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ABSTRACT: The results of the temperature dependence of dc conductivity, microwave dielectric constant,
X-ray diffraction, EPR, and NMR experiments are reported for chemically synthesized polypyrrole films
soluble in organic solvents. The temperature dependence of dc conductivity of these systems follows the

three-dimensional variable range hopping model.

The slope of the temperature dependence of dc

conductivity varies with dopants and solvents used. Room temperature dc conductivities are in the range
of ~0.2—0.01 S/cm, and the localization lengths are estimated as <10 A, which indicates a relatively
strong localization of charge. The results of microwave dielectric constant experiments support the strong
localization behavior. The X-ray diffraction studies show that soluble polypyrroles are amorphous. From
electron paramagnetic resonance experiments, the density of states of polypyrrole doped with naphtha-
lenesulfonic acid in m-cresol solvent is estimated as ~0.107 states/(eV ring). We obtain the result that
the system achieves a more highly conducting state as the polarity of the solvent used increases.

Introduction

Pristine (undoped) polypyrrole (PPy) is a z-conjugated
polymer, which is formed by the overlap of carbon p,
orbitals and alternating carbon and carbon bond length.1?
Polyacetylene, poly (p-phenylenevinylene), and poly-
thiophene are also conjugate systems. The interchange
of single and double bonds in PPy leads to a different
energy state, which indicates that PPy has a nondegen-
erate ground state, while polyacetylene has a doubly
degenerate insulating ground state.2® Through the
doping process, the conductivity of PPy is changed from
insulating (oqc < 1077 S/cm) to metallic (oqc = 102 S/cm).2
The presence of polarons or bipolarons at low doping
and of a polaron lattice or partially filled energy band
for highly doping have been proposed for the variation
of conductivity of nondegenerate systems including
ppy_2,477

The charge transport of PPy has been studied for
electrochemically synthesized materials.®8-12 Pfluger
and Street reported the existence of interchain links or
branches (about 30%) through the 2,3 positions in a
pyrrole ring based upon an X-ray photoelectron spec-
troscopy (XPS) study of the electrochemically synthe-
sized PPy samples,while most of pyrrole units are linked
at the 2,5 positions to form straight chains.*314 Though
the 2,3 coupling mode might increase the mechanical
strength of the system, it reduces the solubility of PPy
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in organic solvents. Recent progress in chemical syn-
thesis using various dopants and organic solvents has
contributed to the development of soluble PPy.15.16
Relatively large size dopants such as dodecylbenzene-
sulfonic acid (DBSA) or naphthalenesulfonic acid (NSA)
are used to reduce the interchain interaction of poly-
pyrrole chains resulting in solubility in various organic
solvents. For chemically synthesized soluble polyaniline
(PAN) materials, the charge transport properties vary
with dopants and solvents used.’~1® The interchain
interaction, the conformational change of polymer chains,
and the hydrogen bonds between polymer backbone,
dopant, and solvent are important for the conductivity
and its temperature dependence in the PAN system.
In this report, we investigate the effects of the dopant
and the solvent on charge transport and spin dynamics
in soluble PPy systems. The results of the temperature-
dependent dc conductivity [oqc(T)] are presented for
polypyrrole samples doped with DBSA and NSA, which
are soluble in dimethyl sulfoxide (DMSO), N-methyl-2-
pyrrolidinone (NMP), m-cresol, chloroform (CHCIl3), and
dichloromethane (CH,Cl,) solvents. The temperature
dependencies of o4 are fit by the three-dimensional
variable range hopping model, o4.(T) O exp(—(To/T)Y4).
The systems becomes more highly conducting with
increasing polarity of the solvent used. We conclude
that the interchain interaction and the interdopant
Coulomb repulsion depend upon the polarity of the
solvent and that they are important for the charge
transport properties of the system. The density of states
obtained from electron paramagnetic resonance (EPR)
experiments and the spin—Ilattice relaxation time from
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1H NMR experiments also are presented in this paper.

Experimental Section

Distilled pyrrole monomer (0.23 mol) and dopant (0.08 mol
of DBSA or NSA) were dissolved in distilled water under
magnetic stirring at 5 °C. For an oxidant, 0.05 mol of
(NH4)2S20s was dissolved in distilled water at the same
temperature. The solution containing oxidant was poured into
the solution of pyrrole and dopant under magnetic stirring.
Polymerization was carried out for 30 h at 5 °C in air. PPy
powder was filtered and washed with methanol, and dried
under dynamic vacuum for 48 h. Free standing films were
cast from homogeneous solutions of doped polypyrrole dis-
solved in various solvents such as DMSO, NMP, m-cresol,
CHCl3, or CH.CI; onto glass substrates. The films were dried
on a hot plate in air for 10 h at 60— 80 °C.

A four-probe method was used for measuring dc conductivity
in order to eliminate contact resistance. The measured
temperature range for o4 was from 300 to 10 K using a Janis
closed-cycle refrigerator system (CCS-100). Four thin gold
wires (0.05-mm thick and 99% pure gold) were attached in
parallel on the sample surface by conducting graphite paint
(Acheson Electrodag 502) for better electrical contact. The
EPR spectra for magnetic susceptibility (y) were obtained using
a Bruker ESP300 spectrometer (X-band). The measured
temperature range for the EPR experiments was from 300 to
100 K. The susceptibility of the system was estimated from
the EPR integrated intensities calibrated against a LiF crystal
standard. For 'H NMR experiments, a Bruker MSL 200 FT-
NMR was used with the magnetic field fixed at 4.7 T. The
microwave cavity perturbation (MCP) method?2* was used to
measure the temperature dependence of the dielectric con-
stant. The resonance frequency of the MCP system was 6.5
GHz.

Results and Discussion

The temperature dependencies of the dc conductivity
[04c(T)] for soluble polypyrrole (PPy) using NSA and
DBSA as the dopants prepared with various organic
solvents such as NMP, m-cresol, and CHCI3 are pre-
sented in Figure 1. The three-dimensional (3D) variable
range hopping (VRH) model, which is described in ref
22, provides the best fitting for o4c(T):

04(T) = 0, T2 exp[—(Ty/T)™] (1)

Here, Tq is 16/[ksN(EF)L3], where kg is the Boltzmann
constant, N(Eg) is the density of states at the Fermi
level and L is the localization length.2?

The density of states, N(Eg), was obtained from the
measurement of susceptibility (y) through EPR experi-
ments. Figure 2 presents yT of PPy—NSA (m-cresol)
and PPy—DBSA (m-cresol) samples as a function of
temperature. Considering y = yPauli 4- yCurie ywhere yPauli
is independent of temperature and yCure [J 1/T, the slope
of the straight line of T provides the xPauli 1218 Using
the relation yPauli = 2452 N(EF) where ug is the Bohr
magneton, and the density of states, N(Eg), is estimated
as ~0.107 and ~0.072 st./(eV ring) for PPy—NSA (m-
cresol) and PPy—DBSA (m-cresol) materials, respec-
tively. We assumed that N(Ef) is independent of the
solvent used to estimate the localization length.

The dc conductivities of PPy—NSA samples processed
from NMP, m-cresol, and CHCI; solvents are higher and
their temperature dependencies are weaker than those
of the corresponding PPy—DBSA samples, Figure 1. The
DBSA dopant is larger than the NSA dopant, Figure 3,
leading to weaker interchain interaction (a relatively
large interchain distance for hopping) and the lower
conductivity of PPy—DBSA materials. Figure 4 com-
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Figure 1. Comparison of the temperature dependence of dc
conductivity for soluble PPy—NSA and PPy—DBSA samples
processed from the same solvent: (a) NMP; (b) m-cresol; (c)
CHCls,
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Figure 2. 4T vs T obtained from the EPR experiments for
PPy—NSA (m-resol) and PPy—DBSA (m-cresol) samples.

pares the o4 (T) of soluble PPy prepared in different
solvents with the same dopant. The room temperature
dc conductivities are in the range of ~0.2—0.01 S/cm.
PPy—NSA (DMSO) is the highest conducting material,
while PPy—DBSA prepared with CHCI3 solvent is the
lowest conducting one. For the PPy—NSA (DMSO)
sample, gq4c at room temperature is ~0.2 S/cm and the
localization length (L) is estimated as ~10 A by using
eq 1. As the temperature decreases, oqc decreases,
indicating the charge localization in the system. The
slope (To) of o4c(T) sensitively depends on the polarity
of the solvents used. The temperature dependencies of
ogc of PPy—NSA (m-cresol) and PPy—NSA (CHClys)
samples are stronger than those of PPy—NSA (DMSO)
and PPy—NSA (NMP). In Figure 4 (b), oq4c values of
PPy—DBSA in m-cresol and CHClIj3 solvents have strong
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Figure 3. Schematic chemical structure of (a) naphthalene-
sulfonic acid (NSA) and (b) dodecylbenzenesulfonic acid (DBSA).
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Figure 4. Temperature dependence of dc conductivity of
soluble PPy in various solvents doped with (a) NSA and (b)
DBSA.

temperature dependencies, and the L is estimated as
<2 A, which implies a strong localization of the charge.
However, Ty's of PPy—DBSA (NMP) and PPy—DBSA
(CH,CI,) samples are relatively small (~4.5 x 108 K and
~1.3 x 107 K), and the L's are estimated as ~4 and ~3
A, respectively. It is noted that the 3D VRH of the
system contrasts with the results for electrochemically
synthesized PPy samples, which have similar room
temperature dc conductivities (~1—102 S/cm), reported
by Chauvet et al.,® but have In o4 O T2,

The results of X-ray diffraction experiments of PPy—
NSA samples processed from various solvents are
presented in Figure 5. A broad diffraction peak was
detected at 26 ~ 18° for the measured samples, indicat-
ing that the systems are strongly disordered. The PPy—
NSA (DMSO) sample, which is the highest conducting
sample, has a better crystallinity than PPy—NSA (NMP)
and PPy—NSA (CHCls).

Figure 6 shows the dependence of the localization
length (L) on the polarity of the solvents and the
dopants. As the polarity of the solvents for the same
dopant increases [CHCI;3 (nonpolar, € = 4.86) < CH,Cl,
(e = 8.65) < m-cresol (¢ = 12.4) < NMP (e = 32.2) <
DMSO (polar, ¢ = 46.5), where ¢ is the dielectric con-
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Figure 5. Comparison of X-ray diffraction patterns of PPy—
NSA processed from various solvents (DMSO, NMP, m-cresol,
and CHCI3).
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Figure 6. Dependence of localization length (L) of soluble PPy
on the nature of dopants and solvents used.

stant],?® the temperature dependence of o4 Weakens,
and the localization length increases; i.e., it approaches
a more highly conducting state for both NSA and DBSA
dopants. In polar solvents such as NMP or DMSO, large
size dopants (DBSA and NSA) might be positioned as
close as possible to the polymer chains due to screening
of interchain and the interdopant coulomb repulsion.
This would improve interchain structural correlations,
thereby improving interchain charge transport, increas-
ing dc conductivity and reducing the temperature de-
pendence of og.. However in less polar solvents where
screening is negligible, the volume occupied by dopant
is expected to be relatively large, thereby inducing the
weak interchain interaction.

Microwave dielectric constants (emw) of PPy—DBSA
(m-cresol) and PPy—DBSA (CHClI3) samples as a func-
tion of temperature are compared in Figure 7. The room
temperature eny Of both samples is less than 100,
indicating a relatively strong localization. The ey for
the PPy—DBSA (m-cresol) sample is higher than that
of PPy—DBSA (CHCI3) throughout the measured tem-
perature range, which implies that PPy—DBSA (m-
cresol) is less localized in accord with g4(T). One can
estimate the localization length by using emw and a
metallic box (MB) model.?4?5 From the MB model, the
real part of the dielectric constant at a finite frequency
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Figure 7. Temperature dependence of microwave dielectric
constant (emw) of PPy—DBSA in m-cresol and CHCI; solvents.

is described asl?.24.26

29/2
emu(T = 0) ~ €, + “5€’N(Ep)L? ©)
JT

where emw(T — 0) is the microwave dielectric constant
as temperature (T) approaches 0 K, ¢ the core polariza-
tion, and e the electron charge. The localization length
of both samples is estimated as <10 A, which agrees
with the charge being in the strongly localized regime.
The spin—lattice relaxation time (T;) of the system
was determined from the inversion recovery method in
IH NMR experiments.?” The relation between the
proton magnetization and the T; can be described as

MZ
M(:) =1-2 exp(— Tll) 3

where M,(7) is the proton magnetization at time r and
Mo is the total proton magnetization.?” Figure 8 shows
the temperature dependence of T, for PPy—DBSA and
PPy—NSA samples. With the same dopant, the T;
values are not sensitive to the solvent used. At room
temperature, T, for PPy—DBSA (NMP) and PPy—DBSA
(CH.Cly) is 3.3 and 2.8 s, respectively, while T, for PPy—
NSA samples is less than 2.5s. The estimated T, values
of PPy—DBSA samples are larger than those of PPy—
NSA throughout the measured temperature range.
This implies that the spin—Ilattice interaction in PPy—
NSA materials more easily occurs due to the relatively
small size of dopant.226 The T; value decreases with
decreasing temperature, which is similar to the trend
of o4c(T). Therefore, the interchain interaction and the
lattice phonon are important for the value of T and its
temperature dependence.

Conclusions

Charge transport properties such as the temperature
dependence of dc conductivity and microwave dielectric
constant of chemically synthesized soluble polypyrrole
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Figure 8. Temperature dependence of spin—Ilattice relaxation

time (Ty) for (a) PPy—DBSA (NMP) and PPy—DBSA (CH,CI,)
and (b) PPy—NSA (CHCI3) and PPy—NSA (NMP) samples.

samples vary with dopants and solvents used. As the
polarity of the solvent increases, the system achieves a
more highly conducting state. With the same solvent,
the dc conductivity of PPy—NSA systems is higher than
that of PPy—DBSA, likely induced by stronger inter-
chain interaction due to the smaller dopant size. The
three-dimensional variable range hopping model pro-
vides the best fit to the temperature dependence of dc
conductivity. Relatively small localization lengths (L
< 10 A) estimated from og(T) and emw (T) indicate that
the charge motion is in the strongly localized regime.
From the EPR experiments, the density of states of
these systems are estimated to be 0.107 and 0.072 st./
(eV ring) for PPy—NSA (m-cresol) and PPy—DBSA (m-
cresol), respectively. From *H NMR experiments, the
spin—Ilattice relaxation times (T1) were obtained. The
short T; of PPy—NSA compared to that of PPy—DBSA
implies that the spin—Ilattice interaction more easily
occurs in the system with the smaller dopant size.
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