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ELECTROCHROMIC EFFECTS OF CONDUCTING POLYMERS I N  WATER 
AND ACETONITRILE 

ROBERT BJOFKLUND, SHALINI ANDERSSON, STIG ALLENMARK, 
INGEMAR LUNDSTRUM 
Department of Physics , Linkoping Univers i ty ,  
s-581 83  Linkiiping, Sweden. 

Abstract  Polymer f i lms  of severa l  N-substituted py r ro l e s  
were deposited on Au e lec t rodes  by electrochemical oxida- 
t i o n  of  t h e  corresponding monomers i n  CH CN e l e c t r o l y t e .  
Cyclic voltammetry and l i g h t  r e f l e c t i o n  measurements were 
performed i n  both CH CN and H 0 e l e c t r o l y t e s  a f t e r  prepara- 
t i o n .  The r e s u l t s  i na i ca t ed  &at  while a l l  f i l m s  were 
electrochemically and electrochromically a c t i v e  i n  CH CN,  
a v a r i e t y  of  behavior w a s  observed i n  H 0. Poly-N-metdyl- 
pyr ro le  f i l m s  exhib i ted  l a r g e  o p t i c a l  cganges i n  H20, where- 
as N-benzyl and N-tolyl de r iva t ives  were l e s s  a c t i v e ,  and 
N-phenyl and N-bensoyl f i l m s  were inac t ive .  

3 

INTRODUCTION 

Polymer f i lms  produced by electrochemical oxidation o f  hetero- 

cyc les  a r e  rece iv ing  increas ing  a t t e n t i o n  a s  e l ec t rode  ma te r i a l s  

s ince  t h e  pioneering work a t  IBM with polypyrrole.1-3 Several  

add i t iona l  e l ec t roac t ive  polymers have s ince  been r epor t ed ,  in- 

c luding  polymers of aniline‘, v i n y l c a r b a ~ o l e ~  , azulene6 , and 

t h i ~ p h e n e . ~ - ~  A l l  such f i l m s  have t h e  proper ty  of being conduct- 

i v e  and dark colored when oxidized, but become l e s s  conductive 

and l i g h t e r  colored when neut ra l ized .  

With r e spec t  t o  electrochromism, it has been r epor t ed  t h a t  

de r iva t ives  of t h e  parent monomers exh ib i t  more favorable  pro- 

p e r t i e s  f o r  p r a c t i c a l  appl ica t ions .  For example, f i lms  made from 

N - m e t h y l p y r r ~ l e ~ ’  l o  and 3-methylthiophene9 have been found t o  be 

s t a b l e  electrochromic f i l m s .  We have the re fo re  undertaken a s tu -  

dy of f i lms  made from severa l  N-substituted pyr ro les .  We have re -  

c e n t l y  observed t h a t  poly-N-methylpyrrole f i l m s  behave d i f f e r -  

e n t l y  i n  CH CN and H20 e lec t ro ly t e s . ”  The purpose behind t h e  
3 
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264 R. BJORKLUND et al. 

curren t  study was thus t o  inves t iga te  severa l  N subs t i t u t ed  

a r y l  der iva t ives  i n  the  two solvents t o  determine how e l ec t ro -  

chemical and op t i ca l  p roper t ies  are dependent on solvent.  It i s  

of pa r t i cu la r  i n t e r e s t  how H20 i n t e r a c t s  with t h e  f i lms ,  since 

t h e  s t a r t i n g  monomers are a l l  inso luble  i n  H20. 

EXPERIMENTAL 

e r r o l e  and N-methylpyrrole were purchased from Alfa Products. 

Both were d i s t i l l e d  under vacuum and s tored  a t  -2OOC p r i o r  t o  

use. Other pyrrole der iva t ives  were synthesized as described in 
4 .  

t h e  l i t e r a t u r e '  ' and t h e i r  s t ruc tu re  and pur i ty  were confirmed 

by NMR. CH CN and Tetraethylammonium t e t r a f luobora t e  (Et4NBF4) 

were purchased from Alfa and Fluka. 

Electrodes were prepared by vacuum deposit ing 50 a Cr and 

3 

2 2500 19 Au onto microscope s l ides .  The working a rea  was a 0.5 cm 

rectangle.  Polymers were grown on the  e lec t rodes  by oxidation 

i n  CH CN which was 0.1 M i n  Et4NBF4 and 0.05 M i n  monomer. Films 3 
of pyrrole,  N-methylpyrrole, N-benzylpyrrole, and N-tolyl pyrrole 

2 were produced ga lvanos ta t ica l ly  a t  a cur ren t  dens i ty  of 1 mA/cm 

f o r  30-50 seconds. N-phenylpyrrole and N-bensoylpyrrole were 

polymerized a t  1.8 and 1.4 v, respec t ive ly ,  versus  a sa tura ted  

calomel e lec t rode  (SCE), A l l  f i lms were grown t o  about 1000 19 
thickness.  

F i l m s  were r insed  in  CH CN and d r i ed  i n  air  a f t e r  prepara- 3 
t i o n .  Simultaneous electrochemical and l i g h t  r e f l e c t i o n  measure- 

ments were done i n  a 2 x 3 x 4 cm cuvet te  f i l l e d  with 10 m l  

e lec t ro ly t e  (0.1 M Et4NBF4 in CH CN or H20), A R wire counter 

electrode and sal t  bridge were posit ioned 1 cm behind t h e  work- 

ing e lec t rode ,  Po ten t i a l s  applied t o  t h e  working e lec t rode  were 
cont ro l led  by a EG&G PAFiC Model 173 Potentionstat/Galvanostat. 

The po ten t i a l  sweep was cont ro l led  by a PARC 175 universa l  pro- 

grammer. Reflection was studied by focusing a beam from an in- 

candescent lamp on the  0.5 cm 

3 

2 polymer film. The r e f l ec t ed  l i g h t  
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ELECTROCHROMIC EFFECTS OF CONDUCTING POLYMERS 

was measured a t  about 70' with a photodiode. 

Prepara t ion  and cha rac t e r i za t ion  of f i lms  were done with 

exposure t o  a i r  except i n  t h e  case  of polypyrrole where Np was 

bubbled i n  t h e  so lu t ions .  All vol tages  repor ted  are versus  SCE. 

TABLE 1 Oxidation p o t e n t i a l s  and r e l a t i v e  e l ec t ro -  
chromism of poly-N-substituted py r ro l e  f i l m s .  

b Subs t i tuent  Oxid. Pot. Volts a Electrochrom. 
CH3CN H20 CH3CN H20 

~~~~~ ~ 

-H -.15 -.15 50 .25 

+.52 +.3a .75 .75 3 

6 5  

-CH 

-C H +. 75 
-CH2-C6H5 +. 70 .75 * 25 

-CH2-C6Hb-CH 
-CO-C H +.60 -- 

-- .25 -- 
-- 

+.60 +.60 .75 .25 3 
-- .25 6 5  

a )  f i l m  oxidation peak observed f o r  a vol tage  sweep r a t e  
of 50 mV/sec. 

b) sca l e  0 t o  1 ,  1 corresponds t o  t r a n s i t i o n  from f u l l y  
t ransparent  ( n e u t r a l  ) t o  completely dark (oxid ized) .  

RESULTS 

I n  Table I we l i s t  the  oxidation p o t e n t i a l s  of t h e  polymer f i l m s  

i n  C H  CN and H 0 e l e c t r o l y t e s  and t h e  approximate maximum white 

l i g h t  r e f l ec t ance  change observed when t h e  vol tage  w a s  swept i n  

t h e  two so lvents .  The r e f l ec t ance  change was t h e  d i f f e rence  i n  

r e f l ec t ance  on a s c a l e  where r e f l ec t ance  from a ba re  Au e l e c t -  

rode was equal t o  1 and r e f l ec t ance  when t h e  l i g h t  beam was 

blocked was 0 ( i l l u s t r a t e d  h Fig. 1 ) .  

The f i r s t  t h r e e  polymers i n  t h e  t a b l e ,  py r ro l e ,  N-methyl- 

3 2 

pyr ro le ,  and N-phenylpyrrole, have been s tud ied  i n  CH CN by 3 
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266 R. BJORKLUND ef al. 

+ 

I W 
0 z 
E 
W a 

0 

FIGURE 1 

-=Zl + 

I-V and reflectance curves fo r  N-benzylpyrrole 
films cycled in 0.1 M !3t4NBF4 in CH3CN and H20. 
Scale for  reflectance curves was based on a value 
of 7 fo r  reflectance from a bare gold electrode 
and 0 when l igh t  beam was blocked. Voltage sweep 
was 50 mV/sec. 
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268 R. BJORKLUND a al. 

IBM1-3, and our oxidation po ten t i a l s  were i n  agreement with 

t h e i r  previously reported values. Both pyr ro le  and N-methyl- 

pyrrole films could a l s o  be cycled in H20, but N-phenylpyrrole 

fi lms showed no evidence f o r  being electrochemically or  op t i -  

c a l l y  ac t ive  in  H20. Largest re f lec tance  change i n  both so lvents  

was observed for N-methylpyrrole fi lms. 10 

The last  th ree  films i n  t h e  t a b l e  have not been h v e s t i g a t -  

ed previously. The f i r s t ,  N-benzylpyrrole, exhib i ted  normal be- 

havior i n  CH C N  except for an add i t iona l  small oxidation peak a t  

+ . 1 5 V (  Fig. 1) .  However, in H20 i t s  I-V curve d id  not give evi- 

dence f o r  oxidation-reduction, but some o p t i c a l  change was ob- 

served (Fig.  1 ) .  Considerably more hys t e re s i s  was observed for 

t h e  re f lec tance  curve i n  H 0 than i n  CH CN. 

3 

2 3 
N-tolylpyrrole fi lms were found t o  exhib i t  normal oxidation- 

reduction behavior h both solvents (Fig. 2 ) .  Reflectance change 

was g rea t e r  i n  CH CN, bu t  re f lec tance  curves in both solvents 3 
had a s imi la r  hys te res i s .  

The f i n a l  polymer l i s t e d  i n  the  t a b l e ,  N-bensoylpyrrole ex- 

h i b i t e d  oxidation-reduction and electrochromism only in CH CN. 3 

DISCUSSION 

An e a r l i e r  study by IBM of  polymers prepared from N-alkyl sub- 

s t i t u t e d  pyrroles has shown t h a t  c e r t a i n  proper t ies ,  such as 

f i lm  oxidation po ten t i a l  i n  CH C N ,  var ied  systematically with 3 
subs t i tuent  chain length.12 O u r  own work with a r y l  subs t i t u t ed  

pyr ro les  d id  not f i nd  such t rends  i n  e i t h e r  CH CN o r  H20, but  

t h e  r e s u l t s  a r e  useful with regard t o  understanding how t h e  po- 

lymer f i lm/e l ec t ro ly t e  in t e r f ace  influences such proper t ies  as 

oxidation-reduction and electrochromism. 

3 

A model has emerged from numerous electrochemical s tud ie s  

on fi lms immersed i n  CH CN which p ic tures  a r eve r s ib l e  flow of  

e l e c t r o l y t e  anion species (such as BF4-) in and out of the  poly- 

mer as t h e  po ten t i a l  on the  e lec t rode  is 

3 

The anion 
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ELECTROCHROMIC EFFECTS OF CONDUCTING POLYMERS 269 

spec ies  a r e  not necessar i ly  t h e  ones added a s  e l e c t r o l y t e  (e .g . ,  

BF -1  but can be some oxygen derived anion. 13’14 There has been 

evidence presented  t h a t  c a t i o n i c  spec ies  are also included in 
t h e  ion  flow which accompanies o x i d a t i o n - r e d ~ c t i o n . ~ ’  l o ”  

ion  mobili ty and f i l m  so lva t ion  by t h e  e l e c t r o l y t e  a r e  important 

f a c t o r s  i n  determining f i l m  p roper t ies .  

4 

Thus 

With t h e s e  f a c t o r s  i n  mind it can be concluded t h a t  N- 
methylpyrrole f i l m s  a r e  r a t h e r  unique i n  terms of t h e i r  behavior 

i n  both C H  CN and H20 e l ec t ro ly t e s .  A s  shown in Table I it is 

only  N-methylpyrrole f i lms  which exhib i ted  l a r g e  o p t i c a l  chang- 

e s  i n  both so lvents .  We have discussed t h i s  phenomenon e lse-  

where,” and f o r  t h i s  communication we w i l l  use poly-N-methyl- 

py r ro l e ’ s  behavior as a s tandard  t o  compare with t h e  o the r  poly- 

mers c h a r a c t e r i s t i c s .  

3 

Films of pyr ro le  exhib i ted  electrochemical a c t i v i t y  in both 

so lvents ,  but r e l a t i v e l y  lower o p t i c a l  change i n  H20. It was a l s o  

observed t h a t  t h e  h y s t e r e s i s  of t h e  r e f l ec t ance  curve i n  H 0 

cons is ted  of  two p a r t s ,  a narrow p a r t  when t h e  f i l m  w a s  oxidized 

and a th i cke r  p a r t  when neut ra l ized .  We have previously shown 

t h a t  t h e  h y s t e r e s i s  i n  such curves i s  dependent on ion  flow i n  

and out of f i l m s l o ,  it is not so su rp r i s ing  t h a t  t h e  i n s u l a t i n g  

( n e u t r a l )  py r ro l e  f i l m  exhib i ted  a l a r g e r  h y s t e r e s i s  than t h e  

conducting (oxid ized)  f i l m .  l 6  However, t h e  f a c t  t h a t  such be- 

havior  was not observed f o r  polypyrrole i n  CH CN nor poly-N- 

methylpyrrole i n  both so lvents  is  f u r t h e r  evidence t h a t  t h e  ion 

flow necessary f o r  r e v e r s i b l e  oxidation-reduction occurs  q u i t e  

d i f f e r e n t l y  i n  H20 and CH CN f o r  some f i l m s .  

2 

3 

3 
Three of t h e  a r y l  subs t i t u t ed  polymers were not e lec t roche-  

mica l ly  a c t i v e  i n  H20 (Table I ) .  I-V curves were a l l  similar t o  

t h a t  shown f o r  poly-N-benzylpyrrole i n  Fig.  1 .  The curve in H20 

was similar t o  what was observed f o r  a bare  Au e l ec t rode  used as 

working e lec t rode .  This r e s u l t  can be taken as evidence t h a t  t h e  

polymers were porous t o  H 0 so t h a t  e l e c t r o l y t e  could reach t h e  2 
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270 R. BJORKLUND et al. 

meta l l ic  e lec t rode ,  but t h a t  polymer so lva t ion  was not s u f f i c i -  

en t  t o  allow oxidation-reduction. For poly-N-benzylpyrrole t h e  

s i t u a t i o n  was more complex s ince  an o p t i c a l  change was observed 

i n  H20 (Fig.  1 ) .  The l a r g e  hys t e re s i s  i n  t h e  curve ind ica t e s  

t h a t  ion flow was hindered compared t o  so lva t ion  in CH CN, but  

was a t  least s u f f i c i e n t  to r e s u l t  i n  r e v e r s i b l e  electrochromism. 
3 

We conclude from our study t h a t  it i s  poss ib le  t o  obtain a 

va r i e ty  of electrochemical and electrochromic p rope r t i e s  of po- 

lymer f i lms  made from d i f f e r e n t  N-substituted pyr ro les  depending 

on whether aqueous o r  organic based e l e c t r o l y t e s  a r e  used as 

solvent.  
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