
640  J. Electrochem. Soc.: E L E C T R O C H E M I C A L  

8. Penn tube  Plast ics  Produc t  Guide,  Clifton Heights,  
Pa., 19018 (1970). 

9. M. C. H. McKubre  and D. D. Macdonald,  F ina l  Re-  
port ,  U.S. Dept. of Ene rgy  Report ,  Contract  
EM-78-C-01-5159, Feb. 1980. 

10. B. Miller,  This Journal, 116, 1117 (1969). 
11. M. C. H. McKubre  and D. D. Macdonald,  Submi t t ed  

to This Journal. 
12. Y. Beers, "The Theory  of Error ,"  Addison-Wesley ,  

Reading,  Mass. (1962). 
13. W. J. A lbe ry  and S. Bruckenstein,  Trans. Faraday 

Soc., 62, 1946 (1966). 

SCIENCE A N D  T E C H N O L O G Y  March 1980 

14. B. Miller,  This Journal, 117, 491 (1970). 
15. B. Mil ler  and R. E. Visco, ibid., 115, 251 (1966). 
16. H. Schlichting,  "Boundary  Laye r  Theory,"  McGraw 

Hill, New k o r k  (1960). 
17. B. Miller,  This Journal, 116, 1675 (1969). 
18. J. O'M. Bockris  and A. K. N. Reddy,  "Modern 

Elect rochemist ry ,"  Plenum, New York (1970). 
19. D. D. Macdonald,  Atomic  Energy  of Canada L im-  

i ted Repor t  4139 (1972). 
20. D. D. Macdonald  and M. C. H. McKubre,  To be 

publ ished.  

Factors Affecting the Electrochemical Responses of Metal 
Complexes at Pyrolytic Graphite Electrodes Coated with Films 

of Poly(4-Vinylpyridine) 
Noboru Oyama* and Fred C. Anson* 

Arthur Amos Noyes Laboratory, Cali$ornia Institute o~ Technology, Pasadena, California 91125 

ABSTRACT 

Elec t rochemical  responses f rom the reduct ion  of Ru m (edta)  coordinated  
to films of high molecular  weight  poly  (4 -v iny lpyr id ine )  on pyro ly t ic  g raphi te  
e lectrodes were  s tudied  as functions of film thickness,  t empera tu re ,  suppor t ing  
e lec t ro ly te  composition, and solvent.  Responses at  f i lmed electrodes f rom meta l  
complexes tha t  do not coordinate  to the  films were  also examined.  With  films 
th icker  than  ca. 1000A, the cur ren t  responses are  l imi ted  by  the ra tes  of molec-  
u la r  motions wi th in  the films. Pene t ra t ion  of counterions,  segmenta l  mot ion of 
sections of the po lymer  chains, and jux tapos i t ion ing  of pairs  of a t tached  meta l  
complexes  to faci l i ta te  in te rcomplex  e lect ron t ransfe r  wi th in  the  film or  com- 
binat ions of the three  are  suggested as l ike ly  cur ren t  l imi t ing proces se s .  

There  has been  considerable  cur ren t  in teres t  in  th e  
prepa ra t ion  and proper t ies  of po lymer -coa t ed  elec-  
t rode  surfaces (1-12). Examples  of po lymer  coatings 
tha t  have been descr ibed include nonelec t roact ive  
po lymers  (1, 6), po lymers  bear ing  repea t ing  e lec t ro-  
act ive groups (2, 3, 7, 8, 11), and e lec t roinact ive  po ly -  
meric  coatings tha t  become e lec t roact ive  when  meta l  
complexes are  a t tached  to them (4, 5, 7, 9). Among the 
questions tha t  awai t  definit ive answers  for  such coat-  
ings is how elect ron t ransfe r  is accomplished be tween  
the e lect rode surface and e lec t roact ive  sites p resen t  
in the polymer ic  films. 

Kau fman  and Engler  (8) have  recen t ly  proposed  
that  electrons are  conducted  th rough  ra the r  th ick films 
of a po lymer ic  pyrazol ine  by  e lec t ron t ransfe r  be tween  
the e lect roact ive  groups wi th in  the  polymer .  They 
proposed tha t  such t ransfe r  requ i red  tha t  the  sites of 
e lec t roac t iv i ty  be mobi le  enough to achieve appropr ia t e  
jux tapos i t ions  of ne ighbor ing  sites in o rder  for  e lec t ron 
t ransfe r  to occur. In  addit ion,  the  po lymer  film must  
be porous enough to a l low pene t ra t ion  by  ions of the  
suppor t ing  e lec t ro ly te  to main ta in  e lec t roneu t ra l i ty  
wi th in  the film. 

In the presen t  r epor t  we address  this and re la ted  
issues for films of po ly (4 -v iny lpy r id ine )  (PVP)  a t -  
tached to pyro ly t ic  g raphi te  electrodes.  The versa t i l i ty  
of this po lymer ic  l igand in anchor ing t rans i t ion  meta l  
complexes to e lec t rode  surfaces ~was descr ibed re -  
cent ly  (9) and i t  seemed des i rable  to obta in  more  in-  
format ion  on the e lect ron t ransfe r  proper t ies  of these 
films which have e lect roact ive  groups (meta l  com-  
plexes)  in t roduced into them af te r  they  have been 
a t tached  to the  graphi te  surface. 

Experimental 
Pyro ly t ic  g raph i te  electrodes wi th  the graphi t ic  

basa l  p lanes  exposed to the  solutions were  p repa red  
and t rea ted  as p rev ious ly  descr ibed (9). Glassy  ca r -  
bon electrodes were  p r e p a r e d  by  cut t ing disks f rom 
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cyl indr ica l  stock (Tokai  Elec t rode  Manufac tu r ing  Com- 
pany,  Limited,  Tokyo) .  The disks were  sealed to the  
ends of glass tubing wi th  hea t - sh r inkab l e  polyolefin 
tubing  (Alfa  Wire  Company)  to produce  an e lect rode 
area  of 0.2 cm. The glassy carbon surface was pol ished 
wi th  sil icon carb ide  pape r  of successively finer gra in  
and finally wi th  0.3# alumina.  The pol ished s u r f a c e  
was washed wi th  excess wa te r  and  methanol .  

P o l y ( 4 - v i n y l p y r i d i n e )  (Borden Incorporated,  Ph i l a -  
delphia, Pennsy lvan ia )  was recrys ta l l i zed  twice f rom 
me thano l -d i e thy l  ether.  ~ts average  molecular  weight  
was de te rmined  v iscometr ica l ly  (13) to be 7.4 X 105. 
This was the po lymer  ut i l ized in a l l  exper iments  ex-  
cept those associated wi th  Fig. 2. Aquoe thy lened i -  
amine t e t r aace t a to ru then ium (III)  was p repa red  and  
purif ied as prev ious ly  descr ibed (9). Other  chemicals  
were  reagent  g rade  and were  used as received.  Aque-  
ous solutions were  p repa red  with  t r ip ly  dis t i l led  water .  
The suppor t ing  e lec t ro ly te  for most e lect rochemical  
measurements  in aqueous media  was 0.2M CF3COONa 
ad jus ted  to the des i red  pH wi th  CF~COOH. Potent ia ls  
are  quoted with  respect  to a sodium chlor ide  sa tu-  
ra ted  calomel  reference  e lec t rode  (SSCE) .  

The e lec t rochemical  ins t rumenta t ion  and procedures  
ut i l ized have been descr ibed prev ious ly  (9). Wi th  
electrodes bear ing  heavy  coatings of PVP and RU m 
(edta)  the quan t i ty  of e lec t rochemica l ly  act ive a t -  
t a c h e d  complex could not  be de te rmined  r e l i ab ly  by  
electronic in tegra t ion  of vo l tammograms.  F igure  1 
shows an example  of a vo l t ammogram for a coated 
e lect rode and its a rea  as measured  by  electronic in te-  
gra t ion of the cur ren t  dur ing  the potent ia l  scan. Note 
tha t  the slope of the in tegra ted  cur ren t  curve does  
not drop to background  levels even at  potent ia ls  wel l  
negat ive  of the peak  potential .  Significant cont r ibu-  
tions to the cur ren t  in tegra l  continue to accumula te  
at  potent ia ls  fa r  removed  f rom the peak. Fo r  this rea -  
son the quanti t ies  of reac tants  a t t ached  to po lymer  
layers  were  eva lua ted  by  in tegra t ion  of the cur ren t  
that  passed when the e lect rode potent ia l  was s t e p p e d  
and he ld  a t  a va lue  wel l  beyond  the v o l t a m m e t r i c  
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Fig. 1. A, voltammogram for the reduction of Ru tII  (edta) at- 
tached to o coating of 2.3 X 10 -7  moles cm - 2  of pyridine as 
PVP on a pyrolytic graphite electrode. Ru I I I  (edta) attachment was 
that resulting when the PVP-coated electrode was exposed to a 5 
tamale solution of Ru m (edta) at pH 3.9 for 15 rain. Supporting 
electrolyte: 0.2M CF~COONa (pH = 2.85). Scan rate: 100 mV 
sec -z .  B, area under the voltammogram in A obtained by electronic 
integration of the current as the voltammogram was recorded. 
Background current and its integral are shown by the dashed lines. 

peak  potent ia l  unt i l  the ra te  of charge  accumula t ion  
decreased  to background  levels.  

To provide  e lec t rode  surfaces conta ining known  
quant i t ies  of a t tached  PVP, measu red  al iquots  of a 
s tock solut ion of the po lymer  in  me thano l  were  care-  
fu l ly  t r ans fe r r ed  to the  surface of a hor izonta l ly  
mounted  e lect rode wi th  a micro l i te r  syringe.  1-4 micro-  
l i ters  of the solut ion spread  un i fo rmly  on pyro ly t ic  
g raph i te  and  we l l -po l i shed  glassy  carbon surfaces 
wi thout  overflowing, to produce  a v is ib ly  un i form film 
upon  evapora t ion  of the solvent.  To in t roduce  Ru m 
(edta)  onto the  e lec t rode  surfaces the resul t ing  po ly -  
m e r - coa t ed  e lect rodes  were  immersed  in  a 5 mmole  
aqueous solut ion of Ru m (edta)  at  pH 3.9 for 15 min. 
Af t e r  a t t achment  of the complex  by  coordinat ion to 
the pendan t  py r id ine  l igands in the po lymer  coat ing 
(9),  the e lectrodes were  washed  r epea t ed ly  wi th  water ,  
dried,  and stored. This p rocedure  is not  wel l  ca lcula ted 
to ensure  a un i form d is t r ibu t ion  of coordinated  Ru In 
(edta)  th roughout  the PVP layer .  None of the e lec t ro-  
chemical  exper iments  pe r fo rmed  wi th  these coatings 
of P V P - R u ( e d t a )  gave indicat ions of h igh ly  aniso-  
t ropic film composit ions but  i t  would  not  be surpr i s -  
ing to find tha t  more  of the  a t tached  complex res ided 
nea r  the e lec t ro ly te / f i lm in ter face  than  the e lec t rode /  
fi lm interface.  

Scanning e lec t ron micrographs  were  ob ta ined  wi th  
an  ETEC Corpora t ion  Autoscan  U-1 (Hayward ,  Cal i -  
fornia)  ins t rument .  Electrodes were  coated by the 
p rocedure  jus t  described.  Cross-sect ional  views of 
coatings app l ied  to pol ished glassy  carbon electrodes 
were  ob ta ined  by  appropr i a t e  mount ing  of the elec-  
t rode  specimens in  the  microscope.  In  this  w a y  the 
thickness  of the po lymer ic  layers  could be est imated.  

Results and Discussion 
E~ects of molecular weight on the adsorption of PVP 

on graphite.--To assess the  dependence  of the m o l e c u -  
l a r  weight  of the PVP on the ex ten t  of its a t t achment  
to pyro ly t i c  graphi te ,  a set  of PVP samples  f rac t ion-  
a ted  by  successive crys ta l l iza t ion  f rom methano l  solu-  
t ions to which increas ing amounts  of d ie thyl  e ther  were  
added  was p r e p a r e d  and the average  molecu la r  weight  
of each f rac t ion was de t e rmined  v i scomet r ica l ly  (13). 
F r e sh ly  c leaved pyro ly t ic  g raph i t e  e lectrodes were  
exposed to 0.5% solutions of each f rac t ion in methanol  
for 15 min  fol lowed b y  washing  wi th  me thano l  (for  
15 rain) and exposure  of the  resul t ing  PVP coated 
electrodes to a 5 mmole  solut ion of Ru n1 (edta)  for  
15 min. The amount  of Ru In (edta)  tha t  coord ina ted  
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to the PVP coating was then  de te rmined  e l e c t r o c h e m i -  
c a l l y  in 0.2M CF~COONa (pH 2.7) suppor t ing  elec-  
t ro ly te  by  the methods  descr ibed in the  Expe r imen ta l  
section. The ex ten t  of Ru m (edta)  coordinat ion d e -  
p e n d e d  on the average  molecu la r  weight  o f  t h e  PVP 
used to coat  the  e lec t rode  as shown in Fig. 2. The  first 
two points  cor respond to  t h e  use of 4 -e thy lpy r id ine  
and 1 , 2 - b i s ( 4 - p y r i d y l ) - e t h a n e  to coat  t h e  e l e c t r o d e .  
Nei ther  p roduced  a surface wi th  measurab le  affinity 
for Ru m (ed ta ) .  Wi th  po lymers  of h igher  a v e r a g e  
molecu la r  weight  the  ex ten t  of b inding of Ru m (edta)  
is assumed to reflect an  increase  in  the  quan t i ty  o f  
PVP tha t  is p resen t  on the  g raph i te  surface. PVP 
samples  wi th  average  molecu la r  weights  in  e x c e s s  o f  
2 X 105 a re  c lear ly  the  most  potent  for  p repa r ing  e l e c -  
t r o d e  coatings tha t  a c c e p t  t h e  l a r g e s t  q u a n t i t i e s  o f  
Ru In (ed ta ) .  

F i lm  morphology.----Scanning e lect ron m i c r o g r a p h s  
of films of PVP on glassy carbon show the po lymer  to 
be d is t r ibu ted  somewhat  uneven ly  wi th  is lands o f  
po lymer  su r rounded  by  bare  or  l igh t ly  covered a r e a s .  
The uneveness appears  to increase  when  Ru IzI (edta)  
is coordinated  to the  polymer .  A cross-sect ional  v iew 
of the l aye r  p roduced  when  a methanol ic  solut ion con- 
ta ining 6 X 10 -~ moles cm -2  of monomer ic  pyr id ine  
units  was a l lowed to evapora te  on a g lassy  carbon 
surface is shown in Fig. 3. The appa ren t  thickness  o f  
the l aye r  is (8 __. 2) • 104A which  corresponds  to an  
effective densi ty  of only  ca. 0.08 g /cm-~.  Since the  
densi ty  of bulk  p o l y ( 4 - v i n y l p y r i d i n e )  is 1.1 t h i s  
could indicate  tha t  the po lypyr id ine  l aye r  is qui te  po r -  
ous. However ,  the appa ren t  film thickness  observed  in  
the SEM m a y  not  be an accura te  reflection of tha t  p r e -  
vai l ing on the electrodes used in  the e lec t rochemical  
exper iments .  For  example ,  severa l  of the exper iments  
to be descr ibed in wha t  fol lows indicate  c lea r ly  tha t  
PVP films deposi ted on graphi te  under  some conditions 
behave  e lec t rochemica l ly  as if t hey  p r e s e n t e d ' a  dense, 
impervious  domain  to reac tan ts  seeking the e lec t rode  
surface. Thus, exposure  of films deposi ted  f rom m e t h -  
anol to the low pressures  wi th in  the  SEM m a y  cause 
a la rge  expansion of the  film as res idua l  t r apped  sol-  
vent  escapes f rom the film, causing them to appea r  less 
dense. For  this reason we do not  r ega rd  the  film den-  
sities es t imated  f rom SEM measurements  as r ep resen -  
ta t ive of e lec t rode  surfaces tha t  a r e  never  exposed to 
high vacuum. 

Coatings of PVP on glassy  carbon tha t  exceed ca. 
5 • 10 - s  moles cm -2 (expressed  as monomer ic  p y -  
r id ine  units)  a re  c lear ly  visible wi thout  magnification. 
The or ig ina l ly  b lack  surface becomes g r ay  a n d  t h e  
glassy carbon loses its luster .  When  Ru m (edta)  is 
coordinated to such heavy  PVP coatings, a d is t inct  
and pers is ten t  golden color develops on the  e lec t rode  
surface when the R u ( I I I )  is r educed  to R u ( I I ) .  T h e  
elec t rode  can be cycled r e pe a t e d ly  be tween  potent ia ls  
that  cause reduct ion  and oxida t ion  of the ru then ium 
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Fig. 2. Effect of the average molecular weight of PVP on its 
attachment to graphite electrodes as reflected in the coordination 
of Ru m (edta) to the polymer coatings under standard conditions 
(see text for details). 
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Fig. $. Scanning electron microgroph of a PVP coating on a 
glassy carbon electrode. 6 X 10 - 7  moles cm -~  of pyridine as PVP 
was placed on the surface by evaporation of an aliquot of a 
methanolic solution. The calibration mark at the bottom of the 
micrograph corresponds to 10 microns. 

centers and the golden color fades and reappears cor- 
respondingly.  Similar  observations have been made 
with polypyrazoline films (8). 

Cyclic vo~tammetry and chronocouZometry.--Cyclic 
voltammograms obtained wi th  electrodes coated with 
PVP to the extent  of no more than ca. 10 -8 moles cm -~ 
(of pyridine units)  and then with Ru [H (edta),  by 
exposure to a 5 mmole solution for 15 min, exhibi t  the 
symmetr ical  shapes and l inear  dependence of peak 
currents  on scan rate expected for reactants that are 
attached to electrode surfaces (14). In  addition, the 
area under  vol tammograms for such coatings shows 
almost no dependence on scan rate. However, as shown 
in Fig. 4, increasing the quant i ty  of PVP applied to 
the electrode surface causes the shapes and peak cur-  
rents of the result ing vol tammograms to change: at 
first, increasing the quant i ty  of PVP on the electrode 
surface causes the peak current  to increase bu t  still 
heavier  coatings produce diminished peak currents. At 
the same time the shape of the vol tammograms be-  
comes less symmetric  and they come to resemble volt-  
ammograms for unat tached reactants that  diffuse to the 
electrode surface. There is a corresponding change in 
the scan ra te-dependence of the peak currents.  With 
light polymer coatings the peak currents  are propor-  
t ional to the scan rate (Fig. 5) as expected for attached 
reactants (14) but  with sufficiently heavy coatings, 
the peak currents  exhibit  the proport ional i ty  to the 
square root of scan rate typical of diffusing reactants  
(Fig. 5). The apparent  areas under  the vol tammograms 
obtained with heavy polymer  coatings show a strong 
inverse dependence on scan rate and the integral  of 
the current  that  passes in  response to a potent ial  step 
from 0.7 to --0.7V grows rapidly at first and then  con- 
t inues to increase slowly for periods as long as 30 or 40 
min. F igure  6 compares the charge consumed one m i n -  
ute after a potential  step was applied with the charge 
required to reduce all of the at tached complex. With 
sufficiently heavy coatings of PVP the charge consumed 
in  a fixed t ime in terva l  is smaller  than  with l ighter 
coatings even though the actual quant i ty  of Ru m (edta) 
coordinated to the coating continues to increase as 
heavier  PVP coatings are applied. [This assertion was 
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Fig. 4. Cyclic voltammograms for Ru zII (edta) attached to pyro- 
lytic graphite electrodes coated with increasing quantities of PVP. 
PVP coatings were prepared by evaporation of measured aliquots of 
solutions of the polymer in methanol. Ru m (edtu) attachment 
procedure as in Fig. 1. Quantity of pyridine introduced on surface 
as PVP~ moles cm-2:  A, 2.3 X 10-8;  13, 4.6 X |0-'7; C, 
2.3 X 10-~.  Quantity of Ru zII (edta) attached, moles cm-2:  A, 
2.4 • 10-9;  B, 1.5 X I 0 - 7 ;  C, ~>3 X 10 -7.  Supporting electro- 
lyte: 0.2M CF3COONa (pH - -  4.2). Scan rate: 500 mV sec -z .  
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confirmed by spectroelectrochemical measurements  us- 
ing optically t ransparent  graphite  electrodes (15, 16).] 
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Fig. 6. Charge consumed by the reduction of Ru m (edta) at- 
tached to PVP-coated electrodes. ( ~ )  Charge consumed during 
the first 60 sec following the application of a potential step from 
+0 .7  to --0.7V. ( O )  Charge required for complete reduction of 
the attached complex at --0.7V. Supporting electrolyte: 0.2M 
CF3COONa (pH = 4.2). Ru In (edta) attachment procedure as in 
Fig. 1. The charges required for complete reduction were obtained 
by continuing the current integration until the rate of increase of 
of charge matched background levels. 

Straight  lines were obtained for chronocoulometric 
plots of the charge passed in response to the potential  
step against  the square root of time. This behavior  
suggests diffusive t ranspor t  as the cur ren t - l imi t ing  
factor. In  l ine with the proposals of Kaufman  and 
Engler  (8), both the motions of the anchored metal  
complexes to achieve the proper juxtaposi t ion for in te r -  
complex electron t ransfer  as well as diffusive supply of 
counterions to the sites where the attached complex 
is to be reduced could be responsible for the observed 
behavior. Both the attached Ru m (edta) and Ru II 
(edta) complexes are l ikely to be anionic at the pH 
of the support ing electrolyte, 4.2 (17). Upon reduction, 
the negative charge on the complex doubles so that  
a cation must  be supplied to each a t tachment  site 
before the reduct ion of the attached Ru m (edta) can 

occur. The current  may  be l imited by  the rate at which 
segments of the polymer chains wi thin  the attached 
layer  can move out of the pa thway of counterions en-  
ter ing the film (18). (Note that  such motion is re- 
quired even if the polymer  layer  contains an abundance  
of support ing electrolyte because an addit ional  counter-  
ion must  still be t ransported from the bulk  of the 
solution to each site where an  addit ional  charge is 
generated.) 

Temperature dependence of the electrochemical re- 
sponse.--The diffusion of small  molecules (and ions) 
through polymeric matrices has received considerable 
study (19-21). Apparent  diffusion coefficients that  
have been measured typical ly exhibi t  an Arrhenius  
type of temperature  dependence and the correspond- 
ing activation process has been identified with seg- 
menta l  motions wi thin  the polymer (20). To evaluate 
diffusional activation energies for the reduct ion of the 
Ru m (edta) complex attached to the polymeric layer  
the temperature  dependence of cyclic vol tammetr ic  
peak currents  and chronocoulometric slopes were mea-  
sured. Figure 7B shows the cyclic vol tammograms for 
Ru m (edta) coordinated to a PVP layer on the elec- 
trode surface at 5 ~ and 45~ The tempera ture  de- 
pendence of the peak currents  is comparable to that 
observed with freely diffusing Ru m (edta).  However, 
since significant quanti t ies of the attached complex 
can remain  unreduced under  cyclic vol tammetr ic  con- 
ditions (Fig. 4), the magni tude  of the peak current  
does not provide a rel iable measure of the apparent  
diffusion coefficient. For this reason we used the slopes 
of the l inear  chronocoulometric charge-( t ime)w2 plots 
shown in Fig. 7A as measures of the product  of the 
(square root of the) apparent  diffusion coefficient and 
the concentrat ion of the diffusing species. I t  is not 
straightforward to obtain numer ica l  values of the 
apparent  diffusion coefficients from the slopes of the 
plots such as those in Fig. 5C and 7A because the 
concentrat ion of the "diffusing" species is not  known. 
The-concent ra t ion  of counterions in the bu lk  of the 
solution is not the appropriate  concentrat ion to use 
because we observed no change in the magni tude  of 
vol tammetr ic  peak currents  when  the concentrat ion 
of the support ing electrolyte was varied between 0.02 
and 2.0M at constant pH. 

Figure 8 shows the Arrhenius  plot of the slopes of 
the chronocoulometric plots in  Fig. 6A from which an 
apparent  diffusional act ivation energy of 4.6 kcal per 
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Fig. 7. Temperature dependence of (A), charge-(time) 1/~ plots and (B), cyclic" voltammograms (sca~n rate: 200 mV s~~ - t )  for Ru m 

(edta) attached to electrodes coated with 2.3 X 10 -6  moles cm -2  of pyridine as PVP. Ru m (edta) attachment procedure and supporting 
electrolyte as in Fig. 2 except pH was 3.4. 
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mole was calculated.  This is a somewhat  smal le r  va lue  
than  those r epor t ed  for the diffusion of smal l  molecules  
wi th in  solid po lymer  films (20) but  i t  is s imi lar  to 
values observed for such films in  the  presence of p las-  
t icizing agents  tha t  fac i l i ta te  segmenta l  motions of 
molecular  chains wi th in  po lymer ic  matr ices  (20). I t  
does not seem unreasonable  that  acidic, aqueous solu-  

tions could serve to "plasticize" the coatings of PVP 
on graph i te  surfaces. The  ac t iva t ion  energy  eva lua ted  
in Fig. 8 could then be r ega rded  as a measure  of the  
ba r r i e r  faced by  smal l  segments  of the PVP chains 
as they  reor ien t  to jux tapose  pairs  of anchored  
R u ( e d t a )  complexes and  to p e r m i t  counter ions to 
reach (or depar t  form) the sites where  the e lec t rode  
react ion causes an increase  (or  decrease)  in  ionic 
charge. 

E~ect  of solvent on the e~ectrochemical response.-- 
Changes in the solvent  employed  to conduct  e lec t ro-  
chemical  measurements  on Ru III (edta)  coordinated  to 
PVP coatings can produce  d ramat ic  differences in the  
responses obtained.  F igure  8 shows the responses ob -  
ta ined  f rom the same coat ing in five different  solvents. 
The Ru III (edta)  is r ende red  v i r tua l ly  e lec t ro inact ive  
in acetoni t r i le  and  d imethy l  sulfoxide.  The effect is 
not  the resul t  of r emova l  of the complex f rom the sur -  
face because t ransfer  of e lectrodes tha t  give ve ry  smal l  
responses to an aqueous e lec t ro ly te  immed ia t e ly  re -  
stores the  e lec t rochemical  ac t iv i ty  of the a t tached  com- 
plex.  

In  separa te  exper iments  wi th  opt ica l ly  t r anspa ren t  
g raph i te  e lectrodes (15) we have found tha t  essen-  
t ia l ly  al l  of the Ru m (edta)  a t tached  to PVP coatings 
is e lect roact ive  in aqueous suppor t ing  e lec t ro ly tes  wi th  
po lymer  coatings s imi lar  to those employed  in Fig. 9. 
Thus, these resul ts  show tha t  changes in solvent  can 
cause a fu l ly  e lect roact ive  film to become l a rge ly  in-  
active. 

Solvents  tha t  d iminish  the  e lec t roac t iv i ty  of com- 
plexes  a t tached to po lyme r  coatings produce s imi la r  
effects on e lect rode process involving una t t ached  re -  
actants:  Fig. 10A shows a cyclic v o l t a m m o g r a m  for 
ferrocene at  an uncoated py ro ly t e  graphi te  e lec t rode  
in acetonitr i le .  Coating the e lect rode wi th  a mode ra t e ly  
heavy  l aye r  of PVP (10 -7 to 10 -.8 moles cm -2 of 
pyr id ine )  somewhat  inhibi ts  the fer rocene wave.  I f  

ol 

.20  

Fig. 9. Solvent dependence of 
steady-state cyclic voltammo- 
grams for Ru I I I  (edta) attached 
to electrodes coated with 4.6 X 
10 - 7  moles cm - 2  of pyridine as 
PVP. Supporting electrolytes: 
H20, 0.2M CF.3COONa (pH = 
4.2); other solvents, 0.2M 
NaCIO4. Scan rate: 200 mV 
sec -1 .  Ru In  (edta) attachment 
procedure as in Fig. 2. A freshly 
coated electrode was used in 
each solvent. 
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Fig. 10. Steady-state cyclic voltammograms for 1.3 mmele ferro- 
cene at pyrolytic graphite electrodes in acetonitrile. Electrode pre- 
treatments: A, freshly cleaved; B, coated with 4.6 X 10 - 7  moles 
cm - 2  of pyridine as PVP, soaked in 5 mmole Ru n I  (edta) for 15 
rain, washed with H20 and acetonitrile. C, coated with 2.3 X 10 - 6  
moles cm - 2  of pyridine as PVP then as in B. Scan rate: 200 mV 
sec -1 .  Supporting electrolyte: 0.2M NaCIO4. 

Ru zH (edta)  is a t t ached  to the coating, inhib i ted  r e -  
sponses are  observed  for  both  the a t t ached  complex  
and fer rocene in the solut ion (Fig. 10B). Wi th  heavie r  
coatings of PVP, the  responses f rom both the a t tached 
and the dissolved reac tan t  a re  severe ly  inhib i ted  (Fig. 
10C). That  the wave  for  the dissolved ferrocene can 
be a lmost  e l imina ted  wi th  sufficiently heavy  coatings 
of PVP indicates  that  the PVP films produced  by  ex-  
posure to this solvent  are  r e l a t ive ly  f ree  of holes or 
o ther  defects that  would  a l low the fer rocene  to reach 
the  g raph i t e  surface. Since the  suppor t ing  e lec t ro ly te  
would  p r e sumab ly  also be unable  to pene t r a t e  the  film, 
i t  is not surpr i s ing  that  reac tan ts  a t tached  to such films 
should also exhib i t  l i t t le  or no e lectroact ivi ty .  S t ruc -  
tures  of po lymer ic  films tha t  are  compact  enough to 
impede  the mot ion of suppor t ing  e lec t ro ly tes  through 
them might  also l ack  adequate  f lexibi l i ty  for  the needed 
posi t ioning of the r edox  centers  to accompl ish  e lec t ron 
t ransfe r  th rough  the film. 

The swel l ing of po lymer ic  matr ices  bear ing  ionic 
groups, e.g., ion exchange resins, by  exposure  to aque-  
ous media  (22) provides  a fami l ia r  example  of the 
ab i l i ty  of solvents  to influence the dens i ty  and t ex -  
ture  of po lymer ic  mate r i a l s  (20). I t  seems l ike ly  tha t  
the  differences among the vo l t ammograms  in Fig. 9 
can be a t t r i bu ted  in la rge  measure  to var ia t ions  in the 
swel l ing  tendencies  among the solvents tes ted:  

EfJects o~ changes in supporting electrolyte.--Change 
in the  na tu re  of the aqueous suppor t ing  e lect rolytes  
in which  the e lec t rochemis t ry  of a t tached Ru m (edta)  
is observed produce  quant i ta t ive  differences in the re -  
sponses ob ta ined  r a the r  than  the qual i ta t ive  differ-  
ences ar is ing f rom changes in the solvent.  F igure  11 
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Fig. 11. Effects of supporting electrolyte on steady-state cyclic 
voltammograms fort RU n I  (edta) attached to electrodes coated 
with 2.3 X 10 - 6  moles cm - 2  of pyridine a~ PVP. A, 0.2M 
CF~COONa (pH : 4.2). B, 0.2M CF~COONa plus 0.025M 
CF3COOH (pH : 1.6). C, 0.2M NaBr (pH ~ $,.2). D, 0.2M 
(CH3)4NBr (pH ~ 4.2). Scan rate: 200 mV sec -~ .  Ru m (edta) 
attachment procedure as in Fig. 2. 

compares  cyclic vo l t ammograms  recorded  in four  d i f -  
ferent  suppor t ing  e lec t ro ly tes  wi th  iden t ica l ly  p r e -  
pa red  e lec t rode  surfaces.  The peak  cur ren t  in  the 
elec t ro ly te  at  pH 1.6 (curve  B) is about  twice as large 
as those in the o ther  e lect rolytes  indica t ing  tha t  charge  
t ransfe r  th rough  the film is fac i l i ta ted  by  pro tona t ion  
of the pyr id ine  groups. P ro tona ted  PVP chains no 
doubt  tend  to s t re tch  a p a r t  to minimize  coulombic r e -  
pulsions (23) and this would  lead to a film th rough  
which ions could move more  readi ly .  As a resul t ,  seg-  
menta l  motions wi th in  the  po lymer  l aye r  m a y  also be 
faci l i ta ted because the pene t ra t ion  of macromolecu la r  
solids b y  low molecu la r  weight  species is known  to 
produce  such effects (24). 

Curves A and C in Fig. 11 have  r a the r  s imi la r  shapes 
indicat ing tha t  changing the anion of the  suppor t ing  
e lec t ro ly te  f rom tr i f luoroacetate  to b romide  produces  
only smal l  effects. The change of suppor t ing  e lec t ro ly te  
cat ion f rom sodium to t e t r a m e t h y l a m m o n i u m  (curves  
C and D) yields a more symmet r i ca l  vo l tammogram.  
This migh t  be the resul t  of tess hydra t ion  of the l a t t e r  
cat ion with  a cor responding decrease  in  the ex ten t  of 
segmenta l  mot ion wi th in  the po lymer  r equ i red  for  i ts 
penetra t ion.  

The suggestion tha t  the cur ren t  enhancement  in 
curve B of Fig. 11 resul ts  f rom an "opening up" of 
the po lymer ic  s t ruc ture  because of repuls ive  in te rac-  
tions among pro tona ted  sites a long the po lymer  chains 
receives added  suppor t  f rom the vo l t ammograms  in 
Fig. 12. Curve A in Fig. 12 is a cyclic vo l t ammogram 
for Fe In (edta)  a t  an uncoated  electrode.  Curve B re -  
sults when  the  e lec t rode  is coated wi th  PVP and used 
in the solut ion of F e m  (edta)  a t  a pH where  the PVP 
is not  s ignif icantly p ro tona ted  (25). The po lymer  l aye r  
appa ren t ly  cannot  be pene t r a t ed  b y  the FeuI  (edta)  
complex.  However ,  when the pH is lowered  to a value  
where  the PVP laye r  is protonated,  the e lec t ro reduc-  
tion of Fe III (edta)  is immed ia t e ly  res tored  (curve C).  
When Ru(NH3)63+ is subs t i tu ted  for the anionic Fe m 
(edta)  complex and the exper iments  repeated ,  curves  
D, E, and F in Fig. 12 are  obtained.  Pro tona t ion  of the 
PVP film restores only  pa r t i a l l y  the e lec t rochemical  
response f rom the reduct ion of Ru (NH3) 63 + (curve F) .  
Pro tonat ion  of the po lymer  produces  a more  porous 
film bu t  i t  is also h igh ly  pos i t ive ly  charged so that  the  
t r i -pos i t ive  reac tan t  ev iden t ly  can t raverse  i t  only  
wi th  difficulty. This would  account for  the d r a w n - o u t  
shape of v o l t a m m o g r a m  F compared  wi th  tha t  for  the  
anionic F e m  (edta)  complex in vo l t ammogram C. 

An addi t ional  factor  tha t  could influence the  ionic 
conduct ivi ty  of PVP layers  is the  increase  in  the  quan-  
t i ty  of counterions wi th in  the polymer ic  ma t r i x  tha t  
must  accompany the in t roduct ion  of charged sites. 
Thus, the quan t i ty  of anions tha t  a re  e lec t ros ta t ica l ly  
held wi th in  a p ro tona ted  PVP laye r  wi l l  be r e l a t ive ly  
insensi t ive to the ionic s t rength  of the suppor t ing  elec-  
t ro ly te  but  h ighly  sensi t ive to its pH. The magni tudes  
of vo l t ammet r i c  peak  currents  and chronocoulometr ic  
slopes for anchored reactants  exhib i t  s imi lar  sensi t iv i -  
ties which might  be an  indica t ion  tha t  the counter ionic 
content  of the po lymer  coatings controls  the magn i tude  
of the currents  tha t  can t raverse  them. 

One is left  wi th  two possible ra t ional iza t ions  for  the 
increased currents  tha t  resu l t  when  charged sites are 
in t roduced  into PVP films: increased pe rmeab i l i t y  
arising f rom s t re tching of the po lymer  chains by  re-  
puls ive  electros ta t ic  in teract ions  among sites a n d / o r  
increased  conduct iv i ty  wi th in  the  po lymer ic  ma t r i x  
resul t ing  f rom a higher  salt  content.  The da ta  p resen t ly  
ava i lab le  do not  a l low a clear  choice to be made  be-  
tween  these two ra t ional izat ions  or rule  out  the  possi-  
b i l i ty  tha t  both mechanisms are  operat ive.  

If  p ro tona t ion  of PVP films produces  a more  open 
t ex tu re  the  in t roduct ion  of o ther  charged ions into 
the  po lymer  might  be expec ted  to produce  s imi lar  ef-  
fects. F igure  13 demonst ra tes  tha t  the a t t achment  of 
Ru m (edta)  to a PVP film does indeed  convert  a 
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voltommograms for 5 mmole 
solutions of Fe m (edta) or 
Ru(NH3)6 8+ at pyrolytic graph- 
ite electrodes under following / 
conditions: A, D, freshly cleaved 
electrode; supporting electrolyte, r-- 
0.2M CF3COONa at pH 5.4 (Fe) 
or 6.0 (Ru). B, E, coated with L.L.J 

4.6 X 10 - ~  moles of pyridine as 
PVP; supporting electrolyte as in 
A, D. C, F, supporting electrolyte (.~ 
adjusted to pH 2.2 with / 

CFsCOOH. The dashed line in | 
curve C is the response at a T 
freshly cleaved electrode a! 
pH 2.2. The response fol 
Ru(NH3)6 8+ showed no signifi- 
cant pH dependence. Scan rate: 
200 mV sec -z .  
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blocking l aye r  into one at  wh ich  the F e ( C N ) e  ~ - / 4 -  
redox  reac t ion  can proceed.  The cyclic vo l t ammogram 
obta ined at  an  uncoated  e lect rode (curve  A) is an -  
n ih i la ted  by  the presence of an unpro tona ted  PVP 
coating (curve  B) but  i t  reappears ,  in  a s l ight ly  dis-  
tor ted  form, when  Ru m (edta)  [a monoanion at  pH 
5.4 (17)] is coordinated  to the po lymer  (curve C).  In 
this case the dens i ty  of bound (anionic)  charge  is not  
as high as tha t  resul t ing  f rom pro tona t ion  of the po ly -  
mer  at  low pH but  the res tored  response is a lmost  as 
g rea t  as that  obta ined  at  the uncoated electrode.  The 
coated e lec t rode  can also be unblocked  by  protonat ion,  
as in Fig. 12. 

The response observed  for  the Fe  (CN) 88-/4- couple 
in curve C of Fig. 13 can be unders tood s imply  in te rms 
of an increase  in the poros i ty  of the  film which  al lows 
the reac tan t  to pass into the film much more  r ead i ly  
than  was t rue  under  the condit ions of curve B. How-  
ever, a second possible or ig in  of the increased film 
conductance in this case (as contras ted wi th  curves C 
and F in  Fig. 12) is the t ransmiss ion of electrons 
through the film via  the a t tached  Ru m (edta)  centers. 
That  is, e lec t ron t ransfer  f rom the graphi te  to the 
F e ( C N ) 8 8 - / 4 -  couple m a y  be med ia t ed  by  e lec t ron 
t ransfe r  among the anchored  redox  centers  in the film. 
Dis t inguishing be tween  these two mechanisms of 
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Fig. 13. Steady-state cyclic voltammograms for a 5 mmole solu- 
tion of Fe(CN)64- in 0.2M CF3COONa at pH 6.0. Pyrolytic graph- 
ite electrode pretreatments: A, freshly cleaved; B, coated with 
4.6 • 10 -T  moles cm - 2  of pyridine as PVP; C, after the electrode 
used to record curve B was soaked for 15 rain in 5 mmole 
Ru m (edta) and rinsed. Scan rate: 200 mV sec -1 .  

charge t ransfe r  m a y  be possible by  sui table  m a n i p u l a -  
t ion of mass t ransfer  and charge t ransfe r  ra tes  and  w e  
have such exper iments  underway .  However ,  i t  m a y  be  
wor th  emphasizing two points  in conclusion. (i) The  
presence of e lect roact ive  redox  centers  wi th in  p o l y m e r  
films is no assurance tha t  the  films wil l  suppor t  charge  
t ransfer  e i ther  to the a t tached redox  centers  or to re -  
actants  dissolved in solution: PVP coatings containing 
la rge  quant i t ies  of coordinated  Ru m (edta)  neve r the -  
less behave  as insula t ing layers  in cer ta in  nonaqueous 
solvents  (Fig. 10). (ii) Charge t rans fe r  be tween  dis-  
solved reactants  and e lect rode surfaces covered wi th  
thick (1-10 #m) PVP films can occur r ap id ly  even when  
the films do not  have redox  centers  a t tached  to them: 
pro tonat ion  converts  an insula t ing  PVP film to one tha t  
does not  impede  the reduct ion  of dissolved reac tants  
(Fig. 12). 
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ABSTRACT 

Cur ren t -po ten t i a l  (i-E) curves for the e lec t rochromic  process at  WO8 e l e c -  
trodes  were  ca lcula ted  wi th  a digi ta l  s imulat ion model  which assigns the ra te  
of charge t rans fe r  at  the ox ide / so lu t ion  interface  and the ra te  of diffusion of 
hydrogen  into the bu lk  of the film as ma jo r  variables .  The s imula ted  i-E curves 
agreed  wel l  wi th  expe r imen ta l  ones for different  types  of WO3 films and p re -  
dicted the observed dependency  of cur ren t  on scan rate.  The s imula t ion  r e -  
qui red  knowledge  of the form of the e lec t rochemical  isotherm, which was ob-  
ta ined  exper imenta l ly ,  and ad jus tmen t  of a charge t ransfe r  ra te  constant,  kf, 
and the hydrogen  a tom diffusion coefficient wi th in  the film, Dm The best  fit 
was obta ined wi th  kf ~- 9 • 10 -~ sec -1 (mo le / cm~) -2  and DH : 1 X 10 -9 to 
2 X 10 - l ~  cm2/sec for the WO~ films p repa red  by vacuum evapora t ion  and 
kf --  7.2 sec -1 (mo le / cm 3)-2  and DH = 5 X 10 - s  cm2/sec for WOz anodic 
films. S imula ted  poten t ia l  step results ,  which  are  s imi lar  to the  expe r imen ta l  
curves at  longer  t imes but  show some discrepancy in the  shor t  t ime region,  
and  concentra t ion  profiles a re  also repor ted .  

Recent ly  a g rea t  effort has been made  to under s t and  
the e lec t rochromic  process which  occurs at  WO3 elec-  
t rodes dur ing  reduct ion  and reoxida t ion  and to con- 
s t ruct  d isp lay  devices based on this process (1-5).  
While  i t  appears  c lear  tha t  the process involves fo rma-  
t ion and oxida t ion  of hydrogen  tungsten bronzes, the 
de ta i led  mechanism and a quant i ta t ive  model  of the 
e lec t rochromic  process and the steps which govern  the 
ra te  of the co lor -b leach  (CB) process have not  been 
resolved.  Different  WO8 films produced  by  vacuum 
evapora t ion  exhib i t  different  response t imes for  color-  
ing and bleaching,  even when  they  are  p repa red  by  
s imi lar  techniques (5). Moreover  different  types  of 
WO~ electrodes (e.g., anodic vs. evapora ted  films) 
show significant differences in response t ime and elec-  
t rochemical  character is t ics  in the e lec t rochromic  re -  
gion (6-8).  The exis tence of wa te r  in the  WO3 film 
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(7-9) and film porosi ty  (7-8) appear  to p l ay  impor t an t  
roles in de te rmin ing  the response t ime of the WO~ 
electrodes.  Crandal l  and Faughnan  (I0) discussed the 
factors  en ter ing  into the dynamics  of the CB process 
at  WO3 and compared  values  for  the composit ion of 
the film wi th  time, obta ined  dur ing  po ten t ia l - s tep  ex-  
periments ,  wi th  ca lcula ted  values.  Thei r  model  as-  
sumed that  mass t ransfe r  wi th in  the film was ve ry  
large  and tha t  the r a t e - l imi t i ng  steps involved  pro ton  
t ransfe r  at  the WO3/l iquid in ter face  and the bu i ldup  
of a "back emf" as the hydrogen  bronze formed. Good 
agreement  be tween  the expe r imen ta l  and ca lcula ted  
values was obta ined  in the shor t  t ime region af ter  
the s tar t  of the coloring step or when  the  coloring step 
was made  at  low potent ia ls  wi th in  the e lec t rochromie  
region. Wi th  this model  (5) the  b leaching  process is 
l imi ted  by  the "space charge" which  is created by  ac-  
cumula t ion  of H + in the film. Arnoldussen  (11) m e a -  
sured exchange currents  and  t ransfe r  coefficients for  




