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a b s t r a c t
An ultra-high dielectric constant composite of polyaniline, PANI–DBSA/PAA, was synthesized using in
situ polymerization of aniline in an aqueous dispersion of poly-acrylic acid (PAA) in the presence of
dodecylbenzene sulfonate (DBSA). The water-soluble PAA served as a polymeric stabilizer, protecting the
PANI particles from macroscopic aggregation. A very high dielectric constant of ca. 2.0 × 105 (at 1 kHz)
was obtained for the composite containing 30% PANI by weight. The inﬂuence of the PANI content on
the morphological, dielectric and electrical properties of the composites was investigated. The frequency
dependence of dielectric permittivity, dielectric loss, loss tangent and electric modulus were analyzed in
the frequency range from 0.5 kHz to 10 MHz. SEM micrograph revealed that composites with high PANI
content (i.e., 20 wt%) consisted of numerous nano-scale PANI particles that were evenly distributed within
the PAA matrix. The high dielectric constants of these composites were attributed to the sum of the small
capacitors of the PANI particles.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
Polymer composites with high dielectric constants are being
developed by the electronics industry in response to the need for
power–ground decoupling to secure the integrity of high speed signals and to reduce electromagnetic interference (EMI) [1–4]. On the
other hand, fabrication of thin ﬁlm capacitors on multi-chip modules is essential for downsizing circuits in high speed electronic
systems. Thus, developing a substrate-compatible polymer composite of high dielectric constant is a major challenge of integral
capacitor technology [5–10]. In addition, electroactive polymers
(EAPs), which possess mechanical properties, such as ﬂexibility and
light-weight, make it attractive for use in a broad range of electromechanical applications [11–14]. A polymer composite with a
large dielectric constant signiﬁcantly reduces the ﬁeld required to
generate high strain with high elastic energy density [11]. Many
new technological applications require energy storage capacitors
(i.e., batteries) in order to be functional: pulsed-power applications,
power-conditioning applications and solar cell systems [15–18].
High energy density capacitors usually are made of multiple, thin
layers of high dielectric constant insulating material.
High dielectric constants have been reported for a variety of
materials in recent years, including ceramics, ceramic/polymer
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and polymer/polymer (or organic/polymer) composites. A piezoelectric ceramic material with a very high dielectric constant
(εr > 6000) had been used as an ultrasound transducer in medical imaging [16]. In addition, a percolative BaTiO3 –Ni ceramic
composite was reported to have an exceptionally high dielectric
constant (εr ∼ 8 × 104 ) [19]. Furthermore, an extra high dielectric permittivity (6.5 × 104 ) was obtained at room temperature
for La-modiﬁed PbTiO3 (PLT) with A-site vacancy [20]. On the
other hand, ceramic/polymer composites have been of great interest to many researchers for use as embedded-capacitor materials
because they combine the processing qualities of polymers with
the high dielectric constant of ceramics. Novel nanostructure
composites made of epoxy and lead magnesium niobate–lead
titanate (PMN–PT)/BaTiO3 were reported to have high dielectric
constants (εr , 110–1000) [6,9]. A thin-ﬁlm BaTiO3 /PTFE (polytetraﬂuoroethylene) composite, produced using a pulsed-laser
deposition method, reportedly exhibited a very high dielectric permittivity (εr = 4000–10,000) when tested at a frequency of 10 kHz
[14].
Polyaniline (PANI) has emerged as one of the most promising
conducting organic polymers, owing to its high polymerization
yield, good environmental stability, moderate electrical conductivity and relatively low production cost. There are several
reports of high dielectric constant composites of PANI and some
PANI/polymer blends. For instance, a dielectric constant of 104 was
observed in a partially crystallized PANI material [21]. High dielectric constant values ranging between ca. 200 and 1000 have been
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reported for PANI/PVA (poly vinyl alcohol) composites [22]. In addition, a hyper-branched PANI material polymerized using sonication
had a high dielectric constant >104 [23]. Recently, PANI/epoxy
composites prepared via an in situ polymerization process were
reported to have dielectric constants approaching 3000 at 10 kHz
[24]. On the other hand, the synthesis of colloidal PANI particles and
their application in PANI/polymer composites is of great interest
as an attractive alternative for overcoming the poor processability
of PANI. While PANI is insoluble in common organic solvents and
lacks infusibility [25,26], colloidal PANI particles can be completely
dispersed in a polymer medium due to their size. Usually, PANI
particles are produced with a suitable polymeric stabilizer, such
as poly(vinyl alcohol) [27,28], or cellulose ether [29], etc., which
prevents macroscopic aggregation.
A novel high dielectric constant polyaniline–dodecylbenzenesulfonic acid/polyurethane (PANI–DBSA/PU) blend (εr ∼ 1120) was
previously developed in our laboratory via in situ polymerization
technique [30]. In the present study, the same polymerization technique was employed to synthesize a dispersion of PANI particles,
and poly(acrylic acid) (PAA) was used to form the matrix and to
stabilize the dispersion. We expect the PANI particles would be
well dispersed within the PAA polymer matrix due to the strong
interaction between PANI and PAA. Similar strong interaction has
been observed in various PANI–PAA blends [31,32] as well as selfassembled PANI–PAA ﬁlms [33]. The effect of PANI content on
dielectric and electrical properties of PANI–DBSA/PAA composites was investigated. Frequency-dependency of various dielectric
behaviors for these composites also was studied in the range of
0.1 kHz to 10 MHz. Relationships between composite microstructures and dielectric properties were examined.
2. Experimental
2.1. Materials
Aniline and acrylic acid were purchased from Aldrich Co. Dodecylbenzene sulfonic acid (DBSA), and ammonium peroxydisulfate
(APS) were obtained from Junsei Chemical Co., Japan. All reagents
were used as received without further puriﬁcation. De-ionized
water was used in preparation of all aqueous solutions.
2.2. Preparation of PAA
Five grams of acrylic acid were dissolved in 60 ml of water and
stirred in a water bath at 70 ◦ C. To initiate polymerization, an initiator solution of APS was prepared (0.04 g in 1 ml of water) and
added drop-wise to the acrylic acid solution. The molar ratio of
acrylic acid to APS was 80 to 1. The polymerization reaction was
continued for a period of 1.5 h. The Mw of PAA obtained was 80, 100
and PDI is 1.63, as determined by gel permeation chromatography
(GPC, Fig. 1).
2.3. Preparation of PANI–DBSA/PAA composites
The compositions of these composites are listed in Table 1, and
were prepared as follows: aniline and DBSA were added, with stirring (ca. 150 rpm), to the freshly synthesized PAA solution after it
had cooled to room temperature (25 ◦ C). The resulting mixture was
then cooled to 0–5 ◦ C and stirred for 1 h. Next, a solution of APS (dissolved in 5 ml of ice-cold water) was slowly added to the reaction
mixture. The mixture was stirred for 8 h at 0–5 ◦ C to complete the
polymerization of aniline. The color of the mixture changed from
white to blue to dark green. A stable, PANI–DBSA/PAA dispersion
was obtained after polymerization.
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Fig. 1. Gel permeation chromatography of poly(acrylic acid).

Pure PANI–DBSA complex was synthesized using previously
reported methods [30].
2.4. Characterization
A Waters 501 HPLC pump system with a 300 mm × 7.5 mm PLgel
column (5 m) was used for GPC analysis with tetrahydrofuran
(1 ml min−1 ) as the eluent. The eluent was monitored with a laser
refractometer (Viscotek model LR 40). The column was calibrated
by using narrow and broad polystyrene standards which were purchased from American Polymer Standards Corp. Test specimens
were prepared by spin-coating a preheated glass plate (∼100 ◦ C)
with the PANI–DBSA/PAA dispersion one layer at a time. Samples
with a thickness of ca. 0.5 mm were obtained by applying approximately 15 layers. The specimen was dried in an oven at 80 ◦ C for
24 h. SEM was performed using an JEOL JSM-6500F ﬁeld emission scanning electron microscope operated at 1.0 kV and 10 kV.
The sample was frozen in liquid nitrogen and the resulting freshly
fractured surface was examined. Dielectric spectroscopy was performed using an HP4192LF model impedance analyzer system.
Circular samples, approximately 1.5 cm in diameter with a thickness of ca. 0.5 mm, onto which silver electrodes had been painted,
were tested.
Measurements of capacitance (C, in Farad) and conductance
(G, in Siemen) were made over the range of 0.5 kHz to 2 MHz.
The dielectric constant (εr ) and dielectric loss (ε ) values were
calculated from capacitance and conductance using the following
equations:
εr =

4Ct
d2

(1)

ε =

G
2f Co

(2)

where t is the thickness and d is the diameter of the sample, f is
the frequency of the applied AC-ﬁeld and Co is the capacitance of
the parallel electrodes without the sample. In addition, the electrical conductivity () was measured using the standard four-probe
method.
3. Results and discussion
Fig. 2 depicts the morphologies of the pure PAA sample at magniﬁcations of 10 K and 50 K, respectively. The micrograph of PAA
reveals a smooth, continuous phase at 10 K (Fig. 2a). As the magniﬁcation was increased to 50 K, the high thermal energy required
for SEM detection burned the PAA ﬁlm; thus, cracked structures
appeared. The SEM micrograph of pure PANI–DBSA on carbon tape
is shown in Fig. 3. This pure PANI–DBSA complex was synthe-
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Table 1
The compositions and characteristics of PANI–DBSA/PAA composites+
PANI

Compositions (g)
Acrylic add

Aniline

DBSA

APS

7
14
20
25
30

5.0
5.0
5.0
5.0
5.0

0.35
0.70
1.00
1.25
1.50

1.23
2.45
3.51
4.38
5.26

0.86
1.72
2.45
3.07
3.72

+
a

Particle sizea (nm)

Separation between particlesa (nm)

εr , 105 (1 kHz)

, 10−4 S/cm

200–2000 (aggregates)
50–80
20–50
20–>50
20–>100

2000–20,000 (aggregates)
30–1000
20–50
20–50
20–50

0.0011
0.0026
0.9
1.1
2.0

0.25
0.32
2.0
4.2
8.3

molar ratio of aniline/DBSA/APS = 1/1/1.
By estimation.

Fig. 2. SEM micrographs of poly(acrylic acid) (PAA) at a magniﬁcation of (a) 10 k, and (b) 50 k.

Fig. 3. SEM micrographs of pure PANI–DBSA particles at a magniﬁcation of (a) 1 k, (b) 10 k, and (c) 100 k.
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Fig. 4. SEM micrographs of PANI–DBSA/PAA composites containing low PANI contents: (a) 7 wt% (×1k), (b) 7 wt% (×10k), (c) 14 wt% (×30k) and (d) 20 wt% (×10k).

sized according to the methods reported previously [30], without
addition of a polymer stabilizer (e.g., PAA). PANI primary particles
ranged in diameter from ca. 30 nm to 50 nm (Fig. 3c), ﬁrst forming
aggregates (ca. 0.5–2.0 m in diameter, Fig. 3b), then clustering into
agglomerates (Fig. 3a). A similar study performed by other research
groups gave comparable results: the average size of the resulting
primary particles was ca. 18.7 nm, and its aggregates were 5 m in
diameter [34].
Fig. 4a–d, shows SEM micrographs of PANI–DBSA/PAA composites containing 7 wt%, 15 wt% and 20 wt% PANI–DBSA, respectively.
The micrograph of the composite containing 7 wt% PANI shows the
PANI aggregates ranged in size from 0.2 m to 2.0 m and were randomly distributed (Fig. 4a and b) with the distance between these
aggregates in the range of ca. 2.0–20 m. This barely identiﬁes the
PANI primary particles. As the PANI content increased to 15 wt%, the
PANI particles of ca. 50–80 nm in size dispersed among the matrix
and the distance between them was approximately 50 nm–1.0 m
(Fig. 4c). On the other hand, the composite containing 20 wt% PANI
exhibited a morphology very different from that of the 7 wt% and
15 wt% PANI composites. Many spherical aggregates with an average diameter of ca. 2.0 m were generated in the matrix, and there
were hundreds of tiny PANI particles (in the range of 20–40 nm,)
packed within each aggregate. The distance between the aggregates was in the range of 0.2–1.0 m, and the distance between
PANI particles within an aggregate was approximately 20–30 nm
(Fig. 4d).
Fig. 5a–d depicts the SEM micrographs of the composites containing 25 wt% and 30 wt% PANI, respectively. The micrographs
showed a similar pattern as compared with that of the 20 wt%
composite. The PANI particles averaged ca. 20–50 nm in diameter
and were evenly distributed throughout the entire PAA matrix. This
distance between particles was ca. 20–50 nm (Fig. 5b and c). Aggregation of the nano-scale particles was observed for both the 25 wt%

and 30 wt% composites, as shown by the bright white spots and
bumps (Fig. 5a), as well as by the large grains (ca. >100 nm, Fig. 5d).
Table 1 lists the morphology analysis of various PANI–DBSA/PAA
composites studied by SEM along with other physical properties.
The above results can be rationalized that the spherical aggregates are generated from the micelles of DBSA–aniline pair [35]
(DBSA/aniline molar ratio: 1/1) when the critical micelle concentration (CMC) is reached. Polymerization mixture with 20 wt% of
PANI seems to be the threshold concentration for the formation
of this micellar structure, which helps disperse the anilinium ions
and with synthesis of the PANI particles. If the concentration of
the DBSA–anilinium pair exceeds the CMC, the micelles (i.e., the
spherical aggregates) will burst and the PANI particles will ﬁll the
whole matrix quite evenly at the ﬁnal stage of the reaction. This is
exactly what was observed in the SEM micrographs of the composites of 25 wt% or 30 wt% of PANI, except that more PANI particles
were presented and the sizes of some particles were a little bigger (as shown in Figs. 4d, 5b and c). On the other hand, the PANI
particles formed under low aniline–DBSA concentration (as that of
the composites containing 7 wt% of PANI) would coagulate together
and formed PANI aggregates of different sizes (ca. 0.2–2.0 m) scattering among the matrix (as shown in Fig. 4a and b). Haba et al.
[34] have observed that in the beginning of the polymerization of
the aniline–DBSA complex, the SEM shows agglomerates consisting
of spherical PANI particles. As polymerization proceeds, the voids
among these particles are ﬁlled, forming a smooth surface of the
PANI agglomerates (particle size ca. 50–100 nm).
When connected to a sinusoidal voltage, Vc = V exp(jωt), the total
current transversing the parallel plates of a capacitor is given by the
following equation [36,37]:

Ic = Ich + Il = (jωC + G) Vc

(3)
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Fig. 5. SEM micrographs of PANI–DBSA/PAA composites containing high PANI contents: (a) 25 wt% (×10k), (b) 25 wt% (×30k), (c) 30 wt% (×10k), and (d) 30 wt% (×50k).

where Ich and Il are the charging and loss currents, respectively; C
and G are the capacitance and conductance of the dielectric material, respectively; ω is the AC ﬁeld applied. Both C and G can be
measured from the impedance analyzer as described in Section 2.2.
Both current can be correlated to the complex permittivity (ε*)
of a dielectric material:
ε∗ = ε − jε
where ε

(4)

is the real permittivity and ε

is the loss index. The relative
permittivity (i.e., dielectric constant), εr , is equal to ε /ε0 , where
ε0 is the permittivity of vacuum. The total current Ic may thus, be
rewritten as
Ic = (jωε + ωε ) Co Vc

Figs. 7–9 depict the dependence of various dielectric behaviors
on PANI content and on the frequency of the applied AC ﬁeld. As
shown in Fig. 7, the εr value (measured at 1 kHz) gradually increased
with PANI content up to 14 wt%, and then sharply increased as PANI
content increased to 20 wt%. The value of εr jumped from ∼210
(with 14 wt% PANI) to 5.5 × 104 (with 20 wt% PANI), and then to
an ultra high value of 2.0 × 105 (with 30 wt% PANI). The values of
εr obtained for the PANI–DBSA/PAA polymer composites described
in this study were quite remarkable. To the best of our knowledge,
these seem to be the highest εr values ever reported for all-polymer
composites, including most ceramic dielectrics. In addition, these

(5)
jωC = jωε Co

represents the storage,
Comparing Eqs. (5) and (3),
and G = ωε Co represents loss (Co is the capacitance of the capacitor
without dielectric material).
And the dissipation factor is deﬁned as ratio of loss to storage:
tan ı =

ε
ε

(6)

Fig. 6 presents the variation in conductivity with PANI content
for the PANI–DBSA/PAA composites. The conductivity increased
with additional PANI and a percolation threshold of conductivity
(×10−3 S/cm) appeared as the PANI content reached 20 wt% and leveled off (ca. 8.0–9.0 × 10−3 S/cm) at ca. 30 wt% of PANI was added
(Table 1). All these results can be explained based on the morphologies of these composites as revealed by the SEM study mentioned
above (Figs. 4 and 5). The inter-particle distance decreased as more
PANI incorporated, both factors can increase the conductivity of the
composites.

Fig. 6. Dependence of conductivities of PANI–DBSA/PAA composites on PANI content.
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Fig. 7. Dependence of dielectric constants of PANI–DBSA/PAA composites on PANI
content and AC frequency.
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Fig. 7 also displays the effect of AC frequency on the dielectric
constant values. It reveals the PANI–DBSA/PAA composite gave a
εr value of 2.0 × 105 detected at a frequency of 1 kHz, and then
decreased to ∼1 × 104 as the frequency was increased to 100 kHz;
the εr value declined further to ∼800 and ∼250 when the frequencies were raised to 1 MHz and 2 MHz, respectively. Fig. 8 depicts
the variation in dielectric loss with PANI content, as well as with
frequency. The data revealed that the dielectric loss increased by
nearly three orders of magnitude when the PANI content was
increased from 14 wt% to 20 wt%. As shown in the SEM micrographs
(Figs. 4 and 5 and Table 1), the distance between the nano-size particles was reduced when the PANI content exceeded 20 wt%. The
smaller inter-particle distance facilitated a jumping of the charge
from one particle to another, thus, increasing dielectric loss and
conductance (Figs. 6 and 8, Eqs. (3) and (5)). In addition, Fig. 8
reveals that dielectric loss decreased linearly with increasing AC
frequency. A decrease of ca. 2–3 orders of magnitude was observed
when the frequency was increased from 0.1 kHz to 1 MHz.
Fig. 7 displays the dielectric constant (i.e., real permittivity)
of the composite decreases with increasing frequency. This phenomenon is a relaxation process due to interfacial polarization
which is revealed by a maximum of dielectric loss. Unfortunately,

results reveal that a threshold in PANI content exists for the dielectric behaviors of these composites. For instance, the dielectric
constant, measured over a frequency range of 0.1–100 kHz, jumped
more than two orders of magnitude as the PANI content was
increased from 15 wt% to 20 wt%. As indicated by the SEM micrograph described above, the majority of nano-size PANI particles
were well dispersed in the PAA matrix when the PANI content
exceeded 20 wt%. These well-dispersed nano-sized PANI particles
served as mini-capacitors within the composites (Figs. 4d and 5).
Thus, the high dielectric constant of the PANI–DBSA/PAA composite
material can be attributed to the accumulation of these nano-size
capacitors. Since these nano-size particles were embedded within
the PAA matrix, the charge associated with an individual particle was localized to that particle and could not jump to adjacent
particles. In the investigation of a hyper-branched PANI material
prepared by a sonication, Goodson and co-worker [23] observed
that the PANI microcrystalline domains (∼90 nm) can give rise to
large dielectric constants.

Fig. 8. Dependence of dielectric losses of PANI–DBSA/PAA composites on PANI content and AC frequency.

Fig. 9. Electric modulus of (a) real part (M ) and (b) imaginary part (M ) vs. frequency
for various PANI–DBSA/PAA composites.
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the dielectric loss maximum peaks are not observed, as shown in
Fig. 8. These peaks are overlapped by dc conductivity contribution.
Therefore, a modulus representation of dielectric loss is used to
clearly point out the loss peak attributed to the interfacial polarization relaxation process [38,39]. The complex electric modulus is
derived from the complex permittivity, according to the relationship deﬁned by Macedo et al. [40]. The real and imaginary parts of
the electric modulus (M and M ) can be calculated from ε and ε ,
as follows [38]:
M =

ε
(ε )2

+ (ε )2

,

M  =

ε
(ε )2

+ (ε )2

(7)

Fig. 9 shows the dispersions of M and M of PANI–DBSA/PAA
composites, it indicates the presence of the relaxation–time distribution of conduction. M increases greatly after 0.5 kHz and 1.0 kHz,
respectively, for the composites containing 7 wt% and 14 wt% of
PANI; whereas M increases after 5 kHz, 10 kHz, and 50 kHz for the
composites containing 20 wt%, 25 wt%, and 30 wt% of PANI, which
is more evident in the inset of Fig. 9a. In addition, the scale of the
increment of M is much larger for the composites containing 7 wt%
and 14 wt% of PANI (i.e., 0.075 and 0.045 at 5 MHz, Fig. 9), as compared to that of the composites containing a higher content of PANI
(0.0007, 0.001 and 0.0005 for the composites of 20 wt%, 25 wt%, and
30 wt%, respectively, the inset of Fig. 9a). Both results can be rationalized by the distinctly different morphologies displayed by SEM
micrographs (Fig. 4a–c vs. Figs. 4d and 5).
Fig. 9b shows the frequency dependence of the imaginary part
of the dielectric modulus of these PANI composites. The peak maximum of the M curve seems to exist, but the interval of frequencies
used in our measurements was not wide enough to register these
maxima. Nevertheless, the M maxima of the composites of 7 wt%
and 14 wt% of PANI seems to appear at ca. 100 kHz and 5 MHz,
respectively (Fig. 9b); and, the M maxima are located at the frequencies greater than 5 MHz for the composites containing higher
content of PANI (i.e., 20 wt%, 25 wt%, and 30 wt%, as shown in the
inset in Fig. 9b). Moving the M maximum toward a higher frequency region means an enhancement in dc conductivity of the
composite, according to the following expression:
=

ε0 ω
M 

(= ε0 ωε )

(8)

where M is the reverse of ε , deﬁned as M = 1/ε , and ω is the
relaxation angular frequency [41]. Eqs. (8) and (2) are the same,
since G = A/d, and Co = ε0 A/d. The enhancement of dc conductivity
in the composites with high PANI content is understandable, since
more dipolar relaxation occurs in these composites that contain a
huge number of nano-scale PANI particles (Figs. 4d and 5).
Fig. 10 presents the complex planes for the electric modulus of the PANI–DBSA/PAA composites. All the curves do not
form semicircles, which would correspond to the idealized Debye
model with a single relaxation time. As shown in Fig. 10, the
composites with low PANI content exhibiting a distorted semicircle pattern, while the composites with high PANI content show
a small segment of an arc. The different patterns revealed by
these curves also demonstrate the discrepancy in the microstructures between these two categories of composites with different
PANI contents. Besides, Matveeva [42] reported that the radius
of the arc of the complex plane diagram is dependent on the
electrical conductivity of the sample, that is, the larger arc corresponds to lower electrical conductivity. The results presented
in Fig. 10 are consistent with the theory mentioned above, i.e.,
the composite sample with high PANI content that exhibits a
small arc in the complex plane diagram would give high electrical
conductivity.

Fig. 10. Complex plane for the electric modulus of various PANI–DBSA/PAA composites.

Fig. 11 displays the variation of the dissipation factor (tan ı) with
PANI content and with AC frequency. It shows that tan ı descends
gradually with a frequency for composites with a low PANI content. For composites with >20 wt% of PANI, tan ı descends at a low
frequency region (i.e., ≥40 kHz) ﬁrst, then ascends in the high frequency region (curves of 20 wt%, 25 wt% and 30 wt% vs. 7 wt% and
14 wt%, Fig. 11). The increasing tan ı curves indicate that as the loss
of storage ratio increases, the composite is no longer an insulator
and becomes a semi-conductor. This result was also revealed by
the sharp increase in conductivity as the PANI content of the composite increased beyond 20 wt% (Fig. 5 and Table 1). Two possible
mechanisms can attribute to this sharp increase in conductivity:
one is the electric energy associated with the high AC frequency
can effectively promote the jumping of electric charge between the
nano-size particles; and the other is due to the enhanced dielectric
relaxation of the polarization of the PANI particles in a high frequency region [cf. Eq. (8)]. Insulator–metal transitions (IMT) usually
are characterized by an abrupt discontinuity in conductivity, the use
of the dielectric properties are less favorable, owing to the divergence of the dielectric constant at the percolation threshold point
[43]. Based on the results shown in Fig. 11, the dissipation factor

Fig. 11. Variation of dissipation factor with PANI content and with AC frequency.
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(tan ı) that represents the ratio of conductance to stored charge
for the dielectric material seems to provide a very straightforward
indicator for the insulator–metal transition [44–46]. The dissipation factor may be helpful in understanding the mechanism of the
transition. Further investigation is needed before this argument can
be veriﬁed.
4. Conclusions
An ultra-high dielectric constant composite of PANI–DBSA/PAA
was synthesized using in situ polymerization of aniline in an aqueous dispersion of PAA. The morphology and dielectric/electrical
behaviors of the composites were dependent on the ratio of
PANI to PAA in the composite. Composites with low PANI content (7 wt% and 14 wt%) formed particles (ca. 50–80 nm) that were
randomly scattered in the PAA matrix—as well as aggregates (ca.
0.2–2.0 m). A moderately high dielectric constant in the range
of 1100–2600 (1 kHz) was obtained for composites with low PANI
content. Increasing the PANI content to 20 wt%, or higher, elevated the dielectric constant by two to three orders of magnitude.
SEM micrographs showed that composites with PANI content in
excess of 20 wt% were comprised of a large number of nanoscale PANI particles (ca. 20–50 nm) that were evenly distributed
within the PAA matrix. These PANI nanoparticles acted as numerous mini capacitors within the composite. A εr value of ∼2.0 × 105
(1 kHz) was obtained for the composite containing 30 wt% PANI,
which is the highest dielectric constant ever reported for a polymer
composite—including most ceramic dielectrics. Results obtained
from the electric modulus analyses (M , M and M /M ) can account
for the morphology difference between the composites of high PANI
content and that of low PANI content, as well as the huge increase
in electric conductivity exhibited by the composites of high PANI
content.
The authors gratefully acknowledge the ﬁnancial support of the
National Science Council of R.O.C. We would also like to thank Prof.
Chi-Shun Tu of the Physics Department at FJU for helpful discussion.
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