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Abstract

Polyaniline (PANI)/epoxy composites with different polyaniline (PANI) contents were successfully developed by in situ polymerization of
aniline salt protonated with camphorsulfonic acid within epoxy matrices and fully characterized. The influence of PANI loading levels on various
properties was also explored. Dielectric and electrical properties of PANI/epoxy composites were studied for samples in parallel plate config-
uration. A PANI/epoxy composite prepared in this fashion reached a high dielectric constant close to 3000, a dielectric loss tangent less than 0.5
at room temperature and 10 kHz. The hardener type was also found as a critical parameter for the dielectric properties of PANI/epoxy compos-
ites. The distribution of the conductive element clusters within the polymer matrix was studied by SEM and correlated to the dielectric behavior

of the composite films.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The growing demand for the miniaturization and perfor-
mance in electronic devices has been driving research and de-
velopment activities for embedded passives (such as resistors,
capacitors and inductors). By eliminating surface mount com-
ponents and embedding into the substrate boards, embedded
passive components offer various advantages over traditional
discrete ones, including higher component density, increased
functionality, improved electrical performance, increased
design flexibility, improved reliability and reduced unit cost
[1,2]. For embedded capacitor applications, study on ferro-
electric ceramic/polymer composites with high dielectric
constant (k) has been actively explored, since polymers meet
the requirements for the low cost organic substrate process
such as low temperature processibility and mechanical
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flexibility [3,4]. However, some challenging issues in these
polymer composites for high & applications have been
addressed, such as limited dielectric constants, low adhesion
strength and poor processibility. Dramatic increase of dielec-
tric constant close to the percolation threshold observed in the
conductor—insulator percolative system arouses interest of
developing conductive metal/polymer composites as candidate
materials for embedded capacitor applications. Various metal
fillers, such as silver, aluminum, nickel, have been used to
prepare the metal/polymer composite or three-phase percola-
tive composite system [5—11]. This material option represents
advantageous characteristics over the conventional ceramic/
polymer composites, specifically, ultra-high & with balanced
mechanical properties including the adhesion strength.
Polyaniline (PANI) and its derivatives are regarded as one
of the most promising conducting polymers because of its
high polymerization yield, controllable electrical conductivity,
good environmental stability and relatively low cost [12—16].
PANI/polymer composites have attracted considerable atten-
tion because low concentration of PANI can make the material
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achieve conductive or semiconductive capabilities which
enable the development of thin, light, flexible and inexpensive
organic electronics applied in display, sensor, and solar tech-
nologies [17—23]. For instance, PANI/polyurethane composite
containing 8.4 wt% of PANI was reported with a conductivity
of 217x107°Sem™! [17]. The electrical conductivity of
PANI/PU-epoxy composites with 1—5 wt% of PANI was in
the range of 10°°—10"* Scm™' [18]. PANI nanorod/liquid
crystal epoxy composites showed electrical conductivity varied
from 10> to 10> Sem ™! [19]. The conductivities for PANI/
epoxy-amine system were in the range of 107'>~10"° Scm ™!,
which was lower due to the deprotonation effect of amine [20].
Oligomeric PANI/epoxy resin composites cured with amine
could be doped with protonic acids to achieve the electrical
conductivity in the range of 107°—107> Scm ™" [21]. Besides
the electrical behaviors, dielectric properties of PANI and its
composites have been of interest as well. PANI was reported
to possess a k value larger than 104 in a partially crystalline
system for which an inhomogeneous disorder model was
proposed [22]. High k values ranging from 200 to 1000 were
reported for a PANI/polyvinyl alcohol composite, where the
dispersed PANI particles of submicron size were suspended
in the insulating polyvinyl alcohol matrix [14]. A PANI/poly-
urethane composite with a k value around 1120 at 1 kHz and
433 at 10 kHz was also reported [15]. But no data about
dielectric loss of this system were found. For electroactive
applications, 23 vol% of insulating polymer coated PANI
particulates in a poly(vinylidene fluoride-trifluoroethylene-
chlorotrifluoroethylene) terpolymer matrix can reach a k value
more than 2000 and a dielectric loss tangent around 1.75 at
100 Hz [23]. These results suggest the possibility of using
conducting polymer as conductive elements instead of the
metal fillers to achieve ultra-high dielectric constant and the
worthwhileness of further study.

Epoxies have been of particular interests for embedded
capacitor applications because of its compatibility with printed
circuit board (PCB) manufacturing process. However, there is
limited information concerning PANI composites prepared
within thermoset polymer matrix. Therefore, it is worthwhile
to explore the feasibility of incorporate high-loading level
PANI into the epoxy matrix and the properties of PANI/epoxy
composites. In this study, camphorsulfonic acid (CSA) was
chosen as a protonating agent because the PANI protonated
with CSA has relatively high crystallinity, high electrical
conductivity and high miscibility with another polymer matrix
[24,25]. In situ polymerization of protonated aniline in the
epoxy matrix was employed to prepare PANI/epoxy composites.
Compared with traditional simple solution blending method
by mixing the doped PANI and epoxy resin [20,25—27], the
in situ polymerization method rendered the possibility of better
miscibility between PANI and epoxy resins and the higher PANI
loading.

The influence of PANI loading levels and the hardener
type on dielectric properties of PANI/epoxy composites was
discussed. Frequency dependency of dielectric properties for
PANI/epoxy composites was also presented in the range of
10 kHz—10 MHz. Scanning electron microscopy (SEM) was

used to characterize the morphology of PANI/epoxy com-
posites. The correlation of the microstructure with the
corresponding dielectric properties was discussed.

2. Experimental
2.1. Materials

EPON 828 (Shell Chemicals Co.) was used as a matrix
resin. Hexahydro-4-methylphthalic anhydride (HMPA, Lindau
Chemical Co.), Ancamine 2167 (Air Product) and Anchor
1040 (Air Product) were selected as anhydride, amine and
amine complex type hardeners, respectively. 1-Methylimida-
zole (Aldrich Chemical Co.) was employed as a catalyst. An-
iline, camphorsulfonic acid (CSA) and ammonium persulfate
(APS) were purchased from Aldrich Chemical Co.

2.2. Preparation of aniline salt monomer

Aniline (0.05 mol, 4.6565 g) and CSA (0.05 mol, 11.515 g)
were dissolved in a mixture of methanol and water by stirring.
The aniline salt monomer Ani-CSA was obtained as a
tan-white solid by recrystallization.

2.3. In situ polymerization of aniline salt within epoxy
matrices

Ani-CSA (1.537 g) in 10 ml of chloroform was mixed with
3.5 g of epoxy in 5 ml of chloroform. An aqueous solution of
1.426 g of APS was added into the mixture dropwise with stir-
ring over 1.5 h. The resulting mixture was stirred for another
5 h in an ice bath, and then washed with distilled water until
the neutralization of the system to remove the excess amount
of CSA and APS. A dark green viscous 20 wt% PANI/epoxy
composite was obtained after storing in a vacuum oven
overnight. The 8 wt%, 15 wt% and 25 wt% PANI/epoxy
composites were prepared in the same manner.

After the addition of a hardener (if not other specified,
HMPA by default), the composites were cured at 100 °C for
0.5h and at 125 °C for 1 h (Scheme 1).
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Scheme 1. Syntheses of aniline salt monomer Ani-CSA and PANI/epoxy
composites via in situ polymerization of Ani-CSA in the epoxy matrix.
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2.4. Instrumental analysis

Fourier transform infrared (FT-IR) and ultraviolet—visible
(UV—vis) spectra were recorded on a Nicolet Magna-IR 560
spectrometer and a Beckman DU 520 General purpose UV—
vis spectrophotometer, respectively. The '"H NMR spectrum
of aniline salt Ani-CSA monomer was obtained on a
300 MHz Varian Mercury Vx 300 NMR spectrometer. The
glass transition temperatures (T,s) of materials were deter-
mined by a modulated differential scanning calorimeter
(DSC, TA Instruments 2920) at a heating rate of 5 °C/min
under a nitrogen atmosphere. Thermogravimetric analysis
was conducted on a TGA (TA Instruments 2050) at a heating
rate of 5 °C/min under a nitrogen atmosphere. Scanning elec-
tron microscopy (SEM) measurements were carried out on a
JEOL 1530 equipped with a thermally assisted field emission
gun operated at 10 keV. Parallel plate capacitors of the formu-
lated high k& composite materials were fabricated on a copper
clad FR-4 board and copper top electrodes were coated by
DC sputtering. The capacitance and dissipation factor of the
capacitor were then measured with a HP 4263A LCR meter.
The thickness of the dielectric films was in the range of
55—88 um measured with a profilometer (Alpha-Step Co.)
and used to calculate the dielectric constant of the sample.
Electrical measurements were conducted at room temperature
by the four-probe technique using a Keithley 2000 Multimeter.

3. Results and discussion
3.1. Characterization of aniline salt monomer

Fig. 1(a) shows FT-IR spectrum of the Ani-CSA monomer.
Aromatic C=C ring stretching observed at 1600 cm™' and
C—N stretching of benzenoid amine at 1509 cm ™" are consis-
tent with the presence of the aniline ring. A peak at 1745 cm ™"
is assigned to the C=O stretch of the carbonyl group in
the camphor moiety. Peaks at 2640 cm™' (N—H stretch),
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Fig. 1. FT-IR spectra of (a) Ani-CSA monomer and (b) in situ formed PANI/
epoxy composite.

1302 cm ™! and 1180 cm ™! (S=O0 symmetric stretch) are also
consistent with the presence of the secondary sulfonamide in
the Ani-CSA monomer. These results confirm that CSA has
been successfully attached to aniline.

Fig. 2 presents the '"H NMR spectrum of the Ani—CSA in
CDCl5 which is found to be fully consistent with the proposed
structure. The aryl proton is observed at 7.6—7.2 ppm, as ex-
pected for the presence of the aniline moiety. The integration
of other hydrogen is also consistent with the structure as listed
in Table 1. It is another strong evidence for the successful
preparation of the Ani-CSA monomer.

3.2. Characterization of in situ formed PANI/epoxy
composites

The FT-IR result of the in situ formed PANI/epoxy com-
posite is displayed in Fig. 1(b). The peak at 2640 cm™' due
to N—H stretching is not visible in the spectra, giving the
evidence of the in situ polymerization of PANI within the
epoxy matrix. Peaks at 1750 cm™' assigned to the C=0
stretching of the carbonyl group in the camphor moiety and
at 1180/1300 cm ™' due to S=0O symmetric stretching can be
observed, indicating that CSA is still attached to PANI within
the epoxy matrix.

The UV—vis spectrum of the green solution of in situ
formed PANI/epoxy composite in dimethylsulfoxide (DMSO)
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Fig. 2. "H NMR spectrum of Ani-CSA monomer in CDCl.

Table 1

'H NMR data for Ani-CSA monomer in CDCl

Hydrogen Chemical shift (ppm) Peak multiplicity Integration
Aryl 7.6—=7.2 m SH

H" 3.2,2.65 dd 2H

H, H° 235, 1.5 Overlapping m 4H

H* 1.9 m 1H

13§ 1.8 dd 2H
Geminal CHy 0.87, 0.68 S 6H

s = Singlet, dd = doublet of doublets, and m = multiplet.
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is shown in Fig. 3. An intense peak at ca. 330 nm is attributed
to the transition from 7t band to 7t* band, while the shoulder at
ca. 435 nm is the typical transition between polaron band and
m* band which is generally observed for emeraldine salts.
The broad absorption band at ca. 900 nm is assigned to the
combination of transition from 7 band to polaron band and
“free-carrier tail”” which stems from the formation of delocal-
ized polarons. The results indicate that PANI remains in its
doped state and adopts a mixture of compact and expanded
coil-like conformations in the composites [28].

The DSC thermograms of cured neat epoxy and in situ
formed PANI/epoxy composites with different PANI contents
are shown in Fig. 4. The T, of the neat PANI is difficult to be
detected by DSC. As compared to the neat epoxy, a slight
decrease of T, is observed for various in situ PANI/epoxy
composites with increasing PANI content, indicating that no
obvious phase separation occurred in the composites.

The thermal stability behavior of neat PANI and in situ
formed PANI/epoxy with different PANI contents is shown
in Fig. 5. The TGA diagram of the neat PANI shows a certain
weight loss below 200 °C, which is attributed to the loss of
water and oligomers. The weight loss between 220 °C and
320 °C may correspond to the loss of the bound CSA. This
can explain the weight loss in the same temperature range
for all the in situ formed PANI/epoxy composites.

3.3. Morphological study of in situ formed PANI/epoxy
composites

Morphologies of the composites were observed by SEM.
Fig. 6 displays SEM micrographs of in situ formed PANI/
epoxy composites with different PANI contents. In contrast
to the composites prepared by simple mixing in which the
agglomeration of PANI occurred, no obvious phase separation
is observed in the in situ formed PANI/epoxy composites and
this observation is consistent with the DSC results. The frac-
ture surface of the PANI/epoxy composite with 8 wt% PANI
resembles that of a typical neat epoxy fracture surface with
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Fig. 3. UV—vis spectrum of an in situ formed PANI/epoxy in DMSO.
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Fig. 4. DSC curves of neat epoxy and in situ formed PANI/epoxy composites
with different PANI contents.

a few different structures as conductive salt-rich regions
[13]. The existence of the conductive salt clusters is more ob-
vious in composites with higher concentrations of PANI. The
morphological study suggested that the in situ polymerization
method to prepare the PANI/epoxy composites is useful to
achieve good dispersion and high miscibility of PANI with
the epoxy matrix.

3.4. Dielectric and electrical property study of in situ
formed PANI/epoxy composites

Dielectric and electrical properties of in situ formed PANI/
epoxy composites with different PANI contents were studied
on samples with parallel plate capacitor configuration. The
electrical conductivity of the composite containing 25 wt%
PANI was 5 x 107®Scm ™. While the resistance of the other
composites with lower contents of PANI was beyond the range
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Fig. 5. TGA diagrams of in situ formed PANI/epoxy composites with different
PANI contents and neat PANI.
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Fig. 6. SEM micrographs of in situ PANI/epoxy composites with (a) 8 wt%, (b) 15 wt%, (c) 20 wt%, and (d) 25 wt% PANIL.

of the equipment (over 10’ Q), demonstrating conductivity
values below 1077 Scm™'. Compared to the values ranging
from 107'° to 107 Sem ™! reported for other PANI/polymer
composites, the conductivity values of these in situ formed
PANI/epoxy composites are reasonable as the conductive
properties of these composites vary considerably resulting
from the differences in PANI loading, doping state and level,
molecular organization of the conductive clusters with respect
to the polymer matrix and so on.

The values of k and dielectric loss tangent (dissipation fac-
tor, Df) at 10 kHz are listed in Table 2. The k values increase
significantly with the increase of PANI contents in the com-
posites. As revealed from the data, the k value increases about
300-fold from ~ 10 with 8 wt% PANI to ~2980 with 25 wt%
PANI. The elimination of PANI agglomerates and the forma-
tion of a fine PANI network surrounded by epoxy matrix lead
to enhanced dielectric properties of the composites. The rela-
tively high dielectric loss tangent is due to the motion of free
charge carriers and interfacial polarization relaxation attri-
buted to the conductive salt clusters within the composites.

Fig. 7 depicts the effect of the AC frequency on the values of
k and Df of in situ formed PANI/epoxy composites with differ-
ent PANI contents. It shows that the k values decrease with the
AC frequency for all the composites, which is an expected
phenomenon as reported in other PANI/polymer composites
[14,15,17]. The results indicate that more PANI dipoles and

charge carriers within the composites fail to keep up with the
electric field of the increasing frequency. Another effect might
contribute to this relaxation process is that the AC-conductivity
exhibited at higher frequency will increase with frequency and
thus decrease charge storing capability [18]. The composite
containing the largest amount of PANI showed the strongest
frequency dependency of dielectric properties, which might
be due to its highest conductivity. In Fig. 7(b) which shows
the frequency dependence of dielectric loss tangent in the
experimental frequency range, the peaks are possibly related
to interfacial polarization relaxation effects, which correspond
to the relaxation of k value shown in Fig. 7(a) as well.

The hardener type was also found as a critical parameter for
the dielectric properties of PANI/epoxy composites. Table 3
lists the dielectric properties of in situ formed PANI/epoxy com-
posites with 15 wt% PANI cured with different types of hard-
eners. The composites cured with alkaline type hardener
(amine) showed a low dielectric constant, and this may be due
to the dedoping effect of PANI salt by amine, which can react

Table 2
Dielectric properties of in situ formed PANI/epoxy composites with different
PANI contents at 10 kHz

PANI content 8 wt% 15 wt% 20 wt% 25 wt%
k 10 192 916 2980
Df 0.08 0.48 0.55 0.48
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Fig. 7. Frequency dependence of (a) k£ and (b) Df of in situ formed PANI/epoxy
composites with different PANI contents.

with the dopant of PANI and thus lead to the deprotonation of
the conductive salt. The color change from green to blue by
the addition of alkaline hardener was observed for the com-
posites throughout the mixing procedure, suggesting that a
conversion from a conductive PANI—-CSA emeraldine salt to
a nonconductive PANI emeraldine base occurred due to the ba-
sic character of the alkaline hardener. While using acidic type
hardeners such as anhydride and amine complex, which retain
the doping state of the PANI salt, led to a much higher dielectric
constant. The results are consistent with the finding that the
acidic curing agents support the conductive character of
PANI, while alkaline hardeners conflict this property [29].

4. Conclusions

The in situ polymerization of an aniline salt within epoxy
matrices was successful to prepare PANI/epoxy composites
with various PANI contents. A PANI/epoxy composite

Table 3
Dielectric properties of 15 wt% in situ formed PANI/epoxy composites cured
with various hardeners at 10 kHz

Hardener Anhydride Amine Amine complex
k 192 8.1 200
Df 0.48 0.03 0.39

prepared in this fashion exhibited a high dielectric constant
close to 3000, a dielectric loss tangent less than 0.5 at
10 kHz and at room temperature. The morphological study
by SEM suggested that the in situ polymerization method to
prepare the PANI/epoxy composites was useful to achieve
good dispersion and high compatibility of PANI with the
epoxy matrix. The elimination of agglomerates surrounded
by insulating matrix and the formation of a fine network led
to enhanced dielectric properties of the composites. The hard-
ener type was also found as a critical parameter for the dielec-
tric properties of PANI/epoxy composites. Accordingly, the
dielectric properties of the composites could be tailored by
the doping level and the appropriate hardener selection.
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