t o  and fo l lowing  t h e  e l e c t r o l y s i s  p r o c e s s  

o c c u r r i n g  i n  t h e  test  c e l l .  The r e l a t i v e  magnitude of c u r r e n t  
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FIGURE 5. Hydrodynamic voltammograms for  MIT and D I T  a s  a 
function of the  guard cel l  po ten t ia l  i n  t he  dual-cel l  
system. A. Voltammogram f'rom the  guard c e l l .  B. 
Voltammogram from the  ampermetric TLED c e l l .  
Applied poten t ia l  of t he  amperometric c e l l  was s e t  a t  
1.500 V ,  using short-circui ted geometry. Guard c e l l  
was i n  two-electrode mode. Each point is the  average 
of dupl ica te  determinations.  Chromatographic 
condi t ions a re  given i n  Table 1. 
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2296 KEPLER AND PURDY 

seen a t  each c e l l  i n  s e r i e s  is a r e f l ec t ion  of the  approximate 

fac tor  of 5 d i f fe rence  i n  the  e lec t rode  a reas  between the  two 

c e l l s ,  t he  c e l l  geometries and poten t ia l  applied t o  the  guard 

c e l l .  ‘Ihe r e l a t i v e  d i f fe rence  i n  t he  magnitude of current  

between MIT and DIT for  a s imi la r  e lectron t r ans fe r  process i s  

due t o  the  f a c t  t h a t  a l l  voltammograms i n  t h i s  work were 

obtained under chromatographic condi t ions and MIT e l u t e s  before 

DIT. If voltammograms such as  these a r e  generated,  t he  plateau 

cur ren ts  observed i n  t he  amperometric analysis-cel l  t r ac ing  

(Figure 5b) can be used d i r e c t l y  t o  determine e l e c t r o l y s i s  

e f f ic iency  . 

Demon st r a t ion of Ad her ence t o  the  D i  f f usion-La yer Approx imat ion 

Theory 

It i s  graphica l ly  possible  t o  d isp lay  a logarithmic elec- 

t r o l y s i s  e f f ic iency  parameter for  channel e lec t rodes  a s  a 

function of a logarithmic c e l l  geometry parameter (15.22). This 

l a t t e r  parameter, rL,  is a combination of volume flow r a t e ,  c e l l  

thickness ,  c e l l  width, channel width, length of e lec t rode  and 

d i f fus ion  coe f f i c i en t  for  the  analyte  of i n t e r e s t .  The 

r e l a t ionsh ip  i s :  

DLWc 
rL = - 

6b 
2 where D is the  d i f fus ion  coe f f i c i en t  of t he  analyte  i n  cm 

sec-’, L i s  the  e lec t rode  length i n  cm, Wc is the  channel width 

i n  cm, u’ is the  volume flow r a t e  i n  cm3 sec” and b i s  the  c e l l  
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DUAL COULOMETRIC-AMPEROMETRIC DETECTION 2297 

thickness i n  cm. 

rL being expressed as  a function of the  normalized (by c e l l  

thickness ,  b )  d i f fus ion  l aye r ,  xL, determined a t  t he  end of  t h e  

electrode i n  t h e  d i r ec t ion  of flow (15.22). 

Wc is equal t o  the  e lec t rode  width, We,  with 

It has been shown previously (15) t h a t  rL is the  r a t i o  of 

analyte  residence time within the  c e l l  t o  t h e  time necessary for  

t he  analyte  t o  d i f fuse  t o  the e lec t rode  surface pr ior  t o  the  

electron-transfer  process. The shor te r  t he  c e l l  res idence time 

r e l a t i v e  t o  the d i f fus ion  t ime, the  l e s s  e f f i c i e n t  the  c e l l .  

This is seen i n  Figure 6 by observing the  decrease i n  c e l l  

e f f ic iency  a s  rL becomes smaller .  

0 -  

-5 - 
0 
C 

-2.0 - 

0 -2.0 -1.5 -1.0 -.5 
213 log r 

-2.01 
I 

0 -2.0 -1.5 -1.0 -.5 
213 log r 

FIGURE 6. Plot of the  logarithm of c e l l  e f f ic iency  v s .  a 
logarithmic function of 4 ,  t he  dimensionless r a t i o  of 
i n t e r c e l l  analyte  residence time to  the  time required 
for  t h e  analyte  t o  d i f f u s e  t o  the  working e lec t rode  
sur face  pr ior  t o  e lectron t r ans fe r  ( 1 5 2 2 ) .  
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2298 HEPLER AND PURDY 

Adherence t o  t h i s  r e l a t i o n s h i p  can be demonstrated by 

de termining  s t e a d y - s t a t e  c u r r e n t s  ob ta ined  a t  i n f i n i t e  p o t e n t i a l  

f o r  g iven  a n a l y t e s  a t  s p e c i f i c  c o n c e n t r a t i o n s  and comparing t h e  

expe r imen ta l ly  ob ta ined  v a l u e s  to  t h o s e  p r e d i c t e d  f o r  TLED c e l l s  

o f  known geometr ies .  ?his was e s s e n t i a l l y  t h e  approach used i n  

t h e  o r i g i n a l  v e r i f i c a t i o n  o f  t h e  d i f f u s i o n - l a y e r  approximation 

t h e o r y  app l i ed  t o  channel electrodes i n  a flowing stream 

(15,221. In t h e  p r e s e n t  work however, b y  us ing  e m p i r i c a l l y  

determined cel l  e f f i c i e n c y  v a l u e s  (ob ta ined  a s  d i s c u s s e d  above) 

and t h e  g r a p h i c  r e l a t i o n s h i p  o f  F igu re  6,  i t  is p o s s i b l e  t o  

e m p i r i c a l l y  de t e rmine  a s p e c i f i c  ce l l  geometry c o n s t a n t  based 

dpon t h e  f i x e d  geomet r i ca l  parameters  f o r  a g iven  c e l l  and upon 

knowledge o f  t h e  d i f f u s i o n  c o e f f i c i e n t  o f  t h e  a n a l y t e  o f  

i n t e r e s t  and t h e  flow r a t e .  The v a l u e  o f  t h i s  ce l l  geometry 

c o n s t a n t  i s  r e a d i l y  ob ta ined  from t h e  above equa t ion .  

In p r i n c i p l e ,  f o r  a g iven  a n a l y t e ,  TLED c e l l  and PTFE 

t empla t e ,  t h i s  va lue  should remain c o n s t a n t .  In p r a c t i c e ,  e x a c t  

knowledge o f  t h e  d i f f u s i o n  c o e f f i c i e n t  is unnecessary  for 

c o n d i t i o n s  of c o n s t a n t  t empera tu re ,  mobile-phase composi t ion  and 

a n a l y t e  composition a s  t h i s  va lue  w i l l  a l s o  be  c o n s t a n t  and 

become p a r t  o f  t h e  Ifcell cons t an t "  f o r  a g iven  system. Once 

t h i s  I f c e l l  cons t an tg1  v a l u e  h a s  been de termined ,  rL can be  v a r i e d  

a s  a f u n c t i o n  of  flow r a t e  and t h e  p r e d i c t e d  c e l l  e f f i c i e n c y  

(expressed  a s  pe rcen t  r ecove ry )  may be  compared t o  t h e  

e m p i r i c a l l y  determined ce l l  e f f i c i e n c y  ( expres sed  i n  a l i k e  
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DUAL COULOMETRIC-AMPEROMJITRIC DETECTION 22 99 

manner).  A p l o t  o f  t h i s  r e l a t i o n s h i p  should i d e a l l y  b e  a 

s t r a i g h t  l i n e  a t  a 45O a n g l e  through t h e  o r i g i n .  For t h e  TLED 

c e l l  used i n  t h e  p re sen t  work t h i s  r e l a t i o n s h i p  i s  p l o t t e d  i n  

F igu re  7 ( v a l u e s  t o  wi th in  1 % ) .  A s  i s  r e a d i l y  seen adherence  

occur s  up th rough a flow r a t e  of 1.00 mL min”. 

r a t e  d e v i a t i o n  from t h e  d i f f u s i o n - l a y e r  approximation t h e o r y  is 

observed. S ince  it i s  known t h a t  t h e  d i f f u s i o n - l a y e r  approxi -  

mation t h e o r y  h a s  been v a l i d a t e d  a t  f low r a t e s  up t o  3.0 mL 

min-’ (15.22) and t h e  flow r a t e s  u t i l i z e d  were measured t o  

wi th in  2 0.02 mL min-’ , t h e  d e v i a t i o n  i s  wi th in  t h e  c e l l  con- 

s t a n t  parameter.  Because t h e  same tempera tu re  to  wi th in  2 

O . l ° C ) ,  mobi le  phase and s t anda rd  s o l u t i o n  were used i n  t h i s  

d e t e r m i n a t i o n ,  t h e  v a r i a n c e  would be  expected t o  be i n  t h e  

geometr ic  parameters  o f  t h i s  c o n s t a n t .  This d e v i a t i o n  may, i n  

f a c t ,  be due  t o  t h e  expansion o f  t h e  PTFE t empla t e  a t  i n c r e a s e d  

Above t h i s  flow 

0 
0 20 40 60 80 100 

X recovery predicted 

FIGURE 7. P lo t  of pe rcen t  model compound found ( r ecove red )  vs .  
percentage  expec ted  f o r  TLED ce l l s  from t h e  
d i f f u s i o n - l a y e r  approximation t h e o r y  ( 1 5 2 2 ) .  
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2300 HEPLER AND PURDY 

flow rates  and/or a change i n  t h e  f low p a t t e r n  w i t h i n  t h e  ce l l  

which i n f l u e n c e s  t h e  t r a n s p o r t  of a n a l y t e  t o  t h e  electrode 

s u r f a c e .  In e i t h e r  e v e n t ,  a l l  exper iments  were c a r r i e d  o u t  a t  a 

-1 
f low r a t e  of 1.00 -+ 0.01 mL min 

which adherence to  t h e  d i f fus ion - l a  yer approximation t h e o r y  

ob ta ined  for t h e  c e l l  u t i l i z e d .  Use o f  t h e  dua l - ce l l  approach 

p rov ides  a way i n  which exper imenta l  d a t a  can be  gene ra t ed  f o r  

c e l l s  i n  which laminar  f l o w  does  n o t  o b t a i n  p r i o r  to  c r o s s i n g  

t h e  s u r f a c e  of t h e  working channel  e l e c t r o d e .  Although n o t  

app l i ed  i n  t h e  p r e s e n t  work, it would follow t h a t  w i th  knowledge 

o f  s p e c i f i c  JJcell  cons t an t J J  v a l u e s  (ob ta ined  from d a t a  u s i n g  

a n a l y t e s  of  known d i f f u s i o n  c o e f f i c i e n t s  under de f ined  condi- 

t i o n s )  i n  r e g i o n s  where t h e  d i f f u s i o n - l a y e r  approximation theo ry  

a p p l i e d ,  s t e a d y - s t a t e  c u r r e n t s  could be p red ic t ed  and/or 

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

de te rmined .  

or less  a s s u r i n g  a r eg ion  i n  

Dual-Cell E lec t rochemis t ry  o f  t h e  Thyroid Hormones 

The e l ec t rochemica l  o x i d a t i o n  o f  t h e  thy ro id  hormones i n  

a l l  p r o b a b i l i t y  emula tes  t h e  model compound chosen f o r  t h i s  

group,  t h y r o n i n e ,  To. 

e l e c t r o n  s t e p  wi th  i n c r e a s i n g  p o s i t i v e  p o t e n t i a l ;  s u b s e q u e n t l y  a 

To i s  i n i t i a l l y  ox id i zed  i n  a two- 

homogeneous h y d r o l y s i s  s t e p  o c c u r s  i n  which a quinone and ty ro -  

s i n e  r e s i d u e  a r e  produced (see F igure  8 ) .  Tyros ine  upon f u r t h e r  

i n c r e a s e  i n  p o t e n t i a l  is i t s e l f  ox id ized  i n  an o v e r a l l  two- 

e l e c t r o n  s t e p .  It has  been sugges ted  t h a t  t h e  t h y r o i d  hormones 
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DUAL COULOMETRIC-AMPEROMETRIC DETECTION 2301 

FIGURE 8 Cyclic voltammograms of To determined on carbon paste  
(CP) and LTIC s ta t ionan(  elecktiodes (20) .  Concentra- 
t ion  of T is  2.0 x 10 g mL i n  1.0 M H2S04. 1: 
2-electron oxidation Qf To, 2: 
of the  hydro ly t ica l ly  generated tyros ine ,  3: 2- 
e lec t ron  reduction of the  generated pquinone ,  4: 
subsequent 2-electron oxidation of p-hydroquinone . 

0 2-electFon oxidat ion 

follow a s imi la r  path ( 3 3 ) ;  t h i s  is  not refuted by the  present  

work. A cursory search of the  l i t e r a t u r e  has not yielded 

information of t he  r a t e  of hydrolysis  t o  form quinone and 

ty ros ine ;  however it has been suggested t h a t  the  determination 

of these constants  would be d i f f i c u l t  ( 3 3 ) .  The dual-cel l  

approach as  described above would seem t o  provide a useful way 

i n  which t o  explore these constants  i n  a qua l i t a t ive  i f  not a 

quan t i t a t ive  fashion. 

I n  the  current  work using the  dual-cell  system, the  guard 

c e l l  was s e t  such t h a t  t he  most d i f f i c u l t  t o  oxidize analyte  MIT 

and D I T  were electrolyzed e s s e n t i a l l y  a t  i n f i n i t e  po ten t ia l  

(i  .e. ,  1.500 V ,  Figure 5 ) .  Likewise, t he  following amperometric 

c e l l  was s e t  t o  a po ten t ia l  of 1.500 V. I n  p r inc ip le  a t  t h i s  

po ten t ia l  s e t t i ng  any MIT or  D I T  res idue generated a s  a function 

of hydrolysis of a given thyroid hormone would be ava i lab le  for  

oxidation a t  the  following amperometric c e l l .  Hence, t he  
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2302 HEPLER AND PURDY 

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

were t h e  i o d o d i n a t e d  r e s i d u e s  MIT and DIT. 

I n  s t u d y i n g  t h e  d u a l - c e l l  e l e c t r o c h e m i c a l  b e h a v i o r  of t h e  

t h y r o i d  hormones under  t h e s e  c o n d i t i o n s ,  it was f e l t  t h a t  i f  t h e  

r a t e s  of h y d r o l y s i s  of t h e s e  m a t e r i a l s  were f a s t  compared t o  t h e  

i n t e r c e l l  r e s i d e n c e  time w i t h i n  t h e  g u a r d  ce l l  (IP 0.5 sec for a n  

8-uL c e l l  volume) , t h e n  t h e  e l e c t r o l y s i s  r e c o v e r i e s  o b t a i n e d  

would c o r r e s p o n d  t o  t h o s e  of t h e  i o d i n a t e d  t y r o s i n e  r e s i d u e s  

(MIT and DIT) used  as  model compounds i n  t h e  p r e s e n t  work. 

However, when t h e  e x p e r i m e n t  was p e r f o r m e d ,  t h e  r e c o v e r i e s  found 

were q u i t e  d i f f e r e n t  from t h o s e  for  t h e  model compounds (see 

T a b l e  5). 

TA.BLE 5 

a 
TLED P e r c e n t  Recovery Using t h e  Dual-Cell System. Each v a l u e  
i n  t h e b t a b l e  r e p r e s e n t s  t h e  a v e r a g e  of a t  l e a s t  two d e t e r m i n -  
a t i o n s  of t h e  t h y r o i d  hormones o b t a i n e d  on t h r e e  s e p a r a t e  d a y s .  

Day 1 Day 2 Day 3 
% r e c o v e r y  % r e c o v e r y  % r e c o v e r y  

74.6 
64.4 
68.8 
80.6 

;?3 4 80.1 

MIT 51.4 
DI T 49.1 

TO 

;2 

76.8 
68.7 
73.3 
81.4 
83.4 

49.8 
49.7 

76.5 
64.4 
74.4 
83.3 
86.4 

48.8 
49.6 

Guard c e l l  p o t e n t i a l  set  a t  1.500 V u s i n g  t w o - e l e c t r o d e  mode, 
amperometr ic  TLED cel l  p o t e n t i a l  set  a t  1.500 V u s i n g  s h o r t -  

Determined c h r o m a t o g r a p h i c a l l y  ( c h r o m a t o g r a p h i c  c o n d i t i o n s  a s  
i n  T a b l e  4) w i t h  t h e  g u a r d  ce l l  o f f ,  t h e n  t u r n e d  o n .  

a 

bc i rcu i  t e d  geometry.  
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The s i z e  of t h e  r e c o v e r i e s  demonst ra te  t h a t  under t h e  

c o n d i t i o n s  no ted ,  e i t h e r  t h y r o i d  hormones a r e  n o t  be ing  removed 

a t  t h e  guard c e l l  i n  an o v e r a l l  p rocess  to  t h e  same e x t e n t  a s  

t h e  model compunds ,  t h e  i n t e r c e d i n g  homogeneous e l e c t r o l y s i s  

s t e p  i s  indeed n o t  i n s t a n t a n e o u s ,  o r  most l i k e l y ,  t h e  i n t e r -  

ced ing  homogeneous and he terogeneous  chemical p r o c e s s e s  fo l low-  

ing  t h e  i n i t i a l  2e o x i d a t i o n  of t h e  thy ro id  hormones i n  t h i s  

system a r e  more complex than  expec ted .  I n  t h e  f irst  i n s t a n c e ,  

i f  e l e c t r o l y t i c  removal o f  t h e  v a r i o u s  a n a l y t e s  were preceding  

t o  a sma l l e r  e x t e n t  one might r easonab ly  expec t  t h a t  a t  t h e  

p o t e n t i a l  app l i ed  t h e  ydrodynamic waves of t h e  thy ro id  hormones 

a t  t h e  guard c e l l  had no t  been achieved .  I n s p e c t i o n  o f  t h e  

voltammograms on Figure  9 however, demons t r a t e s  t h a t  a t  1.500 V 

mass t r a n s p o r t  c o n t r o l  i n  eve ry  c a s e  does  o b t a i n  and t h a t  hydro- 

dynamic p l a t e a u s  a r e  w e l l  e s t a b l i s h e d ,  hence,  t h e  p o t e n t i a l  

app l i ed  is e s s e n t i a l l y  T r i n f i n i t e t t .  As b e f o r e ,  superimposed upon 

t h e  sys tem,  o t h e r  r e l a t i v e  d i f f e r e n c e s  i n  c u r r e n t  magnitudes a t  

t h e  two e l ec t rochemica l  ce l l s  f o r  s i m i l a r  o v e r a l l  e l e c t r o d e  

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

o f  t h e  voltammograms under chromatographic c o n d i t i o n s  ( e l u t i o n  

T3, r T  and T4). o r d e r  MIT, DIT,  T2, 

7 

3 
The second and t h i r d  e x p l a n a t i o n s  for t h e  observed d i f f e r -  

ences  i n  r ecove ry  a r e  i n t e r r e l a t e d  and a r e s u l t  o f  t h e  complex- 

i t i e s  of t h e  s p e c i f i c  system s t u d i e d .  (Xle might expec t  however, 

t h a t  i f  t h e  h y d r o l y s i s  r a t e  o f  t h e  i n t e r c e d i n g  r e a c t i o n  was slow 
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FIGURE 9. Hydrodynamic voltammograms a s  a function of guard 
c e l l  po ten t ia l  for  t he  e l e c t r o l y s i s  of T T , r T  
and T4 (25 ng of each ana ly te ,  r e ~ p e c t i v ~ y , ~ e x c e &  
for  T4 which was 50 n g ,  i n  a 20-pL i n j e c t i o n ) .  
Points a r e  the  average of dupl ica te  values.  A. 
Voltammogram from guard c e l l  using two-electrode 
model. B. Voltammogram from amperometric TLED c e l l  
using short-circui ted geometry and a constant applied 
poten t ia l  of 1.500 V. 
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( i . e . ,  > 0.5~1, i t s  measurement would be r ead i ly  made by exist- 

ing e l ec t roana ly t i ca l  methods (28). I n  the  context of t h e  

current  work w i t h  a pa ra l l e l  opposed two electrode c i r c u i t  i n  

t h e  guard cel l  present t h e  p o s s i b i l i t y  fo r  addi t ional  hetero- 

geneous reductive electrochemical reac t ions  does e x i s t  fur ther  

complicating in t e rp re t a t ion  of these r e s u l t s .  

Further experiments were undertaken t o  determine the  

inf luence of increasing the  time it takes  the  analyte  t o  flow 

from the  first t o  t h e  second c e l l .  I f  e lec t roac t ive  mater ia l  i s  

being generated as  a function of  time, an increase i n  t he  time 

between c e l l s  would be expected t o  r e s u l t  i n  an increased 

recovery r e l a t i v e  t o  the  model compounds MIT and DIT.  This 

experiment was performed and the r e s u l t s  a re  presented i n  Figure 

10, where normalized recovery (normalized t o  the  averaged MIT- 

D I T  recovery) i s  plotted as  a function of the t r a n s i t  time 

between the  guard and amperometric “LED c e l l s .  As can be  seen, 

the  recovery r e l a t i v e  t o  t h e  averaged model compounds does 

increase as  a function of time. In t e re s t ing ly ,  when these  

r e s u l t s  a r e  extrapolated back t o  zero time, it i s  seen t h a t  t he  

e f f i c i enc ie s  for  t he  e l e c t r o l y s i s  of t he  thyroid hormones equal 

those of the  model compounds. This i n f e r s  t h a t  within the  

residence time of the f i r s t  c e l l  an overa l l  electrochemical 

process does occur t h a t  is as e f f i c i e n t  ( i  .e., equal recovery) 

a s  t h a t  for  t h e  model compounds. Subsequent t o  t h i s  i n i t i a l  

oxidation process the  product( s) t h a t  have formed i n t e r a c t  
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5 7  

0 
0 5 10 15 20 25 

t /s 

FIGURE 10. Plot of t he  normalized ( t o  the  averaged MIT, D I T  
recovery values) e l e c t r o l y s i s  recovery of T 
r T  and T4 a s  a function of t ranspor t  time ? i n  s ec )  
bezween t h e  guard c e l l  (po ten t i a l  s e t t i n g  1.500 V) 
and the  amperometric TLED c e l l  (po ten t i a l  s e t t i n g  
1.500 V> i n  a dual-cell  experiment. 

T2,  T3, 

fur ther  through heterogeneous in t e rac t ions  and/or homogeneous 

in t e rac t ions  t o  produce addi t ional  e lec t roac t ive  analytes  t h a t  

are  r ead i ly  oxidized a t  the  following amperometric c e l l .  As can 

be seen from the r e l a t i v e  s lopes i n  Figure 10, the  overa l l  r a t e s  

of these processes a re  not uniform. The grea tes t  s i m i l a r i t y  

seems t o  occur between r T  

r ing  (see F i g u r e  2) is doubly iodinated.  By con t r a s t ,  molecules 

w i t h  a s ing le  iodinated outer  r i ng  (T2 and T ) seem t o  

demonstrate t h i s  inf luence a t  a slower r a t e .  

and T,,, molecules i n  which the  outer  3 

3 

The importance of these f indings i n  t he  current  system l i e  

i n  t he  u t i l i t y  of being able  t o  s e t  t he  guard c e l l  a t  a higher 

po ten t ia l  allowing for  grea te r  removal of fa rada ic  background 
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from t h e  mobile phase , whi le  still g e n e r a t i n g  e l e c t r o a c t i v e  

p roduc t s  de r ived  from t h e  t h y r o i d  hormones under i n v e s t i g a t i o n .  

Better unders tanding  o f  t h e  n a t u r e  o f  t h e  p rocess  o f  product ion  

of t h e s e  d e r i v a t i v e s  a w a i t s  f u r t h e r  s tudy .  

CONCLUSIONS 

The use  of t h e  d u a l - c e l l  approach, a l though no t  t o t a l l y  

s u c c e s s f u l  i n  demonst ra t ing  coulometr ic  y i e l d s ,  d i d  show t h a t  

r e d u c t i o n s  i n  background were p o s s i b l e .  In  a d d i t i o n ,  improve- 

ment was observed over p rev ious ly  eva lua ted  amperometric methods 

i n  t h e  l i m i t  of detection for thy ro id  hormones. The f a i l u r e  t o  

achieve  cou lomet r i c  y i e l d  wi th  t h e  d u a l  LTIC electrode c e l l  

des ign  is  due t o  manufacturing problems and n o t  w i th  t h e  des ign  

or m a t e r i a l s .  

Using t h e  d u a l - c e l l  approach it is p o s s i b l e  t o  s t u d y  bo th  

t h e  e l e c t r o l y s i s  of t h e  t h y r o i d  hormones and t h e  n a t u r e  of  t h e  

h y d r o l y s i s  c o n s t a n t  a s s o c i a t e d  w i t h  t h e  e l ec t rochemica l  

mechanism. Add i t iona l  work i n  t h i s  a r e a  may permit q u a n t i t a t i v e  

e v a l u a t i o n  of t h e  c o n s t a n t s  involved .  mso, t h e  use  o f  t h e  

d u a l - c e l l  approach i n  v a l i d a t i n g  adherence t o  t h e  d i f f u s i o n -  

l a y e r  approximation t h e o r y  f o r  t h in - l aye r  c e l l s  and i n  empiric- 

a l l y  e v a l u a t i n g  s p e c i f i c  cel l  e l e c t r o l y s i s  e f f i c i e n c i e s  h a s  been 

demonst ra ted .  These a r e  r e l i a b l e  t o o l s  h i c h  can be app l i ed  i n  

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

The u l t i m a t e  u t i l i t y  of t h e  d u a l - c e l l  approach may y e t  be 

wi th  cou lomet r i c  and supe rcou lomet r i c  cel l  c o n f i g u r a t i o n s .  A 
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2308 HEPLER AND PURDY 

system can be envisioned which has a guard c e l l  s e t  a t  " i n f i n i t e  

potent ia l"  for t he  e l e c t r o l y s i s  of t he  thyroid hormones, 

removing other  fa rada ic  background present i n  the  mobile phase 

subject  t o  e l e c t r o l y s i s  a t  these poten t ia l s .  After s u f f i c i e n t  

time delay the  e f f luen t  stream would t h e n  proceed to  a super 

coulometric c e l l  which would be s e t  t o  electrochemically recycle  

an electrochemically revers ib le  couple (i  .e., t h e  iodinated 

quinone-hydroquinone couple) , amplifying the  s ignal  accordingly. 

I n  theory (15,22,32),  s u f f i c i e n t  s ignal  could be generated t o  

analyze l e v e l s  of f r ee  c i r cu la t ing  T3 and T4 ,  which indeed may 

be  the ul t imate  avenue f o r  thyroid function evaluation by 

laboratory methods (34,35) .  
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