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Evolution of Physical and Electrochemical Properties of 

Polypyrrole during Extended Oxidation 

Joseph B. Schlenoff* and Hong Xu** 

Department of Chemistry and Center for Materials Science and Technology, Florida State University, 
Tallahassee, Florida 32306 

ABSTRACT 

The charge storage capacity and electrical conductivity of polypyrrole are followed through regimes of chemically 
reversible and irreversible electroactivity. Overoxidation of polypyrrole occurs at potentials in excess of 0.7 V vs. a 
saturated calomel electrode (SCE), as demonstrated by cyclic voltammetry of thin films. Material loss from polymer films 
as they are overoxidized is determined by in situ quartz microbalance experiments. The potential window for reversible 
electrochemistry in polypyrrole is compared to that for other conducting polymers. Reflectance FTIR of thick films reveals 
that hydroxyl groups, followed by carbonyls, result from overoxidation. 

Many potential applications of conducting polymers are 
based on their electrochemical activity.' Materials such as 
polyacetylene,2 polyaniline, and polypyrrole store electri
cal charge through bulk redox reactions, and are thus can
didates for secondary batteries.3 The same polymers also 
exhibit very large changes in electronic conductivity on 
cycling between the doped (oxidized) and the undoped 
(neutral) state. 4

•
5 Devices exploiting this change in conduc

tivity, such as electrochemical "transistors" 6 and sensors7 

have been fabricated. Since optical properties are a strong 
function of doping level, conducting polymers have also 
been used for electrochromic displays. 8 

It has been observed that, in general, chemically re
versible electrochemistry in conducting polymers is fol
lowed by irreversible behavior at more oxidizing poten
tials. This irreversible oxidation consumes significantly 
more charge than the reversible step9 and leads to degrada-

* Electrochemical Society Active Member. 
**Electrochemical Society Student Member. 

tion of the electrical conductivity. Examples are given by 
polyacetylene, 10 polypyrrole, 11

"
12 and polyaniline. 13 Charg

ing to a level where charge storage capacity and conductiv
ity degrade irreversibly is loosely termed "overoxidation." 
Although overoxidized polymers have been shown to pos
sess a few useful properties (such as selective ion exclu
sion), 14 there is imposed an apparently universal limitation 
in energy density when these polymers are used as 
rechargeable electrodes-reversible electrochemistry oc
curs only to an extent of about one charge per ten carbons 
along the polymer backbone. On a more encouraging note, 
however, Ofer et al. have recently shown, 15 through the use 
of less common electrolytes such as liquid 802, that con
ducting polymers may be cycled to higher degrees of oxida
tion without significant degradation. 5 

Conductivity is known to be a sensitive function of the 
integrity of the polymer,16 decreasing with increasing 
residual saturation (sp3 carbons), as would result from cer
tain overoxidation reactions. As the resistance of polymer 
electrodes increases, their efficiency can be expected to de-
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crease, particularly at higher current density. Very little 
attention has been given to the degree to which polymers 
may be overoxidized before their performance is 
significantly compromised. In the present study we investi
gate conductivity changes with in situ techniques. 

Experimental 
Polypyrrole tosylate films of thicknesses ranging from 

0.1 to 100 11m were prepared by the method of Wynne and 
Street,17 using 0.1Mpyrrole, 0.1Mtetraethylammonium to
sylate in 99% acetonitrile/1% water. Polymer was grown at 
room temperature using a current density of 1.6 rnA cm-2

, 

glassy carbon electrodes and a Princeton Applied Research 

(PAR) 273 potentiostat. For conductivity studies, films of 
dimension ca. 0.1 x 3 x 10 mm were loaded into a Teflon 
stopcock doping cell that was modified to allow contact of 
four coplanar platinum wires.4 Samples were then exposed 
to 0.1M tosylate/99% ACN/1% H 20 electrolyte and main
tained at constant potential. Conductivity was measured 
intermittently by disconnecting the potentiostat and meas
uring the 4-probe conductivity in situ. The minimum elec
tronic conductivity that can be measured, determined by 
the parallel resistance of the electrolyte, is ca. 1 n-1 cm-1 for 
the samples used. Apparent doping levels were calculated 
from the charge passed during the overoxidation step. 

Quartz crystal microbalance studies were performed on 
films ca. 111m thick using 5 MHz AT-cut quartz oscillators 
with evaporated gold-over-chrome contact pads. Potential 
was controlled in situ with a home-built potentiostat. Fre
quency was measured with a Phillips PM 6654C frequency 
meter and converted to mass through the well-known 
Sauerbray equation.18 

Polyaniline, polythiophene, and poly(methyl thiophene) 
for cyclic voltammetry were polymerized in thin film form 
according to literature. 19

'
2° Cyclic voltammograms of the 

conducting polymers were recorded in various solvent sys
tems using the PAR 273. Potentials are referenced to SCE. 

Reflectance infrared spectra at 4 cm-1 resolution were 
obtained using a Nicolet 520 FTIR fitted with a SpectraT
ech Advanced Analytical infrared microscope operating in 
the reflectance mode. The spectral range covered by this 
setup is 650-4000 cm-1, although spectral features at the 
higher energies (>2000 cm-1

) are obscured by the broad 
"free-carrier" absorption21 of the conducting polymer. 

Results and Discussion 
The distinguishing electrochemical features of reversible 

and irreversible oxidation in polypyrrole are illustrated by 
comparing the cyclic voltammetry of 0.4 11m films of poly
mer with applied potential limits of -0.4 and 0.3 V vs. SCE 
(Fig. 1 A), and -0.4 and 1.4 V vs. SCE (Fig. 1 B). When the 
anodic potentiallimitis maintained below cd. 0.7 V vs. SCE 
the electrochemistry shown in Fig. 1 A is reproducible, al
though there is some decrease in response over the course of 
several hundred cycles. This behavior is contrasted by the 
distinctly irreversible voltammetry in Fig. 1 B, which indi
cates that after one excursion to 1.4 V the electroactivity of 
the film is completely destroyed. In Fig. 1 B, the limiting 
number of electrons consumed for exhaustive overoxida
tion to 1.4 Vis about 4 per pyrrole, approximately the same 
as observed by Beck et al. 22 

A loss in electroactivity in thicker films also occurs, al
beit much more slowly. The use of thin films, however, al
lows for rapid evaluation of the potential limits to which a 
particular polymer can be exposed. For example, when a 
film is cycled to increasingly anodic potentials the peak 
current steadily decreases, as shown in Fig. 2. Here, the 
switching potential (Er. the anodic limit of a CV scan) was 
varied over the range 0.5-1.3 V and the effect on the peak 
current ( ip) was determined and plotted relative to the peak 
current, i 0 , of the first voltammogram obtained on the sam
ple with Er = 0.5 V. The same type of experiment was car
ried out on films that were newly-formed prior to each cy
cle. Here, the electrode was cleaned in a flame after each CV 
and a new film was grown in a separate solution containing 
monomer. Electrodes were then rinsed and immersed in 

(a) 

20 fl-A I 

(b) 

,........_..., 
200mV 

I 0.02 mA 

ｾ＠

200mV 

Fig. 1. A: Chemically reversible cyclic voltammogram (CV) of 
polypyrrole, 0.4 j.lm thick, in 0.1M tetraethylammonium tosylate/ 
acetonitrile/ 1% water from -0.4 to 0.3 Y vs. SCE. Scan rates from 20 
to 100 mY s-1

• Anodic currents are in the up direction. Potential 
increases to the right. 8: Irreversible CY of polypyrrole from -0.4 to 
1.4 Y. Scan rate 20 mY s-1

• Two consecutive cycles are shown. 

electrolyte containing no monomer and a CV was recorded. 
The results are shown in Fig. 3. Clearly, when the applied 
potential is greate:r than 0.7 V vs. SCE the electrochemical 
properties of ｰｯｬｹｰｾ［ｲｲｯｬ･＠ are degraded. From Fig. 1 B it is 
seen that the over0·:.:'idation peak begins at ca. 0.7 V. Thus, 
a range of ca. 1J V, from -0.3 to 0.7 V, is available to 
observe reversible electrochemistry. 

Interestingly, the potential recorded during constant 
current deposition of thick films was around 0.9 V, which is 
already into the toe of the irreversible wave shown in 
Fig. 1 B (indicated by an arrow). It can be surmised that 
as-made thick films already suffer from partial overoxida

tion. This may be the reason that thinner films show higher 
conductivity, since ··he applied potential is somewhat lower 
at the beginning of the electrodeposition. 
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Fig. 2. Anodic peak heights of CV' s in the reversible regime as a 
function of increasing switching potential for a thin film of 
polypyrrole, relative to the peak obtained for the first scan. Other 
conditions as in Fig. 1 (a). 
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Fig. 3. Anodic peak heights of CV' s of thin palypyrrole films as in 
Fig. 2, with the formation of a new film of polymer after each cycle. 

Polypyrrole was compared here with three other com
monly-encountered conducting polymers; polyaniline, 
polythiophene, and poly(methyl thiophene). The polymers 
were prepared according to literature methods19

•
20 and 

were cycled in the electrolytes listed in Table I. Well
defined reversible and irreversible peaks were obtained for 
most polymers and are tabulated along with the window 

Table I. Anodic peak potentials of reversible and irreversible peaks 
from cyclic voltammetry at 50 mV s-1 for polypyrrole (PPy), 

polythiophene (PT), polymethylthiophene (PMT), and 
polyaniline {PAn) in various electrolytes. 

Polymer Epa (rev) (V) Epa (irr) (V) /I.E (V) 

PPy (a) 0.0 1.60 1.60 
PPy(b) -0.1 1.70 1.80 
PPy(d) -0.16 1.26 1.42 

PT(a) 1.0 1.76 0.76 
PT(b) 1.04 1.95 0.91 

PMT(a) 0.8 1.87 1.07 
PMT(c) 0.73 1.94 1.21 

PAn(a) 0.47/1.1 1.95 0.85 
PAn (d) 0.0/0.79 1.6/1.9 0.81 
PAn (e) 0.21/0.77 >2.0 >1.3 

(a) LiC104 O.lM/propylene carbonate; (b) Bu4NPF6 O.lM/ACN; 
(c) Bu,NBF, 0.1M/ACN; (d) Et,NTosylate 0.2M/ACN/l% H 20; (e) 
H,so, 0.2M aq. 

-0.4 0.0 

v 

I 50 Hz 

0.4 0.8 1.2 

vs. Ag //4.g Cl 

Fig. 4. Frequency vs. potential for quartz crystal microgravimetry 
of a 1 f.l.m film of polypyrrole cycled in 0. 1M tetraethylammonium 
tosylate/ acetonitrile/ 1% water at 20 mV s-1

• Cycling in the reversible 
regime (A) followed by the irreversible regime (B) is shown. lncreas· 
ing frequency is in the down direction. Sc·an B has been displaced by 
ca. 100 Hz for clarity. Starting frequency for each scan is ca. 
4.98MHz. 

between the two peaks. Polypyrrole appears to have the 
greatest latitude between reversible and irreversible reac
tions, although polyaniline in the aqueous electrolyte 
showed especially good resistance to high applied poten
tials: no irreversible oxidation was observed up to an ap
plied potential of 2.0 V, at which point decomposition of 
water was observed. Polyaniline i.s unusual, in that the 
highly oxidized form is known to be stable in aqueous, 
acidic solution. 23

•
24 

When thick or thin samples of polypyrrole are subjected 
to high potentials strongly colored reaction products are 
observed to evolve from the film. Any kind of material loss 
would compromise the performance of a rechargeable elec
trode. To investigate this apparent disintegration we per
formed in situ micro gravimetric experiments with a quartz 
crystal microbalance (QCM). The <;;)CM has been used by 
Kaufman et al. 25 to investigate the charge compensation 
mechanism for the reversible doping regime of polypyrrole, 
and Baker and Reynolds26 used QCM to monitor the elec
tropolymerization process. Polypyrrole of thickness ca. 

1 f.l.m was deposited on one of the contact pads of our QCM 
and the polymer was subjected to a potential ramp. Fig
ure 4 shows the expected weight gain (decrease in fre
quency) due to the introduction of anions when the poten
tial of neutral polypyrrole is made more anodic. When the 
potential is switched at 0.5 V the mass of the polymer re
turns close to its original value at the end of the cycle (in 
fact a 0.3% weight loss is recorded). Hysteresis in fre
quency as a function of applied potential has been observed 
previously, 25 and can be correlated to the hysteresis be
tween anodic and cathodic peaks in a CV. When the upper 
potential limit is 1.2 V the polymer exhibits a net 5% 
weight loss after one cycle. The polymer loses another 5% 
after the next cycle (not shown). Significant material loss 
thus occurs on cycling to higher potentials, even on the 
short timescale (ca. 20 s) of the experiment. 

The actual mechanism of overoxidation in polypyrrole 
has been considered in some detail by Beck et al. 22 The 
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oxidation of neutral polypyrrole was postulated to occur 
with the following steps 

0 0 

-o- -CJ>--N 

rlOH 

-z.J-
N 

-6-6-N N 
H H H H H 

increasing oxidation 

where only step 1 is the reversible oxidation that is useful 
for storing charge. Note that oxygen is introduced-from 
water present in the electrolyte. We have found that 
overoxidation of some kind occurs regardless of the con
centration of water in the electrolyte. The potential at 
which overoxidation commences is independent of water 
concentration, but the kinetics of the overoxidation are 
somewhat slower for drier electrolytes. For example, cyclic 
voltammograms of thin films in "dry" acetonitrile show 
less well-developed anodic peaks in the irreversible 
regime. Our experiments are thus carried out with a 
specific amount (1 %) of water added, since it is impossible 
to avoid a small amount of adventitious water in any elec
trolyte. 

Figure 5 shows the charge consumed as a function of time 
at different potentials as a result of this complex process. 
Charge is given in terms of an apparent doping level, which 
is added onto the doping level of the as-synthesized free
standing films determined from elemental analysis, though 
it should be noted that only step 1 actually leads to 
"doping" with a counterion. In an attempt to elucidate the 
composition of the overoxidized polymer we recorded 

reflectance infrared spectra on samples of 100 ).1ITl thick film 
that had been exposed to increasingly higher potentials. 
The results are shown in Fig. 6. No detail was observed at 
energies greater than 2000 cm-1

• It should be noted that the 
frequencies of the absorption peaks are somewhat blue 
shifted (ca. 50 cm-1

) relative to the actual absorption since 
the reflection spectrum is a complex function of absorption 
and refractive index change. Thus, the bands have a 
derivative appearance. Application of the Kramers-Kronig 
transform, the usual method of dealing with this problem, 
did not produce satisfactory results. Absorption bands are 
given the following tentative assignments (mainly follow
ing Tian and Zerbi27

): ca. 1800, C=O stretch; 1610, C=C 
stretch, 1380, ring stretch; 1250, C-N stretch; 1065, C-0 
stretch; 850, C-H rocking. Reflectance IR spectra recorded 
by Wynne and Street17 show that bands derived from the 
tosylate counterion are masked by the absorption of the 
polymer, further hampering our attempts at assignments 
since the tosylate could not be used as an "internal stan
dard." Assignment of bands labeled 1 and 2 in Fig. 6 is 
facilitated by the fact that they are enhanced by overoxida
tion, since they are from carbonyl and -OH groups illus
trated in the reaction scheme above. Interestingly, the fea-

1.20 

1.00 

0.80 

yt 
0.60 

0.20 

ｯＮｯｯＫＭＭＭＭＬＮＭｾＭＮＭＭＭＭＮＭｾＬＭＭＬＭＭＭＮＭＮＭＭｾＭＭＱ＠

o 20 ｾ＠ 60 eo 100 ＱＲＰＱｾＱＶＰ＠ ＱＰＰｾ＠

llme(mln) 

""*-
1.4V 

1.2V 
....,._ 
1.0V 

o.av 

Fig. 5. Charge, given in terms of an apparent doping level, Y., vs. 
time for different applied potentials for an 80 f.Lm film of polypyrrole 
tosylate. 

Wavenumber (cm"1
) 

Fig. 6. Reflectance FTIR of thick films of polypyrrole tosylate held at 
various potentials. A, as-made polymer; B, 1.0 V for 120 min; C, 
1.2 V for 95 min; D, 1.4 V for 60 min. 

ture due to carbonyl is not present in the as-made polymer, 
whereas the -OH group does appear to be present. This 
would support the proposed scheme, since hydroxyl groups 
are supposedly formed first, followed by carbonyls. The 
hydroxyls could be a result of the partial overoxidation 
occurring during synthesis. Oxygen in polypyrrole, due 
possibly to hydroxyl groups, has been observed by Pfluger 
et al. 28 using ESCA. Recent in situ FTIR measurements by 

Novak et al. on thin films of overoxidized polypyrrole29 also 
supports the formation of carbonyls. 

One of the attractive features of conducting polymers as 
electrodes for secondary batteries is their structural in
tegrity and intrinsic conductivity-a conductive support, 
such as a wire mesh or plate, is not required. Any loss in 
conductivity, as occurs during overoxidation, is thus a mat
ter for concern. When 80 J.l.m films of polypyrrole were sub
jected to anodic potentials, as in the reflectance FTIR 
study, the electrical conductivity, measured in situ with a 
four-probe technique, decreased monotonically. Since 
these films are much thicker than the thin films used for CV 
studies, degradation occurs on a much slower time scale (a 
factor of 104-105 slower, if degradation is diffusion limited). 
As shown in Fig. 7 the conductivity, relative to the conduc
tivity of the nascent material (ca. 80 n-1 cm-1

), decreases on 
exposure to potentials greater than 0.8 V. One would thus 
expect degradation in physical properties on recharging a 
polypyrrole-based battery. 

In conclusion, polypyrrole, as with other conducting 
polymers, exhibits a rather narrow window over which the 
polymer can exist in a reversibly oxidized state. At pro-

"""*-
1.4V 

-e-

0.80 1.2V 

R/f\, -11-

1.0V 

0.70 ---0.6V 

ＰＮＵＰＫＭＭＭＭＬＭＭｾＭＮＭＭＭＭＮＭｾＮＭＭＮＮＬＭＭＮＭＮＭＭＭｲＭＭＭＱ＠

o 20 ｾ＠ 60 eo ＱＰＰＱＲＰＱｾ＠ 160 ＱＰＰｾ＠
Tlme{mln) 

Fig. 7. Relative electrical conductivity, measured in sihl as a func
tion of time for thick films of polypyrrole tosylate held at different 
potentials. 
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gressively anodic potentials the electrochemical, struc
tural, and electronic properties degrade as a function of 

time. While capacity is robust with respect to defects, con
ductivity is a strong function of the extent of degradation. 
The ability of the material to withstand transient voltage 

excursions outside of the "reversible" window is undoubt
edly a complex function of time/voltage/electrolyte com
position, although it appears that more is to be gained from 
the choice of polymer than from optimization of the elec
trolyte. For example, polyaniline, which has numerous oxi
dation states, appears to be the most stable of the polymers 
we tested. 
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ABSTRACT 

Diphenyl disulfides yield oligo(p-phenylene sulfides) by an anodic oxidation in dichloromethane solution in the pres
ence of protonic acids such as trifl.uoroacetic acid. The acid suppresses the nucleophilic reaction of the cationic active 
species and the electro-oligomerization of diphenyl disulfide proceeds through an electrophilic reaction of a cation formed 
anodic oxidation. The oxidation of diphenyl disulfide proceeds through a one-electron transfer and via phenyl
bis(phenylthio) sulfonium cation as an active species in this oligomerization, which was confirmed electrochemically. Upon 
adding benzoquinones and cerium acetylacetonate to the mixture, the oligomerization proceeds efficiently to give a high 
yield of the oligomer and can be carried out at a lower applied potential (1.7 to 0.8 V vs. Ag/AgCl). 

There is currently a great interest in polymer syntheses 
by electropolymerization of aromatic compounds such as 
pyrrole,l thiophene,2 aniline, 3 phenol,4

•
5 and benzene. 6

•
7 

Electrolysis expands the field of macromolecular synthesis 
and has been utilized to polymerize a number of monomers 
because the electrochemical procedure is a convenient 
method for the formation of desirable species. 

Poly(p-phenylene sulfide) (PPS) is an engineering poly
mer with excellent thermal and mechanical properties.8

·
9 It 

is usually prepared by the polycondensation of dichloro-

benzene and sodium sulfide10 or p .. halothiophenoxy metal 
salt"-'5 at high temperature and/or high pressure. Oligo(p
phenylene sulfide) is also produced commercially because 
it has its properties and good compatibility with PPS. Al
though many works have reported on the electrolysis of 
thiophenols, the electro-oxidative polymerization or 
oligomerization of thiophenol or diphenyl disulfide to form 
PPS has been reported only in our earlier paper. 16 

Electropolymerization of thiophenol in basic media pref
erentially forms monomeric products, i.e., diphenyl disul-
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