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An electroactive polymer nanocomposite, in which high dielectric constant copper phthalocyanine
oligomer �o-CuPc� nanoparticles are incorporated into the block polyurethane �PU� matrix by the
combination of “top down” and “bottom up” approaches, was realized. Such an approach enables
the nanocomposite to exhibit colossal dielectric and electromechanical responses with very low
volume fraction of the high dielectric constant o-CuPc nanofillers ��3.5% � in the composite. In
contrast, a simple blend of o-CuPc and PU composite with much higher o-CuPc content ��16% of
o-CuPc� shows much lower dielectric and electromechanical responses. © 2005 American Institute
of Physics. �DOI: 10.1063/1.2105997�

Electroactive polymers �EAPs� with high dielectric con-
stant and high electromechanical responses are promising for
advanced electromechanical and dielectric applications such
as actuators, artificial muscles, and high efficiency charge
storage capacitors.1–5 Self-assembly based on the spontane-
ous control of materials through noncovalent interactions,
e.g., hydrogen bonding, van der Waals forces, and electro-
static forces, provides a powerful method for low-
dimensional nanoscopic building blocks to assemble com-
plex architectures with novel electronic, magnetic, and
photonic properties.6–8 In this letter, we will utilize this ap-
proach to fabricate electroactive polymer nanocomposites
possessing high electromechanical and dielectric responses.

Recently, an all-organic composite actuator material with
a high dielectric constant was realized by incorporating high
dielectric constant organic filler, i.e., copper phthalocyanine
oligomer �o-CuPc�, in a polymer matrix.9 This all-organic
EAP composite exhibits a strain of �2% and an elastic en-
ergy density of 0.13 J /cm3 induced by an electric field of
13 V/�m. In this class of EAPs, the high dielectric constant
is achieved by a combination of the high dielectric constant
of the polymer matrix, the poly�vinylidene fluoride-
trifluoroethylene� based relaxor ferroelectric which possesses
a dielectric constant higher than 50, and the very large po-
larization response due to the delocalized electrons in the
o-CuPc.9–11 It is known that phthalocyanine as well as its
oligomer has a strong tendency to form stack assemblies and
microaggregates due to its planar shape and aromatic
nature,12–14 so it is hard for polymer dielectric matrix to di-
rectly disstack these high dielectric constant microaggregates
due to the very weak interactions between them.9,15,16 Hence,
the preparation of the nanometer-scale building blocks,
highly dispersed nanoparticles is necessary before self-
assembly. Herein, we demonstrate a polymeric nanocompos-

ite in which high dielectric constant o-CuPc nanoparticles
were incorporated into the block polyurethane �PU� by the
combination of “top-down” and “bottom-up” self-assembly
approaches. Even though the PU matrix has a much lower
dielectric constant ��10� in comparison with the relaxor
ferroelectric polymer matrix, these polymeric nanocompos-
ites still exhibit very large dielectric and electromechanical
responses.

The copper–phthalocyanine sheet oligomer �o-CuPc�
possessing peripheral carboxylic groups was synthesized by
a solution method in high boiling-point solvent.15 The top-
down approach is based on the spontaneous and strong
chemisorptions of poly�acrylic acid�, PAA, on the o-CuPc
surfaces due to strong electrostatic force and
complexation,17,18 which constitutes the driving force for the
gradual division of the initially large o-CuPc microaggre-
gates into much smaller particles, stabilized by the charged
PAA layer, finally leading to highly dispersed colloidal nano-
particles �referred to as PAA-decorated o-CuPc�. In this top-
down approach, PAA was dissolved in de-ionized water and
a proper amount of finely grounded CuPc oligomer powder
�the amount of CuPc is determined by the PAA/CuPc ratio
and in this study, a 50/50 wt% PAA/CuPc was used, corre-
sponding to 47/53 vol %� was added into the PAA solution.
The solution mixture of CuPc oligomer and PAA was ultra-
sonically stirred at 90 °C to dissolve CuPc oligomer in water
via complexation with PAA. Figure 1�a� shows a transmis-
sion electron microscopy �TEM� micrograph of the PAA-
decorated o-CuPc particles thus prepared which have the size
of about 40 nm.

A bottom-up approach was then utilized to self-assembly
of these high dielectric constant PAA-decorated o-CuPc
nanoparticles into the PU matrix �with 10/90 wt% ,
�7.3 vol % of PAA-decorated o-CuPc which is sufficient to
induce very high dielectric response in the nanocomposite�.19

The polyether soft segments in block polyurethane can fur-
ther coat the decorated o-CuPc18,20–22 and block polyurethane
can act as a template for the self-assembly of these oligomer
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nanoparticles.19,23 In this process, polyurethane, PU, was dis-
solved in N,N-dimethylformide �DMF�. The mixed PU-DMF
solution together with PAA-decorated CuPc oligomer aque-
ous solution with excess DMF �ten times the volume of wa-
ter� were mechanically stirred, and then the mixture was
poured onto a glass slide and dried in air at 80 °C and then
under vacuum for 12 h. Finally, the nanocomposite was an-
nealed at 140 °C in a vacuum for 12 h and slowly cooled
down to room temperature. Figure 1�b� shows the TEM mi-
crograph of the self-assembled nanocomposites with deco-
rated CuPc oligomer nanoparticles in the PU matrix. For
comparison, the simple blend of PU and undecorated CuPc
powder with 20/80 wt% ��16 vol % � was prepared using
the same solution cast procedure with DMF as the solvent.
Scanning electron microscopy �SEM� micrograph shows
o-CuPc microagglomerates ��1 �m size� in the simple
blend composite.

In this work transmission electron microscopy �TEM�
and SEM were used to characterize the microstructures and
morphology of the composites. For the PAA-decorated CuPc
oligomer, the specimen was prepared by placing a drop of a
solution on carbon film coated copper grid, then dried in air
before observation. For the nanocomposite, TEM analysis
was performed on 80-nm-thick film microtomed at room
temperature. The samples were coated with Au ��3 nm� by
vacuum sputtering for SEM observation. In order to investi-
gate the bulk morphology of the polymers, the sample was
broken in liquid nitrogen and its cross section was analyzed
by SEM. The typical sample film thickness for electric char-
acterization was about 50 �m and Au was sputtered on both
surfaces of the sample films as electrodes. The dielectric
properties of the samples were evaluated by a HP 4284 LCR
meter in the frequency range of 20 Hz–1 MHz at room tem-
perature. The elastic moduli were determined using a com-

mercial dynamic mechanical analyzer �TA Instruments,
DMA2980�. The electric field induced strain measurement
was conducted by a cantilever dilatometer.24

Figure 2 presents the dielectric constant and dielectric
loss as a function of frequency at room temperature for the
nanocomposite with 10 wt% decorated o-CuPc. The nano-
composite exhibits a large dielectric constant over a rela-
tively broad frequency range. At a frequency of 20 Hz, the
dielectric constant of the nanocomposite is 4186 and even
though the volume content of net o-CuPc is much lower
��3.5 vol % �, its dielectric constant is 167 times higher than
that of the simple blend of PU with 16 vol % o-CuPc �the
dielectric constant is 25� and 523 times higher than that of
the polymer matrix �the dielectric constant is 8�. In compari-
son, the dielectric constant of the simple blend is only three
times higher than that of the polymer matrix. Colossal di-
electric constants have been reported recently for different
classes of materials. Ceramic systems with high dielectric
response has been observed in a perovskite-related oxide.25

In addition, giant dielectric constant values were observed
and correlated to the formation of gain boundary barrier lay-
ers and interfacial polarization and percolation effects.16,26

Our nanocomposite films have a complex microstructure and
mobile charge carriers in the decorated o-CuPc which could
result in an enhanced dielectric response caused by the
Maxwell-Wagner space charge as reflected by the strong fre-
quency dispersion of the dielectric responses.27,28 What is
unique is that, although the self-assembled nanocomposite
exhibits such a high dielectric response, the net volume frac-
tion of o-CuPc is about 3.5% in the nanocomposite. Even
considering the PAA-decorated o-CuPc as a whole, the vol-

FIG. 1. �a� TEM images of decorated CuPc oligomer nanoparticles. �b�
TEM micrograph of the final morphology for the polymeric exchange-
coupled nanocomposite film. �Inclusions are uniformly distributed in the
matrix �not resolved� and during the TEM sample preparation the TEM
microtomy causes some larger aggregation of particles �big dark spots� and
air bubbles �white holes�.�

FIG. 2. �a� Dielectric constant and dielectric loss as a function of frequency
for the nanocomposite �open circles� measured at room temperature. �b�
Electromechanical strain amplitude as a function of the applied-field ampli-
tude for the nanocomposite �open circles�, and the applied-field frequency is
1 Hz. Data points are shown and solid curves are a guide to the eye. For
comparison, the data from the simple blend �crosses� and polymer matrix
�dots� at the same frequency and field range are also shown.
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ume fraction is still below 7.5%. Such a high dielectric con-
stant could be a result of the nanostructure of the composites
in which the high dielectric fillers are concentrated in a low
volume fraction continuous phase such as the soft segment in
PU. This effect has been made use of to generate conduction
percolation at very low conductive polymer volume percent-
age �one order of magnitude reduction in the percolation
threshold� in a self-assembled polymer nanocomposites.23 A
similar phenomenon was also observed in several multiphase
composites.16

The high dielectric constant nanocomposite also leads to
high electromechanical response. The field-induced strain
was measured at different applied fields at room temperature
and under an ac field of 1 Hz. Presented in Fig. 2�b� is the
strain amplitude measured versus the applied-field amplitude
for the self-assembled nanocomposite. A strain of 8.3% can
be induced under a field of 11.5 V/�m. The elastic modulus
of the nanocomposite was also measured and is presented in
Fig. 3. There is no marked change in the elastic modulus in
the nanocomposite from that of the PU, presumably due to
the low volume fraction of the o-CuPc in the self-assembled
nanocomposite. Combining the strain and elastic modulus
data yields the elastic energy density of 0.11 J /cm3 for the
nanocomposite under a field of 11.5 V/�m. For comparison,
the induced strain from the simple blend as well as polymer
matrix is also presented. Under the same electric field, only
0.6% strain can be induced in the simple blend with 16 vol %
o-CuPc, which is 1.7 times of the strain of the polymer ma-
trix, 0.36%. The elastic modulus of the polymer matrix is 28
MPa and the one for the simple blend is 64 MPa, which
yields the 1.8�10−4 J /cm3 elastic energy density for the
polymer matrix and 1.15�10−3 J /cm3 for the simple blend
under a field of 11.5 V/�m. The results indicate that the
self-assembled nanocomposite can generate a much higher
strain as well as elastic energy density compared with the
simple blends. Such enhancement can be partly attributed to
exchange coupling that is very effective when the size of
second phase particles approaches nanometer scale and there
are large electric field fluctuations in polymeric matrix due to
the large contrast of constituent dielectric constants.29

In summary, a route for producing polymeric nanocom-
posites is demonstrated in which decorated high dielectric
constant oligomer-CuPc nanofillers are forced into three-
dimensional networks by the self-assembly of colloidal par-
ticles and segmented copolymers. We also demonstrate the
utility of such nanocomposite in generating high dielectric
constant and electromechanical response.

This work was supported by NIH under Grant No.
8R01EB002078-04.
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