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Abstract: Inherent viscosity of polypyrrole (PPy) solution and the electrical conductivity of PPy film
cast from the solution indicate that higher molecular weight polymer is obtained with higher oxidant/
menomer ratio. Conductivity and EPR data indicate that soluble PPy consists more of polaronic forms
than insoluble PPy does and that the solubility of PPy is determined by the molecular weight, oxidation
state, and the degree of crosslinking. It was found that, for PPy. m-cresol was a better solvent than
NMP and the film cast from NMP solution was more brittle than that cast from m-cresol. because the
polymer chains have more compact structures in a poor solvent. The conductivity data also support
this argument: namely PPy film cast from NMP showed very low conductivity {~107" S/cm) while the
film cast from m-cresol showed a conductivity of 1.3 x 10* S/em. From spectroscopic studies, it is con-
cluded that the individual chain of PPy molecule is metallic and the pelymer chains tend to have ex-
panded structures as a result of association with the dopant ions. This leads to higher conjugation
length and ultimately to higher conductivity of the PPy film cast from m-cresol. In the UV-Vis spectra
of the solutions, the sharp peak at 475 nm and the broad peak at 420 nm were assigned to the a—n*
transitions of the neutral and doped forms, respectively. The peak absorption at 933 nm (1.33 V)
seems to arise from the transition between defect states. The conducting form is’ responsible for the
broad absorption peaks at 420 nm, 660 nm, and 950 nm.

Introduction

It is not unusual to see scientific data about
conducting polymers appearing in the literatures
deviale significantly from author to author. Even
in the same laboratory it is common to get data
significantly different from the ones obtained pre-
viously, One of the reasons for such poor repro-
ducibility of data is in the lack of ability to pre-
pare the sample in a well-defined state. In order

to prepare sampltes in a well-defined state,
knowledge on the molecular properties, such as
molecular weights and their distiibution. degree
of chain expansion in solutions, and interactions
with the dopant molecules. etc., is essential
However. understanding on the molecular prop-
erties of conducting polymers has been greatly
hindered by their inherent insolubility. Attempts
have been made to solubilize conducting poly-
mers by incorporating alkyl-substituted mono-
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mers in the polymerization.”” Recently, scientists
found new methods for dissolving polyaniline
{PAN] and polypyrrole (PPy} without applying
substituted alkyl groups.™**

It has been known that the electrical con-
ductivity of polyaniline can be enhanced several
orders of magnitude by secondary doping.' This
phenomenon is understood to originate from the
attainment of the expanded molecular structure
due to interactions of the conducting polymer
molecules with the secandary dopant molecules.”
It is natural to expect that the physical proper-
ties, such as electrical and magnetic properties of
solutioncast PPy film will also depend on the pro-
perties of the solution from which the film is cast.
The purpose of this research was to investigate
the solution-properties of PPy and to correlate
the solution-properties to the physical properties
of PPy film cast from the solution. Investigations
on the polymerization conditions for the syn-
thesis of soluble PPy have been performed as
well.

Experimental

PPy was polymerized by oxidizing the distilled
monomer in aqueous solution with ammonium
persulfate.”® DBSA (dodecylbenzenesulfonic acid)
was used as dopant.’® DBSA-doped PPy was pre-
cipitated by adding methanol into the reaction
mixture. PPy obtained in this way was separated
by filtration, washed several times with methanol,
dried in an oven at 50°C for a day, and ground
into fine powder. The synthesis of PPy was per-
formed using various oxidant/monomer (O/M)
and dopant/monomer (/M) ratios. Approxi-
mately 3%-solution (by weight} of PPy was pre-
pared by dissolving the powder in m-cresol or
INMP followed by filtering off the insoluble resi-
dues. For film casting, the solution was spread on
a glass plate and the solvent was evaporated at
50°C for 2 days. PPy film obtained in this way
had dark color and very shiny surfaces.

Viscosity was measured using an Ubbelohde
viscometer in an oil bath thermostated at 25 + 0.1
°C. Electrical conductivities of the film and pellet
samples were measured by four-line probe and
van der Paw methods, respectively. The doping
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level of PPy was determined from the sulfur/ni-
trogen mole ratio obtained by elemental analysis.
EPR spectra were measured using a Bruker (ER
200 E-SRC} EPR spectrometer. UV-Vis-NIR spec-
tra were obtained using a Shimazu UV-3101 PC
spectrophotometer.

Results and Discussion

Two different reaction temperatures, i. e. room
temperature and 0°C, wete used in the poly-
merization of pyrrole. PPy synthesized at 0°C al-
ways showed higher conductivity than the one
synthesized at room temperature, as shown in
Table I. The inherent viscosity of PPy synthe-
sized at 0°C also showed a higher value than the
one synthesized at room temperature. This is a
good indication that the 0°C-sample has a higher
molecular weight. It is also expected that. when
polymerized at lower temperatures. PPy molec-
ules with a higher molecular weight and a lower
degree of branching are obtained.

The physical properties of PPy synthesized with
various O/M ratios are shown in Table 1. When
the O/M ratio is greater than 0.2, PPy obtained is
insoluble in any of the solvents used. Thus the
conductivity was measured only for the pellets
for those samples. When synthesized with an O/
M=0.5. it was impossible to pelletize the powder
due to its non-adhering property. The appea-
rance of PPy obtained with this O/M ratio was
shiniest. PPy synthesized with higher O/M ratios
showed higher electrical conductivities. The elec-
trical conductivity of the pellet synthesized at an
O/M=0.2 was greater than that synthesized at
an O/M=0.1 by a factor of more than 1000,
while for the solution-cast film. the factor was

Table 1. Physical Properties of PPy Synthesized
at Room Temperature and at 0°C (O/M=0.1,
D/M=0.75). The Inherent Viscosity, 1,., was

Measured for the Solution in m-Cresol

Conc?uci]tivity Conductivity
of the of the i
Temperature pelletized powder solution-cast film (dL."hg)
S/em {S/cm
0°C 1.7 x 10° 6.0 x 10°* 0.21
room 18 x 10" 16x10" (1099
temperature
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Table . Physical Properties of PPy Synthesized

with Various O/M Mole Ratio with a Fixed D/M

Ratic of 0.75. The Inherent Viscosity, T, was
Measured for the Solution in m-Cresol

Conductivity Conductivity
O/M mole of the of the Mok
ratio pelletized powder solution-cast film tdL/g)
S/cm) Sfem)
01 18 x 10" 16x10% 0099
0.2 0.30 1.1 % 107 0.23
0.5 a i i
10 0.19 i i

a; Impossible to pelletize due to non-adhering character of
the powder.
i; Insoluble in solvent.

less than 100. It is helieved that, with higher O/M
ratios, PPy obtained has not only a higher molec-
ular weight. but also a higher oxidation state. The
viscosity and electrical conductivity data in Table
11 also support this argument. The degree of dop-
ing increased with the O/M ratio. This also sup-
ports the argument that PPy with higher ox-
idation state is obtained at a higher O/M . ratio. It
should be noted that the O/M ratio plays the
most important role in determining the solubility
of PPy. The physical properties of PPy syn-
thesized with various D/M ratios and a fixed O/M
ratio of 0.2 are listed in Table Il With this par-
ticular O/M ratio, the highest solubility was
obtained when the D/M ratio was 0.5, while in-
soluble PPy was obtained at D/M>1.0. However,
this number varied with the O/M ratio. It is be-
lieved that, at higher O/M ratios, PPy obtained

Table NI. Physical Properties of PPy Synthesized
with Various D/M Mole Ratios and a Fixed O/M
Ratio of 0.2. The Inherent Viscosity, N, was
Measured for the Solution in m-Cresol

Conductivity Conductivity
/M mole of the of the Nk
ratio pelletized powder solution-cast film (dlig)
(S/cm) {S/em)
0.5 0.013 a 0.025
0.75 0.12 56x 107 0.11
10 0.26 1.7 % 107 0.11
1.5 0.59 i i
20 043 i i

a; Film was too brittle to measure the conductivity.
it Insoluble in solvent.
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has not only higher molecular weights but also
higher degree of crosslinking. That is why solu-
bility and conductivity decrease when the O/M
ratio is very high. When the D/M ratio increases,
it is expected that the equilibrium potential is
shifted in favor of the production of the polymer,
which is equivalent to increase in oxidation po-
tential. That is why increase in the D/M ratio
above 0.75 also leads to the production of in-
soluble PPy.

The peak widths (AH,,) of the EPR spectra of
PPy powder increased with the O/M ratio, show-
ing a maximum between O/M =04 and 0.5, then
decreased slightly as the O/M ratio increased as
shown in Figure 1. However, AH,, showed a
monotonous D/M
shown in Figure 2. On the other hand, the spin
concentration in the powder decreased with O/M
and D/M ratios as shown in Figures 3 and 4. The
conductivity of the film increased with decrease
in spin concentration. This confirms that the ma-
jor charge carriers are bipolarons in the PPy
film.® These results indicate that not only the O/
M ratio but also the D/M ratio influences the ox-
idation state of PPy. It is interesting to note that,
at O/M =0.2, AH,, jumped up by a factor of
more than four times while the spin concentration
decreased rapidly with O/M ratio. Remembering
that, in Table 1. O/M=0.2 was the border line
between soluble and insoluble PPy formation, it is
evident that soluble PPy consists more of po-

increase with the ratio as
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Figure 1. Variation of AH, with oxidant/moncmer (O/M)
ratio. Solubility of PPy decreases as the O/M ratio increases
and totally insoluble PPy is obtained when O/M > 0.2.
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Figure 2. Variation of AH,, with dopant/moncmer {D/M}
ratio. Solubility of PPy decreases as the /M ratio increases
and totally insoluble PPy is obtained when D/M > 1.0.
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Figure 3. Variation of spin concentration with oxidant/
monomer (O/M) ratio. Solubility of PPy decreases as the Of
M ratio increases and totally insotuble PPy is obtained when

oM > 0.2

larons than insoluble PPy, ie. the oxidation state
plays an important role in dissolution of the poly-
mer. It is also believed that the abrupt increase in
AH,, is associated with localization of the po-
larons, presumably due to branching and cross-
linking of the polymer chains which is also one of
the causes for lower solubility observed at Q/M>
0.2. Apparently, solubility of PPy is determined
not only by the molecular weight, but also by the
oxidation state, and the degree of crosslinking.
PPy used in the measurement of UV-Vis-NIR
spectra was synthesized with O/M=0.1 at room
temperature. PPy obtained was more soluble in
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Figure 4. Variation of spin concentration with dopant/
monomer (D/M) ratio. Solubility of PPy decreases as the D/
M ratio increases and totally insoluble PPy is obtained when
D/M = 1.0

m-cresol than in NMP. The film cast from NMP
solution was more brittle than that cast from m-
cresol, presumably because the polymer chains
have more expanded structures in a better sol-
vent, i.e. m-cresol. UV-Vis-NIR spectra (Figure 5)
of PPy solutions in m-cresol and in NMP were
quite different from those of the corresponding
solid.""* As the solvent was changed from NMP
to m-cresol. the broad peak at ca. 420 nm {2.95
eV} increased at the expense of a sharp peak at
475 nm (2.61 eV). It is expected that, in an ac-
idic solvent such as m-cresol, PPy can be doped
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Figure 5. UV-Visible spectra of PPy salution, {a) in m-
cresol and (b) in NMP. The electrical conductivities of the
films cast from these solutions were 1.3 x 10™* and ~10™° 5/
cm, respectively.
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more favorably with an acidic dopant, including
DESA. On the other hand, in a basic solvent such
as NMP, PPy is presumably in the undoped neu-
tral state. Therefore, the sharp peak at 475 nm
and the broad peak at 420 nm correspond to ©—
n* transitions in the neutral and doped forms.
respectively. The conductivity data also support
this argument. PPy film cast from NMP showed
very low conductivity (~10" S/cm) while the
film cast from m-cresol showed a conductivity of
1.3 X 10™ S/cm. Unlike polyaniline. PPy is solu-
ble only in the doped form. As m-cresol is a bet-
ter solvent than NMP for the DBAS-doped PPy,
it is expected that the doped polymer has more
expanded structures in m-cresol than in NMP,
leading to longer conjugation lengths and higher
conductivity. Generally, in good solvents, the hy-
drodynamic radius of polymer chains tends to de-
crease as the polymer concentration increases
while, in poor solvents, an opposite behavior is
observed. Thus, the hydrodynamic radii in poor
and good solvents approach close to each other.
However, in case of PPy, usually gelation occurs
before the polymer concentration gets too high.
That is why the chain conformation in the solu-
tion affects that in the film cast from the solution.

If the O/M ratio or the D/M ratio becomes very
high, the conjugation length decreases due to the
interruption by the branching and crossiinking,
leading to lower electrical conductivity. The peak
absorption at 933 nm (1.33 eV} is believed to
arise from the transition between defect states.’
It is known that T—T* transitions have very high
molar absorption coefficients. namely around 10
L - cm® - mol®. The molar absorption coefficient
of the sharp peak at 475 nm was 2000 L - cm™ -
mol”. This can be compared with Soret {~400
nm) band of porphyrin which is also due to the ®
—7* transition.”

The UV-Vis-NIR spectra of PPy solutions syn-
thesized under various oxidizing conditions are
shown in Figure 6. As indicated in the figure cap-
tion, the electrical conductivity of the films cast
from these solutions increased in the order of (a) <
{b)<(c). For the same O/M ratio, PPy syn-
thesized at 0°C showed higher conductivity than
that synthesized at room temperature. At room
temperature, PPy synthesized with O/M=0.2

Korea Polym. J. Vol. 5. No. 4, 1997
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Figure 6. UV-Visible spectra of PPy solution in mrcresol. (a)
The O/M melar ratio=0.1, {polymerized at r. t.), olcast film)
=16 x 10* S/icm. (b} The O/M molar ratio=0.1,
{polymerized at 0°C}, ofcast film)=6.0X% 10* S/em. o)
The O/M molar ratio = 0.2, {polymerized at r. t.), Glcast film)
=11 x 10 S/em.

showed higher conductivity than that synthesized
with O/M=0.1. In Figure 6, one can notice that
the absorption peak at around 933 nm consists
of two peaks, Le. a sharp absorption peak at 933
nm overlapped on top of a broad absorption
peak at 950 nm (1.31 eV). It is interesting to
note that as the conductivity(o) increased, the
broad absorption peaks at 420 nm, 660 nm, and
950 nm increased at the expense of the sharp
peaks at 475 nm and 933 nm. Thus the con-
ducting form is responsible for the broad ab-
sorption peaks at 420 nm, 660 nm, and 950 nm.
The UV-Vis-NIR spectra were also affected
by the addition of extra dopant, DBSA, into the
solution as shown in Figure 7. PPy shown in this
figure was synthesized with O/M=0.2 at room
temperature and was dissolved in m-cresol. With
the addition of extra dopant, the sharp ab-
sorption at 475 nm disappeared completely and
free carrier tail appeared. The appearance of
the free carrier tail upon addition of the extra do-
pant indicates that the individual chain of a PPy
molecule is metallic. This does not seem to be
due to the intrachain interactions because the
free carrier tail was absent before the addition
of extra dopant. The electrical conductivities of
PPy films cast from the solutions used for the UV-
Vis-NIR spectra in Figure 7 are plotted as a func-
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Figure 7. UV-Visible spectra of PPy in m-cresol. {a) No ex-
tra DBSA added. Extra DBSA added in the solvent to make
the DBSA/Py unit ratio = 0.48(b), 0.97(c), and 1.60(d).
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Figure 8. Conductivity of PPy film cast from the solutions
shown in Figure 7. The highest conductivity is obtained at
an excess /M ratio=0.5.

tion of extra /M ratio in Figure 8. The actual D/
M ratic determined by elemental analysis of sul-
fur and nitrogen was 0.23 before the addition of
extra DBSA. Therefore, the actual D/M ratio in
the fiim cast from the solution with extra DBSA
is expected to be the direct sum of 0.23 and the
extra D/M ratic because DBSA is non-volatile
and only the solvent was removed during film
casting.

Initially. the conductivity increased with the
extra D/M ratio and the highest conductivity was
obtained when the extra I/M ratio was 0.5. Such
a phenomenon is very similar to what was ob-
served with polyaniline when doped with DBSA.*
It is believed that. as the D/M ratio increases in
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the polymer matrix, the polymer chains tend to
have expanded structures as a result of as-
sociation with the dopant ions. This leads to high-
er conjugation lengths and higher conductivity of
the individual chains. However, if there are too
much of dopant molecules in the film, the bulk
conductivity of the film cast from the solution de-
creases again due to interchain separation.

Conclusion

The solution properties of polypyrrole (PPy),
such as inherent viscosity and solution spectra
were measured. Conditions required to make solu-
ble PPy were investigated. The electrical. ther-
mal, and other physical properties of solution-
cast PPy films were investigated in conjunction
to the solution properties. Inherent viscosity and
conductivity values of PPy indicate that a high-
er molecular weight polymer is obtained with a
higher oxidant/monomer ratio. Conductivity and
EPR data indicate that soluble PPy consists more
of polaronic forms than insoluble PPy, ie. ox-
idation state plays an important role in dis-
solution of the polymer. Apparently, solubility
of PPy is determined by the molecular weight.
oxidation state, and degree of crosslinking.

It was found that m-cresol is a better solvent
than NMP and the film cast from NMP solution
was more brittle than that cast from m-cresol,
because the polymer chains have more expanded
structures in a better solvent. The conductivity
data also support this argument. PPy film cast
from NMP showed very low conductivity (~107
S/ern) while the film cast from m-cresol showed a
conductivity of 1.3 X 10* S/cm. From the spec-
troscopic studies, it is concluded that the in-
dividual chain of PPy molecule is metallic and the
polymer chains tend to have expanded structures
as a result of association with the dopant ions.
This leads to a higher conjugation length and
higher conductivity. However, if there are too
much of dopant molecules in the film, the conduc-
tivity decreases again due to interchain separa-
tion. In the UV-Vis spectra of the solutions, the
sharp peak at 475 nm and the broad peak at 420
nm were assigned to the m—mn* transitions of the
neutral and doped forms, respectively. The peak
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absorption at 933 nm (1.33 eV) seems to arise
from the transition between defect states. The
conducting form is responsible for the broad
absorption peaks at 420 nm, 660 nm, and 950
nm.
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