
VoW. 130, No. 3 ELECTROREDUCTION OF CO~ AND HCOOH 613 

Acknowledgment 
The financial support of the Robert A. Welch Foun- 

dation of Houston, Texas, is gratefully acknowledged. 

Manuscript submitted May 20, 1982; revised manu- 
script received Oct. 18, 1982. 

Any discussion of this paper will appear in a Dis- 
cussion Section to be published in the December 1983 
JOURNAL. All discussions for the December 1933 Dis- 
cussion Section should be submitted by Aug. 1, 1983. 

Publication costs o] this article were assisted by Rice 
University. 

REFERENCES 
1. T. E. Teeter and P. Van Risselberghe, J. Chem. 

Phys., 22, 759 (1954). 
2. F. H. Meller, Final Report (Phase II),  Contract No. 

N00014-66-C0139, Office of Naval Research, 
Washington, DC (1968). 

3. K. S. Udupa, G. S. Subramanian, and H. V. K. 
Udupa, Electrochim. Acta, 16, 1593 (1971). 

4. V. Kaiser and E. Heitz, Bet. Bunsenges. Phys. 
Chem., 77, 818 (1973). 

5. J. Ryu, T. N. Andersen, and H. Eyring, J. Phys. 
Chem., 76, 3278 (1972). 

6. A. V. Zakharyan, N. V. Osetrova, and Yu. B. 
Vasilev, Soy. Electrochem., 13, 1568 (1978). 

7. P. G. Russell, N. Kovac, S. Srinivasan, and M. 
Steinberg, This Journal, 124, 1329 (1977). 

8. S. Kapusta and N. Hackerman, J. Electroanal. 
Chem. Interjacial Electrochem., 138, 295 (1982). 

9. Yu. Ya. Gurevich, Yu. V. Pleskov, and Z. A. Roten- 
berg, "Photoelectrochemistry," Consultants Bu- 
reau, New York (1980). 

10. "International Critical Tables," McGraw Hill, New 
York~and London (1982). 

11. S. M. Cai~ C. Y. IAu, S. M. Wilhelm, and N. Hacker- 
man, Abstract 697, p. lllS, The Electrochemical 
Society Extended Abstracts, Montreal, Quebec, 
Canada, May 9-14, 1982. 

12. A. Bewick and G. P. Greener, Tetrahedron Lett., 53, 
4823 (1969) 54, 391 (1970). 

13. A. V. Zakharyan, Z. A. Rotenberg, N. V. Osetrova, 
and Yu. B. Vasilev, Soy. Electrochem., 14, 1317 
(1978). 

14. Yu. V. Pleskov, Z. A. Rotenberg, V. V. Eletsky, and 
V. I. Lakomov, Faraday Discuss. Chem. Soc., 56, 
52 (1974). 

15. D. Schiffrin, ibid., 56, 75 (1974). 
16. G. C. Barker, A. W. Gardner, and D. C. Sammon, 

This Journal, 113, 1182 (1966). 
17. W. Paik, T. N. Andersen, and H. Eyring, Electro- 

chim. Acta, 14, 1217 (1969). 
18. S. Gordon, E. J. Hart, M. S. Matheson, 3". Rabani, 

and K. J. Thomas, Discuss. Faraday Soc., 36, 193 
(1963). 

19. C. Gabrielli, "Identification of Electrochemical Pro- 
cesses by Frequency Response Analysis," Solar- 
tron Instrumentation Group, Irvine, CA (1980). 

Polymer Films on Electrodes 

XI. Electrochemical Behavior of Polymer Electrodes Produced by Incorporation of 
Tetrathiafulvalenium in a Polyelectrolyte (Nation) Matrix 

Timothy P. Henning* and Allen J. Bard** 
Department of Chemistry, University of Texas, Austin, Texas 78712 

ABSTRACT 

The electrochemical behavior of the cation exchange polymer Nation containing tetrathiafulvalenium (TTF +) on a plat- 
inum sub strate is described. The polymer electrode shows cyclic voltammetric behavior similar to that of solid films of TTF 
on platinum. In 1.0M KBr the oxidized form of the electroactive molecules in the polymer (TTF § forms nonstoichiometric 
complexes with Br-. The peak potentials in cyclic voltammetry shift with changes in concentration of supporting electro- 
lyte, temperature, and anion of the supporting electrolyte. Very narrow cyclic voltammetric waves are observed that result 
in part from attractive interactions between the electroactive molecules. The separation in peak potential of the reduction 
and oxidation waves is explained by formation of TTFBr07 which stabilizes the oxidized form (TTF § and makes it harder to 
reduce. Peak potentials for the oxidation and reduction shift closer together as the scan rate is lowered, which is explained 
by a "square (reaction) scheme." 

The electrochemistry of layers on electrode surfaces, 
both solids and polymers, has been investigated by 
many research groups. The cyclic voltammetric be- 
havior of the surface-confined layers frequently de- 
viates from the theoretical "thin film" behavior of a 
one-electron nernstian reaction at 25~ i.e., peak 
width at half-height (hE1/2) of 90.6 mV and no split- 
ting between the anodic and cathodic peaks (2~Ep 
Epa -- Epc ---- 0) (1). Relatively few films show a hE1/2 
significantly smaller than 90.6 mV (2). These narrow 
cyclic voltammetric (CV) waves were attributed to 
interactions among the electroactive molecules and 
phase formation in the layer. Large peak separations 
observed in cyclic voltammetry at fast scan rates (1 
V/sec and larger) have been attributed to slow hetero- 
geneous kinetics and resistance effects in the layer. 
Even at slow scan rates, where heterogeneous ki- 
netics and resistance usually are not of importance, 
finite hEp values have been observed. These have been 
explained by kinetic effects associated with phase for- 
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mation (nucleation overpotential) (2d) and intercon- 
version between different forms of the polymer-con- 
tined electroactive molecules with different standard 
potentials (3). 

We recently described unusual CV behavior of a 
pelymer electrode in which tetrathiafulvalenium ion 
(TTF + ) was incorporated into a layer of the per- 
fluorinated sulfonate polymer, Nation (NAF) (4). 
This polymer electrode exhibited narrow (~EI/2 ~ 20 
mV) CV waves and AEp of ~ 150 mV at intermediate 
scan rates (e.g., 10 mV/sec). This is remarkably similar 
to the electrochemical behavior of solid films of TTF. 
In this paper we describe more detailed studies of the 
electrochemical behavior of the TTF/NAF polymer 
electrode, examining the effects of supporting electro- 
Iyte concentration, different supporting electrolytes, 
temperature, and different scan rates in cyclic voltam- 
merry. We also obtained absorption spectra of the 
TTF polymer on SnO2 transparent conducting elec- 
trodes, which yielded information about the nature of 
the electroactive TTF molecules in the polymer. In 
a related paper the behavior of solution redox species 
on the TTF polymer electrodes is described (5). 
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Experimental 
Materials.--TTF (Aldr ich)  was purif ied by  several  

v a c u u m  sublimations.  TTFCl~ was synthes ized by  dis-  
solving TTF in benzene and adding  dropwise  a ben-  
zene sQlution which was sa tu ra ted  wi th  chlorine. The 
purp le  TTFC1 prec ip i ta te  was washed  wi th  e ther  and 
ai r  dried. The suppor t ing  e lec t ro ly tes  were  used as pu r -  
chased. The 970 eq wt  Nation dissolved in e thanol  was 
a gift  f rom the E. I. du  Pont  de Nemours  & Company.  

Apparatus.mAll elec t rochemical  exper iments  em-  
p loyed a Pr ince ton  App l i ed  Research (PAR)  Model  
175 universa l  p rogrammer ,  Model  173 potent iostat ,  and 
Model 179 digi ta l  coulometer .  Slow potent ia l  scans 
( <  1 mV/sec)  were  accomplished by in t roducing  a 
vol tage d iv ider  be tween  the p r o g r a m m e r  and poten t io-  
stat. The work ing  electrode used in al l  the  e lec t ro-  
chemical  exper imen t s  was a P t  d isk  (area  _-- 0.027 
cm 2) embedded  in a glass rod. A P t  mesh was used as 
a countere lec t rode  and a sa tu ra ted  calomel  e lectrode 
(SCE) was used as a reference.  Resistance compensa-  
t ion was used at  al l  scan rates  fas ter  than  10 mV/sec  
b y  ad jus t ing  the  amount  of posi t ive feedback jus t  shor t  
of oscillation. 

Procedure.--The electrodes were  p repa red  by  cov- 
e r ing  the P t  d isk  wi th  10 #l i ter  of an EtOH solut ion of 
Nation (2% by  weight )  and  a l lowing the EtOH to 
evaporate .  The d ry  thickness  of the  resul t ing  films 
( typ ica l ly  1 ~m) was de te rmined  wi th  a Sloan Dek tak  

surface  profile measur ing  system. The TTF+ was in-  
corpora ted  into the Nation film by  immers ing  the elec-  
t rode  in an aqueous solut ion of -~ 1 mM TTFC1 for 10 
min. The electrode,  denoted P t / N A F , T T F  +, tu rned  a 
golden color a f te r  immers ion  in the  TTF+ solution, in-  
d ica t ing the incorpora t ion  of TTF +. The average  con- 
cen t ra t ion  of e lec t roact ive  TTF in the  e lect rode was 
typ ica l ly  about  0.3M as de t e rmined  by  the  in tegra ted  
charge under  a s t eady-s t a t e  CV wave. 

Results 
Cyclic voltammetry.--The behavior  of a f reshIy  

formed P t / N A F , T T F  + elect rode in aqueous 1.0M KBr  
is shown in Fig. 1. The  first reduct ion scan of the elec-  
t rode  to TTF produced  a b road  cathodic wave. The oxi-  
dat ion of the  e lec t rode  back to TTF + produced a sharp 
anodic wave  which  shif ted toward  less posi t ive poten-  
t ia ls  wi th  fu r the r  cycling. The second reduct ion scan 

b. yc, 

~ -0.37 m A / c m  2 

~ ~  a ~ _ i  c! 

I I L 
0.2 0.1 0.0 

V vs SCE 
I 

-0.1 

Fig. !. Cyclic voltammogram of a Pt/NAF,TTF + electrode in 1M 
KBr at 10 mV/sec, (a) initial CV, first cycle; (b) third cycle; (c) 
fifth cycle. Integrated charge under the anodic wave, Qt ~ 74 ~C. 

produced a sharp  cathodic wave;  this wave  shif ted ve ry  
l i t t le  in potent ia l  wi th  fur ther  cycling. The  P t / N A F ,  
TTF + electrode,  which was or ig ina l ly  golden in color, 
became colorless when the film was reduced in 1.0M 
K B r  and then  purp le  when  the film was oxidized.  Af t e r  
about  I0 cycles the anodic wave  a t ta ined  a constant  
shape and peak  potential .  The in tegra ted  charge under  
the CV waves  decreased for the first 4-5 cycles after 
which the in tegra ted  charge was about  ha l f  tha t  of the 
first reduct ion  and then remained  essent ia l ly  constant.  
Af te r  about  2 hr  the peak  currents  for  the  CV waves  
s lowly decreased wi th  continuous scanning and after 
about  12 hr  the  waves  had disappeared.  

While  the  first CV reduct ion  wave  (Fig. 1) was a 
broad,  d r a w n - o u t  wave  with  a s lowly decaying  (diffu- 
sive) tail,  which is character is t ic  of the  CV waves  seen 
for o ther  e lect roact ive  molecules  bound into Nation 
po lymer  layers  (6), the subsequent  oxidat ion  and re -  
duct ion waves  had  shapes different  f rom those p r e v i -  
ously seen in po lymer  electrodes.  The purp le  color of 
the  oxidized form of the  e lectrode af te r  the  first and 
subsequent  reduct ions has been ascr ibed to the  fo rma-  
tion of a TTFBr0.~ complex,  r a the r  than the  or ig ina l  
golden mater ia l ,  where  the TTF + ion is associated wi th  
the sulfonate  group on the polymer .  The s tab i l i ty  of 
the  f resh ly  formed e lec t rode  was also ve ry  different  
f rom the e lec t rochemical ly  cycled electrode.  When  a 
f reshly  formed P t / N A F , T T F  + e lec t rode  was taken  out  
of the aqueous TTFC1 solut ion in  which incorpora t ion  
of TTF + took place, the go lden-co lored  e lect rode could 
be immersed  in wa te r  at open circui t  for  at  least  one 
week wi thout  any  appa ren t  effect on the  subsequent  
e lec t rochemis t ry  of the  polymer .  If  the  e lec t rode  was 
immersed  in 1.0M KBr,  however ,  colored mate r i a l  d i f -  
fused out  of the  po lymer  into the solution. With in  a 
few minutes  the  amount  of e lect roact ive  TTF+ re -  
main ing  in the  po lymer  was g rea t ly  reduced  over  tha t  
which would  have  been found if the  e lec t rochemical  
cycling of the po lymer  had  begun  immedia te ly .  This 
exper imen t  indica ted  tha t  TTF+ was indeed  e lec t ro-  
s ta t ica l ly  bound into the Nation po lymer  f rom the 
aqueous TTFC1 solut ion and the s tab i l i ty  of the  po ly -  
mer  in wa te r  can be a t t r ibu ted  to the  absence of ca-  
tions in solut ion capable  of exchanging wi th  the  TTF + 
on the po lymer  sites. In 1.0M~ KBr,  K + can replace 
TTF + on the po lymer  sites. Note, however ,  tha t  after 
a few reduct ion or  oxidat ion  cycles, the e lectrode could 
be  immersed  at  open circuit  in 1M KBr  in e i ther  the  
TTF + or  TTF form wi th  l i t t le  loss of e lec t roact ive  m a -  
te r ia l  over  1 hr. The difference in  s tab i l i ty  be tween  the 
in i t ia l ly  formed golden TTF + e lec t rode  and the e lec .  
t rochemica l ly  oxidized purp le  e lec t rode  in 1.0M K B r  
indica ted  tha t  the  e lec t rochemica l ly  oxidized fo rm of 
the  po lymer  was ve ry  different  f rom the in i t ia l ly  
fo rmed  mater ia l .  

The s teady-s ta te  cyclic vo l t ammogram of a P t / N A F ,  
TTF + e lec t rode  is shown in Fig. 2a. For  comparison,  a 
cyclic vo l t ammogram for a nerns t ian  one-e lec t ron  re-  
action showing thin l aye r  behavior  (7) w i th  the  same 
area  unde r  the waves  is shown. This theore t ica l  CV 
wave  emphasizes both the unusua l  sharpness  of the  
peaks  and the  na tu re  of the  peak  separa t ion  at  this  
scan rate.  Also included in Fig. 2 is the  CV of a sol id  
film of TTF on a P t  electrode,  denoted  P t /T T F .  This 
film was formed b y  p lac ing  a drop of benzene con- 
ta in ing dissolved TTF on a P t  e lect rode and a l lowing 
the benzene to evaporate .  The  s imi lar i t ies  be tween  the 
solid and po lymer  layers  of TTF suggest  tha t  the  TTF 
species in the  po lyme r  af te r  cycl ing r e sembled  the 
solid TTF and T T F + - B r  - phases. However ,  whi le  the  
P t / N A F , T T F +  e lec t rode  was reproduc ib le  and s table  
upon  cycl ing for hours, the P t / T T F  elect rode was less 
reproducib le  and became i r r eve r s ib ly  oxidized in  less 
than  1 h r  of e lec t rochemical  cycling. 

CV: ef]ect o] scan rate .~The CV behav io r  of a P t /  
NAF,  TTF + e lec t rode  was s tud ied  in  l/Y/ K B r  for  scan 
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Fig. 2. Cyclic voltarnmogram at 10 mV/see of (a) Pt/NAF, TTF + 
electrode in 1M KBr, Qt - 147 #C; (b) ideal l e -  thin layer elec- 
erode using Ot as in (a) and an E ~ of 0.0V; (c) Pt/TTF electrode 
(,~800A. thickness) in 1M KBr. 

ra tes  (v) of 0.02-10 V/sec  (Fig. 3-5).  Wi th  increas ing 
v, the  peak  po ten t ia l  of the anodic wave  (Epa) shifts  
t oward  more  posi t ive values  and tha t  of the cathodic 
wave  (E~)  t o w a r d  more  nega t ive  values  (Fig. 6). 
In  inves t igat ions  at  v < i mV/sec  (Fig. 3), the  elec-  
t rode  was scanned at  1 mV/sec  unt i l  N 150 mV before  
the  CV wave  and then  v was decreased to the  des i red  
va lue  unt i l  the  peak  was t raversed,  then  increased to 1 
mV/sec  again  unt i l  the  opposi te  peak  was reached.  A l -  
though both  waves  shif ted wi th  increas ing v, the be -  
hav ior  of the  anodic  and cathodic waves  wi th  v was 

3 7 0 I m A  

I 
0.05 

s e c / V  c m  2 

I I 

0 . 0  V - 0 . 0 5  

Fig. 3. Cyclic vo|tammogram (ip/vA vs. E) of a Pt/NAF,T TF+ 
electrode in IM KBr at various sweep rates. The outside cathodic 
and anodic peaks correspond to a sweep rate of 0.5 mV/sec with 
subsequent anodic and cathodic peaks corresponding to sweep rates 
of 0.2, 0.1, 0.05, and 0.02 mV/sec. Qt ~ 152 F,C. 

3 7 1  m A  s e c / V  c m  2 

I 
0.1 

I I 

O . O V  -0.1 

Fig. 4. Cyclic voltammogram (ip/vA vs. E) of a Pt/N'AF,TTF + 
electrode in IM KBr at various sweep rates. The outside cathodic 
and anodic peaks correspond to a sweep rate of 100 rnV/sec with 
subsequent anodic and cathodic peaks corresponding to sweep rates 
of 50, 20, 10, 5, 2, and 1 mV/sec. Qt ~ 44/~C. 

~ - S  
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Fig. 5. Cyclic voltammogram of a Pt/NAF,TTF + electrode in 1M 
KBr at sweep rates of (a) 1 V/see, S ~ 14 mA/cm 2, Qt - -  55 ~C; 
(b) 10 V/see, S ~ 74 mA/cm 2. 

different.  The anodic peak  sh i f ted  out  and became 
b roader  and ipa/V decreased wi th  increas ing v. The 
cathodic peak  shif ted out  but  ma in ta ined  rough ly  the  
same  shape,  and for v ~ 50 mV/sec,  ipc/v was nea r ly  
the  same (Fig. 4).  The in tegra ted  charges  under  the  
oxida t ion  and reduct ion  waves  were  wi th in  5% of 
each o ther  and  constant  for  the range  1-10 V/se  c. The  
in t eg ra ted  charge at  v ~ 1 mV/sec  was not  measured,  
but  the constant  shape of the  waves  suggests  tha t  the  
charge  was the  same for al l  scan rates.  The e lec t rode  
de te r io ra ted  more  r ap id ly  at  10 V/sec  than  at  s lower  
scan rates, p robab ly  because  of the  la rge  cur ren t  den-  
s i ty  (0.16 A / c m  2) being passed th rough  the film at  t h i s  
v (Fig. 5). 

The shape of the CV waves  of P t / N A F ,  TTF+ elec-  
t rodes  va r i ed  s l ight ly  f rom elec t rode  to electrode;  the  
peak  currents  were  d i rec t ly  influenced b y  the amount  
of TTF + incorpora ted  into the  po lyme r  layer .  The ex -  
amples  given in the  figures represen t  typ ica l  behavior .  
Because the  life of any  single e lec t rode  was l imited,  
the  da ta  r epresen t  the  behav ior  f rom severa l  different  
electrodes.  The in tegra ted  charge under  a s t eady - s t a t e  
wave  in cyclic v o l t a m m e t r y  is included wi th  each figure 
to make  comparisons be tween  figures easier.  The CV 
behavi0r  for  the  P t  subs t ra te  was not  unique.  The CV 
waves  of the  N A F - T T F  po lyme r  on Au, p y r o l y t i c  
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Fig. 6. Plot of Epc ( Q )  and Epa ( [ ] )  vs. log v. Same electrode as 
used in Fig. 4. 

graphite, optically t ransparent  SnO~-coated glass, and 
Ta substrates were very similar  to that  on a Pt  sub-  
strate. 

Equilibrium behavior.--To investigate whether  the 
peaks would shift in and exhibi t  the same Ep value as 
equi l ibr ium was approached, the potential  was scanned 
to a given potent ial  and held there unt i l  the current  
dropped below 1.5 nA (i.e., 0.1 ~C of charge per min) .  
The ratio of the charge passed at a given potential  to 
that  needed for complete reduct ion or oxidation of the 
film, 8, as a funct ion of E, is shown in  Fig. 7. This CV 
isotherm taken at essenti.ally an infinitesimal scan rate 
showed a sharp break in both the cathodic and anodic 
branches which occurred well before the peaks in  the 
cyclic vo l tammogram at 10 mV/sec. If the time re-  
quired for establ ishment  of equi l ibr ium was decreased 
by set t ing higher  current  limits, the effect on the iso- 
therm was to shift the breaks in the isotherm to more 
negative and more positive potentials;  this is the same 
effect as seen for the peak potentials in  cyclic vol tam- 
merry with faster scan rates. The potent ial  of the break 
was invar ian t  with the amount  of electroactive mate-  
rial  reduced or oxidized in  the layer  dur ing the break 
in the isotherm. If the potential  was shifted to less 
negat ive potentials dur ing  the break in  the cathodic 
isotherm the reaction immediate ly  ceased. The cath- 
odic isotherm had a long slow rise before the sharp  
break in the isotherm which possibly resulted from the 
existence of other forms of TTF +, such as bound to the 
SOs-  groups in the polymer. 

CV: e~ect of scan reversaL--Reversal in the direc- 
t ion of a potential  scan at different points along the CV 
wave was suggested by Conway et al. (8) to be a use-  
ful  way of de termining  the effect of interactions among 
the molecules in  the surface layer. The effect of scan 
reversal  into both the oxidat ion and reduction waves 
of a P t /NAF,TTF + electrode is shox~-n in  Fig. 8. The 
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Fig. 7. (a) Cyclic vottammogram of a Pt/NAF,TTF + electrode 
in 1M KBr at 10 mV/sec, Qt = 159 ~C; (b) (circles and squares) 
electrochemical isotherm of the same electrode as shown in (a), 
showing total charge passed at given potential normalized to 159 
~C. 

current  after reversal  of the scan was larger  than that  
seen before the potential  direction was reversed with 
this effect being more pronounced for the reduct ion 
wave. This effect is not  usual ly  seen with polymer  or 
modified electrodes and points to strong positive (at-  
tractive) interactions among the oxidized molecules in 
the polymer with a smaller  positive interact ion among 
the reduced molecules. The potential  of the reverse 
peak also showed a much larger shift for the reduct ion 
wave as compared to the oxidation wave. 

CV: effect o~ supporting electrolyte concentra~ion.-- 
The concentrat ion of support ing electrolyte was var ied  
to determine the effect of changes in  B r -  concentra-  
t ion on the cyclic vol tammogram of a P t /NAF,TTF + 
electrode. The results of vary ing  the KBr concentra-  
t ion from 3.5 to 0.1M are shown in Fig. 9 for the same 
electrode. A plot of the shift in peak potent ia l  of both 
the cathodic and anodic waves vs. the log of the KBr 
concentrations for all  concentrat ions investigated is 
shown in  Fig. I0. The fact that  the CV waves of the P t /  
NAF,TTF + electrode responded to changes in the sup- 
port ing electrolyte concentrat ion was not  surprising, 
because it has already been established that the oxi- 
dized form of the electrode involved formation of a 
T T F + - B r  - complex. The shift in potent ial  was close to 
the expected r 5 9  mV per tenfold change in  B r -  con- 
centration. A significant deviation in  the shape of the 
waves occurred at the lowest concentration,  0.1M. At 
this concentrat ion each wave looked to be two waves, 
a broad diffusional looking wave with a sharper  wave 
superimposed. Significantly, the color of the oxidized 
form of the wave at the lowest concentrat ion was no 
longer purple  bu t  golden. The average molar  concen- 
t rat ion of electroactive TTF molecules in the polymer 
films, as was stated earlier, was typically 0.3M. The 
concentrat ion of KBr present  in  the polymer after ira- 
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Fig. 8. Cyclic voltamrnogrorn of a Pt/HAF,TTF + electrode in 
I M  KBr at |0 rnV/sec with (a) scan reversal into the cathodic 
wave; and (b) scan reversal into the anodic wave; Qt - 90/~C. 

mersion in a KBr solution is unknown, but  examination 
of the polymers coated on Pt in a scanning electron mi-  
croscope using energy dispersive spectroscopy showed 

--~--0.8 m A / c m  2 

~ 

0.2 0.1 0.0 V - 0.1 

B.  
) ,  

Fig. 9. Cyclic voltammogram of a Pt/HAF,TTF + electrode at 
10 rnV/sec in (a) 3.48M KBr; (b) 1.0M KBr; Qt ~ 108 #C; (c) 
0.1M KBr. 

-1.0 -0.5 0,0 0,5 
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Fig. 10. Peak potential vs. log KBr concentration horn the ex- 
periment shown in Fig. 9. Lines are drawn with a slope of - -59 rnV. 

that after soaking in a KBr solution, Br was present in 
the polymer. Experiments using NaOH showed that 
after equilibration the Nation achieved nearly the same 
concentration of NaOH as that present in solution (9). 
These facts suggested that the electrochemical process 
changed at  the lowest concentration because of an 
excess in electroactive TTF over bromide ion present 
in the polymer. 

CV: temperature egects.--The effect of varying the 
temperature on CV waves has been used to obtain in- 
formation about the kinetics o f  reactions coupled to 
electron transfer reactions (10). Unusual temperature 
effects on the CV waves of TTF-TCNQ pressed pellet 
electrodes were previously observed (11). The tem- 
perature of the Pt /NAF,TTF + electrode immersed in 
the solution was held at a g iven  value by placing the 
electrochemical cell in a water  bath. The SCE refer-  
ence electrode remained at room temperature through- 
out the experiment with only the reference electrode 
tip in the solution. The CV waves of a Pt /NAF,TTF + 
electrode were strongly temperature dependent as is 
shown in Fig. 11. Both the cathodic and anodic waves 
shifted closer together with increasing temperature.  
The reduction waves at the higher temperatures (36 ~ 
and 55~ were init ially sharper than those at lower 
temperatures but  within a few cycles broadened out to 
the shape shown in Fig. 11. The shift in peak potential 
with temperature was greater for the reduction wave 
as is shown in the plots of reduction and oxidation peak 
potentials vs. temperature (Fig. 12) which were l inear 
over the temperature range studied. 

CV: eJ]ect of diJ]erent hahde ions.~The halide ion in 
the supporting electrolyte was varied to determine the 
effect of the counterion on the CV waves of a P t /  
NAF,TTF + electrode (Fig. 13). The CV peaks shifted 
to more negative potentials in the order C1- < B r -  
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Fig. 11. Cyclic voltnmmogram of o Pt/NAF,TTF + electrode in 
I M  KBr at ]0 mV/sec and at a temperature of (a) 1.5~ (b) 
21~ Qt = 97 #C; (c) 36~ 
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Fig. t2. Peak potential vs. temperature from the experiment shown 
in Fig. ! 1. 

< I -  and the oxidized form of each electrode was pur -  
ple. In  KF  the CV waves were broad and had a shape 
similar  to that  of other electroactive molecules ob- 
served in Nation. The shape of the CV waves and the 
color of the oxidized form of the electrode, golden, in  
KF was identical to the electrode behavior  observed 
using potassium acetate and potassium sulfate as sup- 
port ing electrolytes. TTF + is known  to form one-d i -  
mensional  conducting complexes with CI- ,  B r - ,  and 
I - ,  but  no conducting complexes have been reported 
using F - ,  acetate, or sulfate. If the same electrode was 
used in  different support ing electrolytes, the behavior  
was unaffected by the order in which the different so- 

C. 

d, r . . . : . . . . ~ \ + ~ - -  '~ 

I ~ I I I 
0.2 0,0 V - 0,2 

Fig. 13. Cyclic voltammogram of a Pt/NAF,TTF + electrode at 
|0 mV/sec in various supporting electrolytes: (a) 1M KF, $ - -  74 
~A/cm2; (b) 1M KCI, S ---- 740- - (~40)  #A/cm~; (c) 1M KBr, S - -  
740 #A/cm 2, Qt ~ 137 ~C; (d) 1M KI, S ~- 740 #A/cm 2. 

lutions were investigated. No effect on the cyclic vol-  
tammogram of a P t /NAF,  TTF + electrode ~n a B r -  so- 
lu t ion was seen when the cation of the support ing elec- 
trolyte was changed from potassium to sodium. 

Chronoamperometric behavior.--Chronoamperomet- 
rie methods can be useful in de termining the apparent  
diffusion coefficient, Dapp, of a species confined to a 
layer  on an electrode surface. When Dapp is measured 
using chronoamperometr ic  methods, the value may be 
associated with a specific ion diffusion through the 
polymer, an electron hopping process, or both, depend-  
ing on what  process limits the current  (12). A poten-  
tial step (0-0.25V) was applied to a reduced P t /NAF,  
TTF + electrode in a 1M KBr solution and the cur ren t -  
t ime (i-t)  t ransient  recorded. The plot of i vs. t -1/~ 
(Fig. 14) shows a l inear  region with zero intercept  
(Cottrell  region).  The slope of the l inear  region 
yielded Dapp of 8 • 10 .7  cm2/sec based on the Cottrell 
equation and assuming an average concentrat ion of 
the electroactive TTF molecules uni formly  distr ibuted 
throughout  the film and a one-elect ron process. Based 
on the thickness of the layer  and Dapp, the onset of 
deviations from Cottrell behavior  which occur at 
longer times due to thin layer  effects occurred at ap- 
proximately the expected time. The current  f rom the 
i-t trace for the reduct ion of the electrode using a po- 
tent ial  step from 0.2 to --0.4V decayed rapidly after 2 
msec, presumably  showing the effect of reduction of 
the bulk  of the TTF +. The processes by which the elec- 
trode reduced and oxidized dur ing a potential  step 
were clearly different. 

Spectroscopy.--Electrodes were formed on a t rans-  
parent  SnO2 glass conducting substrate so that  ab- 
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Fig. 14. Current vs. t - z / 2  for the oxidation of a Pt/NAF,TTF + 
electrode in 1M KBr. The potential was stepped from 0.0 to 0.25V. 

sorpt ion  spect roscopy could be  used to iden t i fy  the 
form of t h e  oxidized and reduced molecules  in the 
polymer .  The e lec t rochemis t ry  of the SnO2/NAF,TTF + 
electrodes was s imi lar  to that  of e lectrodes using P t  
substrates .  The v i s -nea r  in f ra red  spec t ra  of d ry  elec-  
t rodes were  recorded  wi th  a Cary  14 spec t rophotome-  
te r  for  e lect rodes  before  e lec t rochemical  cycl ing and 
a f te r  e lec t rochemical  cycling wi th  the  e lect rode lef t  in 
the  reduced  or oxidized forms (Fig. 15). The  resul ts  
f rom these spect ra  a re  shown in Table I along wi th  re -  
sults f rom previous  s tudies  of TTFBr0.79 and TTFC1 
crysta ls  (13). The spec t rum of the  e lec t rode  before  
e lec t rochemical  cycl ing was close to that  of the d imer  
d ica t ion of TTF  + as observed for TTFC1 crysta ls  (13). 
The peak  at  790 nm (kcw) corresponds to an in t e r -  
molecu la r  electronic t rans i t ion  be tween  the molecules 
of the  dimer.  The spec t rum of the  reduced  form of 
the  e lect rode did not  show any  peaks  in the  vis ible  
region;  this corresponds to publ i shed  spec t ra  of TTF 
(13) where  only  an absorpt ion  peak  in the u.v. was 
seen. The surface of the  reduced  fo rm of the e lect rode 

0 , 6 "  

O . . . .  

0 , 2  

I I I I 
4 0 0  700 1000  1300 1600 

A (.m) 

Fig. 15. Absorption spectrum of a dry glass-SnO2/blAF,'l:TF + 
electrode (a) freshly formed; (b) after electrochemical cycling in 
1M KBr, removed from solution in the oxidized state; (c) after 
electrochemical cycling in 1M KBr, removed from solution in the 
reduced state. 

Table I. Absorption maxima of SnO2/NAF,TTF + electrodes 

:~,.,~ k,h XoT 
(nm) (rim) (am)  

Fresh SnO~/NAF,TTF+ electrode 400 490 760 
TTFCI (dimer) * 380 030 790 
Oxidized SnO~/NAF,TTF~ electrode 397 561 1890 
TTFBro.~o* 374 537 1970 

�9 Absorption spectrum of powdered samples dispersed in KBr 
[from Ref. (13)]. 

was pa r t i a l l y  covered wi th  the nonelec t roac t ive  crys-  
tals  of TTFBr0.~ (5), bu t  the absence of any  peaks  
in the  spec t ra  due to the  nonelect roact ive  crys ta ls  
means  t hey  cont r ibuted  ve ry  l i t t le  to the  absorpt ion  
spect rum.  The spec t rum of the e lec t rode  in the oxi -  
dized form also was s imi la r  to tha t  for  crys ta ls  of 
TTFBr0.~9, where  the peak  presen t  in the n e a r , i n f r a r e d  
was shown to correspond to in te rmolecu la r  e lectronic  
t ransi t ions  along the  conduct ing axis of the  crystal .  
The presence of the n e a r - i n f r a r e d  peak  leads to t h e  
conclusion tha t  the oxidized form of the e lec t roact ive  
molecules  in the  e lect rode was TTFBr0.~.0.s. 

Discussion 
The e lec t rochemical  inves t iga t ion  of P t / N A F , T T F  + 

electrodes leads to the  fol lowing mode l  for  the  ox ida -  
t ion and reduct ion of the  e lec t roact ive  TTF molecules  
in  the  po lymer  layer .  The  consistency of the  exper i -  
men ta l  resul ts  to this  model  is discussed below. In-  
corpora t ion  of TTF + into the  Nation l aye r  produces  a 
go lden-co lored  film in which  TTF + has no special  
s t ruc tu ra l  a r r angemen t  and Lxists p redominan t ly  as 
TTF+,- -SO~ - pairs.  However ,  upon severa l  reduct ion  
and oxida t ion  cycles, counterions f rom the e lec t ro ly te  
(e.g., B r -  and K + ) a re  incorpora ted  into the l aye r  
and the oxidized form of the l aye r  is now purp le  and 
has an organized T T F + B r  - s t ruc ture  (p robab ly  in 
the  conduct ive nonstoichiometr ic  form, TTFBr0.~). The 
overa l l  r edox  react ion upon cycling can then  be 
wr i t t en  as 

TTFBr0.T ~ 0.7e ~ TTF  § 0 .7Br-  Eol [1] 

However ,  the  s t ruc tu ra l  changes tha t  occur dur ing  
these  redox  react ions cause the  e lec t rochemical  be-  
hav ior  to devia te  f rom that  expected  when al l  p ro -  
cesses and e l emen ta ry  steps are  rap id  and revers ib le .  
Neu t ra l  TTF has a c rys ta l  s t ruc tu re  in which  the flat 
TTF molecules  lie pa ra l l e l  to one another ,  fo rming  
stacks of TTF wi th  each molecule  assuming a s tag-  
gered  (st)  configurat ion wi th  respect  to the  one be low 
it  (14). The  crys ta l  s t ruc ture  of TTFBr0.~ also in-  
volves s tacks of  TTF + molecules,  bu t  these assume 
an ecl ipsed (ec) posi t ion wi th  respect  to one ano ther  
(13). The reduct ion  of the  film involves loss of B r -  
and s t ruc tura l  r e a r r a nge me n t  of the  molecules f rom 
the  ec TTF + form to the st configurat ion of the  neu-  
t ra l  TTF molecules. The  s tabi l iza t ion  of the TTF+ 
molecules  b y  fo rmat ion  of the  B r -  complex  makes  
the complexed form of T r F  + ha rde r  to reduce than  
the uncomplexed  one. The reac t ion  then  occurs b y  a 
"square  scheme" mechan i sm (3) 

TTFBro.~(ec) + 0.7e --  T T F  (ec) + 0 .7Br-  [2] 
t k '  ~k 

TTFBr0.7 (st)  + 0.7e --  T T F  (st)  + 0.TBr- [3] 

(where  the under l ined  forms are  the  s table  ones) .  T h e  
go for  reac t ion  [2] is more  negat ive  than  E~ by  an 
amount  re la ted  to the  energy  difference be tween  the 
ec and st forms of neu t ra l  TTF, and E ~ for  react ion [3] 
is more  posi t ive than  E~ by  an amount  re la ted  to the 
energy  difference be tween  the st  and ec forms of t h e  
TTF + species. The different  Eo-values for oxida t ion  
and reduc t ion  resul t  in  the  peak  spl i t t ing  shown i n  
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the CV waves. However ,  the  peaks  do not  occur a t  
potent ia ls  governed by  the i r  respect ive  Eo's because 
the  fol lowing i r revers ib le  react ions  cause the peaks  
to shift  in ( toward  Eol). This behav ior  is cha rac te r -  
istic of revers ib le  e lect ron t ransfers  fol lowed by  i r -  
revers ib le  fol lowing react ions of  solut ion species (an 
Er-Cl react ion)  ( lb ,  15) and of surface  monolayers  
(16). The ex ten t  of the shif t  in  the CV peaks  de-  
pends on the ra te  constants  of the fol lowing react ions 
(k and k ')  and  the scan ra te  (v) in a manner  con- 
s is tent  wi th  the  behav io r  shown in Fig. 3 and 4. The 
rap id i ty  and i r revers ib i l i ty  of the  s t ruc tura l  r e a r -  
rangements  is shown by  the r ap id  scan (v --  10 V /  
sec) exper iments ,  where  no reversa l  peaks  corre-  
sponding to e i ther  react ion [2] or  [3] a re  observed  
(Fig. 5). A t  essent ia l ly  inf ini tes imal  scan ra tes  (Fig. 
7), the behavior  approaches  tha t  governed by  the 
overa l l  react ion,  (Eq. [1]) ;  the  resul ts  suggest  tha t  
Eol = 0.O0 • 0.02V vs. SCE. 

The  model  is consistent  wi th  the  59 mV shif t  of 
both peaks  pe r  tenfold  change in B r -  concentra t ion 
(Fig. 10). The shifts in Eol w i th  suppor t ing  elec-  
t ro ly te  anion (Fig. 13) point  to s t ronger  complexat ion  
of TTF + by  I -  (E~ ,-- --0.1V vs. SCE) and weaker  
complexa t ion  by  C1- (Eol ,~ -~ 0.05V vs. SCE).  F luo-  
r ide  ion does not  form a conduct ive complex,  so the  
wave  loses its t h in - l aye r  shape in  a F -  med ium and 
the s t ruc tu ra l  reorganiza t ion  effects are  absent  (Fig. 
13a). 

The  quant i ta t ive  e lec t rochemical  behavior  and  the 
deta i led  shapes  of the waves depend on o ther  factors, 
such as a t t rac t ive  interact ions  wi th in  the film which 
cause the  ex t r eme  nar rowness  of the reduct ion peak.  
A d ig i ta l  s imula t ion  t r ea tmen t  of this  sys tem wil l  be 
discussed e lsewhere  (17). However ,  thin l aye r  ErCi 
behav ior  (16) p r o b a b l y  is a reasonable  approx imat ion  
for both par t s  of the square  scheme. The react ion of 
the  P t / N A F , T T F +  elect rode is considered to be thin 
l aye r  at  scan rates  be low 10 V/sec  because the  in te-  
g ra ted  charges  under  the  CV waves  are  independent  
of v. The theory  predicts  tha t  in the  scan ra te  re -  
gime where  the  ra te  of the fol lowing react ion is much 
l a rge r  than  the scan ra te  and the e lec t ron t ransfer  
is revers ib le  (i.e., where  ( R T / n F ) ( k / v )  ~ 10), no 
peaks  are  observed for  the unreac ted  form of the 
molecules  and the var ia t ion  in peak  potent ia l  is de-  
scr ibed b y  Eq. [4] (16) 

Ere "- E~ "t- (2.3RT/nF) log ( R T k / n F v )  [4] 

The plot  of Epc vs. log v for a P t / N A F , T T F +  elect rode 
(Fig. 6) was l inea r  over  the  in t e rmed ia te  range  of  
scan rates  (,~ 10 -4 to 10-2 V/sec) .  The slope of the 
l ine (--19.4 mV) is much smal le r  than  that  p red ic ted  
by  Eq. [4] for a one-e lec t ron  t ransfer .  The pred ic ted  
va lue  of ~E1/2, the  wid th  at  ha l f -height ,  for a thin 
l a y e r  ErCi reac t ion  is 66/n mV (16). The wid th  of the 
anodic wave  is ~20 mV but  the cathodic wave  i s  much 
nar rower .  The nar rowness  of the reduct ion  wave  can 
be expla ined  by  a t t rac t ive  interact ions  among the  
oxidized molecules  in the  po lymer ;  these are  also 
responsible  for  the unusua l  behavior  found for  scan 
reversa l  at  different  points into the cathodic wave,  
where  the cathodic cur ren t  increases on reversa l  
(Fig. 8). This is exp la ined  as follows. The oxidized 
e lec t rode  is in i t ia l ly  ha rd  to reduce because  the a t -  
t rac t ive  in teract ions  mus t  be overcome; this causes 
the  cathodic  wave  to be shif ted to more  negat ive  
potent ials .  As the  e lec t rode  is pa r t i a l l y  reduced  the 
re ta rd ing  effect of the in teract ions  is decreased be -  
cause of the  smal le r  concentra t ion of oxidized mole-  
cules wi th in  the  film, so the reduct ion r ap id ly  accel-  
erates,  p roducing  a narrow,  ta l l  reduct ion  wave. This 
effect is less pronounced  for  the  oxidat ion  wave  in-  
d ica t ing that  the a t t rac t ive  interact ions  among the 
reduced  molecules  a re  smal le r  than  among the oxi-  
dized ones. S imi lar ly ,  the  AE1/2 of the  oxida t ion  wave  

is a p p a r e n t l y  less affected b y  a t t rac t ive  in terac t ions  
than  the reduct ion wave.  If  the  ErCi model  is val id  for  
this system, the  slope of the Ep vs. log v l ine  suggests  
an n -va lue  of 3 (i.e., 3 electrons t r ans fe r red  per  mole -  
cule) .  One can speculate  tha t  the cr i t ica l  la t t ice  uni t  
is (TTF)4Br~ and the overa l l  reac t ion  is 

(TTF)4Br3 -t- 3e ~ (TTF)4 -~ 3 B r -  [5] 

The devia t ions  at  high scan ra tes  can be a t t r ibu ted  
to the  onset of the significance of heterogeneous k i -  
netics. 

The effect of va ry ing  the  t empe ra tu r e  on the CV 
peak  potent ia ls  of a P t / N A F , T T F  + e lec t rode  (Fig, 11) 
showed that  the  change in en t ropy  (hS)  for  the  re-  
duction and oxida t ion  processes were  not  of equal  
magni tude  and, fu r thermore ,  d id  not  have  the same 
sign. This resul t  can be exp la ined  by  first assuming 
the cathodic and anodic processes a re  ErCl react ions 
in a thin layer ,  and then examin ing  the t empe ra tu r e  
dependence  of the peak  potent ia l  for such a react ion 
(Eq. [4]) .  This is done by  express ing E o as a funct ion 
of its enthalpic  (AH o) and entropic  (aS o) cont r ibu-  
tions and the ra te  constant ,  k, by  the  Ar rhen ius  
equat ion in terms of the act ivat ion entha lp ic  (hH#)  
and entropic  (~S#)  contr ibutions.  The resul t  is Eq. 
[6] where  h is P lanck ' s  constant  and NA is Avogadro ' s  
number .  The sign is plus for  a reduct ion  and minus  
for  an oxida t ion  

nFEp = -- ~H ~ + TAS o 

• (TAS# -- hH# + R In (RT2/NAnFhv))  [6] 

The der iva t ive  of Eq. [6] wi th  respect  to t empe ra tu r e  
is given by  Eq. [7] 

nF dE, : ~S o • ( a S S  + R In (R~T2/NAnFhv) -k 2R) 
dT 

[7] 

Over  the  expe r imen ta l  t empera tu re  range,  dE/dT  
should be constant  to wi th in  2%. The expe r imen ta l  
peaks  shif ted l inea r ly  wi th  t empe ra tu r e  (Fig. 12), 
wi th  a cathodic peak  slope of 1.44 mV/K,  and an 
anodic peak  slope of --0.34 mV/K.  There  are  four  
te rms in Eq. [7] which cont r ibu te  to the slope, one 
of which, aS  o, has been ex tens ive ly  s tud ied  for solu-  
t ion redox species (18). The change in en t ropy  for  
the reduct ion of a cation in solut ion is genera l ly  posi-  
t ive  wi th  dE/dT in the range  0.2-2.0 mV/K.  The peak  
potent ia ls  of both the  oxida t ion  and reduct ion waves 
should shift  to more  posi t ive potent ia ls  wi th  increas-  
ing t empe ra tu r e  as a resu l t  of the  ~So term.  T h e  o the r  
th ree  terms in Eq. [7] resul t  f rom the pe r tu rba t ion  
caused b y  the fol lowing reaction.  While  hS#  is un -  
known for the  reaction,  the  o ther  two te rms can be 
es t imated  and y ie ld  • m V / K  for~ n --  1 (T --  
298K, v : 0.01 V/sec)  and  • m V / K  for n - -  3 
(T _-- 298 K, v = 0.Ol V/sec)  (W for reduct ion,  - -  for 
ox ida t ion) .  The two te rms cause a shift  in the  reduc-  
t ion wave  to more  posi t ive potent ia ls  and the oxi-  
dat ion wave  to more negat ive  potent ia ls  wi th  increas-  
ing tempera ture .  The two ca lcula ted  te rms are  .in the  
same direct ion as the effect aS  o for  the  reduct ion  peak,  
but  are  opposite to the aSo t e rm for the  oxida t ion  
peak. This could exp la in  why  the cathodic process has  
a l a rge r  posi t ive slope than  the anodic process and 
why  the anodic process has a slope w i th  a sign opposi te  
to tha t  of the reduct ion process. 

We do not  bel ieve that  o ther  explanat ions  of the  
observed CV peak  separat ions  and na r row  waves  for  
P t / N A F , T T F  + electrodes are  as reasonable.  Fo r  e x a m -  
ple, resis tance effects can cause peak  separat ions  in 
cyclic v o l t a m m e t r y  (19), but  a large  resis tance (R 
0.1 M~)  would  be needed to cause the  peak  sepa ra -  
tions observed in the slow scan ra te  exper iments ,  be -  
cause of the smal l  cur rents  being passed. The cell  r e -  
sistance of a P t / N A F , T T F  + e lec t rode  in 1.0M KBr 
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was small (20a) as determined by observing the charg- 
ing of the double layer in response to a potential step 
in a nonfaradaic region. A small heterogeneous elec- 
tron transfer rate constant can produce peak splittings 
in cyclic voltammetry. However, the peak separation 
found at 0.02 mV/sec would yield (with a = �89 and 
na = 1) a rate constant, k ~ of 2 • 10 -s  cm/sec (20). 
This seems unreasonably small compared to other 
values reported for electroactive molecules in Nation 
(6b, c). Attractive interactions between reduced and 
oxidized molecules will not normally produce CV peak 
splittings. Large attractive interactions that occur with 
the onset of phase transitions can produce CV peak 
splittings; however, the isotherm under those con- 
ditions would not have the shape found for Pt/NAF, 
TTF + electrodes. 1 

Conclusion 
A freshly formed Pt/NAF,TTF + electrode contains 

TTF +, probably as TTF22+, electrostatically bound on 
the --SO3- cation exchange sites of the polymer. After 
electrochemical cycling the electroactive molecules in 
the polymer form small domains of solid which show 
similar behavior to electrodes made from thin films 
of TTF. This aggregation occurs within the polymer 
film, where the reduced form of the electroactive mole- 
cules is neutral TTF and the oxidized form is TTFBro.7. 
The sharp, narrow CV waves for the oxidation of 2"rF 
and reduction of TFBro.7 are split by over 100 mV; 
this can be explained by structural transitions be- 
tween the oxidized and reduced forms. The shape and 
hysteresis found on scan reversal demonstrates that 
attractive interactions which are greater for the oxi- 
dized form exist between the electroactive molecules. 
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