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Hardener type as critical parameter for the

electrical properties of epoxy resin/polyaniline

blends
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Epoxy resin/polyaniline-salt (EP/PANI-DBSA) blends were prepared and cured with different
types of hardeners. The effect of hardener type on the volume resistivity of the blends was
investigated. It was found out that acidic curing agents support the conductive character of
polyaniline, while alkaline hardeners conflict this property. Moreover, colour changes of the
mixtures after the addition of the hardener revealed possible transformation of the
conductive PANI-DBSA salt to the nonconductive PANI base form. An UV-vis analysis
confirmed these assumptions. Despite of the acidic character of the anhydride type
hardener, low conductivity was obtained. This was related to its insufficient curing action in
the presence of PANI-DBSA. Furthermore, IR spectra of EP/PANI-DBSA blends varying the
hardener type and the wt% of PANI-salt (<10 wt%) were recorded. These indicate a possible
connection of the shoulder creation at the 1585 cm−1 band, spectral region 1575 to 1560
cm−1, with the degree of volume resistivity.
C© 2005 Springer Science + Business Media, Inc.

1. Introduction
Intrinsically conductive polymers (ICPs) have attracted
plenty of attention during the recent years, since they
can be employed in a variety of applications, such as
semiconductor devices, light-emitting diodes, antistatic
coatings, and batteries [1]. Polyaniline (PANI) is def-
initely one of the most intensively investigated ICPs.
In contrast to the n- and p-type doping processes ap-
plied to other conductive polymers, the emeraldine base
(EB) form of polyaniline can be rendered conductive by
a non-redox process [2–4]. In this protonation process,
EB is treated with a protonic acid, e.g., dodecylbenzene
sulfonic acid (DBSA) or camphor sulfonic acid (CSA),
resulting in the emeraldine salt (ES). During the proto-
nation process no addition or removal of electrons takes
place, but enhancement of conductivity is achieved by
an internal redox reaction.

The blends of polyaniline with other polymers have
become a very interesting field of research, since
polyaniline itself has very poor mechanical properties.
Polymer blends with good mechanical and electrical
properties can be developed in this way [5]. Peltola
et al. [6] prepared electrically conductive epoxy adhe-
sives based on PANI-CSA, which showed conductivi-
ties in the antistatic range (10−8–10−3 S/cm) with less
than 2 wt% of the conductive salt. Aiming to similar
results, i.e., electrically conductive thermoset compo-
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sitions, some researchers have directly mixed epoxy
resin and polyaniline protonated with different acids,
such as p-toluenesulfonate (PTSA), and DBSA [7–9].
The percolation values in these cases were at concentra-
tions above 15 wt% of the conductive polyaniline salt.

The present paper describes the preparation and char-
acterization of epoxy/polyaniline blends. To cure the
blends, four different types of hardeners were used in
order to investigate their effect on the final electrical
properties.

2. Experimental
The thermosetting resin used was a bisphenol F
epichlorohydrin epoxy resin (Epikote 862, Resolution
Performance Products, The Netherlands). Four differ-
ent hardeners were used to cure the resin (Fig. 1). Their
properties are summarized in Table I. The amine and
imidazole hardeners fall into the class of alkaline cur-
ing agents, while anhydride and BF3 are of acidic type.
For the initiation of the polymerization process in the
case of anhydride hardener a catalyst was added (1-
Methylimidazole, DY 070, Ciba-Geigy Ltd.) in approx-
imately 0.5 phr EP. The pH value of this catalyst was
ca. 9. The conductive salt used was polyaniline doped
with DBSA (Panipol F, Panipol Ltd., Finland). The
moral ratio of DBSA to PANI unit (PhN) is approx-
imately equal to 1.1. This conductive salt exhibits an
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T ABL E I Characteristics of the different hardener types used

Designation Amine Imidazole Anhydride BF3

Brand name HY 2954 EMI-24 HY 917 ANCHOR 1170
Producer Vantico Air Products Ciba Air Products
Composition Cycloaliphatic 2-ethlyl-4- MTHPAb Trifluoroboron

aminea methylimidazole (4-chlorobenzeneamine)
Mixing ratio (phr EP) 35 4.4 90 10
Cure schedule (h/◦C) 1/80; 4/120 3/60; 1/70; 1/100 4/80; 2/140 1/50; 2/70; 0.5/130
Density (g/cm3) 0.94–0.95 0.99 1.20 1.25
pH (at 20◦C) 12 11.5 3.7 3.8

a2,2’-dimethyl-4,4’-methylene-bis(cyclohexylamine).
bMethyl-Tetrahydrophthalic Anhydride.

electrical conductivity of around 1 S/cm as a pressed
pellet and has a pH value of 2–3.

PANI-DBSA was mixed with toluene, so as to cre-
ate a 5% solution in it, and they were mixed together
with a magnetic stirrer for 48 h. In order to improve the
mixture’s quality, this was treated in a ultrasonic bath
for about 3 h and at the end a green transparent low-
viscosity polymer solution was obtained. This solution
was then mixed with the epoxy resin in a dissolver (Dis-
permat AE, VMA-Getzmann GmbH, Germany) under
vacuum at 50◦C, until the whole toluene was evapo-
rated from the blend. The hardener was finally added
and mixed at room temperature for 10 min. The mixing
ratios and curing schedules for each type of hardener
are shown in Table I, while their structures are illus-
trated in Fig. 1. Following this procedure, blends with
6.5 wt% PANI-DBSA were prepared. The curing pro-
cess of the blends was investigated by differential scan-
ning calorimetry (DSC 821 device, Mettler Toledo) in
the presence of nitrogen. Uncured samples were heated
up to 250◦C, with a heating rate of 10◦C/min. The total
heat of the reaction (�H ) was estimated by drawing
a straight line connecting the baseline before and after
the peak, and integrating the area under the peak.

Volume resistivity measurements of the cured sam-
ples were conducted using a Hiresta UP high resistivity
meter (Mitsubishi Chemicals, Japan). A direct current
voltage of 10 V was applied across the sample thick-
ness (2 mm) when the resistance of the sample was less
than 108 �, while for higher resistances voltages up
to 1000 V were applied. The samples were dried over
night in an oven at 40◦C under vacuum (in order to re-
move any residual water and solvent), and then stored
in a desiccator. Furthermore, the two surfaces of the
samples were coated with conductive paint to reduce
the contact resistance.

Figure 1 Chemical structures of the different types of curing agents:
(a) amine, (b) imidazole, (c) anhydride, and (d) BF3.

The pH values of the different hardeners, as well as
of the polymer blends before curing, were measured
by a pH electrode (SenTix 81, WTW) in connection
with a measuring system (inoLab Level 3, WTW) at
room temperature.

UV-transmission spectra of the polymer blends were
recorded at room temperature on a UV-vis scanning
spectrophotometer (UV-2101PC, Shimadzu). Dilute
solutions of the polymer samples in toluene were
used. Spectra of PANI-EB and the PANI-DBSA were
also measured for comparison. For the PANI-EB, N-
methylpyrrolidone (NMP) was used as solvent and ref-
erence, whereas toluene for the doped polymer. The
transmission spectra of the solutions were measured in
a range between 800 and 300 nm.

Fourier transform infrared spectroscopic measure-
ments (FTIR) were performed on a Nicolet 510 spec-
trometer (Madison, Wisconsin, USA). The cured blends
were mixed in a powder form with KBr and pressed to
disks. FTIR spectra were recorded in the transmission
mode at 4 cm−1 spectral resolution (the minimum num-
ber of scans 32).

3. Results and discussion
3.1. Resistivity measurements
The values of the volume resistivity of EP/PANI-DBSA
blends cured with each of the above described harden-
ers are shown in Table II. It can be observed that the
blends cured with amine and imidazole exhibit very
high values of volume resistivity (above the limit of
the measuring device). In the case of anhydride, an en-
hancement of the conductivity is observed compared to
that of the neat matrix, but the material remains in the
insulating range. Nevertheless, the use of the BF3 cur-
ing agent leads to a reduction in the volume resistivity
by many orders of magnitude.

In order to study in more detail the system cured
with BF3, blends with various concentrations of

TABLE I I Characteristics of the EP/PANI-DBSA blends mixed with
different hardeners

Amine Imidazole Anhydride BF3

Colour Blue Blue Green Green
pH (at R.T.) 10.5 9.5 4.5 1.6
�H (J/g) 361 422 57 410
Peak maximum (◦C) 106 138 225 94
Peak start temperature (◦C) 68 130 160 75
Peak end temperature [◦C] 149 141 255 117
Volume resistivity after >1014 >1014 3 × 1011 2.3 × 104

curing (�·cm)
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Figure 2 Volume resistivity versus PANI-DBSA content for blends
cured with the BF3 hardener.

PANI-DBSA (0–10 wt%) were prepared. The depen-
dence of the volume resistivity values on the concentra-
tion of the conductive salt is presented in Fig. 2. A sharp
decrease in volume resistivity is observed at a content
of 3 wt% PANI-DBSA. When more PANI-DBSA is
added, the volume resistivity is further reduced. No ad-
ditional reduction in this value is evident for a content
of 10 wt% PANI-DBSA.

In a further effort to investigate the parameters influ-
encing the electrical properties of the EP/PANI-DBSA
blends, samples were prepared without first dissolv-
ing the conductive salt in toluene but mixing it directly
with the resin. For having as reference a blend with
good electrical properties, these samples were cured
with the BF3 hardener. Since PANI-DBSA was not sol-
uble in the EP matrix, finally a poor dispersion of the
conductive salt was obtained. The volume resistivity
measurements of such a blend containing 7 wt% PANI-
DBSA showed that it was an insulator, in contrast to the
blend with the same amount of PANI-DBSA produced
via the solution procedure (Fig. 2). It is hence obvious
that PANI-DBSA dispersion quality is closely related to
the final electrical properties of the blends. A poor dis-
persion reflects the creation of agglomerates, which are
mostly surrounded by the insulating matrix without be-
ing able to come in contact with each other. On the other
hand, the enhanced distribution of the conductive salt,
which is achieved by the use of toluene as a solvent,
leads to a fine conductive network in the EP matrix.
As a consequence, enhanced electrical properties are
observed.

3.2. Optical observations
During the preparation of the blends changes in their
colour were noticed after the addition of the hard-
ener. Polyaniline in the protonated emeraldine form,
like PANI-DBSA used here, has a dark green colour.
Therefore, a green solution was obtained after mixing
it with toluene. This colour remained after the addition
of the resin. However, the colour of the blends changed
from green to blue when the amine or the imidazole
hardener was added. No colour changes were evident
in the case of the anhydride and BF3 curing agents.
According to the literature [10], protonated emeraldine
converts to the blue, nonconductive emeraldine base
form upon direct treatment with bases. Chiang et al.
[4] reported, for example, that emeraldine hydrochlo-

ride converts to the emeraldine base by stirring with a
dilute aqueous methanolic solution of KOH. Amines
have a basic character. The nitrogen atom of amine has
a pair of electrons, and this gives rise to characteris-
tics of nucleophilicity and basicity. The basic character
of the amines can be schematically presented by the
following reaction:

On the other hand, Sertova et al. [12] have presented
the deprotonation of the PANI-HCl salt using a base by
the following form:

PANI+Cl− R+
−→
base

PANI(EB) + RCl

It is therefore possible that a reaction takes place
between the dopant of PANI, in our case the DBSA,
and the amine, which finally leads to deprotonation of
the conductive salt.

From a similar point of view, several researchers
have emphasized the importance of pH on the proto-
nation state of PANI salts [1, 4]. As an example, highly
conducting state of the PANI-hydrochloride salt can
be obtained at low pH while a low conductivity state
is achieved at a pH-value above 4. However, the sul-
fonated form of PANI can retain its conductivity up
to pH 7 or 8. The pH-values of the blends before cur-
ing are shown in Table II. It can be observed that the
blends with the higher pH-values, i.e., with amine and
imidazole, are those who exhibit the higher values of
volume resistivity after curing. In the same way, the
blend cured with BF3, having a strongly acidic charac-
ter, has the highest electrical conductivity. Therefore, a
strong connection is evident between the conductivity
of the EP/PANI-DBSA blends and the colour and pH-
values of the mixtures before curing. These properties
seem to be strongly related to the type of hardener used.

3.3. UV-visible analysis
Fig. 3 shows the UV-spectra of PANI-EB and PANI-
DBSA solutions. It should be noted that in this diagram

Figure 3 UV-vis spectra of PANI-EB, PANI-DBSA and EP/PANI-
DBSA blends with different hardener types.
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Figure 4 DSC thermograms of EP/PANI-PANI blends with different
hardener types.

the transmission of the solutions is presented, and there-
fore, the minimum values of the curves represent the
related peaks. The base polymer shows two character-
istic peaks: at 330 nm due to a π → π∗ transition of
the benzenoid amine structure, and at 630 nm, corre-
sponding to the excitation of the quinoid imine struc-
ture [13]. For the doped PANI-DBSA, the peak 630 nm
disappears. This indicates that PANI is in a fully pro-
tonated state [11]. The position of the peak at 330 nm
does not change, whereas two new peaks at 450 and
800 nm occur, both stemming from the formation of
delocalized polarons [14]. The spectra of the EP/PANI-
DBSA blend, cured with anhydride and BF3, confirm
the initial hypothesis that PANI-DBSA remained in the
doped state, as evidenced by the characteristics peaks.
In contrast, the spectra of the blend cured with amine
and imidazole show the peaks corresponding to the non-
conductive PANI-EB, which is in good agreement with
their conductivity values.

An interesting observation of the above mentioned
results is that the cured anhydride sample did not show
enhanced electrical properties, although the UV-spectra
of the blend exhibited peaks similar to those of PANI-
DBSA. This may be closely related to the cured state
of the final samples. The thermograms during the poly-
merization of the EP/PANI-DBSA blends with the var-
ious of curing agents are compared in Fig. 4. The DSC
data, as summarized in Table II, show that the exotherm
peaks for the systems with amine, imidazole, and BF3
lay within their cure schedule (Table I), while for the
system with anhydride the curing behavior is different.
It is speculated that PANI-DBSA influences negatively
the curing reaction of this system, leading to a poor
cross-linked network with poor electrical properties.
Jia et al. [8] had also observed, by means of DSC anal-
ysis, a partial inhibition of the cross-linking reaction of
epoxy groups with anhydride groups due to the pres-
ence of DBSA.

3.4. FTIR analysis
The type of the hardener used, as well as the concen-
tration of PANI-DBSA in the blend, was found to be
crucial for the good electrical properties of the final ma-
terial. Considering the fact that the Fourier transform
infrared spectroscopy (FTIR) is capable of supplying
information from macromolecular level, the study of

Figure 5 FTIR spectra of PANI-EB, PANI-DBSA and epoxy resin with
BF3 hardener.

the FTIR spectra can be useful for the conductivity de-
termination.

Peaks in the FTIR spectrum of the PANI that arise
upon the doping procedure have already been pre-
sented, and several peaks have been assigned. Never-
theless, few spectroscopic analyses are correlated with
the degree of conductivity [15, 16]. Sariciftci et al. [15]
studied the oxidation process of polyaniline using FTIR
and reported the appearance of a broad absorption band
centred at about 4000 cm−1 for the intermediate oxi-
dized metallic form of PANI. In the current analysis the
PANI was received in its semi-oxidized form, in which
we believe that remained during the treatment with the
different hardener types.

Fig. 5 depicts the spectra of PANI, PANI-DBSA and
epoxy resin when BF3 was used as a hardener. The
absorption bands at 1586 and 1496 cm−1 for the PANI
base are attributed to the C C stretching vibration of
the quinoid and the benzenoid ring, respectively [17,
18]. The DBSA in the doped PANI is detected at the
bands 1038 and 1009 cm−1 which are assigned to the
S O stretching vibrations [19, 20]. The bands at 1600
and 1500 cm−1 region for the epoxy resin cured with
BF3 (Fig. 5) are attributed to the benzene ring vibrations
[21, 22]. As shown in Fig. 5, in the absorption region
between 1650 and 1500 cm−1, PANI-DBSA presents
a distinct peak at 1601 cm−1 and a broad band around
1565 cm−1. In this latter area, the N-H deformation
vibrations (in plane) have been mentioned to absorb
very weakly, which makes them difficult to be identified
[23].

In Fig. 6a, the spectra of the EP/PANI-DBSA blends
cured with BF3, at different concentrations of PANI-
salt, are presented for the spectral region between 1730
and 1400 cm−1. A closer view in the region from 1600
to 1550 cm−1 for samples with 7 and 10 wt% PANI-
DBSA can reveal the appearance of a broad shoul-
der on the 1585 cm−1 peak (indicated by an arrow).
This is in the range of 1575 to 1560 cm−1. Having
in mind that the conductivity measurements showed
a sharp increase after 3 wt% PANI-DBSA, a relation
between these two observations might be the case. The
appearance of this shoulder can be likely assigned to the
N-H deformation vibrations. The presence of the DBSA
can affect the environment of this vibration. From the
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Figure 6 FT-IR spectra of (a) different PANI-DBSA percentages in the epoxy matrix using BF3 as curing agent, and (b) blends containing 6.5 wt%
of PANI-DBSA cured with different hardener types.

theoretical point of view, the interaction between the N-
H of PANI and the DBSA (protonation) is responsible
for the polaron creation and the degree of conductiv-
ity. As the material becomes conductive, the vibration
is being altered. Considering the weak absorption in
this region, the spectra in the figures are as recorded
without any baseline correction that could wrongly es-
timate the image of the spectra. Peak shoulder cre-
ation increasing PANI-salt content has been reported
for poly(N,N-dimethylacryl-amide) (PDMA) blended
with PANI-PSA or PANI-SSA (PANI doped with p-
phenolsulfonic acid or 5-sulfo-salicylic acid, respec-
tively) [24]. In that case, the peak-shift to lower wave
numbers for the carbonyl band of PDMA at 1644 cm−1

was attributed to the hydrogen bonding of the respective
group with the PANI-salts.

Using amine or imidazole as a curing agent for the
epoxy resin results in non-conductive blends. Similar
results were also performed when anhydride was served
as a hardener (Table II). As shown in Fig. 5b, it is in-
teresting to observe that the shoulder, which is detected
in the region of 1575 to 1560 cm−1 in the case of BF3
hardener, is missing when amine, imidazole or anhy-
dride with the same amount of PANI-DBSA (6.5 wt%)
are used. Thus, it is speculated that the increase of the
absorbance in the above-mentioned spectral region (as
presented in Fig. 5a), is not only related to the higher
amount of PANI-DBSA in the blend, but moreover with
the different action of the hardener types on the emeral-
dine salt and consequently, with the volume resistivity
of the blends.

4. Conclusions
The influence of the hardener type on the electrical
properties of EP/PANI-DBSA blends was investigated.
The volume resistivity measurements of the samples
showed significant differences when an alkaline or an
acid hardener was used for curing the epoxy system.
Samples cured with alkaline hardeners (i.e., amine or
imidazole) showed very high values of resistivity, close
to that of the insulating EP matrix, even at high PANI-
DBSA contents. On the contrary, when the acidic curing

agent (BF3) was used, PANI-DBSA led to a drastic de-
crease in volume resistivity, which reached a value of
2 × 104 �·cm for 6.5 wt% PANI-DBSA. The optical
observation throughout the mixing procedure showed
that the colour of the blends changed from green to
blue by the addition of alkaline hardeners, while in
the case of BF3 or anhydride no colour change was
evident. This fact pointed out a PANI-DBSA to PANI-
EB conversion when the alkaline hardeners were used,
probably due to their basic character. UV-vis analysis
confirmed these observations in the case of the alka-
line and BF3 curing agents. Furthermore, contradicting
to the UV-vis results, curing with anhydride led to the
creation of an insulating blend. This was attributed to
the insufficient action of the anhydride hardener in the
presence of the PANI-DBSA leading therefore to poor
network development. The FTIR spectra recorded for
EP/PANI-DBSA blends with varying hardener type and
PANI-DBSA content revealed a possible connection of
the appearance of a shoulder at the 1585 cm−1 band in
the spectral region 1575 to 1560 cm−1 with the degree
of volume resistivity. Finally, additionally to the hard-
ener type used, the dispersion quality of PANI-DBSA
proved to be crucial for the final electrical properties of
the blends. Samples prepared without dissolving PANI-
DBSA in toluene showed poor dispersion of the salt in
the EP resin, and, moreover, high values of volume re-
sistivity.
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