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ABSTRACT: Poly(pyrrole hexafluorophosphate ) (PPPFg) was prepared with the potenti-
ostatic method to supply a constant potential of 1.21 V for 5 h in water/acetonitrile
(1/99 vol %) solution of 0.2M pyrrole containing 0.1M tetraethylammonium hexafluo-
rophosphate as a supporting electrolyte. The result of elemental analysis and Fourier
transform infrared spectrum showed that it was a PPPFg that was doped with ~28 wt
% PFgs . From the cyclic voltammogram, it was found that the redox reaction of PPPFg
was irreversible. Scanning electron microscopy was performed to know the morphology
of PPPF. The result of the differential scanning calorimetry did not show any special
peak in temperature range of 25—800°C. From the temperature dependence of the
electrical conductivity and electron spin resonance measurement, it was suggested that
a possible conduction mechanism for the PPPFg polymer should be a small polaron
hopping conduction. © 1998 John Wiley & Sons, Inc. J Appl Polym Sci 68: 605—-612, 1998
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INTRODUCTION

The electrochemical preparation of conducting
polymer film has many advantages. The proper-
ties of the film can be easily modified by varying
the electrolysis conditions: potential, current den-
sity, solvent, electrolyte, etc."” Besides comparing
chemically prepared ones, these films are rela-
tively stable in air, and the properties are not
easily changed by an external stimulus.>* In par-
ticular, polypyrrole—which had been first electro-
chemically prepared—is regarded as the most
promising material for batteries and other electro-
chemical devices recently.’® Diaz and Kanazawa®
suggested that the electropolymerization of pyr-
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role in acetonitrile (AN) solution should occur via
the oxidation of pyrrole at Pt electrode to produce
an unstable 7m-radical cation. Coupling of a pyrrole
radical cation with a neutral monomer forms a
radical cation dimer, and further reaction contin-
ues the chain forming sequence.” The coupling re-
action occurs primarily in the « position of the
pyrrole ring to produce a linear polymer. This re-
action has electrochemical stoichiometry, wherein
2.2—2.4 electrons/pyrrole ring are involved in the
formation of the polymer.! But, in fact, the struc-
ture of electrochemically prepared polypyrrole is
amorphous and has not exactly been found.®

In our previous papers,* poly(pyrrole p-tolu-
enesulfonate) was prepared by electrooxidation
from 0.2M pyrrole and 0.1M tetraethylammo-
nium p -toluenesulfonate, supplying a potential of
1.3-1.7 V under various solvent conditions. From
this, we investigated the relationship between sol-
vent condition and conductivity of sample. Ac-
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cording to Zinger and coworkers,? although the
use of organic solvent was costly and hazardous,
free-standing films obtained in organic media
showed prominent characteristics in their conduc-
tivity and mechanical properties. But, when the
solution contained 1 vol % H;O or other hydroxylic
solvents, the growing surface became much
smoother, and the chemical nature of the surface
was probably more homogeneous.?

Hagiwara and coworkers® reported that the
electrical conductivity of polypyrrole was depen-
dent on the applied potential. Those of stretched
films were especially dependent. It assumed that
application of a higher potential induced an unfa-
vorable side reaction that causes the film proper-
ties to deteriorate. Sato and colleagues'® investi-
gated the electrical conduction mechanism of
polypyrrole films containing various counter ions.

In this work, we prepare a new poly(pyrrole
hexafluorophosphate) (PPPF;), which modified
the polymerization potential, time, and solvent—
supply a potential at 1.21 V for 5 h in 1/99 vol %
water/AN solvent and examine the physicochemi-
cal properties—morphology, dopant contents,
thermal stability, and electrical properties. Also,
we investigate the electrical conduction mecha-
nism of PPPF; based on the temperature depen-
dence of electrical conductivity.

EXPERIMENTAL

Materials

Pyrrole (purity: 99%, Acros Organics) was used
without purification. AN as a solvent was always
passed through a column packed with alumina
powder previously dried at 400°C to eliminate
water and acrylonitrile. Tetraethylammonium
hexafluorophosphate (TEAPF;) (purity: 99.99%,
Fluka Co.) as a supporting electrolyte was dried
under vacuum at 25°C for 48 h and 110°C for the
removal of water.

Electrochemical Preparations

PPPF; was prepared with anodic oxidation of pyr-
role in the electrolytic cell containing 0.2M pyrrole
and 0.1M TEAPFs in AN containing 1 vol % water.
This solution was bubbled with argon gas for 30
min before every experiment to remove oxygen.
The three-electrode cell consisted of a Pt working
electrode (2 X 3 X 0.01 cm), a Pt counter electrode
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Figurel A linear sweep voltammogram of 0.2 M pyrrole
in the potential range of 0—1.3 V (scan rate: 20 mV/s).

(2 X 3 X 0.01 cm), and a saturated calomel elec-
trode as a reference electrode. Before sample prep-
aration, various electrolysis conditions were ap-
plied to obtain the optimum condition for a better
electrical conductivity. First, linear sweep volt-
ammetry was performed to observe the anodic be-
havior of pyrrole. Figure 1 shows a linear sweep
voltammogram of 0.2M pyrrole in the potential
range of 0—1.3 V at a scan rate of 20 mV/s. As a
result of linear sweep voltammetry, we knew that
pyrrole could be oxidized only more than 0.8 V.
The results of changing electrode potential (0.85,
0.995, 1.110, and 1.21 V) in constant periods (7
h), and polymerization time (1, 3,5, and 7 h) at a
fixed potential (1.21 V) showed that PPPFg pre-
pared at 1.21 V for 5 h had the highest electrical
conductivity. From these results, we confirmed the
following: the higher the potential, the more dop-
ant contents in polymer, thus a higher electrical
conductivity. Too many long periods caused a rapid
increase in the number of defects in the conjugated
backbone and reduced the mobility of the charge
carriers.? An EG&G PAR model 270 A potentios-
tat/galvanostat was used for potentiostatic prepa-
ration. The PPPF; film was obtained through the
following process: precipitation on the anode sur-
face, rinsing with 1/99 vol % water/AN solvent,
and drying in a vacuum oven for 3 days.

Measurements

Cyclic voltammetry was conducted for the informa-
tion about reversibility using a potentiostat/galva-



nostat (EG&G PARC 273A). Elemental analysis
was performed with a Carlo-Erba elemental ana-
lyzer to determine how much dopant anion was
doped in the polymer chain. Fourier transform in-
frared (FTIR) analysis was recorded with Shi-
madzu spectrometer by the KBr pellet method to
analyze a structure of PPPF;. Differential scanning
calorimetry (DSC) was conducted using a thermal
analyzer (DSC-1500) at temperatures in the range
of 25—800°C, with a heating rate of 10°C/min in
an argon atmosphere. Scanning electron microscopy
(SEM) was performed for the morphology analysis
with a Hitachi S-2500. Electron spin resonance
(ESR) was conducted using a EPR spectrometer
(Bruker, ER 200 E-SRC) at 25°C. Electrical conduc-
tivity was measured by the four-probe technique
using an Keithley 2001 at a temperature range of
80-300 K. A quartz probe was placed in a chamber
packed with liquid nitrogen to measure low temper-
ature conductivity.

RESULTS AND DISCUSSION

Cyclic Voltammetry (CV)

CV is a very popular technique for initial electro-
chemical studies of new systems. CV is a reversal
method that records the changes of current on the
potential varied linearly with time. It is important
for the reversibility that is essential for battery
or other electrochemical devices to deal with elec-
trode reaction of conducting polymer, and it can
be predicted from the cyclic voltammogram. That
is, in the reversible system, the peak potential E,
is independent on potential scan rate v as eq. (1).
On the contrary, the peak potential £, is propor-
tional to the potential scan rate v in the irrevers-
ible system, as eq. (2)."!

Ep = E1/2 - 1109(%) (1)
RT D1/2
E,=E°= - [0.780 + 1n<k—‘;>

1/2
; 1n<“;‘§—TF"> ] (2)

Before the preparation of PPPFg film, CV was per-
formed in H,O/AN (1/99 vol %) solution of 0.2M
pyrrole containing 0.1 TEAPFg in the potential

PHYSICOCHEMICAL PROPERTIES OF PPPFq 607

o 0.21V
2
(o)
[l
(]
L0
[&]
Q
o
Ry
©
(&}

—0.47v
-1.0 0.0 1.0 2.0
E (V) vs SCE

Figure 2 The cyclic voltammogram in 1/99 vol %
H,0/AN solution of 0.2M pyrrole and 0.1 M TEAPF; at
—0.5-1.1 V (scan rate: 10 mV/s).

range of —0.5-1.1 V at a scan rate of 10 mV/s.
Results are shown in Figure 2. In Figure 2, the
values of E,, and E,. were each 0.21 and —0.47
V, respectively. It was thought that, because a
larger anion that had low mobility caused struc-
tural changes in polymer chains, the difference of
anodic and cathodic peak potential, AE,, had a
more than 58/n(mV) value. To determine the re-
versibility of this electrode reaction, CV was con-
ducted in various scan rates (5, 8, and 10 mV/s).
Figure 3 shows the changes in anodic and cathodic
peak potentials (E,,, E,.) on various scan rates.
That is, the peak potential was a function of scan
rate, shifting in the negative directions for E,. and
in the positive directions for E,, with increasing
scan rate. From this result, it is obvious that these
anodic and cathodic reactions are irreversible.

Elemental Analysis

Elemental analysis was performed to know how
much dopant anion was doped in PPPF; film pre-
pared electrochemically at 1.21 V for 5 h. This
analytical result is presented in Table I. From
this, it is confirmed that this PPPFg film was
doped ~28 wt % with the PFg anion.



608 LEE ET AL.

0.3 r
[ Eos
|
g 0.1 B ]
]
=
2
g -02 |
x
©
@
Q ]
]
-0.4 | n
Epe
-0.6
0 5 10 15

scan rate (mV/sec)

Figure 3 The changes in anodic and cathodic peak
potentials on various scan rates (5, 8, and 10 mV/s).

Infrared Spectroscopy

The PPPF film as an anodic precipitate was insol-
uble in most organic solvent or aqueous solutions
and not transparent.'? So, it was difficult to obtain
spectroscopic analysis. FTIR measurements was
performed with the KBr pellet method in the
range of 4000—400 cm . Figure 4 shows the FTIR
spectrum of PPPF; film. The peak at 3500—-3200
cm ! was induced by the stretching vibration of
the secondary amine. The C=C aromatic vibra-
tion that consists of conjugated polymer chain oc-
curs at 1610-1500 cm™'. Also, the strongest
modes in the range of 1420—1020 cm ! are attrib-
uted to the C—N stretching vibration. Peaks in
the range from 900—800 cm ' indicate the pres-
ence of PF anions in the polymer chain.’® This
result is in agreement with the expected structure

of PPPF.

Table I Results of Elemental Analysis
for PPPF; Film

Polymer Chain (%) Dopant
Content
Polymer C H N (0] (wt %)

PPPF¢ 40.1 4.35 11.7 16.0 27.9

1118

1635

3433

867

% Transmittance

1380

3,400 2,400 1,400 400
Wavenumber (cm™)

Figure4 FTIR spectrum for PPPF; in the KBr pellet.

SEM Analysis

The morphology of conducting polymers by SEM
depends mainly on the structure of the monomer,
the nature of the dopant, and thickness of the
film." According to Zinger and coworkers,? the
structure of polymer films changed into a disor-
dered pattern as its surfaces lost smoothness. The
SEM results of the electrode and electrolyte sides
of PPPFg film are shown in Figure 5. The surface
morphology of PPPF¢ in Figure 5(a) is similar to
that of the polypyrrole films in ref. 14—irregular
granules are compactly crowded on the film, re-
spectively. The surface of the electrode side was
more smooth than that of the electrolyte side, as
shown in Figure 5(a,b). The porosities showed in
Figure 5(b) are thought to be due to the swelling
properties of AN as a solvent. Because the SEM
results of PPPFg film do not show an specially
oriented pattern, it is suggested that the conduc-
tivity of PPPF is slightly isotropic.

Thermal Analysis

Thermal analysis is a method that measures a
change of the property on temperature in the poly-
mer. The DSC records a difference of supplied cal-
orie to maintain the same temperature in refer-
ence and sample at constant heating rate. The
DSC result showed that PPPF; was decomposed
in the broad temperature range from 150 to
800°C, without special phase transition. Gener-
ally, it has been known that the polypyrrole-based
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Figure 5 SEM micrographs of PPPFg: (a) the face of the film in contact with the
“solution” and (b) that of the film in contact with the “electrode.”

system mainly decomposed at higher temperature
regions than polyaniline-based systems.? There-
fore, it is concluded that PPPFy can be used in
industrial applications requiring higher thermal
stability.

Electrical Conductivity

The conduction mechanisms of conducting poly-
mers have been variously studied until now. In
the case of polypyrrole, particularly, it has been
known that a polaron or bipolaron moves through
the conjugated bonds for charge carriers.'>'¢ But,
in the real case, the charge carriers can hop in-
terchain and interparticle gaps, as well as the con-
jugated double bond system. In this point, we can
obtain useful information from the temperature
dependence of electrical conductivity for the con-
ducting polymer. Therefore, the conduction mech-
anisms for conducting polymers have been in-
vestigated from various models related to tem-
perature dependence of electrical conductivity.
Zeller'” expressed it as a interrupted strand
model. According to his study, a tunneling conduc-

tion of amorphous materials was expressed as
eq. (3).

o = oeexp(—AT ?) (3)

In general, the hopping conduction model has
been applied for the conducting polymer prepared
electrochemically. Watanabe and coworkers'® re-
ported that the conductivity of polypyrrole fol-
lowed the Mott’s variable range-hopping conduc-
tion. That is, Mott'® showed the conduction mech-
anism that the charge is transported by the
thermally activated hopping electron between lo-
calized states near the Fermi level as in eq. (4).

o = Aexp(—BT ') (4)

But, in conducting polymers, the electron transi-
tion is due to movement of the localized state, as
well as hopping. Greaves® showed the hopping
mechanism that was applied for amorphous mate-
rials in general temperature ranges as in eq. (5).

oT'? = exp(—BT '*) (5)



610 LEE ET AL.

1.5

1;4£51: x
N

1.35 - "

Log & (S/cm)
©w

1.25 ¢ ug

1.2 -

1.1 :
2 7 12

1000/T (K™")

Figure 6 Temperature dependence of electrical con-
ductivity of PPPFs based on the Arrhenius equation.

Although it showed many equations for the tem-
perature dependence of electrical conductivity, ex-
act equation was not represented yet because of
various factors of electrical conductivity. There-
fore, the conduction mechanism is suggested as a
model that showed the most linear line.

Electrical conductivity measurements for PPPFg
were performed with a four-probe direct current
method in the temperature range of 80—-300 K.
Figure 6 shows the electrical conductivity as a
function of temperature for PPPF¢ based on Arr-
henius equation, as in eq. (6).

o = ooexp(—E,/kT) (6)

As shown in Figure 6, the conductivity for PPPFg
increases with increasing temperature and the
values of log o at 25°C was 1.46 (S/cm). To inves-
tigate the conduction mechanism of PPPFg, the
previously reported equations—Zeller, Mott,
and Greaves models—were applied, as shown in
Figures 7—9. The plots of Greaves’s model show
good linearity (i.e., it is suggested that the con-
duction of PPPFg is predominantly conducted by

hopping).

ESR

ESR measurements were performed to examine a
charge carrier. Figure 10 shows the ESR spec-
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Figure 7 Electrical conductivity as a function of tem-
perature for PPPF; based on the Zeller equation.

trum of the PPPF¢ powder at room temperature.
It showed a typical spectrum like other conduct-
ing polymers.” From Figure 10, the measured
peak-to-peak line width AH,, and g value are 0.7
G and 2.00257. It was confirmed that in singly
charged paramagnetic centers, small polarons
were formed by doping of anions as an electron
acceptor. The electron in the polaron level caused
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Figure 8 Electrical conductivity as a function of tem-
perature for PPPF; based on the Mott equation.
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Figure 9 Electrical conductivity as a function of tem-
perature for PPPF; based on the Greaves equation.

a local polarization near the positively charged
center and, as a result, the electron became a
small polaron with a w-cation radical. In general,
it has been known that the ESR parameters were
related to electrical conductivity.?* But, the oppo-
site proposal has been reported later.?? Therefore,
the other conducting polymers doped with same
anion PFg were compared with PPPFy in the elec-
trical conductivity and ESR parameters as shown
in Table I1.>?3 From Table II, higher electrical
conductivity, lower AH,,, and g-value were esti-
mated. Ogasawara and colleagues?* reported that
the decrease in AH,, was due to the mobile nature
of free radicals based on increasing in conjugation
length. Also, compared with film and powder of
PPPF, it was thought of as isotropic and similar
to the result of SEM.
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Figure 10 ESR spectrum of PPPFg film at 25°C.

CONCLUSIONS

The PPPFg film electrochemically prepared at a
constant potential of 1.21 V in 5 h was doped as
a PFg anion ~28 wt %. From the cyclic voltammo-
gram, it was suggested that the electrode reaction
for PPPFg was irreversible. The DSC result
showed that the PPPFy; was decomposed in the
broad temperature range from 150 to 800°C. The
morphology of PPPF¢ by SEM showed a compact
structure resulting in high electrical conductivity
and an isotropic structure that was in agreement
with the ESR result compared between film and
powder samples. From the temperature depen-
dence of electrical conductivity and ESR spec-
trum, the observed electrical conductivity was due
to polarons as charge carriers that hop from state
to state. So, it was suggested that the electrical

Table II Various Parameters of PPPFz; Compared

with Other Conducting Polymers

log o (S/ecm)
Polymer at 25°C AH,, g value
Poly(aniline hexafluorophosphate) -1.209 3 2.00578
Poly(indole hexafluorophosphate) —4.15 3.3 2.00574
PPPFy 1.46 0.7 2.00257
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conduction mechanism of PPPFg is a small po-
laron hopping conduction.

The authors are grateful to Yonsei University and HAN
DOK High Polymers, Ltd., for financial support of this
work.
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