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ABSTRACT 

Pla t inum electrodes on Nation~ 115 membranes,  designated Pt/Naf and prepared by an electroless plating method 
(PtC162- with hydrazine), were used for voltammetric investigations. Scanning electron microscopy (SEM) of these elec- 
trodes showed the Pt  electrode surface to have the continuous, yet porous, structure necessary for both electronic con- 
duction to the Pt  particles and ionic conduction through the membrane/electrode/solution interface. These electrodes 
were used in the configuration S/Pt/Naf/H20 + electrolyte, where the counter and reference electrodes were in the aqueous 
electrolyte solution and the substance of interest was dissolved in solvent, S. Cyclic voltammetry was used to characterize 
the behavior of several substrates in H20, MeCN, THF, and toluene. Tetracyanoquinodimethane (TCNQ) in acetonitrile 
(MeCN), tetrahydrofuran (THF), and toluene and benzoquinone (BQ) in THF and toluene could be reduced to anion radi- 
cals in the absence  of added supporting electrolyte. In  THF and toluene, the formation of the radical anion of BQ and 
TCNQ often involved ion pair formation with alkali metal ion and precipitation. The reduction of TCNQ in toluene in the 
presence of Na § ions resulted in the formation of the electronically conducting salts, Na+TCNQ -. 

This paper describes the construction of Pt electrodes, 
based on solid polymer electrolyte (SPE) technology, that 
can be employed for voltammetric measurements and 
their application to studies with several solvent systems, 
including some very resistive ones that contain no or low 
amounts  of added supporting electrolyte. SPE techniques 
involve the use of an ion exchange membrane  (usually Na- 
tion 1) with porous contacting electrodes for the construc- 
tion of electrochemical devices in which ionic migration to 
maintain  charge neutrality occurs within the membrane.  
SPE technology was first applied to fuel cells (1) and later 
to water electrolyzers (2) and electrochemical oxygen sepa- 
rators (3). Our goal was to utilize these SPE electrodes in a 
voltammetric mode to help establish appropriate condi- 
tions for bulk electrolysis and for analysis. In  this way 
such SPE electrodes could be used to complement ultra- 
microelectrodes (4, 5) in the electrochemical characteri- 
zation of systems in resistive media. We also were inter- 
ested in obtaining a better understanding of the operation 
and structure of the voltammetric SPE electrode. 

Recently plat inum electrodes bonded to, or in contact 
with, solid polymer electrolyte membranes have been pro- 
posed for electrochemical synthesis (6-8). The principle is 
illustrated in Fig. 1. The membrane/electrode separates the 
working solution, which contains the solvent and sub: 
strate of interest, and the counter solution with the solvent 
(e.g., water) and supporting electrolyte, along with the aux- 
iliary and reference electrodes. The membrane is an inert, 
ion exchange polymer (e.g., Nation) with metal deposited 
onto the face that contacts the working solution. When the 
metal electrode is held at an appropriate potential, the sub- 
strate in the working solution is reduced or oxidized, 
coupled with an ionic migration through the membrane to 
maintain  electroneutrality. Concurrently, some species in 
the counter solution react at the auxiliary electrode. In this 
way, electrolyses can be carried out in highly resistive sol- 
vents without the need for supporting electrolyte. Using 
this method, Ogumi and co-workers reported the hydro- 
genation of olefins in n-hexane under  constant current 
conditions, but  at low current efficiencies (11-44%) and 
high potentials (4-8V) (6a). However, most of the previous 
studies have involved bulk electrolysis with protic work- 
ing solvents, such as methanol (7a, b), ethanol (6a, c, 7c), 
acetic acid (6b), or aqueous mixtures (6c, 8), as the working 
compartment  solvents and were concerned with the appli- 
cation of the SPE technique to electro-organic synthesis. 

Experimental 

Plat inum-bonded membranes were prepared by a previ- 
ously published electroless plating method (9). The solid 
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polymer electrolyte (SPE) membrane material was Nation 
115 (equivalent weight = 1100, 5 mil thickness; E.I. 
du Pont  de Nemours and Company, Incorporated, Wil- 
mington,  Delaware), which was cleaned by boiling in con- 
centrated HNO3 for lh  and then in milli-Q reagent grade 
water (Continental Water Systems, E1 Paso, Texas) for lh. 
The Nation was clamped between two half-cells, with one 
compartment  containing 0.2M hydrazine (Fisher Scien- 
tific, Fair Lawn, New Jersey) in an aqueous alkaline solu- 
tion (pH = 13) and the other compartment containing 
0.02M PtC162- in an HC1 solution (pH = 2) (Fig. 2). The cell 
was allowed to stand for 48-72h with occasional stirring to 
release bubbles trapped on the membrane surface, during 
which time Pt  metal formed on the PtC182 side. The mem- 
brane was removed when the platinized side had a metallic 
appearance. The membranes were converted to the appro- 
priate cationic forms by boiling in 1M HC1, then treated 
with corresponding base to yield the Li § Na § and K § 
forms. 

Benzoquinone (BQ) (Aldrich Chemical Company, Mil- 
waukee, Wisconsin) was sublimed under  vacuum at room 
temperature, and tetracyanoquinodimethane (TCNQ) 
(Sigma Chemical Company, St. Louis, Missouri) was re- 
crystallized three times from ethyl acetate (Fisher Scien- 
tific) (10). Other redox couples, K4Fe(CN)6, Ru(NH3)6C12, 
and hydroquinone (Aldrich), were used as received. Sup- 
porting electrolytes, K~SO4, Na2SO4, H2SO4, KC1, NaC1, 
LiC1 (Fisher Scientific) and te t ramethylammonium chlo- 
ride (TMAC1), LiC104 (Aldrich), as well as solvents aceto- 
nitrile (MeCN), tetrahydrofuran (THF), and toluene (Fisher 
Scientific), were also used without further purification. Be- 

Fig. !. Schematic diagram of porous metal electrode supported on a 
so|id polymer electrolyte membrane for electrochemistry in o resistive 
solution without added supporting electrolyte. 
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Fig. 2. Electrochemical cell configuration 

cause  the  coun te r  solut ion in all cases was an aqueous  one 
and  s ince smal l  amoun t s  of  water  were  expec ted  to perme-  
ate t h rough  the  Nat ion film dur ing  the  operat ion,  we  did 
no t  th ink  it necessary  to r e m o v e  water  f rom these  solvents.  

The  t w o - c o m p a r t m e n t  cell  used  for all expe r imen t s  is 
shown  schemat ica l ly  in Fig. 2. Be tween  the  two half-cells 
were  c l amped  the  p la t inum-sol id  po lymer  e lec t ro lyte  
m e m b r a n e  (Pt-Naf) e lectrode,  a Au r ing foil (0.025 mm,  
99.99§ Alfa Products ,  Danvers ,  Massachuset ts)  as an 
e lectr ical  contact ,  and a Neoprene  (for aqueous  experi-  
ments)  or  Teflon 2 (for nonaqueous  exper iments )  gasket  
tha t  def ined the  pro jec ted  area of  the  e lec t rode  that  was 
ex p os ed  to the  work ing  solution. For  the  larger  e lec t rode  
(L), the  gasket  hole  d iamete r  was about  8 mm,  whi le  for the  
smal l  e lectrode,  (S), it was about  1.5 mm.  The plat inized 
side of  the  m e m b r a n e  faced the  work ing  solution,  wh ich  
con ta ined  r edox  couple  bu t  no added  electrolyte.  The  un- 
p la t in ized side faced t h e  coun te r  solution, wh ich  con- 
ta ined  an aqueous  solut ion wi th  suppor t ing  e lec t ro lyte  
a long wi th  the  reference  e lec t rode  and a p la t inum gauze 
countere lec t rode .  Cyclic v o l t a m m o g r a m s  were  obta)ned 
wi th  a P A R  Model  173 potent iosta t /galvanostat ,  a P A R  
Mode l  174 universa l  p rogrammer ,  and were  recorded  wi th  
a Nor land  Model  2000 data acquis i t ion  and m a n a g e m e n t  
sys tem (Norland Ins t ruments ,  For t  Atkinson,  Wisconsin). 
C h r o n o c o u l o m e t r y  e m p l o y e d  the  same  P A R  p rog rammer /  
po tent ios ta t  apparatus ,  wi th  an addi t ional  P A R  Model  179 
digi tal  coulometer ,  and was recorded  on a Hous ton  Instru-  
men t s  Model  2000 X-Y recorder  (Houston  Ins t ruments ,  
Aust in ,  Texas).  AC conduc tance  m e a s u r e m e n t s  were  
m a d e  wi th  a Yel low Spr ings  In s t rumen t  Model  321-con- 
duc tance  me te r  (Yellow Springs,  Ohio), wh ich  operates  at 
a f r equency  of  1 kHz. The  scanning  e lec t ron mic roscope  
(SEM) was a J E O L  JSM-35C (Japan Electr ic  Optical  Labo-  
ratories,  Limi ted ,  Tokyo) and the  spec t ropho tome te r  was a 
Hewle t t -Packa rd  Model  8450 (Hewlet t -Packard,  Palo  Alto, 
California). 

Results and Discussion 

L a r g e  electrode e lectrochemical  a n d  microscopic  charac-  

t e r i z a t i o n . : - T h e  cyclic vo l t ammet r i c  behavior  of  P t - S P E  
e lec t rodes  in 1M H2SO4 solut ion fol lowed the  wel l -def ined 
pa t te rn  observed  wi th  larger area e lect rodes  (3-5 cm 2) by 
o ther  inves t iga tors  (Sb). De te rmina t ion  of  the  actual  area 
of  the  e lec t rode  was pe r fo rmed  by in tegra t ion  of  the  hy- 
d rogen  adsorp t ion  peaks  at sweep  rates of  5-50 mV/s 
(Fig. 3) (12, 13). With the  a s sumpt ion  that  comple te  cover-  
age of  hyd rogen  on p la t inum cor responds  to 210 ~C/cm ~ 
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Fig. 3. Cyclic voltammograms of hydrogen adsorption waves at a 
platinum-SPE electrode in 1M H2504. Electrode geometric area = 0.50 
cm 2, all potentials in V vs. SCE: (a) 5; (b) 10; (c) 20; (d) 50 mV/s. 

(14), we  ca lcula ted  an area of  108 (-+ 5) cm 2. The  geomet r ic  
area measu red  0.50 cm 2, y ie ld ing a roughness  factor of  ca. 

200, s imilar  to p rev ious ly  repor ted  values  (8). Chrono-  
cou lome t ry  of  10 mM Fe(CN)63- in 1.0M KC1 solut ion at 
t imes  of  0.7-4.2s y ie lded  l inear  Q vs. t 112 plots. The  area de- 
t e rmined  f rom the  s lopes of  these  lines, wi th  a di f fus ion 
coefficient,  D, for Fe(CN)63 = 7.63 • 10 6 cm2/s, was 0.53 
(-+0.03) cm 2, wh ich  agrees wel l  wi th  the  geomet r i c  area. 
S ince  the  ch r0nocou lomet r i c  d a t a  yield area measure-  
m e n t s  that  cor respond  to the  geomet r ic  area, wi th in  the  
t ime  of  the  exper iment ,  the  diffusion layer had  g rown  be- 
y o n d  the  surface roughness .  S ince  the  diffusion layer 
th ickness ,  8, at t ime,  t, is ~ ~ 2v~Dt, the  average surface  
asper i ty  f rom these  m e a s u r e m e n t s  is less than  ca. 35 ~m. 

S c a n n i n g  e lec t ron  mic roscopy  (SEM) of the  e lec t rode  
face (Fig. 4a) showed  that  the  depos i ted  p la t inum,  as deter-  
m i n e d  by x-ray f luorescence,  was d is t r ibuted  as is lands 
(ca. 10-50 ~m) separa ted  by pores  of  ~m dimens ions ,  wh ich  
are necessa ry  for ion transport .  A pore  is shown at h igher  
magni f ica t ion  in Fig. 4b. F igure  4c is a cross-sect ional  v i ew 
of  the  P t - S P E  electrode,  wi th  P t  side facing right;  the  
" b a c k "  (left) side has no p la t inum depos i ted  on its surface. 
The  average  surface roughness  (peak-to-trough height)  is 
on the  order  of  10-15 ~m, whi le  the  largest  roughness ,  ca. 

25-30 ~m, is in good ag reemen t  wi th  the  chrono-  
cou lomet r i c  est imation.  Also ev iden t  is the  porous  and 
channe led  na ture  of  the  depos i t ed  pla t inum. P rev ious  in- 
ves t iga tors  had  repor ted  that  only  one  face of  the  m e m -  
brane  was meta l l ized  dur ing  the  fabr icat ion process  be- 
cause  of  e lect ros ta t ic  exc lus ion  of  anionic  PtC162- f rom the  
anionic  S P E  m e m b r a n e  (8c). However ,  we found m a n y  
p la t inum nodules  deep  inside the  po lymer  m e m b r a n e  
(80-90 ~m f rom the  P t  face). Hydroxy l  anions  can diffuse 
t h rough  Nat ion to a l imi ted  ex ten t  (15). By analogy, PtC162- 
m u s t  diffuse th rough  Nat ion as wel l  to be  r educed  by the  
hydrazine ,  wh ich  is diffusing in the  oPposi te  direct ion.  
These  nodules  probably  do not  cont r ibu te  to the  work ing  
e lec t rode  area and exis t  as isolated islands in a sea of  Na- 
tion, as shown in Fig. 4d. I f  these  cont r ibute  to the  area, a 
roughness  factor m u c h  larger  than  200 wou ld  be expec ted .  
F igure  4e is a v iew ca. 45 ~ f rom the  plane  normal  to the  face 
of  the  electrode,  showing  bo th  facial and inter ior  s tructure.  
This  v i ew suggests  that  the  act ive  surface P t  e lec t rode  
s t ruc ture  is sha l low (10-20 ~m) and that  m u c h  of  the  struc- 
ture  appear ing  near  the  facial reg ion  in the  cross-sect ional  
v i ew arises f rom crush ing  of the  surface P t  w h e n  the  
sample  is cut. 
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Fig. 4. Scanning electron micrographs of a Pt-SPE electrode: (a, top 
left) face-on view at 750 times; (b, top right) view of pore at higher 
magnification (6000 times); (c, center left) side view of an electrode 
"facing" right (650 times); (d, center right) Pt nodules shown at higher 
magnification (5000 times); (e, bottom right) 45 ~ view of "left-facing" 
electrode at 650 times. 

T h e  diffUsion coeff ic ient  of  PtC162- in  Na t ion  was  esti- 
m a t e d  b y  m e a s u r i n g  t he  f lux t h r o u g h  a m e m b r a n e  
c l a m p e d  b e t w e e n  t wo  half-cel ls ,  one  c o n t a i n i n g  0.040M 
PtC162- (pH = 1), a n d  t he  o t h e r  1M HC1 or 1M NaHSO4. T h e  
c o n c e n t r a t i o n  of  PtC162- in  t h e  HC1 (or NaHSO4) com-  
p a r t m e n t  was  m o n i t o r e d  s p e c t r o p h o t o m e t r i e a l l y  a t  260 
n m  (17) u n t i l  i t  r e a c h e d  4.0 • 10-5M. U n d e r  t h e s e  condi -  
t ions ,  t h e  fo l lowing  b o u n d a r y  c o n d i t i o n s  h o l d  

Ce~c~82- = 0 at  0 < x < d; for  t < 0 

C~cl82- = 0 at  x = 0; for  t > 0 

Cptc16 z- = Co at  x = d; for  t > 0 

a n d  t h e  so lu t i on  for  s t eady- s t a t e  f lux u n d e r  l i nea r  diffu-  

s ion  b e c o m e s  

J = DKCo/d [1] 

w h e r e  K is t h e  pa r t i t i on  coeff ic ient  of  PtC162- b e t w e e n  t h e  
a q u e o u s  so lu t ion  a n d  t h e  Na t ion  m e m b r a n e ,  d is t h e  m e m -  
b r a n e  t h i c k n e s s  a n d  D, t h e  d i f fus ion  coeff ic ient  of  PtC162- 
in  t h e  m e m b r a n e .  F i g u r e  5 s h o w s  a p lo t  of  m o l e s  PtC162- 
t r a n s p o r t e d  p e r  u n i t  a rea  of  m e m b r a n e  vs. t ime.  T h e  l i nea r  
p o r t i o n  r e p r e s e n t s  s t eady- s t a t e  cond i t ions ,  a n d  t h e  s lope  
of  t h e  l ine  is t h e  s t eady- s t a t e  flux, J. T h e  pa r t i t i on  coeffi- 
c i e n t  for  PtC162- b e t w e e n  Na t ion  a n d  a q u e o u s  so lu t i on  was  
also m e a s u r e d  s p e c t r o p h o t o m e t r i c a l l y  a f te r  s o a k i n g  a 
m e m b r a n e  in  0.040M PtC162- for 72h. T h e  a b s o r b a n c e  at  a 
0.13 m m  t h i c k  Na t ion  m e m b r a n e  was  0.136, wh i l e  t h a t  of  
t h e  PtC162- soaked  m e m b r a n e  was  0.642. I f  t h e  m o l a r  ab-  
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Fig. 5. Amount of PtCI62- diffusing through Nation 115 per unit area 
vs. time. Slope of linear portion = 1.2 • 10 -12 mol cm -2 s -1. 

sorptivity of PtC162- in the Nation is taken as the same 
value as that in water, 27,000 at 260 nm (16), the equilib- 
r ium concentration is 1.5 • 10-3M; the partition coefficient, 
K = [PtC162-]N~f/[PtC162-]~q, is 0.037. The diffusion coefficient 
(D) calculated from these data is 1.0 • 10 8 cm2/s, similar to 
previously reported values for D of chloride and iodide 
ions in Nation 125 membranes (17). The diffusion coeffi- 
cient was independent  of the presence of chloride ion. As- 
suming that the rate-limiting step for PtC162- transport is 
not transport across the membrane/solution interface, but 
diffusion in the membrane,  we calculate that PtC162- will 
diffuse 90 ~m into the Nation membrane in lh, much less 
than the total t ime (48-72h) for electrode fabrication. 

A similar morphology was observed by Mazur and Reich 
while studying the electrochemical deposition of metal in- 
terlayers in a polymer film (18). Qualitatively, the data can 
be interpreted as follows. Given that the reduction of 
PtC162- to Pt  ~ by hydrazine is exoergic by almost 2 eV (19a), 
the rate of Pt  production is probably mass transport lim- 
ited. At first, the homogeneous reaction between the re- 
ductant, hydrazine, and the metal ion, PtC162-, forms small 
Pt  nuclei. The next  stage involves growth of the nuclei to 
form polyatomic clusters and independent  microparticles. 
As the particles grow, the probability of a diffusing species 
encountering a particle increases. In addition, these parti- 
cles may function as bipolar electrodes, accepting elec- 
trons (from reductant) at one surface and metal ions at an- 
other. The spherical shape suggests that the growth 
process is transport-limited, since there is no preference 
for growth along any particular crystallographic axis. The 
size distribution reflects the concentration gradient of the 
less permeative reagent, PtC162-. Mazur and Reich also ob- 
served that metal particles are only formed early in the 
deposition process, during a transient regime, and con- 
cluded that the steady-state process is bulk metal depo- 
sition. 

The deposition process has recently been modeled by 
Manring (20). The equation that approximately describes 
the relative position of the deposited metal layer as a func- 
tion of reactant diffusivities and concentrations is given as 

x/d = D~K~[R]/(DrK~[R] + DmKm[M]) [2] 

where d is the thickness of the membrane;  x is the distance 
of the deposited metal layer from the reductant side of the 
membrane;  Dr, gr, and [R] are the diffusion coefficient, the 
partition coefficient, and the concentration of reductant, 
respectively, and Din, K~ and [M] are the diffusion coeffi- 
cient, partition coefficient, and concentration of metal ion, 
respectively. Although Dr and K~ are unknown for N2H4, 
the permeability, Pr, of uncharged organic molecules 
(where P~ = D~K~), is of the order of 2 • 10 -6 cm2/s (21) (ap- 
proximately four orders of magnitude larger than that of 
PtC162-). With this value and the previously estimated 
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Fig. 6. Cyclic voltammograms of aqueous redox couples at a 0.50 
cm 2 Pt-SPE. K § form Nation was used for all experiments, and all poten- 

tials are measured in V vs. SCE and all at 10 mV/s: (a) 10 mM 

Ru(NH3)6CI2, (b) 10 mM K3Fe(CN)6, (c) 5 mM HQ. 

values forDm and Km, Eq. [2] yields a value o f x /d  - i under 
the condit ions used in the preparation of the electrodes. 

Cyclic vol tammetry  at  large electrodes.--As a prelimi- 
nary test of the system, cyclic voltammograms (CV) of sev- 
eral well-behaved aqueous redox couples in Milli-Q water 
(resistivity ca. 107~) were obtained without added electro- 
lyte. Anionic, cationic, and neutral species [reduction of 
Fe(CN)63- and Ru(NH3)63+, and oxidation of hydroquinone 
(HQ) to benzoquinone (BQ), respectively] were used at a 
scan rate, v, of 10 mV/s. Reversible peak splittings, AEp, (60 
mV) were observed for 10 mM solutions of Ru(NH3)62+ and 
Fe(CN)63-, indicating that no charge-specific interactions 
take place between ion-exchange polymer and substrate. 
Since the cathodic peak heights (ip,c) of these two species 
at the same concentration and v, corrected for the rather 
large capacitive background current (see Fig. 6b), where 
the same, the species undergoing electron transfer is in so- 
lution rather than within the Nation phase. Moreover, the 
diffusion coefficients of ionic species in Nation are four to 
five orders of magnitude less than those in solution (22), 
predicting much smaller peak currents for polymer-bound 
species. The peak heights found correspond to those ex- 
pected for a 0.5 cm 2 Pt  electrode with a D of 10-5-10 -6 cm2/s. 
At larger v, the peak currents and hEp increased, al though 
ip.c/V 1/2 and ip,c/ip, a values remained constant. These large 
area electrodes showed large capacitive currents (ca. 1-2 
mA at r = 10 mV/s) and large faradaic currents during the 
potential sweeps. As a result, even small resistances (100- 
200~) between the working and reference electrodes 
created large iR drops. For this reason, smaller area elec- 
trodes (projected area = 1.98 • 10 -2 cm 2) to give smaller 
background and faradaic currents and smaller iR-drops, 
were investigated. 

Cyclic vo l tammetry  at small  electrodes in THF and  
MeCN.- -Smal l  electrodes were of similar construction to 
large electrodes with proportionally smaller diameter cells 
and gaskets. Their approximate geometric area measured 
2 • 10 -2 cm 2. Small electrodes were also tested with 
aqueous redox couples; these showed CV more closely ap- 
proaching reversible behavior in the highly resistive sol- 
vents. Cyclic vol tammetry at a Pt/Naf electrode of TCNQ 
in acetonitrile (MeCN) with no added supporting electro- 
lyte is shown in Fig. 7; typical data are shown in Table I. 
TCNQ exhibits reversible waves in water (23) and MeCN 
(24) at a Pt  electrode. At the Pt-SPE electrode in MeCN, 
with a TCNQ concentration of 10 mM, large peak splittings 
(100 mV) were found at slow scan rates (10 mV/s). The peak 
splittings increased with increasing v (i.e., increasing ip,c), 
while peak current ratios (ip,Jip,c) were unity; ip,c/vl/2-values 
and the mean of the cathodic and anodic peak potentials, 
(Ep.c and Ep.a), denoted Era, were constant. Plots of hEp vs. 
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Fig. 7. Cyclic voltammograms of I 0  mM TCNQ in MeCN at a 1.98 • 
10 -2 cm 2 Pt-SPE electrode in the absence of added supporting electro- 
lyte. K + Nation, all potentials V vs. Ag/AgCI: (a) 10, (b) 20, (c) 50, (d) 
100 mV/s. 

ip,c s h o w n  in Fig. 8, exh ib i t  r easonab le  l inearity.  The inter-  

cepts ,  AEp at t he  l imit  of  zero current ,  however ,  we re  

g rea te r  t h a n  60 mV,  sugges t ing  tha t  s imp le  u n c o m -  

p e n s a t e d  r e s i s t ance  is no t  t he  only  source  of  t he  large hEp- 
values.  The i n t e r cep t s  fol low a cat ion d e p e n d e n c e  of: Li § > 

Na  § > K § I f  t he  s lopes  of  the  l ines  are c o n s i d e r e d  as "ef- 

fec t ive  res i s t ances , "  va lues  of  ca. 400-500~ are found.  

T h e s e  ef fec t ive  r e s i s t ances  also s h o w  a cat ion d e p e n d e n c e ,  

w i th  t he  t r e n d  Li + > Na + > K § 

The re  are several  poss ib le  p roces se s  tha t  could  p rov ide  

t h e  k ine t ic  l imi ta t ions  tha t  p r o d u c e  the  effect ive  resis-  

tance :  ion  flow t h r o u g h  the  m e m b r a n e ,  P t  film res is tance ,  

con t ac t  res i s tance ,  s low interfacial  e lec t ron  or ion t ransfer .  

We feel, b a s e d  on  the  resul ts  and  d i s cus s ion  below,  tha t  

t he  ma jo r  con t r i bu to r  is ca t ion t rans fe r  f rom the  Nat ion to 

t he  MeCN a t t h e  MeCN/Naf ion/Pt  t h r ee -phase  interface.  
Ki ta  and  co-workers  ca lcula ted  the  radial  r e s i s t ance  

across  t he  P t  face of  a P t - S P E  e lec t rode  of  geomet r i c  area 

3.14 cm 2 (2 cm diam) as less  t han  0.-lf~ (26). Our own  ac con- 

d u c t a n c e  and  dc res i s t ance  m e a s u r e m e n t s  indica te  a resis- 

t ance  across  a 2 cm P t  face of  less  t han  0.5~. The res i s t ance  

b e t w e e n  the  w ork ing  and  re fe rence  e l ec t rode  leads,  as 

m e a s u r e d  by  an ac c o n d u c t a n c e  b r idge  at 1 kHz, was  8012. 

This  m e a s u r e m e n t  inc ludes  t he  res i s t ances  of  the  lead, 

contac t ,  and  m e m b r a n e ,  and  a smal l  con t r ibu t ion  f rom the  

aqueous  so lu t ion  b e t w e e n  the  m e m b r a n e  and  re fe rence  

e lec t rode.  S c ibona  and  co-workers  inves t iga ted  the  effect  

o f  e lec t ro ly te  on  Nat ion m e m b r a n e  r e s i s t ance  u n d e r  h igh  

dc  cu r r en t  condi t ions .  They  f o u n d  tha t  m e m b r a n e  resis-  

t a n c e  fol lows the  series: Li § < Na § < K § (26) (oppos i te  to 

t he  t r e n d  in ef fec t ive  r e s i s t ance  we  found).  These  resul ts  

ind ica te  t ha t  t he  ef fec t ive  res i s t ance  is p robab ly  no t  due  to 

radial  r e s i s t ance  across  the  P t  face or l imi ted  ion t r anspo r t  

0.4 

0 .3  

A 
~> 

o. 0 .2  
LU 

0.1 

0.0 

Sf : j 

' I ' 

0 2 4 

Ip ,c  (x  10  . 4  A)  

Fig. 8. Cation dependence of cyclic voltammetric behavior of TCNQ 
in MeCN: Li § Nafion, slope = 956D,, intercept = 133 mV; Na + Na- 
fion, slope = 898,0,, intercept = 116 mV; K § Nation, slope = 766D,, 
intercept = 91 mV. 

t h r o u g h  the  S P E  m e m b r a n e .  The e lec t ron  t rans fe r  reac- 

t ion  occurs  at t he  t h r ee -phase  MeCN/Naf ion/Pt  in te r face  

a n d  involves  t r ans fe r  o f  an e lec t ron  f rom the  P t  to TCNQ 

wi th  the  s imu l t aneous  t r ans fe r  of  an alkali me ta l  ca t ion 

f rom the  Nat ion to t he  MeCN phase .  The  e lec t ron  t r ans fe r  

r eac t ion  at  t he  P t f rCN Q ,  MeCN is k n o w n  to be  rap id  (24), 

so t ha t  interfacial  ion t r ans fe r  m a y  be  the  k inet ica l ly  s low 

step.  Sc i b o n a  et al. also r epo r t ed  tha t  the  hyd ra t i on  n u m -  

ber  for  t he  ca t ions  fol low the  ser ies  Li § > Na § > K § (26). 

Sma l l e r  ions  of  h ighe r  cha rge  dens i ty  s h o w  grea ter  hydra-  

t ion  n u m b e r s  and  wou ld  requ i re  grea te r  ac t ivat ion ener-  

gies  for d e h y d r a t i o n  and  s u b s e q u e n t  reso lva t ion  by  the  

less  polar  m e d i a  (27). Therefore ,  in t he  case  of  overall  ki- 

ne t i c s  l imi ted  by  coun te r ion  t ranspor t ,  the  e x p e c t e d  be- 

hav ior  in w o rk i n g  r e s i s t ance  wou ld  be: Li + > Na + > K § as 

obse rved .  

In  THF, a so lven t  of  h igher  res is t iv i ty  and  lower  polari ty,  

TCNQ s h o w s  similar  behav io r  (Fig. 9). Data  are co l lec ted  

in Table  II. The hEp vs. ip data  for TCNQ in THF are equiva-  

len t  to an  ef fec t ive  res i s t ance  of  125012, whi le  c o n d u c t a n c e  

m e a s u r e m e n t s  y ie lded  a r e fe rence - to -work ing  e lec t rode  

r e s i s t ance  of  120gL Unl ike  MeCN, little or no d e p e n d e n c e  

of  t he  peak  spl i t t ing  on the  cat ion was  o b s e r v e d  for THF. 

The  lack of  th is  d e p e n d e n c e  in THF m a y  be  due  to its 
g rea te r  donici ty ,  tha t  is, its abil i ty to solvate  ca t ions  (23); 

t he  don ic i ty  n u m b e r  for THF is 20 c o m p a r e d  to 14 for 

MeCN (28). However ,  the  values  of  t he  o b s e r v e d  resist-  

ances  are h ighe r  in THF than  in MeCN, s ince  THF has  a di- 

Table I. Cyclic voltammetric results for TCNQ in MeCN at the Pt-SPE electrode ~ 

Ion in v Ep,c Ep,a AEp ip,~ ip,a ip,r ip/V 112 

Nation (mV/s) (mV vs. Ag/AgC1) (mV) E~ b (~A) (~A) i p , a  (~A-sl/2/mV 1/2) 

Li § 20 +70 +260 190 +165 48 40 1.2 11 
50 +50 +250 200 +150 76 75 1.0 11 

100 +20 +250 230 +135 118 130 0.9 12 
200 -30 +280 310 +125 175 170 1.0 12 

Na § 20 +85 +230 145 +158 41 36 1.1 9 
50 +60 +260 195 +155 75 76 1.0 11 

100 +30 +260 230 +145 119 119 1.0 12 
200 +00 +280 280 +140 188 202 0.9 13 

K § 20 +95 +215 120 +155 35 35 1.0 8 
50 +85 +225 140 +155 69 70 1.0 10 

100 +65 +235 170 +150 100 103 1.0 10 

aWorking solution: TCNQ concentration, 10 mM; counter solution, 1.0M Li, Na, or KC1. Electrode area, 2.0 • 10 _2 cm 2. 
bern = (Ep,c + Ep,a)/2 mV vs. Ag/AgC1. 
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Fig. 9. Cyclic voltammetry of 10 mM TCNQ in THF at 1.98 x 10 2 
cm 2 Pt-SPE electrode in the absence of added supporting electrolyte. 

Li + Nation, all potentials in V vs. Ag/AgCh (a) 20, (b) 50, (c) 100, (d) 
200 mV/s. 

elect r ic  c o n s t a n t  of  7.95, c o m p a r e d  to tha t  of  MeCN, 38.0 

(28). 

B e n z o q u i n o n e  (BQ) was  also u s e d  to tes t  t he  sys tem,  

s ince  its e l ec t rochemica l  behav io r  is sens i t ive  to t he  na tu re  

of  the  so lven t  env i ronmen t .  In  water ,  BQ is r e d u c e d  to hy-  

d r o q u i n o n e  (HQ) by  a two-e lec t ron  p roces s  at +0.502V vs. 
Ag/AgC1 (19a). In  aprot ic  solvents ,  such  as MeCN, BQ is re- 

d u c e d  to the  an ion  radical  by  a one-e lec t ron  p roces s  near  

- 0 . 5 V  vs. Ag/AgC1 (19a). Therefore ,  if  t he  peak  cu r r en t s  in- 

d ica te  a one-e lec t ron  t ransfer ,  the  e lec t ron  t r ans fe r  proba-  

bly occurs  in a n o n a q u e o u s  env i ronmen t .  However ,  if  a 

c o n t r i b u t i o n  f rom a two-e lec t ron  p roces s  is obse rved ,  pro- 

t ona t ion  effects  f rom wate r  con ta ined  in the  Nat ion m e m -  

b r a n e  is sugges ted .  S ince  aqueous  r educ t i on  w o u l d  in- 

vo lve  p ro tona t ion ,  the  r educ t ion  potent ia l  (of t he  aqueous  

two-e l ec t ron  process)  wou ld  al low a calcula t ion of  the  pH 

of  th is  aqueous  e n v i r o n m e n t  f rom the  m e a s u r e d  potent ia l .  

The  cyclic vo l t ammet r i c  behav ior  of  BQ in THF in t he  

a b s e n c e  of  s u p p o r t i n g  e lec t ro ly te  is s h o w n  in Fig. 10. The 

r e d u c t i o n  wave  appea r s  to be d i f fus ion  con t ro l l ed  wi th  an 

Ep,c ca. -0 .4  to - 0 . 5 V  vs. Ag/AgC1 ( d e p e n d e n t  on scan  rate). 

P e a k  cu r r en t s  were  essent ia l ly  the  s ame  as t h o s e  of  k n o w n  

one-e lec t ron  coup les  [Ru(NH~)+2+! 3§ Fe(CN)63-]4-, TCNQ ~ 

at equa l  concen t r a t i ons  at the  s ame  elect rode.  They  also 

0 0 V ~ 0 3  0.6  ~'7 I O 0 0 : A ~  . _ . - . | 

.J,. 

150 rnV 

Fig. 10. Cyclic voltammetry of 10 mM BQ in THF at a 1.98 • 10 2 
cm 2 Pt-SPE electrode in the absence of added supporting electrolyte. 
Na + Nation, all potentials in V vs. Ag/AgCI: (a) 20, (b) SO, (c) 100, (d) 
200 mV/s. 

agree  wi th  ca lcula ted  values  for n = 1, a s s u m i n g  D = 10 -~ 

cm2/s and  a revers ib le  e lec t ron  t rans fe r  (19b). The  anodic  

w a v e  was  near ly  parabol ic  in s h a p e  wi th  peak  cu r r en t  

va lues  30-50% grea ter  t h a n  ip,c. This  s y m m e t r i c  wave  fo rm 

is charac te r i s t ic  o f  th in- layer  e l ec t rochemica l  s y s t e m s  

(19c) and  is p ro b ab l y  caused  by p rec ip i t a t ion  of  the  reduc-  

t ion  p r o d u c t  at t he  e lect rode.  A l t h o u g h  peak  cur ren t  rat ios 

r e m a i n e d  a lmos t  cons tan t ,  Era-values sh i f ted  wi th  scan  
rate.  

Cycl ic  v o l t a m m e t r y  in  to luene . - -F igure  11 s h o w s  the  cy- 

clic v o l t a m m e t r i c  behav io r  of  BQ in to luene  in t he  a b s e n c e  

of  s u p p o r t i n g  electrolyte .  The wave  s h ap es  are s imilar  to 

t h o s e  o b s e r v e d  in THF. The  anodic  wave  again s h o w s  the+ 

parabol ic  s h a p e  due  to p rec ip i t a t ion  of  the  r educ t ion  prod-  

uct .  Resu l t s  are  s h o w n  in Table  III. S ince  ip,c and  ip,a va lues  

w e r e  so dissimilar ,  hEp vs. ip c o m p a r i s o n s  were  no t  made .  

Era-values were  fairly i n d e p e n d e n t  o f  v and  are col lec ted  in 
Table  IV. 

The  cat ion coun te r ion  in the  Nat ion affects  t he  o b s e r v e d  

Era-value for t o luene  reduct ion .  The E ~ shif t  fol lows the  

series:  Li § > Na + > K § This can  be  a t t r ibu ted  to rap id  ion 

Table II. Cyclic voltammetric results for TCNQ in THF at the Pt-SPE electrode ~ 

Nation v Ep,c Ep,a hEp Em ip,c ip,, ip.di,,, ip/v v2 

Li + 20 + 148 +354 206 +251 48 36 1.3 11 
50 +95 +375 280 +235 84 70 1.2 12 

100 +50 +395 340 +220 92 82 1.1 9 

Na + 20 + 145 +375 230 +260 38 44 0.9 9 
50 + 110 +380 270 +245 65 68 1.0 9 

100 +60 +407 347 +234 87 90 1.0 9 

K + 20 + 140 +338 198 +239 42 37 1.1 9 
50 + 100 +348 248 +224 66 64 1.0 9 

100 +49 +371 322 +200 91 92 1.0 9 

aAs in Table I. 

Table Ill. Cyclic voltammetric results for BQ in toluene at the Pt-SPE electrode ~ 

Nation r Ep,c Ep,a hEp Em ip,c ip,a ip,Jip,a ip,Jv 1~ 

Li § 20 -255 -164 109 -210 50 126 0.4 11 
50 -270 -137 133 -204 84 204 0.4 12 

100 -285 -110 175 -198 120 280 0.4 12 
200 -300 -80 220 -190 150 360 0.4 11 

Na + 20 -270 -180 0 -225 46 74 0.6 10 
50 -280 -168 112 -224 66 142 0.5 9 

100 -295 -145 150 -220 106 228 0.5 10 
206 -305 -140 165 -222 156 296 0.5 11 

K § 20 -310 -190 120 -250 56 130 0.4 12 
50 -330 -170 160 -250 90 200 0.4 12 

100 -340 -145 195 -242 136 260 0.5 13 
200 -365 -115 250 -240 212 388 0.6 15 

"As in Table I. 
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Fig. 11. Cyclic voltammetry of 10 mM BQ in C6HsCH3 at a 1.98 x 
10 -2 cm 2 Pt-SPE electrode in the absence of added supporting electro- 
lyte. Li + Nation, all potentials in V vs. Ag/AgCI: (a) 20, (b) 50, (c) 100, 
(d) 200 mV/s. 

pair  fo rma t ion  a n d  prec ip i ta t ion  b e t w e e n  the  radical  an ion  

a n d  p o l y m e r  cation.  The e l ec t rochemica l  p roces s  can be  

c o n s i d e r e d  as c o m p o s e d  of  two  react ions ,  a revers ib le  elec- 

t r o n  t r ans fe r  fo l lowed by  revers ib le  and  rap id  precipi-  

t a t ion  

E lec t ron  t rans fe r  (Er): BQ + e- = BQ-  E~ [3] 

P rec ip i t a t i on  (Cr): BQ- + M + = M + BQ (c) Ks, [4] 

O v e r a l l  (ErCr): BQ + e - +  M + = M + BQ-(c) E~ [5] 

The  formal  Potent ia l  of  t he  ErCr reac t ion  is 

E~ = E~ -- (RT/F) In Ksp [6] 

Therefore ,  t he  smal le r  t he  solubi l i ty  p r o d u c t  of  t he  radical  

ion  pai r  (Ksp), t he  m o r e  pos i t ive  t he  po ten t ia l  for t he  overal l  

react ion.  The  d i f fe rence  in formal  po ten t ia l s  for t he  overall  

r eac t ion  (E~ is re la ted  to t he  ratio of  Ksp's as 

E~176 = ~- (RT/F) I n  (gspLi+/Ksp M+) [7] 

The  re la t ive m a g n i t u d e s  of t he  solubi l i ty  p r o d u c t s  for radi- 

cal ion  salts  o f  t h e  M § ion  wi th  r e spec t  to tha t  of  the  Li § ion 

for  BQ in t o luene  are col lec ted  in Table  IV. Genera l ly  an  

inc rease  in t he  size of  t he  cat ion (Li + < Na § < K +) causes  a 

dec rease  in the  ion pair  in te rac t ion  (Li § > Na + > K § (29) 

and  s u b s e q u e n t  prec ip i ta t ion ,  in a g r e e m e n t  wi th  the  ob- 

s e rved  e l ec t rochemica l  behavior .  

Table IV. Relative ion pair strengths of alkali metal ions with the 
benzoquinone radical anion in toluene 

Nation form Em a KspM+/Ksp Li+ 

Li + -200(-+ 16) 1.00 
Na + -223(-+ 2) 2.45 
K + -246( -+ 5) 5.99 

cAll potentials in mV vs. Ag/AgC1. 

a) 

O.OV - 0 . 2  - 0 . 4  

b) 

I 5 0 0  pA 

, , 

+ 0 . 4  + 0 . 2  0.0V -0 .2  - 0 . 4  

Fig. 12. Cyclic voltommetry of 10 mM TCNQ in C6HsCH3 at e 1.98 
x 10 -2 cm z Pt-SPE electrode in the absence of added supporting elec- 
trolyte. All potentials in V vs. A9/AgCI: (a) Li + Nation, 50 mV/s; (b) 
No + Notion, 50 mV/s. 

The  cyclic vo l t ammet r i c  behav io r  of  TCNQ in to luene  in 

t he  a b s e n c e  of  s u p p o r t i n g  e lec t ro ly te  is s h o w n  in Fig. 12; 

da ta  are co l lec ted  in Table  V. In  the  p r e s e n c e  of  Li § coun-  

t e r ions  in t he  aq u eo u s  phase ,  Fig. 12a, t he  wave  s h ap es  are 
s imi lar  to t h o s e  o b s e rv ed  for BQ in THF and  to luene ,  i.e., a 

di f fus ion-con t ro l l ed  r educ t i on  and  a symmet r i c ,  th in  
layer-l ike reoxida t ion .  Values  for i /,y2 p,c were  near ly  con- 

s tant ,  and  ip,c/ip,a rat ios were  0.8-1.1. hEp values,  in t he  range  

55-155 m V  inc reased  l inear ly  wi th  i,, p ro b ab l y  b e c a u s e  of  

u n c o m p e n s a t e d  r e s i s t ance  effects ,  bu t  Em r e m a i n e d  con- 
s t an t  at -0 .26V vs. Ag/AgC1. In  the  p r e s e n c e  of  Na § coun-  

ter ions ,  t he  cyclic v o l t a m m e t r i c  behav io r  was+significantly 

d i f f e ren t  (Fig. 12b). A solu t ion  of  equal  co n cen t r a t i on  of  

TCNQ yields  peak  cur ren t s  t h ree  to four  t imes  larger  (at 

c o m p a r a b l e  scan  rates) t h a n  t h o s e  o b s e rv ed  in t he  pres-  

ence  of  Li + counte r ions .  The peak  po ten t ia l s  of  t he  reduc-  

t ion  waves  have  m o v e d  to m o r e  pos i t ive  va lues  by  ca. 0.2V, 

and  the  peak  poten t ia l s  of  t he  anodic  waves  have  sh i f t ed  to 

m o r e  pos i t ive  values  by  ca. 0.6V. Values  for i,,c/V 1/2 de- 

c r eased  wi th  inc reas ing  scan  rate, and  hE,  values  in- 

c r eased  by  e ight- fold  (at c o m p a r a b l e  scan  rates) to ca. 400 

inV. Em was  cons t an t  in the  range  of  scan  ra tes  (5-50 mV/s) 

at +0.15V vs. Ag/AgC1. The o b s e rv ed  behav io r  was  repro-  

duc ib le  for several  tr ials w i th  t he  Li § and  Na § sys tems ,  

sugges t i ng  a real  chemica l  cause  for t he  d i f fe rence  in be- 

havior.  

The  appa ren t l y  anoma lous  behav io r  for r educ t i on  of  

TCNQ in to luene  in the  p r e s e n c e  of  Na + in t he  m e m b r a n e  

and  aq u eo u s  p h a s e  can be  exp l a ined  by  fo rma t ion  and  pre- 

c ip i ta t ion  of  t he  conduc t ive  salt, Na + TCNQ ~ on reduc t ion ,  

and  fo rma t ion  of  sol id TCNQ on the  e lec t rode  surface  on 

reoxida t ion .  The  large peak  spl i t t ing  and  genera l  na tu re  of  

t h e  CV behav io r  is s imilar  to tha t  found  for t he  te t ra thia-  
fu lva lene  (TTF)-TCNQ s y s t em (30). The  radical  ion salts  o f  

t h e s e  c o m p o u n d s  can fo rm segrega ted  s tacks  of  d o n o r  

(TTF § and  a c c e p t e r  (TCNQ ~) molecu les  (31). The  c o m p l e x  

Table V. Cyclic voltammetric results for TCNQ in toluene at the Pt-SPE electrode ~ 

Nation v Ep,c Ep,a AEp Em ip,c i,.a ip.dip,a ip/V 1/2 

Li § 20 -280 -225 55 -252 44 40 1.1 10 
50 -290 -215 75 -252 74 88 0.8 10 

100 -315 -205 110 -260 110 121 0.9 11 
200 -340 - 185 155 -262 163 162 1.0 12 

Na + 5 -25 +331 356 + 153 106 108 1.O 47 
10 -55 +355 410 + 150 148 132 1.1 47 
20 -50 +358 408 + 154 160 130 1.2 36 
50 -125 +390 515 +132 200 202 1.1 28 

aAs in Table I. 
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interaction of forces that determine the structural arrange- 
ment  has been a subject of several studies, but it is not 
completely understood for the alkali-metal salts of TCNQ 
(33). At room temperature and atmospheric pressure, Na § 
and K § salts of TCNQ (prepared from solutions of metal- 
iodide and TCNQ in MeCN) are found in a resistive, dim- 
eric phase. When heated (33) or pressurized (34), these salts 
undergo a phase transition to a columnar infinite segre- 
gated stack structure of monomeric units, which is ac- 
companied by a sudden increase in conductivity (33) and 
spin susceptibility (35). For Na § TCNQ ~ at atmospheric 
pressure, the phase transition is continuous with an in- 
flection point (transition temperature) at 72~ and a small 
(unobservable) heat of transition (33). The pressure- 
induced transition occurs in the range 135-175 kbar (32). 
Li § salts show behavior quite different from that of the 
other alkali metals and do not show a high temperature 
phase transition at atmospheric pressure (31-35). They also 
show an anomalous, low pressure phase transition near 10 
kbar (32). A study of the dimerization of Li+TCNQ ~ salts in 
aqueous solutions found that, although the formation of 
dimers in water is highly favorable (K = 2.5 • l0 s liter/mol, 
hG ~ = -4.6 kcal/mol), no dimerization was detected in 
other protic and polar aprotic solvents of higher and lower 
dielectric constants than water (36). The investigators con- 
cluded that "specific solvation effects must  be important 
in determining the stability of the dimer" (36). In toluene, 
Na § TCNQ ~ salts could be electrocrystallizing into the col- 
umnar  infinite segregated stack structure, due to solvent 
interactions which are great enough to overcome the small 
heat of phase transition. The formation of the conductive 
solid on the surface of the electrode increases the effective 
electrode area and results in increased peak currents in the 
presence of Na § compared with those with Li § Note that 
the buildup of Na+TCNQ ~ on the electrode surface proba- 
bly increases continually with electrode cycling, because 
the TCNQ formed on reoxidation does not redissolve. 
TCNQ at the 10 mM concentration level is near the satura- 
tion limit, and TCNQ dissolves slowly and requires sonica- 
tion. On repeated cycling the TCNQ concentration would 
build up near the electrode surface and only slowly dis- 
solves. This would account for the peak current ratios near 
unity. Like the TTF system (30), the Na-TCNQ reaction 
may be thought  of as a "square scheme" mechanism (37) 

TCNQA + e- + Na + --> Na+TCNQ~A 

1' k $ k'  [8] 

TCNQB + e- + Na § *-- Na§ 

The A forms have TCNQ-like structures and the B-forms 
stacked Na § TCNQ T structures, with the structural rear- 
rangements  (k and k') being rapid and irreversible. The re- 
duction of TCNQ in the presence o fNa  § ion occurs at a po- 
tential positive of its E ~ because of the following 
irreversible reaction (19d). The stabilization of the reduced 
form by formation o f  the stacked structure makes the 
stacked species harder to oxidize and shifts the oxidation 
wave to more positive potentials. The result is a cyclic volt- 
ammogram like that seen in Fig. 12b. The deposition of 
these electronically conducting salts on the platinum elec- 
trode surface increases the effective electrode area; result- 
ing in the observed t ime-dependent  increase in capacitive 
and faradaic currents at the Pt-SPE electrode. The forma- 
tion of such conductive salt layers on thin Pt coatings may 
be useful in the preparation of modified SPE electrodes 
with special properties, e.g., for promotion of electron 
transfer to enzymes (38). 

Potent ia l  l imits  w i t h  different solvents . --The potential 
limits of the Pt-SPE electrode in all solvents with an 
unbuffered 1.0M LiCI counter solution are -1.3 to +l.2V 
vs. Ag/AgC1, as shown in Fig. 13. With a counter solution of 
1.0M HC1, the cathodic limit was reduced to -0.2V vs. Ag/ 
AgC1 (Fig. 13b), while alkaline counter solutions did not in- 
crease the potenUal limits beyond those with an unbuf- 
fered, neutral counter solution. These data indicate that 
the cathodic limit of these Pt-SPE electrodes is probably 
governed by proton reduction. These protons are probably 
from residual water (1-2 H~O/SO3-) in the membrane.  A 

b) 

-~50 pA 

c) 

I I I I I I I I , 
-I-1.2 -I-0.8 -I-0.4 O.OV - 0 . 4  - - 0 . 8  - - 1 . 2  

Fig. 13. Cyclic voltammetry of neat C6HsCH3 at o 1.98 x 10 -2 cm 2 
Pt-SPE electrode. All potentials in V vs. Ag/AgCI: (a) | .OM LiCI counter 
solution; (b) 1.0M HCI counter solution; (c) 1.0M TMACI counter so- 
lution. 

well-defined amount  of w'ater, dependent on the cation, is 
retained in Nation after vacuum drying, and is only de- 
sorbed after heating above the glass transition of the Na- 
tion matrix (39). The energy of interaction between poly- 
mer  and residual water is an estimated 15 kcaYmol -z (39). 
Residual water probably remains in the ionic cluster site 
even after hydrophobic domains in the membrane have 
been penetrated and solvated by the nonaqueous working 
solution. In addition, water contacting the counter solu- 
tion side of the membrane will resolvate the hydrophilic 
clusters and the cations that migrate from the counter so- 
lution are "aquated" and bring water to the nonaqueous 
solution/membrane interface. The use of aprotic counter 
solutions to extend the potential limits of these systems is 
currently under investigation. 

Conclusions 

Small area SPE-type electrodes have been shown to be 
useful for voltammetric investigations with highly resis- 
t ive aqueous and nonaqueous solutions. The structure and 
electrochemical behavior of platinum electrodes sup- 
ported on solid polymer electrolyte membranes was 
probed by scanning electron microscopy and cyclic volt- 
ammetry,  respectively. The structure of the platinum elec- 
trode was found to be a thin (10-30 ~m) layer on the surface 
of the supporting membrane. This thin layer was continu- 
ous, yet porous, necessary for both electronic conduction 
across the face of the electrode and ionic  conduction 
through the membrane/electrode/solution interface. The 
electrochemical behavior suggested that electron transfer 
from the electrode to substrates in the working solution 
occur on the solution side of the electrode, not within the 
polymer matrix. The data also indicate that if the working 
solution is anhydrous and aprotic, the site of electron 
transfer is also anhydrous and aprotic. Large effective re- 
sistances are observed for electron transfer into aprotic 
media in the absence of supporting electrolyte. The kinet- 
ics of ion solvation into polar media may limit some pro- 
cesses. In apolar media, the electrochemistry is character- 
ized by following chemical reactions, such as ion pair 
formation and precipitation. 
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Voltammetry at a Rotating and a Stationary Very Thin Ring 

Electrode 

James S. Symanski *'~ and Stanley Bruckenstein* 

Chemistry Department, State University of New York at Buffalo, Buffalo, New York 14214 

ABSTRACT 

A very thin ring electrode (VTRE) inlaid in an insulating glass plane has been fabricated and studied. Its inner radius 
was 4 mm and its width was 0.7 ~m. Current-potential and current-time behavior for the reduction of ferricyanide in potas- 
s ium chloride and iodine in excess iodide were studied at the rotating and the stationary very thin ring electrode. Compar- 
ison of the electrochemical data with theory indicated that the ring electrode was approximately 0.3 ~m below the surface 
of the insulating plane. This conclusion was verified by means of scanning electron microscopy. 

The rotating disk electrode (RDE) is one of the few elec- 
trochemical systems for which the hydrodynamic and con- 
vective-diffusion equations have been rigorously solved 
(1). It  has been used widely in electrochemistry to study a 
great variety of electrochemical problems (2-5). Frumkin  
and Nekrasov (6) described the now familiar rotating ring- 
disk electrode (RRDE) which had a ring electrode concen- 
trically surrounding the disk electrode. Subsequently, 
Ivanov and Levich (7) developed an approximate theory 
for collection experiments at the RRDE. 
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Zaidel (8) treated the problem of a separate rotating ring 
electrode (RRE) and derived the solution for the limiting 
convective-diffusion controlled current at such an elec- 
trode. It was shown that, unlike the RDE, the RRE does 
not possess the property of uniform accessibility. The 
mass flux to a RRE is infinite at the inner  edge of the ring 
and decreases as the radial distance increases from the 
center of rotation. Moreover, the RRE was predicted to 
yield a larger mean current density than the RDE. The 
thinner  the ring is, the higher is the theoretical mean cur- 
rent density. This property makes a thin ring electrode at- 
tractive for kinetic and analytical investigations. To test 
this conclusion, we have fabricated a rotating very thin 
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