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Colloidal dispersions of conducting copolymers
of aniline and p-phenylenediamine for films with
enhanced conductometric sensitivity

to temperature

Yu Li,%° Patrycja Bober,** Miroslava Trchova® and Jaroslav Stejskal®

Polyaniline colloids stabilized with poly(N-vinylpyrrolidone) were prepared by the oxidation of aniline
with peroxydisulfate. The replacement of a part of aniline with p-phenylenediamine converted the
original globular colloidal particles into nanofibers, which is a favorable morphology for the deposition
of conducting patterns, but the colloidal stability was retained. The corresponding poly(aniline-co-p-
phenylenediamine) powders have been characterized using FTIR spectroscopy. The copolymers have a
more pronounced temperature dependence compared with the parent polyaniline; the ratio of the
conductivity at 300 and 100 K is 24 for polyaniline, 235 for a copolymer containing 20 mol%
p-phenylenediamine, and 3690 for 30 mol% p-phenylenediamine. Due to their fibrillar morphology,
copolymer colloids prepared with 10 and 20 mol% p-PDA produced films with conductivity nearly three
orders of magnitude higher than that from globular PANI colloids. The conductivity of the film cast from
the copolymer colloid prepared with 20 mol% p-PDA exhibits a temperature dependence much steeper
than its powder counterpart. The processable copolymer colloids are thus well suited for the preparation
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Introduction

Poly(p-phenylenediamine)™* and copolymers of aniline with
p-phenylenediamine (p-PDA) are of special interest as deriva-
tives in the polyaniline family of conducting polymers, because
of their unique electrical properties and morphological char-
acteristics. The homopolymer of aniline, polyaniline, exhibits a
good conductivity up to 1-10 S em™ ", while poly(p-phenylene-
diamine) (PPDA) is virtually insulating with conductivity below
107° S em ' The copolymerization of aniline and p-PDA,
however, yields products, which show a conductivity dependent
on the ratio of aniline or p-PDA in the monomer mixture.*
In particular when a certain amount of p-PDA was used, the
conductivity of copolymers was even higher than that of pris-
tine polyaniline.>® It was also found that the conductivity of
copolymers of aniline and p-PDA, poly(aniline-co-p-PDA), con-
taining a medium content of p-PDA had a much stronger
dependence on temperature than either polyaniline or poly-
(p-phenylenediamine) alone.*” Therefore, by carrying out copo-
lymerization of aniline and p-PDA, it is possible to tailor the
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of conducting temperature-sensitive films.

electrical properties of these kinds of semiconducting materials
just by adjusting the mole ratio of the co-monomers.® This is
quite attractive for developing flexible temperature sensors. Even
more interestingly, pellistors are solid-state devices used to
detect combustible gases.’ They operate upon catalytic combus-
tion of gases, and heat is produced as a response. The associated
increase in temperature can be converted into a conductometric
change. The use of temperature-sensitive materials may
obviously greatly improve the detection limit of pellistors.

On the other hand, a small amount of p-PDA introduced into
the aniline polymerization system accelerates the polymerization
course,'”'! and promotes the formation of one-dimensional
(1-D) polyaniline nanofibers with a remarkably increased aspect
ratio as well as the yield. For example, it has been widely
reported that 1-D polyaniline nanofibers with high aspect ratios
were obtained by adding a small amount of p-PDA to the reaction
mixture.”>™*> This role of p-PDA provides an efficient way to
achieve PANI nanostructures with both the one-dimensional
morphology and improved conductivity. Moreover, p-PDA also
possesses reversible redox electrochemical activity and improves
the chemical stability of copolymerized PANL®'® Thus, the
incorporation of p-PDA into aniline chains through chemical
or electrochemical polymerization offers options to obtain elec-
troactive materials with improved properties which are attractive
for many application processes.®"”

This journal is © The Royal Society of Chemistry 2017
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Nevertheless, copolymers of aniline and p-PDA prepared
through chemical oxidative polymerization reported in the
literature are mainly powders.*>**" The copolymers in the solid
state are poorly soluble in common solvents and impossible to
melt before degradation®® and, consequently, they are not
attractive for applications in small-sized flexible electronic
devices. Electrochemical copolymerization of aniline and p-PDA
can deposit the copolymers on electrodes,'®** however, the
specific requirements on the electrolytes and electrode substrate
materials restrict their applicability. Therefore, aniline and p-PDA
copolymers in various forms such as suspensions,”* dispersions,'®
hydrogels™* and nanocomposites**™>° have been developed in
order to make use of their application properties. The disper-
sion polymerization of aniline in the presence of water-soluble
polymers yields conducting-polymer colloids in an aqueous
medium,>” which can be easily used in film-forming processes
such as dip-coating, spin-coating and various printing
technologies.”® However, considering the conductivity of the
film cast from conducting polymer colloidal dispersion, conduct-
ing nanoparticles embedded in the matrix of non-conducting
stabilizers usually lead to low film conductivity. If the morphology
of colloidal particles can be elongated and simultaneously they
possess a higher conductivity, a conducting network can easily
form in the colloidal film and thus reduce the conducting
percolation threshold, providing conductive colloidal films.

To sum up, the present study addresses three tasks: (1) the
synthesis of conducting materials with improved temperature
sensitivity, (2) their preparation in colloidal forms suitable
for film forming processes, (3) with special attention paid
to the conversion of the globular polymer morphology into
one-dimensional nanofibers that display a lower percolation
limit and improve conductivity in the composites.

Experimental
Synthesis

Aniline hydrochloride (Penta, Czech Republic), 1,4-phenylene-
diamine dihydrochloride (Sigma-Aldrich), ammonium peroxydi-
sulfate (APS; Penta, Czech Republic) and poly(N-vinylpyrrolidone)
(PVP; M = 360000; Sigma-Aldrich) were used as received. PVP
solution (4 wt%) was prepared by dissolving PVP in Milli-Q
water. Monomers at various mole ratios were added to each
5 mL portion of PVP solution. After the monomers dissolved,
5 mL of APS solution in Milli-Q water was added and mixed.
The starting concentrations of reactants thus were 0.2 M ani-
line and p-phenylenediamine, and 0.25 M APS in 2 wt% PVP
solution. After 24 h at room temperature, the reaction products
were poured into dialysis tube (Visking Dialysis Membrane,
supplied by Carl Roth GmbH, Germany, molecular-weight cut-
off 14 000) for exhaustive dialysis against 0.1 M hydrochloric
acid for one week. The corresponding copolymer powders were
prepared in the same manner but in the absence of PVP.
Powders were collected by filtration, rinsed with acetone and
dried in air.
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Characterization

The morphology of colloidal particles was examined using a
transmission electron microscope (TEM, JEOL JEM200X). The
colloidal dispersion was 200x times diluted with 0.1 M hydro-
chloric acid and treated in an ultrasonic bath for 15 min for
particle-size evaluation using a dynamic light-scattering appa-
ratus (AutoSizer Lo-C, Malvern, UK) and the UV-visible spectra
(Lambda 950 spectrometer, Perkin Elmer, UK) were recorded.

The four-point probe method was employed for determining
the conductivity of films cast from copolymer colloids. Polyaniline,
PPDA, and copolymer colloids were coated on glass supports 1 cm
in diameter by drop-casting and left to dry overnight. Signatone
Corporation manual four-point resistivity probing equipment was
used along with a Keithley 2700 for the conductivity measure-
ments. The conductivity of powders compressed to pellets with a
manual hydraulic press at 540 MPa was also determined by a
four-point method in van der Pauw arrangement with a Keithley
220 Programmable Current Source, a Keithley 2010 Multimeter
as a voltmeter, and a Keithley 705 Scanner equipped with a
Keithley 7052 Matrix Card.

A Thermo Nicolet NEXUS 870 FTIR Spectrometer (Madison, WI,
USA) in the wavenumber range of 400 to 4000 cm ™" has been used
for the determination of the infrared spectra. Powdered samples
were characterized ex situ in the transmission mode after disper-
sion in potassium bromide pellets.

Results and discussion
Copolymer formation

By referring to the results reported in the literature, we have
proposed the mechanism of copolymer formation (Scheme 1).
We also noticed that the copolymerization system turned dark
blue followed by green color from the initial colourless state
almost in a few seconds after the APS solution was mixed with
the monomer solution. The yield of copolymers in powder form
was high. For instance, 0.81 g of products per 1 g of monomer
was obtained for the aniline homo-polymerization, and 0.88 g
of products per 1 g of monomer for the copolymerization with
10 mol% p-PDA, i.e. a 9% increase of the yield, was achieved
(Fig. 1). The yield in the copolymerization with 20 mol% p-PDA,
0.87 g of products per g of monomer, was also higher than that
of neat PANI.

Conductivity of copolymers

The introduction of p-PDA along with aniline in its chemical
polymerization not only produces copolymers with conductivity
dependent on the p-PDA mole fraction, but also significantly
affects the temperature dependence of the conductivity of
produced copolymers (Fig. 2). The conductivity of pristine PANI
increased mildly with increasing temperature as typical of
organic semiconductors.>**° With more p-PDA introduced into
the copolymerization mixture, the room temperature con-
ductivities of the copolymers decreased nearly linearly on a
semilogarithmic scale, indicating that the copolymerization
products are statistical copolymers instead of a mixture of the
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Scheme 1 A possible structure of aniline and p-phenylenediamine copolymers.
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Fig. 1 The yield of aniline and p-PDA copolymers with various p-PDA
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Fig. 2 Temperature dependence of the conductivity of poly(aniline-co-
p-phenylenediamine) with various mole fractions of p-PDA.
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corresponding homopolymers.’*! The reduction in conductivity
corresponds to the shift in dependence in Fig. 2 downwards as
the content of p-PDA increased. Considering the temperature
dependence of copolymer conductivity, especially in the low-
temperature region the dependence became stronger (Fig. 2).
The ratio of conductivity at 100 K to that at 300 K was 24 for
polyaniline, and increased to 235 for a copolymer containing
20 mol% p-PDA, and to 3690 for 30 mol% p-PDA. It is important to
realize that conductivity in Fig. 2 is plotted on a semilogarithmic
scale. Copolymers prepared with 20-30 mol% p-PDA which have a
moderate conductivity over a wide temperature range as well as a
conductivity change over several orders of magnitude are promis-
ing for producing materials which are able to respond sensitively
to the temperature change. For the copolymer prepared with
50 mol% p-PDA, the temperature dependence of conductivity
is still steep but the level of conductivity at low temperatures
becomes too low for practical sensing applications.

The fact that aniline and p-PDA copolymers exhibit enhanced
conductometric sensitivity to temperature can be explained as
follows. p-Phenylenediamine disrupts the conducting sequences
of the aniline constitutional units. The charge carriers can over-
come such defects to some extent at room temperature but not
after the temperature was reduced. For that reason, polyaniline
sequences control the transport at room temperature, while
mainly sequences of p-PDA units determine the conductivity at
low temperature. Due to a large difference in the conductivities of
parent homopolymers,* units of S ecm " for polyaniline and
107 S em ™! for PPDA, the conductivity of copolymers becomes
strongly temperature-dependent, compared to both parent homo-
polymers that display only a moderate dependence of conductivity
on temperature.*’ The conductivity behavior of copolymers can
also be discussed at the level of disorder introduced by non-
conducting units into the semi-conducting phase.*

Infrared spectroscopy

Infrared spectroscopy was used to assess the molecular structure
of oxidation products and to prove that copolymers, and not
only a mixture of homopolymers, were obtained. The infrared

This journal is © The Royal Society of Chemistry 2017
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spectrum of pristine PANI changes as p-PDA is introduced into
the reaction mixture during chemical co-polymerization (Fig. 3).
For low content of p-PDA (10-20 mol%) the spectra are very flat
due to the stone-like structure of the samples. However, the
main bands of PANI with maxima at 1556, 1480, 1300, 1241,
1142, and 800 cm™ ' can be recognized.”®> When the concen-
tration of p-PDA increased to 30-40 mol%, the bands of the
spectrum of PANI still prevail and some weak bands of PPDA can
be observed at 1502, 1159 and 827 cm™'.** With increasing mole
fraction of p-PDA fed as the monomer, the band at 1572 cm™*
became more obvious, indicating an increasing amount of
quinonediimine units compared to that in the ladder-like
PPDA.*® For 50-60 mol% of p-PDA the bands of PANI situated
at 1300 and 1241 cm™ " characteristic of the conducting form of
PANI decreased and the bands of PPDA dominate the spectra.
When the concentration of p-PDA reached 70-100 mol%, the
spectra of the products became virtually identical to the spec-
trum of pristine PPDA.*®

Colloids and their morphology

In spite of their attractive conductivity performance, the copo-
lymers of aniline and p-PDA in the powder form are far away
from practical applications especially in the fields such as
flexible small-sized electronic devices. In the next step, the
preparation of processable colloidal forms was investigated.
Copolymerization of aniline and p-PDA in the presence of the
PVP stabilizer makes it feasible to produce aqueous dispersions
of one-dimensional nanostructures at a high monomer concen-
tration. When the aniline polymerization was carried out in the
presence of 2 wt% PVP, well-dispersed nanoparticles with
diameters around 200 nm were obtained, and entangled 1-D
nanofibrils were present in the copolymerization system
containing p-PDA (Fig. 4). As observed in the TEM images,
the typical products of aniline and p-PDA copolymers from the
dispersion system are 1-D nanostructures composed of thin
nanofibrils with diameters ~ 50 nm, which have a much higher
aspect ratio than the aniline homo-polymerization products.
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Fig. 3 FTIR spectra of the products of copolymerization of aniline and
p-PDA with different p-PDA feeding mole fractions.
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Fig. 4 Morphology of the copolymer colloids prepared with different
mole fractions of p-PDA.

The formation of 1-D nanostructures in the copolymerization
system can be mainly attributed to the role of p-PDA, which can
be incorporated into the copolymer chains and form phenazine-
like or ladder-like planar segments. These planar structures can
self-assemble through n-n stacking into one-dimensional nano-
structures that serve as nucleation centers directing the growth
of copolymers chains."?” It is also possible that the accelerated
polymerization rate, which favors the homogeneous nucleation
of polymerization products, facilitates the 1-D morphology over
other irregular aggregates.*®

Particle size and size distribution

Dynamic light scattering measurements on the dispersion of
colloids showed that the average particle size and dispersity
index of the copolymer colloids reached their maximum when
the mole percentage of p-PDA was about 20% (Table 1), and
decreased with a further increase of the p-PDA. When aniline
and p-PDA were fed at a 1:1 mole ratio to the dispersion
polymerization system, the as-prepared product showed the
morphology of nanofibers with lengths up to the micrometer
scale, while these 1-D structures may be broken during a long
period treatment in an ultrasonic bath.*® After the ultrasonic

J. Mater. Chem. C, 2017, 5, 1668-1674 | 1671
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Table 1 Particle sizes, D, and dispersity index, DI, determined before and
after dialysis by dynamic light scattering from poly(aniline-co-p-phenylene-
diamine) dispersions prepared at various mole fractions of p-phenylene-
diamine, x

Before dialysis After dialysis

x, (mol% p-PDA) D (nm) DI D (nm) DI

0 (=PANTI) 235 0.25 248 0.24
10 848 0.81 1134 0.80
20 1029 0.85 1554 0.76
30 936 0.75 783 0.75
50 628 0.93 617 0.46
100 (=PPDA) 536 0.45 420 0.20

treatment period was beyond 30 min, the color of the blue
colloid dispersion of the copolymer prepared with 50 mol%
p-PDA slowly became lighter and almost colorless. Both the
averaged particle sizes of poly(aniline-co-50 mol% p-PDA) and
poly(p-phenylenediamine) reduced to be around 350 nm after
30 min of ultrasonic treatment. Though the average particle
size determined from the DLS method is different from that
obtained from TEM images, the trend of the particle size
change with the increasing p-PDA feed ratio is generally con-
sistent with the morphological changes observed by TEM.
Furthermore, for all the copolymer particles with 1-D morphology,
a dispersity index below 1.0 proves their colloidal nature and
guarantees the good processability of copolymer dispersions.
The dialysis, which removes all low-molecular-weight com-
pounds, such as residual reactants and by-products, is needed
before the dispersions could be applied in the preparation of
films. This process does not affect the colloidal parameters
of the dispersions (Table 1). No aggregation of particles was
observed during the storage.

UV-vis spectra

The colloidal nature makes it convenient to record the UV-visible
spectra of the copolymers in aqueous medium,*® which clearly
showed the influence of p-PDA on the conjugation structure of
the copolymerization products (Fig. 5). In the UV-vis spectrum of
PANI, the band around 400 nm and another band beyond
750 nm represent the polaron state which is typical for acid-
doped PANI samples.">*" With increasing p-PDA fed as the
monomer, the copolymerization products showed reduced
absorption intensity of the “tail” around 750 nm, whereas an
additional band around 300 nm belonging to the n-r* transition
of benzenoid rings became more evident, indicating that more
p-PDA units were involved in the polymer chains."® When the
mole percentage of p-PDA was 50%, i.e. equal mole of p-PDA and
aniline was used, the UV-vis spectrum of the polymerization
products almost totally lost the characteristic of polaron transi-
tion, and a broad band appeared in the region of 500-650 nm
instead of a tail extending beyond 750 nm, which is close to the
spectrum of neat PPDA.** Similarly to FTIR spectra, the gradual
transition of the position of the absorption bands in the spectra
with increasing p-PDA mole ratio further supports the fact
that the products are copolymers composed of statistically
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Fig. 5 UV-vis spectra of aniline and p-PDA copolymers with various
p-PDA feeding mole fractions.

distributed aniline and p-PDA units, instead of a simple mixture
of PANI and p-PDA."

Conductivity of films cast from colloids

The colloidal dispersions of copolymers are suitable for drop-
casting or dip-coating to form continuous uniform conducting
or semi-conducting films on substrates such as glass. Despite
the fact that the film made of PANI colloids was green, which
indicates that the polyaniline was in the protonated conducting
state, the film conductivity was rather low (Table 2). This is
reasonable as the small-sized PANI colloidal particles (Fig. 4)
are evenly dispersed in the insulating matrix of the PVP
stabilizer and thus cannot form efficient conducting pathways.
Copolymer colloids prepared with 10 and 20 mol% p-PDA
produced film conductivity nearly three orders of magnitudes
higher than that from neat PANI colloids (Table 2). In spite of
the fact that the same copolymers in the powder form exhibit
conductivity comparable to or slightly lower that of neat PANI
(Fig. 2), the significantly increased film conductivity of the
copolymer containing 10 mol% p-PDA and 20 mol% p-PDA
can be attributed to the highly increased aspect ratio of
copolymer particles, which are able to connect to effective
conducting pathways. It is no wonder that the copolymer
containing 20 mol% p-PDA which possesses the largest particle
size (Table 1) showed the highest film conductivity.
Furthermore, the film conductivity of the copolymer colloid
prepared with 20 mol% p-PDA still retains the large tempera-
ture dependence as its counterpart in powder form (Fig. 6).

Table 2 Thickness and conductivity of drop-cast films prepared from
copolymer colloids

x (mol% p-PDA) Thickness (um) Conductivity (S em™)

0 (PANI) 16.9 49 x 107°
10 7.7 2.1 x 1072
20 5.5 8.4 x 1072
30 3.5 1.6 x 1072
50 11.9 2.2 x 10°°

This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Temperature dependence of the copolymer prepared at 20 mol%
p-PDA in feed in pelletized powder and film cast from the corresponding
colloidal dispersion.

The film conductivity of copolymer colloids prepared with
20 mol% p-PDA increased from the order of 107 to 107> S cm™"
in the temperature range of 110 K to 313 K. Due to the presence of
insulating PVP, the film conductivity of the copolymer colloids is
below the conductivity of the corresponding powder throughout
the whole temperature range. Nevertheless, since the colloidal
particles with an increased aspect ratio are capable of forming
effective conducting pathways,”> and the conducting component
mass ratio in the present system (ca. 1 g copolymer per 1 g PVP)
is much higher than the common percolation threshold of the
PANI-colloidal film,**** it can be said that electron transport in
the copolymer-colloid film may mainly take place through the
conducting network composed of copolymer nanofibers. So, the
film conductivity of the copolymer colloid prepared with
20 mol% p-PDA showed similar conductometric sensitivity to
temperature as its powder form counterpart. The ratio of the film
conductivity at 300 K to that at 100 K is over 900, which is even
higher than that of the powder form, 235. Obviously, the
poly(aniline-co-p-PDA) in the colloidal dispersion form, which
possesses excellent processability and a steep temperature
dependence of film conductivity, will be attractive for the devel-
opment of flexible temperature sensor devices.

Conclusions

The conductivity of copolymers of aniline with p-phenylene-
diamine decreases with increasing content of the latter como-
nomer. The temperature dependence of conductivity becomes
at the same time steeper, ie. the electrical properties of
copolymers are more sensitive to temperature changes. This
may be beneficial in the design of temperature-sensitive sen-
sors, such as pellistors. The colloidal forms of copolymers are
composed of nanofibres. Because of the extended morphology
of copolymer particles, the films cast from colloidal dispersions
maintain a good level of conductivity despite the presence of a

This journal is © The Royal Society of Chemistry 2017
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non-conducting polymer stabilizer. Due to effective conducting
pathways formed by copolymer colloidal particles with a signifi-
cantly increased aspect ratio, the film conductivity still retains a
steep temperature dependence over a wide temperature range.
Aqueous colloidal dispersions are stable, easy to be scaled up,
and they are suitable for the processing of conducting copoly-
mers by printing techniques.
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