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The development of the modern society has resulted in all
kinds of electronic equipment and devices that are composed
of elements which are made from electronic materials. These
electronic materials contain the ceramics such as silicon used
for the fabrication of the chips, metals like copper which
appears in the printed circuits, and the polymeric materials
utilized as the insulation, packing, and isolation, among
others. In comparing with the inorganic electronic materials,
the polymer-based electronic materials have attracted
considerable attention due to their relatively low density,
flexibility, easy processing, low manufacturing cost, and even
recyclable. As a result, polymers and polymeric composites
have shown increasing applications as the components in
the electronic equipment and devices. What is more, some
newly developed polymeric electronic materials are taking
the place of their inorganic counterparts. Basing on their
electronic applications, this special issue focuses on the prep-
aration, characterization, performances, and applications of
some polymer-based electronic materials.

Six original research papers and a review paper were
collected in this special issue. These papers are themed on
the fabrication and properties of polymeric electronic mate-
rials that can be potentially used as component in capacitors,
solar cells, light emitting diode, and so on. The details of the
topics in this special issue include the following: (1) effect of
polar groups on the dielectric properties of dielectric poly-
mers; (2) review of designing and preparing of high dielectric
constant polymeric composites; (3) electric conductivity of
polymeric composites with copper as a filler; (4) AC conduc-
tivity of polymeric composites with a conductive polymer as

an additive; (5) designing of copolymers with optimized
photoelectric properties through theoretical calculations; (6)
microwave absorption properties of polyaniline and magne-
tite core-shell structured hybrid; and (7) polyimides as binder
polymers on organic light-emitting diode panels.

We expect that the related researchers will get inspired by
this special issue.
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In this study, polyaniline and Fe3O4 (PAN@Fe3O4) hybrids are fabricated and their microwave absorption property is studied.
PAN@Fe3O4 hybrids are fabricated by the in situ aniline polymerization at spherical of Fe3O4 which is prepared by the
solvothermal process. Fourier-transform infrared spectrophotometer (FTIR), X-ray diffraction (XRD), and X-ray photoelectron
spectroscopy (XPS) are applied to confirm the composition of the fabricated PAN@Fe3O4 hybrids. The morphologies of
PAN@Fe3O4 hybrids are studied by scanning electron microscope (SEM) and transmission electron microscopy (TEM). The
content of polyaniline in the PAN@Fe3O4 hybrids is calculated by thermogravimetric analysis (TGA). The magnetic properties
of PAN@Fe3O4 hybrids are characterized by vibrating sample magnetometer (VSM). The microwave absorption property of
PAN@Fe3O4 hybrids are measured on a vector network analyzer. The research show that the microwave absorptions property
of the obtained PAN@Fe3O4 hybrids can be adjusted by controlling the in situ aniline polymerization at spherical of Fe3O4.

1. Introduction

With the expansion use of electric device, including personal
computers, mobile phones, microwave oven, and other mili-
tary equipment and/or space equipment, microwave has
become a new pollution to our health [1–6]. The effective
way to solve this problem is the development of new micro-
wave absorption materials [7, 8]. The basic requirement of
the microwave absorption materials is to show strong micro-
wave absorption, represented by reflection loss [9]. Usually,
the microwave absorption materials are to dissipate the inci-
dent microwave which includes the dielectric dissipation and
magnetic dissipation [10, 11]. Excellent microwave absorp-
tion materials also exhibit compatibility between the dielec-
tric dissipation and magnetic dissipation. The magnetic
dissipation can be easily achieved by using magnetic mate-
rials such as magnetic iron oxide. As a result, magnetite is
mostly utilized as microwave absorption materials [12, 13].
The dielectric dissipation can be achieved by introducing
the dielectric materials and/or conducting materials [14,
15]. These include phthalocyanine copper and its derivatives

[16], the carbon materials including CNT [17], carbon
black, and graphene [18], and the conducting polymers
such as polyaniline and polythiophene [19]. The conduct-
ing polymers that usually combine the low density and
excellent conductivity have attracted considerable attention
both from the research and the practical application. In
the conducting polymers, polyaniline (PAN) can be easily
obtained and shows excellent conductivity after doping.
Up to now, PAN has been used to prepare composites with
polyethylene, poly(vinylidene fluoride), graphene, CNT,
and others [20, 21].

With the magnetite as the magnetic dissipation part and
PAN as the dielectric dissipation part, PAN and magnetite
hybrid materials can be obtained to be used as microwave
absorption materials. However, another problem is the
compatibility between them due to the inorganic part of
magnetite and organic part of PAN. To solve this problem,
core-shell-structured hybrid containing magnetite core and
PAN shell can be imagined.

In this study, we fabricated hybrid PAN@Fe3O4 by the in
situ aniline polymerization at the spherical of Fe3O4 which is
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prepared by the solvothermal process. The PAN@Fe3O4
hybrids are characterized by XPS, XRD, TGA, SEM, TEM,
FTIR, and VSM. After that, microwave absorption property
of the prepared PAN@Fe3O4 hybrids is studied in detail.

2. Experimental Section

2.1. Materials. Ethylene glycol (99%), FeCl3·6H2O (99%),
and polyethylene glycol 2000 (99%) were purchased from
Kelong Reagents, Chengdu, China. Sodium dodecyl benzene
sulfonate (SDBS, 99%), hydrochloric acid (37%), ammo-
nium sulfate (98%), and aniline (99%) were purchased from
Changzheng Reagents, Chengdu, China. Other chemicals
and reagents were commercial available products, and all of
them were used as received.

2.2. Preparation of Fe3O4. Magnetite was fabricated by the
solvothermal process throughout previous literature [8].
FeCl3·6H2O (10.0 g) and polyethylene glycol 2000 (3.7 g)
were mixed with 160ml ethylene glycol at RT, followed by
adding sodium acetate trihydrate (27.0 g). The system was
mixed by mechanical agitation as well as ultrasonication for
40min to form an orange solution. After that, the above-
prepared mixture was poured into an autoclave; the whole
system was heated at 180°C for 12 h, after that it was cooled
down to RT. The product was segregated by a magnet and
was purified 3–5 times with purified water and ethanol,
respectively. Finally, the product was dried under vacuum
at 70°C for 8 h.

2.3. Preparation of Polyaniline and Fe3O4 (PAN@Fe3O4)
Hybrids. The polyaniline and Fe3O4 (PAN@Fe3O4) hybrids
were fabricated by the in situ aniline polymerization at the
spherical of Fe3O4 with the existence of ammonium sulfate.
With the change of the amount of the aniline and ammo-
nium sulfate, polyaniline and Fe3O4 hybrids with different
contents of polyaniline were obtained. The typical procedure
is as follows: 0.25 g Fe3O4 was dispersed in 100ml deionized
water with the help of SDBS (25mg) and mechanical agita-
tion. After that, the system was cooled at 0–5°C through the
ice. At the time, aniline (0.25ml), dissolved in 0.1mol/l HCl
(50ml), was also cooled at 0–5°C through another ice system.
The cooled aniline solution was mixed with the Fe3O4 dis-
persion with vigorous mechanical agitation in the ice bath.
The ammonium sulfate (2.5 g) was dissolved in 25ml puri-
fied water at 0–5°C in the third ice bath. After being cooled
down, the ammonium sulfate was put dropwise in Fe3O4
and aniline mixture. The polymerization was kept on for at
least 12 h. In this study, three polyaniline and Fe3O4 hybrids
named as PAN@Fe3O4-1, PAN@Fe3O4-2, and PAN@Fe3O4-
3 were prepared.

2.4. Characterization. The structure of PAN@Fe3O4 hybrid
materials was characterized by XRD (Rigaku RINT 2400)
and XPS (PHI-5300 ESCA). FTIR (8000S) was also utilized
to characterize the PAN@Fe3O4 hybrids. The content of
polyaniline in the PAN@Fe3O4 hybrid was calculated by
TGA (Q50). The morphologies of PAN@Fe3O4 hybrids were
studied by SEM (JSM-6490LV) and TEM (H600). The mag-
netic property of PAN@Fe3O4 hybrids was studied by VSM

(BHV-525). The electromagnetic property of PAN@Fe3O4
hybrids was tested on a vector network analyzer (8720ET)
at 0.5–18GHz. The sample was fabricated through blending
PAN@Fe3O4 hybrids with wax in a mass ratio of 3 : 1.

3. Results and Discussion

In the study, polyaniline and Fe3O4 (PAN@Fe3O4) hybrids
are fabricated and their microwave absorption property is
studied. The PAN@Fe3O4 hybrid is fabricated by the in situ
aniline polymerization at the spherical of Fe3O4 which is pre-
pared by the solvothermal process [8]. Figure 1 shows FTIR
spectra of PAN, Fe3O4, as well as PAN@Fe3O4-1; compared
with that of Fe3O4, the FTIR curves of PAN@Fe3O4-1 show
additional absorption peaks at 3430 cm−1 (N-H), 1585 and
1496 cm−1 (benzene ring), and 1189 cm−1 (AR-N) which
indicate the existence of polyaniline in the system [19]. In
addition, the peak at 588 cm−1 (Fe-O) is observed on the
spectra curves of Fe3O4 and PAN@Fe3O4-1.

XPS is also used to characterize the composition of the
obtained PAN@Fe3O4 hybrids. Figure 2(a) shows the XPS
spectra of Fe3O4 and PAN@Fe3O4-1. On the spectrum of
Fe3O4, the peaks at 534 eV and 716 eV correspond the O1s
and Fe2p, while the peak at 287 eV is resulted from the
C1s which might come from the ethylene glycol and poly-
ethylene glycol 2000 used during the solvothermal process.
The Fe2p peak can be divided into two peaks at 711 eV
and 725 eV which come from Fe2p1/2 and Fe2p3/2 as shown
in Figure 2(b); this confirms the existence of Fe3O4. In com-
parison, the XPS spectrum of PAN@Fe3O4-1 shows new
peak at 405 eV which is attributed to the N1s from the poly-
aniline at the spherical of PAN@Fe3O4-1. Both of the FTIR
and the XPS confirm the preparation of polyaniline and
Fe3O4 hybrids [7].

XRD is a technic to confirm component of prepared new
nanocomposites by comparing XRD pattern peaks with the
standard card. Figure 3 shows XRD curves of prepared sam-
ples. As shown in the picture, six peaks at 30°, 35°, 43°, 54°,
57°, and 63° which match well with (220), (311), (400),
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5881189
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Figure 1: FTIR spectrum of PAN, Fe3O4, and PAN@Fe3O4-1.
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(422), (511), and (440) planes of the standard XRD of magne-
tite (JCPDS file no.19-0629) are observed on the curves of
Fe3O4. While a wide peak at 20° is seen on the curves of
PAN. PAN@Fe3O4-1 shows peaks combining from PAN
and Fe3O4, indicating the composition of PAN and Fe3O4
in PAN@Fe3O4-1. The other samples also show similar
XRD patterns which confirm the Fe3O4 in the PAN@Fe3O4
hybrids [22].

After the characterization of the composition of PAN@-
Fe3O4 hybrids, the micro morphology of them is studied
through SEM and TEM. Figure 4 shows SEM micro images
of Fe3O4 and PAN@Fe3O4-1. As shown in the figure, the
Fe3O4 exhibits smooth surface. In addition, anomalous
nanoparticles including spheres, hemispheres, bowls, and
open balls are observed for Fe3O4. While for PAN@Fe3O4-
1, its surface becomes coarser indicating the existence of the
polyaniline. More importantly, the shape of the PAN@-
Fe3O4-1 becomes regular spheres. The structure change of

the PAN@Fe3O4-1 from Fe3O4 indicates the formation of
the core-shell-structured particles.

Figure 5 shows the TEM micro images of Fe3O4 and
PAN@Fe3O4-1. Similar to that of the SEM micro image, the
TEM micro image of Fe3O4 shows irregular shapes of nano-
particles. In addition, it is clearly that Fe3O4 shows hollow
structure. As for that of PAN@Fe3O4-1, a shell can be
observed at the spherical of the nanoparticles. What is more,
it seems that the hollow structure of the Fe3O4 is filled with
something after the polymerization of aniline. Both of the
SEM and TEM results indicate the core-shell structure of
PAN@Fe3O4-1.

After the confirmation of the fabrication of PAN@Fe3O4
hybrids, the content of polyaniline in the PAN@Fe3O4
hybrids is calculated by the TGA measurement. Figure 6
shows the TGA curves of Fe3O4, PAN@Fe3O4-1, PAN@-
Fe3O4-2, and PAN@Fe3O4-3. Fe3O4 shows only 2% weight
decrement when the temperature is up to 600°C, which
is negligible. As for the PAN@Fe3O4 hybrids, obvious weight
decrement resulting from the decomposing of polyaniline
is observed. The residual mass of PAN@Fe3O4-1, PAN@-
Fe3O4-2, and PAN@Fe3O4-3 is 90%, 84%, and 77%,
respectively. The TGA results mean that the content of
polyaniline in PAN@Fe3O4-1, PAN@Fe3O4-2, and PAN@-
Fe3O4-3 is 10wt%, 16wt%, and 23wt%, respectively.

The magnetic property of PAN@Fe3O4 hybrid com-
posite was studied by a VSM. Figure 7 shows the saturation
magnetization of the samples indicating the magnetic
property of the PAN@Fe3O4 hybrids. According to the
results, the saturation magnetization decreases with the
increasing content of polyaniline due to the decrement of
content of Fe3O4 which contributes the magnetic proper-
ties effectively. The saturation magnetization of PAN@-
Fe3O4-1, PAN@Fe3O4-2, and PAN@Fe3O4-3 is 75.3, 58.9,
and 42.1 emu/g, respectively.

With the fabrication and characterization of PAN@-
Fe3O4 hybrids, their microwave absorption property is
studied. Permittivity (ε= ε′+ iε″) as well as permeability
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Figure 2: XPS spectra of Fe3O4 and PAN@Fe3O4-1 (a) and Fe2p peak (b).
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(μ=μ′+ jμ″) were measured from 0.5–18GHz for Fe3O4
and PAN@Fe3O4 hybrids. By using the obtained permittivity
and permeability, PAN@Fe3O4 hybrids’ microwave absorp-
tion properties are calculated by using transmit line theory
[23, 24]. Figure 8(a) exhibits reflection loss (RL) of Fe3O4;
the minimum RL is −15.3, −12.7, −15.5, and −17.2 dB at
1.0, 1.5, 2.0, and 2.5mm, respectively. Usually, the reflection

loss below −10 dB indicates that 90% microwave energy is
dissipated and the reflection loss below −20 dB means that
99% microwave energy is being dissipated. As the minimum
reflection loss of Fe3O4 is higher than −20 dB, it is not good
enough to be used directly.

Figures 8(b) and 8(c) show the RL of PAN@Fe3O4-1 and
PAN@Fe3O4-2. The outcome shows both RL of PAN@-
Fe3O4-1 and PAN@Fe3O4-2 are worse than that of Fe3O4,

(a) (b)

Figure 4: SEM micro images of Fe3O4 and PAN@Fe3O4-1.

(a) (b)

Figure 5: TEM micro images of Fe3O4 and PAN@Fe3O4-1.
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which might be contributed to the mismatching of imped-
ance between Fe3O4 and polyaniline. While for PAN@-
Fe3O4-3, excellent microwave absorption property is
obtained. As can be seen through Figure 8(d), the mini-
mum RL of PAN@Fe3O4-3 is as low as −29.3 dB. The low
reflection loss of PAN@Fe3O4-3 is due to the changeable
content of polyaniline through the aniline polymerization
at the spherical of Fe3O4. As a result, controlling the in situ
aniline polymerization at the spherical of Fe3O4 can adjust
the microwave absorption property of the obtained PAN@-
Fe3O4 hybrids.

4. Conclusions

In conclusion, a series of polyaniline and Fe3O4 (PAN@-
Fe3O4) hybrids was prepared to study their microwave
absorption properties. PAN@Fe3O4 was fabricated by the
in situ aniline polymerization at the spherical of Fe3O4.
FTIR, XPS, and XRD measurements showed the composi-
tion of polyaniline and Fe3O4 in the prepared PAN@Fe3O4
hybrids. SEM and TEM micro images indicated the core-
shell structure of the PAN@Fe3O4 hybrids. The TGA results
suggested that the content of polyaniline in PAN@Fe3O4-1,
PAN@Fe3O4-2, and PAN@Fe3O4-3 is 10wt%, 16wt%, and

23wt%, respectively. The saturation magnetization of the
PAN@Fe3O4 decreased with the increment of PAN content
in the hybrids. The minimum reflection loss of PAN@-
Fe3O4-3 was as low as −29.3 dB which is much better than
the other samples. Controlling the in situ aniline polymeri-
zation at the spherical of Fe3O4 can adjust the microwave
absorption of the obtained PAN@Fe3O4 hybrids.
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A pixel define layer (PDL) in an organic light emitting diode (OLED) is patterned using a photolithographic process before
the deposition of organic layers on top of ITO anode. If the patterning of PDL on OLED panels can be achieved using a
black photoresist, the patterning of black matrix (BM) on top of PDL patterns can be omitted by reducing the reflection of
ambient light from OLED panels. In this study, we synthesized a series of side-chain-type polyimides as binder polymers of
black photoresists and investigated the potential of using the black photoresist for the fine patterning of black PDL on
OLED panels.

1. Introduction

Organic light emitting diodes (OLEDs) have become one
of the major trends in the fabrication of flat panel displays
because of their advantages, such as light weight, slim
panels, fast response time, wide viewing angle, high resolu-
tion, and low power consumption [1-4]. The light emitting
area of an OLED device is disposed at the luminous region
of the pixel array on the OLED panel connected to a thin film
transistor unit. Before the deposition of OLED organic layers,
a pixel define layer (PDL) is patterned via a photolitho-
graphic process, as shown in Figure 1 [5-8].

Currently, positive-tone photosensitive polyimide [9, 10]
is used to fabricate PDL microstructures. The corresponding
PDL is yellowish brown similar to that of polyimide films.
Since the yellowish-brown polyimide layer of PDL reflects
the incident light, the visibility of the OLED display is
reduced, particularly when used outdoors. Therefore, in the
current positive-tone photolithographic process, a black

matrix (BM) layer is patterned on top of the PDL pattern to
improve the visibility of the OLED device (Figure 1).

If the patterning of PDL on OLED panels can be achieved
using a negative-tone black photoresist [11] containing black
pigment instead of the positive-tone photoresist based on
photosensitive polyimide, the photolithographic process
of patterning BM on top of the PDL pattern would be
omitted. The required components for a typical negative-
tone black photoresist include the photoinitiator, photosensi-
tizer, multifunctional monomer, black pigment millbase,
and binder polymer developable with aqueous alkaline
solution. The binder polymer is crucial in the patterning
of black PDL on OLED panels. It is not only one of the
major components in terms of weight but also affects the
shape of PDL patterns during its development in the
photolithographic process. The process temperature of
OLED panel fabrication reaches close to 300 °C, including
the postcure step after photolithographic patterning of
PDL; therefore, the thermal stability of the binder polymer
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should also be considered. Herein, new binder polymers with
thermally stable imide linkages were synthesized and applied
to the black photoresist formulation to pattern black PDL on
OLED panels.

2. Experimental Methods

2.1. Materials and Characterization. Chemicals and solvents
were reagent grades and used without further purification:
poly(styrene-co-maleic anhydride), cumene terminated,
Mn~ 1600 (PSMA); 5-aminoisophthalic acid (AIPA); 3,5-
bis(trifluoromethyl) aniline (6FAL); 4-aminostyrene (AS);
2-hydroxylethylacrylate (2-HEA); glycidyl methacrylate
(GMA); dimethyl acetamide (DMAc); 3,5-di-tert-4-butylhy-
droxytoluene (BHT); tetrabutylphosphonium bromide (TBPB);
propylene glycol monomethyl ether acetate (PGMEA); and
pentaerythritol triacrylate (PETA).

Thermogravimetric analysis (TGA) was performed on a
TA Instruments Q500 thermogravimetric analyzer with a
programmed temperature at 10 °C/min. Fourier-transform
infrared spectroscopy (FT-IR) was performed on a Varian
670/620 spectrometer using the KBr pellet method. 1H
NMR spectroscopy was taken on a Bruker AVANCE III
HD 400MHz spectrometer.

2.2. Synthesis of Styrene-Type Side-Chain Polyimides. PSMA
(20mmol based on maleic anhydride units) was dissolved
in 20mL of DMAc. Varying molarities of AS, AIPA, and
6FAL were added sequentially once every hour and stirred
at room temperature. After the formation of amic acid
linkages between maleic anhydride units of PSMA and
three aromatic amines (AS, AIPA, and 6FAL), a free radical
polymerization inhibitor (BHT) and a chemical imidization

agent (acetic anhydride; 10mL) were added and the reaction
mixture was reacted for 4.5 h at 100 °C to afford side-chain
polyimides (PSI-x) [12] (Figure 2). After cooling down, the
reaction mixture was poured into excess water (>10× vol-
ume) and the precipitates were collected by centrifugation.
EtOAc was added to the precipitates, and the insoluble was
removed via filtration. The organic solution was washed
twice using brine, dried with anhydrous Na2SO4, and evapo-
rated to dryness. The solid product was washed using diethyl
ether multiple times to afford PSI series side-chain polyimide
as brown powder.

2.3. Synthesis of Acrylate-Type Side-Chain Polyimides. PSMA
(20mmol based on maleic anhydride units) was dissolved
in 20mL of DMAc solvent. First, 2-HEA (10mmol) and
pyridine (1mmol) were added to the PSMA solution and
the reaction mixture was stirred at room temperature for
16 h. Second, 6FAL (10mmol) was added and stirred at room
temperature for 1 h. Acetic anhydride (10mL) was added,
and the mixture was stirred at 100 °C for 4.5 h for the
imidization reaction to occur (Figure 3). After the reaction,
the mixture was poured into excess amount of water. The
subsequent procedure was the same as that of PSI series in
Section 2.2 to afford PSEI series.

2.4. Synthesis of Methacrylate-Type Side-Chain Polyimides.
PSMA (20mmol based on maleic anhydride unit) was also
dissolved in 20mL of DMAc. AIPA (6mmol) and 6FAL
(14mmol) were added sequentially once an hour and stirred
at room temperature. The reaction mixture was heated to
130 °C and stirred for 16 h [13]. After cooling down, GMA
(4mmol), TBPB (0.4mmol), and BHT (0.04mmol) were
added and stirred at 90 °C for another 3 h (Figure 4). The
reaction mixture was poured into excess water. The subse-
quent procedure was the same as PSI series to afford PSEA-1.

For the PSEA-2 synthesis, PSMA was dissolved in
PGMEA (net. 30wt%) instead of DMAc, and the reaction
was proceeded as above with GMA.

3. Results and Discussions

3.1. Synthesis of Polyimide-Based Binder Polymers. The use of
negative-tone black photoresist, instead of positive-tone
photoresist based on photosensitive polyimide could
remove both the BM patterning and the 1/4λ polarizing
film by reducing the reflection of ambient light from the
OLED panel. Positive-tone photoresist based on photosen-
sitive polyimide is used herein because the resulting PDL
made of polyimide thin film has a high thermal stability and
can withstand temperatures up to 300 °C during the OLED
panel fabrication process. However, the positive-tone photo-
resist based on photosensitive polyimide cannot be used to
develop a black photoresist due to limited penetration depth
of the UV light in the photolithographic patterning of black
PDL on the OLED panel. The negative-tone black
photoresist has deeper penetration depth than positive-tone
photoresist since the photolithographic patterning is per-
formed via a crosslinking reaction mechanism involving free
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Figure 1: Typical cross-sectional view of an OLED panel.
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radical chain polymerization among multifunctional mono-
mers and the binder polymer.

The binder polymer should have carboxylic groups to be
developed easily with aqueous alkaline developer. Moreover,
the binder polymer should also be crosslinked tightly with
the multifuncional monomers upon UV light irradiation in
order not to be soluble in the aqueous alkaline developer.
Further, a high thermal stability of the binder polymer that
corresponds to the photosensitive polyimide in the positive-
tone photoresist is required. According to this guideline,

three different binder polymers with thermally stable imide
linkages have been synthesized.

3.1.1. PSI and PSEI Series. In the synthesis of PSI series binder
polymers, three aromatic amines reacted with the maleic
anhydride units of PSMA. The three amines (AIPA, 6FAL,
and AS) were used to afford carboxyl groups required in
the development step of photolithography. The solubility of
the binder polymer in the PGMEA, a common solvent in
the photoresist, was also examined. Besides, double bonds
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responsible for the photocrosslinking reaction were also
included through the AS monomer. In the synthesis of PSI
series, the chemical imidization was carried out utilizing
acetic anhydride under mild condition of 100 °C to avoid
self-polymerization of AS via a thermal initiation mecha-
nism. The PSI product was recovered by precipitation in
excess water to remove the excess acetic anhydride followed
by filtration, drying, and then tested in the black photoresist.

In PSEI series, 2-HEA was reacted with maleic anhydride
units of PSMA to generate both carboxyl groups and double
bonds. Then, aromatic amine (6FAL) was imidized using
chemical imidization method under mild conditions.
Because acetic anhydride was used for imidization, PSEI
has to be worked-up in the same way as PSI series.

3.1.2. PSEA Series. PSEA series were synthesized using two
different processes. First, APIA and 6FAL amines were
reacted via thermal imidization with maleic anhydride
groups of PSMA in DMAc solvent at 130 °C. Then side-
chain polyimide intermediate was reacted with GMA to
afford a PSEA-1 binder polymer, in which carboxyl groups
were partially converted to epoxymethacrylates. The PSEA-
1 sample was recovered in the same manner as PSI series.
In the second process, PSEA-2 was synthesized using
PGMEA solvent instead of DMAc. However, PSEA-2 was
obtained using a one-pot solution method without work-up
and was tested directly as the binder polymer in the photo-
lithographic patterning of black PDL in the OLED panel.

Table 1 shows that the yields of polyimides were not high
(44%–56%) because the polyimide products had relatively
high carboxyl groups and underwent weight loss during pre-
cipitation in excess water. GPC, FT-IR, and 1H NMR analy-
ses of the PSEA-2 sample are shown in Figures 5, 6, and 7,
respectively. The molecular weight of PSEA-2 (Mw=4819 g/
mol) was higher than that of PSMA (Mn=1600 g/mol) due
to the expansion of hydrodynamic volume after an imidiza-
tion step that introduced bulky substituents in side chains
of a relatively flexible PSMA polymer. According to FT-IR
spectra, anhydrides were converted to imides and methacry-
late esters. Moreover, 1H NMR spectrum indicated that
electron-poor aromatic amines (δ 8.18–8.45), epoxy (δ
4.16), and methacrylate groups (δ 1.87–1.96, 5.66, and 6.07)
were introduced to PSMA chains.

3.2. Photolithography and Thermal Stability of Black PDL
Patterns. The black photoresist for the patterning of the black
PDL of OLED panel is composed of the photoinitiator, pho-
tosensitizer, multifunctional monomer, polyimide as a ther-
mal stabilizer, black millbase, and binder polymer. The
binder polymer and multifunctional monomer are the main
components of the photoresist, which affect the exact pat-
terning of PDL via the photocrosslinking reaction in the
UV-irradiated area and development of UV-unirradiated
area by aqueous alkaline solution.

In this study, a commercial binder polymer SR-6300
(SMS Co., Korea) known as cresol novolac epoxyacrylate,
dissolved in PGMEA solvent at 30wt%, was used as a
reference binder polymer as shown in Table 2. A commercial
sample PETA was used as multifunctional monomer, which
has the functionality of 3. The thermal stability of the refer-
ence black photoresist (PT-0), determined by TGA, was not
high enough (up to 300 °C) to endure the photolithographic
patterning of PDL even after the subsequent postcure treat-
ment at 250 °C for 30 minutes.

Figure 8 shows the photolithographic patterns of the
black PDL using the side-chain polyimide binder polymers.
The black photoresists PT-0 and PT-3 exhibited fine patterns
of black PDL. However, PT-1 and PT-2 showed irregular or
wavy PDL patterns. In case of PT-1 photoresist PSI type
binder polymer had styrenic groups as source of double
bonds for the photocrosslinking reaction, so that the adhe-
sion to the silicon wafer was not as good as the reference
binder polymer (SR-6300), which has epoxy acrylate as a
source of double bonds. In the case of the PT-2 black photo-
resist, the wavy PDL pattern was related to the high acid
value of the binder polymer PSEI-1 in which acrylate groups
were introduced via the reaction of 2-HEA with maleic anhy-
dride units of PSMA. High amount of 2-HEA monomer had
to be used for the complete solubility of the resulting PSEI-1
in PGMEA. The PT-3 black photoresist showed fine PDL
patterns due to the balance of good adhesion to the silicon
wafer and the optimum acid value from benzoic acid-type
carboxyl groups.

The effect of side-chain polyimide binder polymers on
the thermal stability of the resulting PDL patterns was evalu-
ated via TGA analysis. The black PDL patterns formed on the
silicon wafer were scratched off after photolithographic
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Figure 5: GPC chromatogram of PSEA-2 polyimide.

Table 1: Synthesis of side-chain polyimides for binder polymers of
black photoresists.

Binder polymer
samples

Sample
codes

Molarities
(mmol)

Yield
(%)

GPC
Mw

PSI series

AS AIPA 6FAL

PSI-1 4 6 10 52 4716

PSI-2 4 8 8 44 4863

PSEI series
2-HEA 6FAL

PSEI-1 10 10 53 4637

PSEA series

AIPA 6FAL GMA

PSEA-1 6 14 4 56 4735

PSEA-2 6 14 6 — 4819
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patterning using a sharp razor blade, and the fine black pow-
der was subjected to TGA analysis. As shown in Table 2 and
Figure 9, the PT-3 photoresist having thermally stable side-
chain polyimide PSEA-2 as a binder polymer exhibited
higher 1wt% loss temperature than the PT-0 reference pho-
toresist which had commercial SR-6300 as binder polymer.

4. Conclusion

In this study, a series of new binder polymers having
thermally stable side-chain imide linkages were synthesized
and used in the black photoresist formulation to pattern

black PDL on the OLED panel. For the synthesis of binder
polymers, poly(styrene-co-maleic anhydride) was used as
the starting material and three different types of side-chain
polyimides were obtained. The epoxy methacrylate-type
side-chain polyimide afforded a fine black PDL pattern
with high thermal stability, comparable to that of the cur-
rently used positive-tone photosensitive polyimide.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.
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Table 2: Formulation of black photoresists and thermal stability of a black PDL pattern [14].

Components/photoresist samples PT-0 PT-1 PT-2 PT-3

Photoinitiators
Irgacure 754 1 1 1 1

Irgacure TPO 6 6 6 6

Photosensitizer Darocure ITX 2 2 2 2

Binder polymer (30wt% in PGMEA)

SR-6300 35

PSI-2 35

PSEI-1 35

PSEA-2 35

Multifunctional monomer PETA 8 8 8 8

Polyimide thermal stabilizer (30wt% in PGMEA) MY-10 10 10 10 10

Black millbase (23wt% in PGMEA) LT-1 (SKC htm Co., Korea) 35 35 35 35

Solvent PGMEA 5 5 5 5

Total wt% 100 100 100 100

Thermal stability 1wt% loss temp. (°C, TGA) 282 — — 303
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Figure 8: The optical microscopic images of black PDL patterns obtained with (a) PT-0, (b) PT-1, (c) PT-2, and (d) PT-3 black photoresists.
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Figure 9: TGA thermograms of black powders obtained from the black PDL patterns. (a) PT-0 and (b) PT-3.
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Flexible polymer-based composites exhibiting high dielectric constant as well as low dielectric loss have been intensively
investigated for their potential utilization in electronics and electricity industry and energy storage. Resulting from the polar
-CN on the side chain, polyarylene ether nitrile (PEN) shows relatively high dielectric constant which has been extensively
investigated as one of the hot spots as dielectric materials. However, the dielectric constant of PEN is still much lower than the
ceramic dielectrics such as BaTiO3, TiO2, and Al2O3. In this review, recent and in-progress advancements in the designing and
preparing strategies to obtain high-k PEN-based nanocomposites are summarized. According to the types of the added fillers,
the effects of organic fillers, dielectric ceramic fillers, and conductive fillers on electric properties of PEN-based composites are
investigated. In addition, other factors including the structures and sizes of the additive, the compatibility between the additive
agent and the PEN, and the interface which affects the dielectric properties of the obtained composite materials are investigated.
Finally, challenges facing in the design of more effective strategies for the high-k PEN-based dielectric materials are discussed.

1. Introduction

Designing and fabrication of novel advanced electronic
materials feeding for the rapid development of information
technology has attracted considerable attention for their
applications as integrated and portable electronic devices
[1, 2]. Miniaturization, portability, and high performance of
these materials are the guiding directions for the develop-
ment of highly integrated components [3–6]. Capacitor, as
an important energy storage device, is the most common
electronic devices fabricated by dielectrics with high-k, high
breakdown strength, high-energy density, but low loss tan-
gent [7, 8]. Among these parameters, relative permittivity
and loss tangent are the most significant ones which can be
easily obtained by researchers and/or manufacturing workers
to evaluate the final properties when used in electronic and
electrical applications [9–11]. Traditional dielectric materials
include oxides (ZnO, Al2O3, etc.) [12, 13] and ferroelectric
ceramic materials such as (TiO2, BaTiO3, etc.) [14, 15]. The
dielectric constant of oxides is generally below 50, which is
not high enough to be used in capacitors. In comparison,

the dielectric constant of ferroelectric ceramics can be as high
as 104 with extremely low dielectric loss and excellent ther-
mal stability, which meets the requirements of most applica-
tion devices [16, 17]. These ferroelectric ceramic dielectrics
exhibiting relatively higher permittivity have attracted tre-
mendous research enthusiasm because of their applications
as power transmission system, high-energy storage capacitor,
microwave communication, and so on [18–20]. However, to
fulfil demands from the electronic industry, it is still a chal-
lenge with critical importance to fabricate lightweight and
portable equipment with these inorganic dielectric materials.
First of all, the density of inorganic materials makes it diffi-
cult to meet the requirements of lightweight and portable
devices. Secondly, most inorganic dielectric materials require
high sintering temperature, which is not conducive to the
preparation of materials, energy conservation, and environ-
mental protection. Thirdly, it is difficult to realize the bend-
ing and flexibility of large curvature due to the structural
characteristics of the inorganic material. Finally, the poor
corrosion resistance to acid and alkali limits its application
in some special fields [21–23].
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In comparing with the inorganic materials, high-
performance polymers and polymer-based composites
(organic materials) show the characteristics of lightweight,
flexibility, and resistance to acid and alkali as well as easy
processing [24, 25]. As a result, these organic materials are
tremendously studied as dielectrics to replace the inorganic
materials [26–28]. However, the relatively low permittivity
of polymer limits its further utilization as dielectrics. Fortu-
nately, the relative permittivity of the polymer can be effec-
tively improved through the introduction of fillers [24]. At
present, the fabrication of polymeric composite dielectrics
showing high-k, low loss tangent, low density, and good
mechanical properties is of great significance to the prepara-
tion of new energy storage elements [25].

The polymer-based composites are two component,
three component, and/or multicomponent [29, 30] mixtures
consisting of polymer matrix and additives. As for the poly-
mer matrix, polymeric dielectric materials are widely used in
various fields of social production and life resulting from
their easy processing and high dielectric strength. Up to
now, polyimide (PI), polyethylene (PE), and polyvinylidene
fluoride (PVDF) as well as many other polymers have been
employed to fabricate capacitors [31–34]. However, result-
ing from their relative low Tg, the polymeric dielectrics
including PE and PVDF cannot work continuously at atmo-
spheres higher than 160°C. The present solution, which uses
additional thermal management systems to cool the devices,
is impracticable in low-cost and large-scale applications.
As a result, candidates with higher Tg are imperative [35].
Polyarylene ether nitrile (PEN), a high-performance ther-
moplastic polymer, has been intensively studied because of
its excellent performances including thermal stability, easy
processing, radiation resistance, and excellent mechanical
performances as well as chemical resistance [36–38]. In
addition, resulting from the polar -CN on the side chain,
PEN shows relatively high dielectric constant. Basing on
these novel properties, PEN has shown its application as
dielectrics at high-temperature environments in automotive
and electronic industries [39, 40].

In order to obtain composites having high permittivity,
various kinds of fillers, including ferroelectric ceramics, con-
ductive nanoparticles, and organic dielectrics, are incorpo-
rated into the polymer matrix [41, 42]. Usually, the higher
permittivity of the used additives, the better permittivity of
the obtained composites [14, 17]. As a result, the most used
additives include the high-permittivity ferroelectric ceramics
and the conducting fillers [15, 16, 30]. Maxwell-Wagner
polarization indicates that the permittivity of the composite
increases obviously when the content of the filler reaches a
critical value (percolation threshold) [14]. Unfortunately,
the loss tangent of the system increases simultaneously due
to the incompatibility between the organic substrate and
the inorganic additives. As a result, the micromorphology
of fillers, the distribution mode of the additives in the poly-
meric substrate, surface treatment, and preparation methods
of the fillers (i.e., “core-shell” nanoarchitectures) [43–46] are
equal important as the kind of fillers that determines the
properties of the obtained composites [47–51]. This article
reviews the progress of PEN-based composites exhibiting

high-k for electric applications. Furthermore, the feasible
methods to improve permittivity and reduce loss tangent of
the composites are emphatically analyzed.

2. PEN Matrix

At present, some kinds of polymer dielectric materials such
as biaxial tensile polypropylene and polyester are used in civil
fields. Although they have shown excellent dielectric proper-
ties, these dielectric materials can only maintain the stability
of various performance under 160°C [52, 53], which is far
frommeeting some high-tech applications, such as aerospace
and new energy vehicles. Therefore, the high-kmaterial with
high thermal stability has aroused the interest of researchers.
It is well known that PEN is a high-performance thermoplas-
tic engineering resin owing to the high mechanical behavior,
thermal stability, easy processing, radiation resistance, and
corrosion resistance [54–58].

PEN matrix was usually prepared via the reaction of
nucleophilic substitution polymerization synthesized by
2,6-dichlorobenzonitrile and aromatic diphenols under the
catalysis of potassium carbonate, which has widely reported
in previous work [54]. The associated synthesis route is
shown in Figure 1. It can be seen the strong polarity group
of -CN in the side of macromolecular chain of PEN, and
the main chain contains a large number of rigid aromatic
rings. In addition, there is a free rotational -O- (ether bond)
in the main chain. Therefore, these characteristics endow
the PEN with excellent tensile strength, tensile modulus,
chemical stability, and radiation resistance [56]. The perfor-
mance parameters of the first industrial PEN ID-300 [59]
are shown in Table 1.

Besides, with the development of polymerization
methods, the PEN is not limited to the homopolymer of
PEN mentioned above. Professor Liu’s group has prepared
a series of random copolymers and block copolymers of
PEN [60], which greatly enriches the variety of PEN meeting
different application requirements of the modern society.
What is more, with nearly 40 years of development, the series
of PEN can be divided into amorphous PEN, semicrystalline
PEN, and crystalline PEN according to its crystallinity, and it
can also be divided into noncross-linked PEN and cross-
linked PEN according to the cross-linking of the system.

3. High-k PEN Composites

High permittivity of the materials is the basic property for
their application as capacitors. Although the ceramic mate-
rial exhibits high-k, it is also hard to suit current require-
ments for the development of energy storage elements. The
development of polymer-based composite containing poly-
mer matrix and additives as dielectric material is one of the
technical routes to solve this problem. Combining flexibility
and lightweight of polymer matrix with high-k of additives,
the polymer-based composites are endowed with specific
properties, such as high-k, lightweight, and easy-to-process
[61, 62]. On the basis of the type of additives, the polymer
composite dielectric materials were divided into polymer-
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based composite dielectric materials filled with organic fillers,
ceramic fillers, conductive fillers, among others.

3.1. High-k PEN Composites with Organic Fillers. The advan-
tage of organic filler is that it exhibits good compatibility with
polymer matrix and is easily to be dispersed uniformly in
PEN matrix to obtain homogenous composite material. The
organic filler/PEN composite dielectric materials show excel-
lent mechanical properties and are suitable for preparation of
composite thin film with high-k. Phthalocyanines (Pcs) have
highly coplanar 18 electronic π-bonded conjugate structures
and can react with a number of metal ions to form metal
phthalocyanine (MPcs), as shown in Figure 2. Meanwhile,
the axis and edge of phthalocyanine ring can connect many
kinds of special functional active substituent, its structure
modification makes these compounds with physical and
chemical properties [63]. As a classic organic semiconductor,
the dielectric constant of copper phthalocyanine (CuPc) is
up to 105 [64]. The dielectric permittivity and loss tangent
of PEN/CuPc nanocomposite materials are about 45 and
0.4 at 1 kHz, respectively [65]. When the filler mass frac-
tion of CuPc is up to 40wt%, the PEN/CuPc composites
still maintain good mechanical properties. In addition, the

surface treatment of CuPc by chemical modification is an
effective way to improve the dispersion of fillers and polymer,
decrease the dielectric permittivity-frequency dependence,
and reduce the loss tangent of the composites significantly.
On the other hand, phthalocyanine-containing polymers,
prepared by self-polymerization and/or self-assembly of
Pcs, not only possess the unique physical and chemical prop-
erties of Pcs, but also combine good solubility and process-
ability of polymers [66].

Beside the Pcs, organic compounds which can form Pc
after cross-linking are also introduced into PEN matrix to
make PEN composites. Yang et al. [67] prepared 1,3,5-tri-
(3,4-dicyanophenoxy) benzene (TPh) through a reaction
with the phloroglucinol and 4-nitro-phthalonitrile and then
prepared the PEN/TPh composite materials which presented
high dielectric permittivity, low loss tangent, and high heat
resistance. Furthermore, the phthalocyanine rings can be
formed by self-cross-linked through the -CN group in pen-
dants or in the end of macromolecular chain of PEN [68],
which can improve the dielectric properties and thermal sta-
bility of the composites. As shown in Figure 3, when PEN
matrix was mixed with TPh, the dielectric permittivity of
the obtained samples after cross-linking at high temperature
is much higher than that of films without cross-linking. It is

Table 1: Properties of PEN ID-300.

Product
property

Performance parameter

Thermal
properties

Glass transition temperature (Tg) is 145
°C;

hot deformation temperature is 165°C;
continuous use temperature is 230°C

Mechanical
properties

Tensile strength is 123MPa; breaking elongation
is 15%; tensile modulus is 2.3GPa

Dielectric
properties

Dielectric constant is about 3.5; dielectric
loss is 0.08–0.01 (1 kHz)

Corrosion
resistance

Resistance to organic solvents, alkaloids, ketones,
and hydrocarbons excepted sulfuric acid
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Figure 1: Synthesis route of PEN.
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Figure 2: Structures of phthalocyanines (a) and metal
phthalocyanines (b).
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because that the phthalocyanine rings were formed during
the cross-linking which increased the dielectric permittiv-
ity of the samples. Besides, the formation of cross-linking
network contributed to the low loss tangent. More impor-
tantly, the microscopic structures of the obtained PEN/TPh
system have a big change after self-cross-linking, and the
homogeneous phrases were formed gradually from phrase
separation. The properties above make the PEN/TPH com-
posites show a great potential for application in some
extreme environment [67].

High-k polymers can be also treated as fillers to increase
the dielectric properties of polymers. Long et al. [69] reported
that the polyvinylidene fluoride (PVDF) and PEN polymer
alloys with different mass ratios were prepared successfully
by solution casting method. For PVDF/PEN alloy (with
90wt% PVDF), it can be seen that the dielectric permittivity
has a slight decrease from 7.1 to 5.8 (1 kHz) with the fre-
quency from 25Hz to 1MHz, which presented a week
dependence of dielectric constant and frequency. Besides,
it is also found that the dielectric permittivity and loss
tangent of PVDF/PEN alloy (with 90wt% PVDF) increase
slowly from 7 and 0.02 to 18 and 0.05 (1 kHz) before the
melt point of PVDF, which indicated that the PVDF/PEN
alloys have a relatively stable dependence of dielectric per-
mittivity and temperature.

Moreover, the organic conducting polymeric materials
are also used as additives to fabricate high-k polymer-based
composite materials. Wei et al. [70] investigated that the
polyaniline (PANI) was doped with sulfuric acid as a filler
to prepare PEN/PANI composite films for improving the
dielectric permittivity of PEN by using solution casting
method. It is clearly seen that there was just a Tg of the com-
posites on DSC curves, and no phase separation was observed
on the SEM images. All these indicated that the PANI has a

well compatibility with the PEN matrix. Besides, the dielec-
tric permittivity of PEN-based composite film presented a
sostenuto increase with the increment of PANI content.
When the content of PANI is 10wt%, the dielectric permit-
tivity of the PEN/PANI composite film is 23.5 at 250Hz,
which increases by 650% by comparing to pure PEN matrix.
The dielectric properties indicated that the PANI can
enhance the dielectric permittivity of PEN effectively. In
addition, the PEN/PANI composites have a relatively stable
dependence of dielectric permittivity and temperature before
180°C (Figure 4).

3.2. High-k PEN Composites with Ceramic Fillers. Apart
from organic fillers, selection of high-k dielectric ceramic
fillers of different types and shapes improves the dielectric
permittivity of PEN-based composites effectively. It is well
known that the dielectric permittivity of ferroelectric
ceramics can be as high as 104 with extremely low dielectric
loss and excellent thermal stability. PEN-based composites
with high-k are easily prepared after the incorporation of
these ferroelectric ceramics. However, due to the poor com-
patibility between the polymer matrix and the fillers, the
loss tangent of the composites will increase dramatically
without modification. As a result, the micromorphology of
fillers, the dispersion mode of the fillers in resin matrix,
surface treatment, and preparation methods are equal
important as the kind of fillers that affect the dielectric
properties of PEN composites.

3.2.1. Ceramic Nanoparticles as Fillers. The mostly used high-
k ceramics are barium titanate (BaTiO3) [41], strontium tita-
nate (SrTiO3) [71], titanium dioxide (TiO2) [14], calcium
titanate (CaTiO3) [72], among others. Ceramic additives
serve as insulators due to high bandgap, and accumulation
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of charges can only take place under a certain electric field.
Besides, it is crucial for the improvement of the dielectric
constant of polymer-based composites in interfacial area
between the polymer matrix and fillers. What is more, the
dielectric permittivity of the ceramic additives is much higher
than the resin matrix, and the dielectric permittivity of
polymer-based composites is enhanced with the increment
of the filler content which leads to an increment in the inter-
facial area of polymer matrix and fillers [73]. Especially, the
relationship between dielectric permittivity and filler content
is increasing linearly. As a result, the content and size of
ceramic particles are two important matters affecting the
electrical characteristics of the obtained polymer-based
composites [74].

(1) Effect of Filler’s Content. Every barber knows that the
dielectric permittivity of the polymer-based composites
increases with the increase of ceramic filler content. Hence,
the dielectric permittivity of polymer matrix can be obtained
10–20 times by filling in high-proportion ceramic particles
(>50%, volume fraction). Tang et al. [75] reported that the
PEN/BT nanocomposites were prepared through the ultra-
sonic dispersion fabrication process. The dielectric constant
of PEN/BT nanocomposites increased from 4.07 to 12.55 at
1 kHz with the content of BT nanoparticles increased from
0wt% to 40wt%. Besides, although the dielectric permittivity
of the PEN-based nanocomposites decreases with the
increase of frequency, the dependence of the frequency and
dielectric permittivity is reduced. However, the high content
of ceramic fillers will make the particles unfavorable to uni-
form dispersion in the resin matrix, which leads to the
agglomeration of the additives and formation interfacial
voids and pores [76]. This would drastically reduce the
mechanical strength and breakdown strength of polymer-
based composites. Therefore, the breakdown strength of
PEN/BT nanocomposites decreased rapidly from 231.48 to
158.07 kV/mm with the content of fillers increased from
0wt% to 40wt%.

(2) Effect of Filler’s Size. The size of filler is another important
factor affecting electrical properties of ferroelectric ceramics/
polymer composites. Besides, the performance of particle
has a close relationship with the filler’s size, which is usually
presented as the smaller the filler’s size is, the larger the spe-
cific surface area is. When additives with micron size or
larger are introduced into polymer matrix, defects are easily
formed which results in the electric field distortion in
composite materials. At the same time, the local electric
field will be enhanced by the void and porosity caused
by agglomeration of the additives in the polymer-based
composites. All these defects reduce the breakdown strength
and mechanical strength of the composites. In comparison,
the nanosized filler can effectively enhance mechanical prop-
erties of polymer-based composites and increase the amount
of the ceramic fillers filled in the matrix. Theoretically, the
dielectric permittivity of polymer-based composites increases
with the decrease of filler particle size. It is mainly because
that the use of small particle size fillers will increase the inter-
face area among polymer resin and filler, which enhanced

interface polarization causing by the increment of the elec-
tron density on the interface [77, 78].

3.2.2. Core-Shell-Structured Ceramic Nanoparticles as Fillers.
Dispersion and compatibility of fillers within the polymer
substrate are the most important parameters that determine
the dielectric properties of the polymer-based composites.
When the additives are heterogeneously distributed within
the polymeric substrate, defects and voids which obviously
reduce the mechanical strength and dielectric constant of
the system emerge easily. As the PEN contains oleophilic
groups, while the surfaces of fillers tend to have hydrophilic
groups, such as -OH and -COOH, it is extremely easy to pro-
duce local reunion causing by incompatibility of them when
the filler is blended with the polymer matrix directly. As a
result, there are still some challenges before achieving desir-
able composites even although the use of nanoparticles shows
some advantages in designing high-permittivity polymer com-
posites. These challenges include achieving homogeneous dis-
persion, tailoring the nanoparticle interface within polymer
matrix, among others, which are the key points to realize com-
posites with desired dielectric property. In order to solve these
problems, the fabrication of core-shell-structured particles
with organic shells is usually adopted.

(1) Core-Shell-Structured Ceramic Nanoparticles. Polymer-
based nanocomposites with high-k have shown application
as dielectrics in energy storage due to their intrinsic prop-
erties including lightweight and easy processing. To achieve
applications of the additives in enhancing dielectric prop-
erties of the system, many researchers prepared core-
shell-structured additives, which are effective tool for the fab-
rication novel high-permittivity polymer-based composites
[43]. At the early stage, many surfactants, oligomers, and
small molecules were used to improve the compatibility of
the two-phase interface by using the weak electrostatic inter-
action between molecules or van der Waals force to form a
shell layer [79, 80]. However, at the filler’s surface, the phys-
ical adsorption of these molecules cannot form a stable inter-
face, resulting in the low dielectric strength and high
dielectric loss. Therefore, stronger forces such as chemical
bond and/or hydrogen bond, through which a more stable
interfacial layer can be formed between the inorganic addi-
tive and the polymeric substrate, are needed. Generally, the
introduced chemical bond not only reduces the defects at
the interface, but also improves the physical property of the
system. What is more, the chemical bond between the inter-
faces can keep the composites stable in the electric field and
force field. In addition, phase separation is effectively stopped
with the existence of chemical bond between additives and
polymeric substrate [81].

Taking BaTiO3 as a representative, Figure 5 presents a
general method in preparing high-permittivity polymer com-
posites using core-shell-structured additives. Combining the
rotary coating technology with a posttreatment bonding
process, Tang et al. [82] reported a new method to prepare
BaTiO3@CPEN core-shell-structured nanoparticles. The
CPEN shell is carboxyl-functionalized polyarylene ether
nitrile on which the carboxyl groups react with the hydroxyl
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groups on the surface of BaTiO3. The TEM results showed
that the BaTiO3 core was wrapped by the CPEN shell
completely, and the thickness of the CPEN shell was in the
range of 4–7nm. Then, the BaTiO3@CPEN and PEN com-
posite films with different contents of BaTiO3@CPEN were
fabricated through the solution casting method. The dielec-
tric permittivity of pristine PEN is 4.3, while it gradually
raises with the addition of BaTiO3@CPEN. When the con-
tent of BaTiO3@CPEN is 40wt%, the dielectric permittivity
of the obtained composite is as high as 13.5, which is about
3 times compared with the PEN. The dielectric loss increases
a little with the addition of BaTiO3@CPEN, but it keeps lower
than 2.3% even plenty of additives were added. It is because
that the CPEN shell at BaTiO3@CPEN has the similar struc-
ture with the PEN substrate, the compatibility between the
CPEN and PEN results in the homogeneous dispersion of
BaTiO3@CPEN in PEN substrate which decreases the inter-
facial polarization, and thus, a low dielectric loss system was
obtained. Similarly, Huang et al. [83] prepared a series of
surface-modified titanium dioxide (TiO2@CPEN) and PEN
composites with different mass contents of TiO2@CPEN by
using a similar method. TiO2 nanoparticles were completely
wrapped by CPEN and formed the core-shell structures.
The modified TiO2 nanoparticles were uniformly distrib-
uted in the PEN substrate due to the existence of the CPEN
shell. Moreover, the TiO2@CPEN particles did not display
any signs of evulsion in the PEN substrate, resulting from
the fact that the interaction between PEN and the interface
of TiO2@CPEN particles is quite strong. The result indi-
cated that permittivity of the TiO2@CPEN/PEN composite
increases linearly with the increasing content of surface-
modified TiO2 particles. When TiO2@CPEN nanoparticle
content is 40wt%, permittivity of the obtained TiO2@C-
PEN/PEN nanocomposite at 1 kHz reaches 7.9, while loss
tangent of the system is also below 3% (1 kHz).

(2) Core-Shell-Shell-Structured Ceramic Nanoparticles. At
present, “molecular bridge” is the main method to realize
the dispersion of the core-shell-shell-structured filler in the
polymer substrate. The key point of the “molecular bridge”
is the introduction of the inner shell acting as the buffer layer
connecting both the core and the external shell. The buffer
layer acts as molecular bridge forming bonds between inor-
ganic and organic polymers. Comparing with physical
adsorption, this kind of modification has better effect and

can effectively reduce the agglomeration of inorganic addi-
tives in the polymeric substrate. The mostly used buffer layer
is silane coupling agent, which is a kind of low molecular
organosilicon compounds with special structure [84]. Other
functional materials such as carboxyl-functionalized poly-
mers and sulfonyl-functionalized polymers are also widely
used as the buffer layer [85].

Tang et al. [84] reported the preparation of core-shell-
shell-structured nanoparticles BaTiO3@SiO2@HBCuPc and
then fabricated its composites with PEN as substrate.
BaTiO3@SiO2@HBCuPc was obtained by reaction between
hyperbranched copper phthalocyanine (HBCuPc) and
BaTiO3@SiO2 which were prepared through surface modifi-
cation of BaTiO3 with silane coupling agent KH550. What
is more, combining the coating with bonding technology,
You et al. [85] reported the preparation of core-shell-
shell-structured nanoparticles BaTiO3@CPEN@CuPc with
carboxyl-functionalized polyarylene ether nitrile (CPEN)
as the buffer layer. The preparation of BaTiO3@CPEN@-
CuPc nanoparticles is shown in Figure 6. In the first step,
the BaTiO3 was coated with CPEN through the interaction
between the carboxyl at CPEN and the hydroxyl on the sur-
face of BaTiO3. Then, the other carboxyl at CPEN reacted
with the amino groups at copper phthalocyanine (CuPc).
The core-shell-shell-structured nanoparticles BaTiO3@C-
PEN@CuPc were incorporated into the PEN substrate to fab-
ricate BaTiO3@CPEN@CuPc/PEN composites. Their result
showed that the permittivity of the BaTiO3@CPEN@CuPc/
PEN composites is stable in the measured frequency. When
the BaTiO3@CPEN@CuPc is 20wt%, the permittivity of
the BaTiO3@CPEN@CuPc/PEN composite at 1000Hz is
up to 9.0, with an increment of 130% compared with that
of PEN substrate. The increasing of the permittivity can
be explained by the formation of microcapacitors in the
composite system, and the more the additives are added,
the more the microcapacitors are formed [86]. In compar-
ing with BaTiO3/PEN, BaTiO3@CPEN@CuPc/PEN shows
higher permittivity at the same content of the additive. This
is because the better compatibility between BaTiO3@C-
PEN@CuPc and PEN as well as the high permittivity of
the CuPc. Meanwhile, the compatibility of the BaTiO3@C-
PEN@CuPc with the PEN substrate contributes to the low
dielectric loss. The dielectric loss of BaTiO3@CPEN@CuPc/
PEN films at 1000Hz is only 3.1% with the nanofiller content
up to 20wt%. Another result they obtained is that the
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Figure 5: Synthetic route for the core-shell-structured BaTiO3/CPEN nanoparticles.
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permittivity and the dielectric loss of the BaTiO3@CPEN@-
CuPc/PEN composite are quite stable when the temperature
is lower than its Tg (>200°C), while both of them increase
abruptly when the temperature is nearby or even higher than
its Tg. In addition, stable permittivity of BaTiO3@CPEN@-
CuPc/PEN composite at different temperatures (25–180°C)
is also observed within the measured frequency, as shown
in Figure 7.

In summary, the direct recombination and “molecular
bridge” are the main methods to prepare the core-shell
nanoparticles. Through the fabrication of the core-shell-
structured nanoparticles, it is possible to adjust the param-
eters such as thickness of the shell, compatibility between
the additive and the polymeric substrate, interface interac-
tion, among others, which affect the final properties of the
obtained high-permittivity composites.

3.3. High-k PEN Composites with Conductive Fillers. Com-
pared with PEN composites with dielectric ceramic fillers,
which usually need larger volume fraction of filler, the dielec-
tric constant of the composite increases obviously with the
addition of less conductive filler. Usually, the more the addi-
tives are added, the more the microcapacitors are formed
which increase the permittivity of the system. When the con-
ductive additives are used as the fillers, the microcapacitors
can be easily formed at a lower content of the additives. As
a result, the percolation threshold of the conductive additives
is achieved at lower filler volume fraction, meaning the per-
mittivity increases easily with less conductive additives.

There are many kinds of conductive fillers. Common
metal conductive particles (i.e., Ag, Ni, and Al) [87] are the
mostly used additives in preparing composites with high
dielectric permittivity. Besides, the conductive carbon
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nanomaterials including carbon nanotube (CNT), carbon
black, graphene, and graphene oxide (GO) represent another
kind of widely studied conductive fillers [88, 89]. However,
the volume fraction window of the composite material from
dielectric to conductive material is closed to the threshold
value. It is very important to control the amount of conduc-
tive fillers and to disperse them evenly. Otherwise, the con-
ductive path will be formed locally in the material, which
will increase the dielectric loss. In addition, it will also cause
the energy dissipation and reduce the service life of the com-
posites. Therefore, how to evenly disperse these conductive
additives in organic polymer substrate becomes the key step
in improving properties of this kind of composite materials.

3.3.1. Metal Conductive Particles as Fillers. At present, some
different types of metal conductive particles have been uti-
lized to enhance the permittivity of organic polymers [90,
91]. Through the in situ reduction of silver ion during the
compositing process, Li et al. [87] reported Ag nanoparticles
and PEN composite (Ag/PEN). The corresponding Ag/PEN
composite films were obtained through solvent casting tech-
nique. The silver nanoparticles exhibit as nanospheres in the
PEN substrate at fractions lower than 1.0wt%, and they grow
to be nanorods when more silver ion is added as the reactant.
More importantly, the in situ reduced silver nanoparticles are
homogeneously embedded in the PEN substrate even though
the silver nanoparticles are unmodified. When 2.0wt% of
silver nanoparticles are embedded in the system, the permit-
tivity increases to 5.8 at 1000Hz, while the loss tangent keeps
lower than 2%. What is more, with the formation of the
silver nanoparticles in the system, the electric conductivity
increases obviously. As less than 2.0wt% of silver nanoparti-
cles are embedded in the system, this kind of PEN composite
can be used as antistatic materials.

3.3.2. Carbon Nanotubes (CNTs) as Fillers. Carbon nano-
tubes (CNTs) are monolayer or multilayer coaxial hollow
tubular carbon nanotubes (CNTs) with carbon atom SP2
hybrid bonding, forming delocalized π bonds. The conjuga-
tion effect of CNTs is remarkable. Besides, CNTs, as one-
dimensional nanomaterials, exhibit fascinating properties
including excellent mechanical strength, outstanding ther-
mal conductivity, ultrahigh electrical capacity, and thermal
stability [92, 93]. Due to these charming properties, CNTs
have been widely adopted in substituting or replenishing
traditional nanofillers to prepare composites with different
functions. Zheng et al. [94] prepared composite films by
using 4,4′-dihydroxybiphenyl-based PEN as the organic sub-
strate and multiwalled carbon nanotubes (MWCNTs) as

additives. The permittivity of the obtained mixture increases
from 4.3 to 6.1 (1 kHz) with the content of MWCNT fillers
increases from 0wt% to 3wt%, exhibiting little frequency
dependence with the incorporation of MWCNTs. Besides,
the loss tangent of the composites increases from 0.010 to
0.026 (1 kHz) with the content of MWCNT fillers increases
from 0wt% to 3wt%, which is caused by the incompatibility
of MWCNTs with the organic PEN substrate.

Usually, the van der Waals interaction of the CNTs leads
to the self-aggregation. As a result, the CNTs tend to aggrega-
tion, which impedes the enhancing of dielectric properties,
rather than homogeneously distribution in the organic
polymer substrate [95]. In order to overcome these defects,
surface modification of CNTs and the controlling of inter-
action between the modified CNTs and polymeric sub-
strate are the effective methods for the high-k polymer
nanocomposites. Jin et al. [96] modified the CNT’s surface
by grafting organic molecules to enhance compatibility
between CNT and PEN substrate. For this purpose,
acidulated MWCNT was reacted with amino containing
molecule 3-aminophenoxyphthalonitrile (3-APN) through
solvothermal to form the modified carbon nanotube (3-
APN@MWCNT) (Figure 8). After that, the modified carbon
nanotube (3-APN@MWCNT) was utilized as an additive in
preparing 3-APN@MWCNT/PEN nanocomposites with
high permittivity. When 5.0wt% of 3-APN@MWCNT is
loaded, the permittivity of the obtained 3-APN@MWCNT/
PEN nanocomposite at 50Hz is 32.2, about 8 times to that
of the PEN substrate. In addition, the loss tangent is lower
than 0.9. Both permittivity and loss tangent increase linearly
with the increasing of 3-APN@MWCNT at low loading. 3-
APN@MWCNT shows a percolation threshold of 4.0wt%
in the system as the dielectric parameters raise obviously at
higher loading. Pu et al. [97] fabricated modified CNT with
phthalonitrile groups (CNT-CN) and used it as additive in
preparing PEN-based composites. The CNT-CN distributed
in the PEN substrate is uniformly due to the plenty of phtha-
lonitrile groups, which are compatible with the nitriles on
PEN, at the peripheral surface of it. In addition, the phthalo-
nitriles at CNT-CN react with the nitriles on the main chain
of PEN catalyzed by diaminodiphenyl sulfone (DDS) at high
temperature, forming triazine rings. As a result, the permit-
tivity can be as high as 33.9 when reacted at 320°C for 4 h.

In addition, core-shell-heterostructured CNT-based
nanomaterials are also widely applied to obtain composites
with high dielectric constant. Huang et al. [98] reported the
preparation of core-shell-heterostructured CNT-based nano-
materials MWCNT@BaTiO3, in which MWCNT acts as core
and inorganic BaTiO3 serves as shell, through solvothermal
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Figure 8: Schematic illustration of preparation of 3-APN@MWCNTs.
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reaction. After that, they fabricated MWCNT@BaTiO3/PEN
composite through solution casting. The permittivity
increases to 13.8 at 100Hz, with an increment higher than
200%, at the loading of 50.0wt% of MWCNT@BaTiO3.What
is more, Huang et al. also prepared MWCNT@TiO2 core-
shell-heterostructured CNT-based nanomaterials via simi-
lar reaction [99]. Tetragonal anatase-phased TiO2 clusters
were formed at the peripheral surface of MWCNT. Besides
acting as the additive, this core-shell-heterostructured
MWCNT@TiO2 can be used as microwave absorption mate-
rials due to its excellent electromagnetic performances.

Furthermore, You et al. [88] and Xiao et al. [100]
reported the opening of MWCNTs’ end offering O-
MWCNTs which could be utilized as nanoscale vessels.
PEN was then filled in the O-MWCNTs through capillary
action to obtain F-MWCNTs (the schematic illustration of
F-MWCNTs is shown in Figure 9). The PEN filled in the
restricted CNT vessel shows extraordinary crystallization
behavior in comparing with the crystallization at unrestricted
conditions. The F-MWCNTs were also incorporated into
the PEN substrate to prepare corresponding composites.
The dielectric constant of PEN at 10 kHz is 4.02, and it
increases after F-MWCNT is incorporated. The dielectric
constant reaches 5.33 (10 kHz) for F-MWCNT/PEN when
the concentration of MWCNT is 1.0wt%. Although the
dielectric losses of the composites increase with the incre-
ment of the additives, they are around 0.011. Therefore, the
incorporation of the F-MWCNT into PEN is an effective
approach to design dielectrics with high permittivity and
low loss tangent.

3.3.3. Graphene Oxide (GO) and/or Graphene as Fillers.
Graphene, a microscale 2D lattice carbon with one atomic
thickness, has shown extraordinary electric property [101].
As a result, it can be used as conducting additives in the
fabrication of multifunctional high-k polymeric dielectrics.
On the other hand, graphene exhibits ultra large specific
surface area of 2630m2/g deriving from its unique structure
features. Therefore, microcapacitors, which further improve
the dielectric property, can be formed easily when the micro-
sheets are isolated by the polymeric substrate in graphene-
based composites. Up to now, graphene has shown its widely
application in fabrication of composites with high permittiv-
ity. Wang et al. [102] prepared reduced graphene oxide
(RGO) and PEN composites (RGO/PEN) through in situ
thermal reduction of corresponding graphene oxide (GO)
and PEN composites (GO/PEN). GO/PEN was simply fabri-
cated by solution casting process due to the excellent disper-
sion of GO in solvent like NMP. After thermal reduction, GO

transfers into RGO which was uniformly distributed as that
of GO in GO/PEN. When 6.0wt% of RGO is loaded, the per-
mittivity of the final RGO/PEN increases to 129.1 with an
increment of about 2600%. In addition, the permittivity of
the composite with 2.0 wt% of GO also shows a 230% incre-
ment at 50Hz when GOtransforms to RGO after thermal
reduction.

Similar to CNT, graphene is insoluble in most solvents
due to its all-carbon composition and hydrophobic nature.
It is difficult to apply on a large scale due to its poor disper-
sion in polymer matrixes. Therefore, it is necessary to func-
tionalize it to change the surface energy of the graphene
and thus solving the aggregation of graphene sheets in
the composite [103, 104]. Up to now, the mostly utilized
procedure to modify graphene is firstly disposing it with
strong oxidizers to obtain GO and then reducing it back
to RGO after the composting process [105–107]. Li et al.
[108] prepared GO and then functionalized it with CuPc,
offering GO@CuPc, through solvothermal reaction. Then,
the GO@CuPc was added into the PEN substrate to pre-
pare high-k nanocomposites. When 5.0wt% of GO@CuPc
was loaded in the system, the dielectric constant reaches
52.0 (at 100Hz). Zhan et al. [109] also prepared GO and
firstly reported the chemical modification of it using 4-
aminophenoxyphthalonitrile (4-APN), forming (GO-CN).
After that, the GO-CN was successfully introduced into
PEN substrate to prepare nanocomposite films. As the
phthalonitriles at GO-CN show compatibility with PEN,
this route opens a new way in preparing graphene and
PEN composites. What is more, Wang et al. [110] fabri-
cated composite with GNs-Fe3O4 hybrid material as addi-
tive and PEN as organic substrate. The GNs-Fe3O4 hybrid
material was prepared via solvothermal reaction from GO
and FeCl3 with ethylene glycol as the reducer.

Moreover, novel 3D CNT and graphene networks were
also constructed to prevent the aggregation of them. Wei
et al. [111] firstly fabricated 3D CNT-GO networks by coor-
dinating them with metal ions (Cu2+, Zn2+, and others),
forming GO-Zn-CNT. After that, a semi-interpenetrating
system (GO-Zn-CNT/PEN-Ph) was obtained by penetrating
a cross-linkable polyarylene ether nitrile (PEN-Ph) into
the GO-Zn-CNT networks. An interpenetrating network
(GS-Zn-CNT/PEN) was finally fabricated via simultaneously
cross-linking of PEN-Ph and in situ thermal reduction of
GO. The fabrication route for the GS-Zn-CNT/PEN is shown
in Figure 10. The dielectric constant of GS-Zn-CNT/PEN is
as high as 78.0 at 100Hz, with an increment of 2000% in
comparison with PEN, even the content of GO-Zn-CNT is
just 2.0wt%. Besides, the loss tangent of GS-Zn-CNT/PEN

MWCNTs PEN
F-MWCNTs

Capillary action

Figure 9: Schematic illustration of fabrication of F-MWCNTs.
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is 0.18 at 100Hz when the content of GO-Zn-CNT is
2.0wt%, but it is much lower compared with that of gra-
phene/PEN nanocomposites (0.82 at 100Hz with 2.0wt%
graphene). Therefore, it is also an effective method to prepare
graphene-based high-k composite materials.

4. Conclusions

In conclusion, high-k dielectrics for high-energy storage need
to possess high permittivity, low dielectric loss, and excellent
mechanical strength as well as high thermal stability. Up to
now, there is not any single-component dielectric meeting
the mentioned requirement for high-temperature applica-
tions. The composting of thermal stable PEN with high
dielectric constant additives (such as organic fillers, ceramic
fillers, and conductive fillers) is an efficacious technique for
the development of thermal resisting high-k dielectrics.
Although some important progresses have been made in

the research of PEN-based composite dielectric materials in
recent years, it still cannot fully meet the development of
the electronic industry. This research news article mainly
reviews the progress of PEN-based composites for electronic
applications. It preliminarily revealed the effects of polymer
substrate, type of filler, surface modification, and preparation
procedure on PEN composites’ dielectric properties. To sum
up, the PEN incorporated with organic fillers exhibits relative
high permittivity, low loss tangent, excellent mechanical
strength, and thermal stability, but the improvement of per-
mittivity is inadequate because of the limited permittivity of
these organic fillers. Ferroelectric ceramics can effectively
enhance permittivity of PEN-based nanocomposites. How-
ever, a high loading fraction is usually needed, which reduces
the mechanical performances of the system simultaneously.
In comparison, dielectric constant of PEN composites filled
with conductive fillers could be significantly increased at
lower filling fraction. However, the conductivity of the
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composites was also improved, which leads to the corre-
sponding high dielectric loss. As a result, the research and
preparation of high-k dielectric materials still face many
challenges, which are the goal of future efforts. Further
research can be carried out in the following aspects: firstly,
preparing the new additives with controllable structure,
morphology, size, and so on and exploring some new and
simple compositing technology and interface control tech-
nology and secondly, researching and developing dielectric
composite materials with stable performance in special envi-
ronments such as high temperature and frequency. Thirdly,
fabricating high-k composites exhibits high permittivity, low
loss tangent, and other required performances simulta-
neously with controllable procedures.
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The structural, electronic, and optical properties of PBDTTBT are comprehensively studied by density functional theory to
rationalize the experimentally observed properties. Periodic boundary conditions method is employed to simulate the polymer
block and calculate effective charge mass from the band structure calculation to describe charge transport properties. Moreover,
both time-dependent density functional theory and a set of multidimensional visualization techniques are used to characterize
the exciton dissociation ability in the PCBM: PBDTTBT interface. These theoretical methods and calculation techniques not
only promote deep understanding of the connection between chemical structures and optical and electronic properties of the
donor-acceptor system but also can be used to rationally design a novel donor-acceptor system. Based on the same calculated
methods as PBDTTBT, four copolymers PBDTTTP, PBDTTTO, PBDTTTPD, and PBDTTFPD are designed to study their
potentials as donors in polymer BHJ. The results indicate that PBDTTBT’s well conjugation benefits its good stability, and its
wide and strong absorption spectra in the range of visible light, appropriate FMO levels, well charge transport, and favorable
exciton dissociation lead to its photovoltaic performance. Furthermore, through comparing the four designed polymers with
PBDTTBT, we conclude that the four designed polymers have stronger exciton dissociation ability and larger open-circuit
voltage and external quantum efficiencies. Consequently, the four designed copolymers are promising candidates for polymer
BHJ solar cells.

1. Introduction

Solar cells are one critical technology for solving world
energy needs. Traditional solar cells made from high-purity
silicon have been commercialized, but their applications are
finite because of high cost and weight. Polymer photovoltaic
cells with a bulk heterojunction (BHJ) active layer have
attracted attention due to their potentially low cost, light-
weight, flexible, and easy manufacturing [1–4]. In the BHJ
structure, the active layer that is sandwiched between anode
and cathode constitutes of electron-donating conjugated
polymer and electron acceptor, and its properties are the
most determining factors in the whole performance of poly-
mer BHJ [5].

In the past few decades, many progresses have been made
in polymer BHJ which have reached power conversion

efficiencies (PCE) of 11% [6]. The limiting factors of PCE
are the stabilities, ability of harvesting the photon flux from
the sun, effective exciton separation, and carrier mobilities.
In order to improve the device performances, one can
develop new device architectures [7, 8], synthesize new poly-
mer donors [9, 10] and new electron acceptors [11–14], or
work on both ends.

In recent years, developing low bandgap polymers has
provided an alternative approach for achieving high PCEs
resulting from their important roles in photoelectric conver-
sion process: capturing solar photons from the sun, exciton
generation and separation, carrier injection, hole transport,
and affecting the size of the open-circuit voltage (Voc) and
short-circuit current (JSC), thus affecting PCE (η =VOC ×
JSC × FF/Pin). In order to develop low-bandgap conjugated
polymers, the most powerful strategy is to incorporate
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electron-rich donor segments and electron-deficient acceptor
segments into the polymer backbone. Due to the push-pull
interaction, efficient internal charge transfer (ICT) can take
place from the donor (D) to the acceptor (A) upon photoex-
citation, thus leading to a new absorption band at longer
wavelengths [15] and producing appropriate molecular
energy levels for high Voc, good charge transport, and high
JSC, thus improving PCE [16].

In recent years, some benzo[1,2-b:4,5-b′]dithiophene-
containing polymers have been applied to polymer BHJ and
field-effect transistor (FET) [17–22] on account of its
electron-rich structures. The relatively large and planar
molecular structures of thiophene (TH) derivatives not only
keep a high mobility but also help to promote cofacial π-π
stacking. Given the symmetrical planar structure and high
mobility of benzo[1,2-b:4,5-b′]dithiophene (BDT), Huo and
his coworkers synthesized a polymer based on BDT, that is,
PBDTTBT [23]. PBDTTBT was well soluble in common
organic solvents due to its strong octyl chains and presented
an excellent thermal stability with a decomposition tempera-
ture of 337°C without the protection of an inert atmosphere.
The group fabricated a polymer solar cell device based on
PBDTTBT donor and PC70BM (a fullerene derivative) accep-
tor in 2010. The structure of the device is ITO/PEDOT-PSS/
polymer: PC70BM (1 : 2, w/w)/Ca/Al, and its Voc, JSC, fill fac-
tor (FF), and PCE are 0.92V, 10.70mA·cm−2, 57.5%, and
5.66%, respectively [23].

In order to rationalize the experimentally observed prop-
erties of known materials and predict those of unknown
ones, theoretical investigations on the structure features,
charge transport properties, and exciton dissociation abilities
of PBDTTBT are indispensable. In the modeling process, we
replace the octyls with butyls to reduce the computation cost.
Analogously, we replace benzo[c][1,2,5]thiadiazole with four
pyridazine derivatives and designed four polybenzo[1,2-
b:4,5-b′]dithiophene derivatives, PBDTTTP, PBDTTTO,
PBDTTTPD, and PBDTTFPD and study their potentials as
donors in polymer BHJ based on PC70BM. Several parame-
ters of determining the performance of solar cells, electronic
and structural properties, open-circuit voltage (VOC), charge
transfer properties, exciton dissociation abilities, and theoret-
ical PCE have been investigated.

This paper’s distribution is as follows. In Section 2, we
describe the computational methods to obtain electronic
and structural properties. In Section 3, we detailedly describe
the influences on the performance of solar cells by comparing
PBDTTBT with designed copolymers, and the conclusion is
in Section 4.

2. Calculation Methods

Density functional theory (DFT) has been broadly used to
investigate the properties of organic compounds because its
high accuracy is reasonable with the ab initio method and less
computational time cost, and B3LYP, a hybrid functional, is
widely used in calculating organic systems [24–27]. In this
paper, DFT and time-dependent DFT (TD-DFT) [28] are
employed to gain the qualitative properties of all the

compounds at b3lyp/6-31g∗ level [29, 30]. All the optimized
structures are the global minima on the potential energy
surface. Periodic boundary conditions (PBC) [31] method
is used to optimize block polymers at B3LYP/6-31G(d)
and B3PW91/6-31G(d) levels [32]. All the calculations are
implemented by Gaussian 09 package [33]. As to the copol-
ymers, density topological analyses are examined by atom
in molecule (AIM) analyses [34]. Moreover, the nucleus-
independent chemical shift (NICS) [35, 36] is also calcu-
lated for copolymers at the B3LYP/6-31G∗ level, and NICS
defined as the negative of the magnetic shielding at a ring
critical point (RCP) is obtained from the AIM analyses.
Furthermore, the bonding characteristics were also investi-
gated by natural bond orbital (NBO) theory [37–40] and
AOMix program packages [41].

3. Results and Discussion

3.1. Geometry Optimization. The drafts of the studied copol-
ymers are depicted in Figure 1, and the optimized structures
of parent molecules of copolymers by B3LYP/6-31G(d) along
with the abbreviations of each segments are shown in
Figure 2. The selected bond lengths and bond angles of these
copolymers are also given in Figure 1; herein, the C1-C2 (in
PBDTTBT) or C2-C3 (in other copolymers) bond is defined
as the central bond that connects the donor and acceptor. All
the studied copolymers have the same central bonds (1.45Å),
and their dihedral angles are smaller than 37°, which suggest
that all the polymers are rigid backbones. The nitrogen- (N-)
hydrogen (H) or sulfur (S)/oxygen- (O-) nitrogen (N) inter-
actions forming stable six or five-member rings reduce the
dihedral angles and keep the molecular coplanarity, thus
benefitting to the rigidity of the copolymers. Besides, the den-
sities of bond critical points (BCPs) and RCPs as well as the
distances between the two interactional atoms are also
presented in Figure 1. It is worth noting that the angles
of S1-C4-C5-C6 and C7-C8-C9-S2 in the four designed
copolymers are smaller than C4-C5-C6-C7 and C8-C9-
C10-C11 angles in PBDTTBT, which leads to better
coplanarity than PBDTTBT.

In order to acquire the charge population analysis on
central bonds in studied polymers, we calculate the charac-
ters of bond critical points (BCPs) in central bonds and list
the data in Table 1S in Supplementary Materials. The data
indicate that the two atoms in central bonds are relatively
accumulated due to sharing interactions.

Furthermore, the HOMO and LUMO diagrams of
monomers in Figure 1S not only can qualitatively illustrate
the electronic cloud distribution but also reflect the
electron-donating and electron-accepting segments. We can
clearly see from Figure 1S that the electronic cloud
distribution of HOMO of all the monomers localizes near
the polymeric axis and mainly localizes on BDT segments
in the four designed copolymers, while that of LUMO
localizes near the TBT, TTP, TTO, TTPD, and TFPD
segments (the segments in rectangle in Figure 2). The
molecular orbital diagrams illustrate that the BDT segments
contributing to HOMOs in the five copolymers are as
electron-donating segments, and the left segments (TBT,
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TTP, TTO, TTPD, and TFPD) mainly contributing to
LUMOs are as electron-accepting segments. Moreover, in
order to quantitatively view the components of the
HOMOs and LUMOs, the density of state (DOS) and
partial DOS (PDOS) of monomers are calculated and given
in Figure 3. As shown in Figure 3, TBT segment contributes
to both HOMO and LUMO; nevertheless, BDT mainly
contributes to HOMO to some degree. The DOS diagrams
for other polymers show that the HOMOs are mainly
contributed by BDT segments, and the LUMOs are almost
entirely from TBT, TTP, TTO, TTPD, and TFPD segments.

In a word, BDT as a donor mainly contributes to HOMO
and the left segments mainly contribute to LUMO, and

the push-pull interactions in D-A in the four copolymers
are formed.

3.2. Conjugational Properties. Generally speaking, favorable
structural stability of molecule originates from its favorable
conjugated properties to some degree. In order to understand
the structural stability of the studied polymers, we investigate
their conjugation properties.

NICS is comprehensively used to express the aromaticity
of molecules because it can clearly and simply monitor the
condition of ring current. Aromatic systems have pretty neg-
ative NICS values, antiaromatic systems have strongly posi-
tive NICS values, and nonaromatic cyclic systems should
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Figure 1: Structural parameters of copolymers and locations for calculated NICS.
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have NICS values close to zero [35, 42–44]. The NICS values
for the repeated units of polymers are calculated and listed in
Table 2S, and the positions of all the rings in the molecules
are shown in Figure 1.

In Table 1S, the ring NICS values along the polymeric
axis (a, b, and c) are more positive than the individual TH
(NICS, −13.9 at B3LYP/6-31G(d) level) and benzene
(NICS, −9.7 at B3LYP/6-31G(d) level), which originates
from the electrons delocalizing to the whole molecule, thus,
forming conjugated systems. As to the same rings, the
NICS values of center rings are more negative than the
terminal rings, such as the NICS values in a2 and a3 rings
are more negative than those in a1 and a4, which illustrate
that the ring currents mainly accumulate in the molecular
center. In addition, the electrons of the molecules delocalize
from donors toward acceptors along the polymeric axis
because there are push-pull interactions in the systems;
therefore, a2, a3, a4, and c rings are full of ring currents but
a1 and b rings lack ring currents. Further, inside rings, that
is, d rings, where the NICS values are most negative in
respective systems, since electron-rich sulfur and nitrogen
atoms in the three systems provide large ring currents.
Nevertheless, the carbon atoms in PBDTTTPD and
PBDTTFPD are relatively electron-deficient in comparison
of nitrogen atoms, which results in small ring currents, thus
leading to more positive NICS values in d rings.

Through analyzing the ring currents in RCPs, we find
PBDTTTP and PBDTTTO have the same conjugation as
PBDTTBT and are relatively stable copolymers.

3.3. Absorption Spectra. As shown in Figure 4(a), the
experimental absorption spectrum of PBDTTBT has three

absorption bands from 300 to 700nm both in chloroform
and as a solid film, and the main absorption peak of
PBDTTBT is located at approximately 581 nm in solution
[23]. The simulated absorption spectrum of PBDTTBT
monomer at the TD-DFT/B3LYP 6-31G(d) level is depicted
in Figure 4(a) for comparison, and the effect of the solvent
(chloroform) within polarizable continuum model (PCM)
[44] is taken into account during the calculation. The main
absorption peak of calculated PBDTTBT monomer is located
at 607nm. The agreements between measured and simulated
spectra are well in overall spectral shape, though their main
absorption peaks are different. Furthermore, the calculated
electronic transitions, absorption wavelengths (λ), oscillator
strengths (f ), and main configuration of PBDTTBT mono-
mer were shown in Table 1. Herein, the S1← S0 electronic
transition mainly comes from HOMO to LUMO (absorption
process). In the process of S1← S0 electronic transition,
charges transfer from the conjugation section of homocyclic
rings along the polymeric axis to TBT section as shown
in the HOMO and LUMO diagrams of PBDTTBT in
Figure 1S. In comparison of the charge difference
densities of the main electronic excited states of
PBDTTBT in Figure 2S, we find that the charge transfer
takes place from BDT to TBT, whereas the alkyl groups
hardly participate in charge transfer.

At the same calculation level, the simulated absorption
spectra of the four designed copolymers are given in
Figure 4(b). As shown in Figure 4(b), the absorption spectra
of monomers for BDTTTP and BDTTTO have two absorp-
tion bands in the range of 300–800nm, especially the absorp-
tion bands (Q band) near to 700nm, thus benefitting to
harvesting influx photons from the sun, and the monomers

BDT

TBT

BDTTBT

TTP TTO

BDTTTP BDTTTO

TTPD TFPD

BDTTTPD BDTTFPD

H C N O S

Figure 2: The stereograph of optimized parent molecules of copolymers by DFT//B3LYP/6-31G(d).
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of BDTTTPD and BDTTFPD have wide absorption bands in
the range of 400–600nm. The above results suggest that the
parent molecules of designed copolymers have broad absorp-
tion in the visible region.

Moreover, the detailed maximum absorption wave-
lengths (λ), oscillator strengths (f ), the lowest excitation
energy (Eex), and the main configuration of monomers are
given in Table 1. In Table 1, the maximum absorption peaks
of BDTTTP and BDTTTO belonging to Q bands are red-
shifted compared with BDTTBT and the Eex values decrease,
thus benefitting electronic transition, whereas, these of
BDTTTPD and BDTTFPD are blue-shifted. Generally speak-
ing, the larger oscillator strengths (f ), the larger electronic
transition probability. As shown in Table 1, the oscillator
strengths (f ) of all the studied monomers are larger than
0.61, and that of BDTTTPD is the largest one (0.96) of all
the f. Combining Figure 4 and Table 1, we find that the main
configurations with the maximum wavelength of the parent
molecules belong to single electron transitions and originate
from HOMO to LUMOmainly assigned to π→π∗ transition;
as shown in Figure 1S, the electrons transfer from donor
(BDT) to acceptors (TBT, TTP, TTO, TTPD, and TFPD).

In comparison to the experimental and theoretical
absorption spectra of BDTTBT, we find that the PBDTTBT
has wide and strong absorption spectra. Moreover, the
designed copolymers have wide and strong absorption, and
they have smaller transition energy in the visible region.
Therefore, these designed copolymers also have the favorable
ability of harvesting the flux photons from the sun.

3.4. Frontier Molecular Orbitals. The properties of frontier
molecular orbitals (FMOs) of polymers seriously affect stable
and photovoltaic properties. In order to harvest the maxi-
mum of the photon flux from the sun and obtain high
short-circuit current (JSC), the bandgap (Eg) of the polymers

should lie between 1.3 and 1.9 eV [45]. Further, its HOMO
energy level should be between −5.2 and− 5.8 eV if the donor
can keep stable toward oxidation from air, meanwhile, its
LUMO level should be between −3.7 and− 4.0 eV as shown
in Figure 5. Rather, the open-circuit voltage (VOC) of PSC is
eventually confined by the difference between the HOMO
of the donor and the LUMO of the acceptor [12, 46]. It is use-
ful to research the molecular FMOs because the relative levels
of the occupied and virtual orbitals can provide reasonable
qualitative indications for processes of exciton generation
and dissociation.

In the present work, we calculate the LUMO and HOMO
energy levels of the five copolymers by exploring several DFT
methods. Since only the values at B3LYP/6-31G(d) and
B3PW91/6-31G(d) levels get close to the experimental values
of PBDTTBT (the detailed calculated results are given in
Table 3S in Supplementary materials); therefore, we only
list the LUMO and HOMO energy levels based on the
above methods in Figure 5.

In Figure 5, we can see that the value at the B3LYP/6-
31G(d) level (−5.01 eV) is higher than the one at B3PW91/
6-31G(d) level (−5.11 eV), and the two calculated values
are higher than the experimental one (−5.31 eV). The differ-
ence between experimental and calculated values is about
0.2–0.3 eV, and the different environments between experi-
ment and calculation should be responsible for the differ-
ence. As to the designed copolymers, the HOMO levels
from B3LYP/6-31G(d) level are higher than the correspond-
ing ones from B3PW91/6-31G(d) level as the PBDTTBT;
moreover, all the HOMO levels of designed copolymers are
lower than the one in PBDTTBT at the same calculated level;
therefore, we predict that the experimental HOMO levels of
the designed copolymers are lower than the experimental
one of PBDTTBT (−5.31 eV), and the designed copolymers
have stronger antioxidation properties than PBDTTBT.
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Figure 4: (a) Experimental absorption spectra of PBDTTBT as a film and in chloroform solution [23] and simulated absorption spectra of
PBDTTBT monomer (the smaller one) in chloroform solution. (b) Absorption spectra of monomers of the four designed copolymers in
chloroform solution.
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In the formula of power conversion efficiency: η =VOC ×
JSC × FF/Pin, the three parameters, VOC, JSC, and FF,
determine the solar cell performance directly. The parameter,
open-circuit voltage (VOC) formed in the process of carrier
transport, is popularly used to estimate the maximum PCE
[9].As shown inFigure5, the experimentalVOC (exp) is gained
when the JSC is equal to zero in J-V curves. There are two
models to describe theoretical VOC: one is the metal-
insulator-metal (MIM) model [47], the other model is the
HOMOD-LUMOA offset model [9, 48]. Moreover, Lo et al.
suggest that Voc is described by a combined MIM model
with HOMOD-LUMOA offset model; in that model, they
find that when the work function deviation (Δϕelectrodes) of
ITO from Al electrode is in the range− 3 and 0 eV, Voc
enlarges linearly with Δϕelectrodes as prescribed by the MIM
model. Outside this range Voc depends on HOMOD-
LUMOA offset model [49]. In the work, we assume that
Δϕelectrodes is outside the range−3 and 0 eV; thus,we employed
the HOMOD-LUMOA offset model, and the Voc of a conju-
gated polymer-PC70BM solar cell can be estimated by [9]

Voc =
1
e

EDonorHOMO − EPCBMLUMO − 0 3V, 1

where e is the elementary charges, EPCBMLUMO is equal
to −4.3 eV (PC70BM), and the 0.3V is an empirical factor
to offset the exciton binding energy [50]. In comparison with
the experimental and simulated VOC values of PBDTTBT,
the simulated VOC is lower than the measured one by 0.51
(at the B3LYP/6-31G∗ level) and 0.41 eV (at the B3PW91/
6-31G∗ level), which primarily originates from the HOMO
level difference between simulation and experiment. For the
sake of comparing the VOC size of designed polymers with
PBDTTBT, we also simulate the VOC values of designed
polymers by HOMOD-LUMOA offset model. As shown in
Figure 5, the Voc of the designed copolymers are larger than
the one of PBDTTBT based on either B3LYP or B3PW91
functional resulting from the deeper HOMO levels of
designed copolymers. Therefore, the four designed copoly-
mers are promising to improve the Voc relative to PBDTTBT
in the experiment.

3.5. Charge Transfer Properties.On the basis of band-like the-
ory, the bandwidth (BW) and electron effective mass (m∗)
are beneficial parameters for predicting the hole and
electron-transporting ability of polymers [51–53]. The effec-
tive mass of carrier at the band edge representing mobility

was gained as the square of ħ multiplied by the reciprocal
of the curvature from E k with k, and the formulation is
defined as

1
m∗ =

1
ℏ

∂2E k

∂k2
2

The kinetic model of mobility (μ) is given by the
following formula:

μ =
eT
m∗ 3

The BW and m∗ data are given in Table 2. According to
the band theory, the wider the BW, the smaller the effective
mass, and the larger the kinetic model of mobility [54]. The
data in Table 2 investigate that PBDTTBT has wide valence
band (0.25 eV) and smallm∗ (−4.45× 104). By using the same
methods as PBDTTBT,we calculate the bandwidths and effec-
tive masses for designed polymers and list the data in Table 2.

The data in Table 2 investigate that all the designed poly-
mers have wider valence bands (PBDTTTP: 0.38 eV,
PBDTTTO: 0.34 eV, PBDTTTPD: 0.33 eV, and PBDTTFPD:
0.30 eV) and smallerm∗(PBDTTTP: −2.91× 104, PBDTTTO:
−2.91× 104, PBDTTTPD: −2.91× 104, and PBDTTFPD:
−3.29× 104) in comparison of PBDTTBT. Moreover,
PBDTTTP and PBDTTTO also have wider conduction bands
and smaller m∗ than PBDTTBT; however, PBDTTTPD
and PBDTTFPD have narrower conduction bandwidths
and valence bandwidths through comparing PBDTTBT.
The above investigations indicate that all the designed
polymers have better hole transport properties than
PBDTTBT; further, PBDTTTP and PBDTTTO have better
electron transport properties than PBDTTBT through con-
duction band properties.

3.6. Exciton Dissociation. After exciton formation, excitons
transport to the donor-acceptor interface. In the interface,
exciton dissociation competes with possible recombination.
The rates of exciton dissociation and charge recombination
are evaluated using the Marcus theory [55]:

K = 4π3

h2λkBT
VDA

2 exp −
ΔG + λ 2

4λkBT
, 4

where λ is the reorganization energy, VDA is the electronic
coupling between donor and acceptor, ΔG is the free energy
change for the electron transfer reaction, kB is the Boltzmann
constant, h is the Planck’s constant, and T is the temperature
(we set T=298K in our calculations). In the exciton dissocia-
tion and charge recombination, ΔG=ΔGCT and ΔG=ΔGCR,
respectively. The electronic coupling can be calculated
through employing the generalized Mulliken-Hush (GMH)
model [56]. In the work, we calculate the ratio of exci-
ton dissociation rate (KCT) and charge recombination rate
(KCR); therefore, the parameters λ, ΔGCT, and ΔGCR are
mainly studied.

The reorganization energy λ is composed of inner and
outer reorganization energy. The inner originates from the

Table 1: Maximum absorption wavelengths (λ), oscillator strengths
(f ), the lowest excitation energies, and main configuration of
monomers.

Monomer λ (nm) f Eex (eV) Main configuration

BDTTBT 607 0.81 2.04 HOMO→ LUMO (99%)

BDTTTP 706 0.61 1.76 HOMO→ LUMO (99%)

BDTTTO 718 0.63 1.73 HOMO→ LUMO (100%)

BDTTTPD 538 0.96 2.30 HOMO→ L + 1 (97%)

BDTTFPD 540 0.85 2.30 HOMO→ L + 1 (83%)
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change in equilibrium geometry of the donor (D) and accep-
tor (A) sites consecutive to the gain or loss of electronic
charge upon electron transfer. The outer arises from elec-
tronic and nuclear polarization/relaxation of the surrounding
medium. The inner is composed of two terms

λ = λ1 A + λ2 D , 5

λ1 A = E A− − E A , 6

λ2 D = E D − E D+ , 7

Here, E A− and E A are the energies of the neutral
acceptor A at the anionic geometry and optimal ground-
state geometry, respectively, and E D and E D+ are,
accordingly, the energies of the radical cation at the neutral
geometry and optimal cation geometry. In the condition of
corrole-fullerene dyads in nonpolar solvent, the overall reor-
ganization energy is 0.5 eV. Therefore, we assume here a
value of 0.5 eV for the overall reorganization energy in our
calculations. All the reorganization energies of researched
polymers are given in Table 3. The reorganization energy of
PBDTTBT, PBDTTTP, PBDTTTO, and PBDTTFPD is
0.69 eV except for 0.67 eV of PBDTTTPD. The ΔGCR can
be estimated with

ΔGCR = EIP D − EEA A , 8

where EIP D and EEA A are the ionization potential of the
donor and electron affinity of the acceptor, respectively. The
calculated ΔGCR values are successively −1.76 eV, −1.92 eV,
−2.10 eV, −2.09 eV, −2.15 eV for PBDTTBT, PBDTTTP,
PBDTTTO, PBDTTTPD, PBDTTFPD shown in Table 3.
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Figure 5: Photoelectric conversion process diagram and energy levels of polymers. (exp represents the values of the experimental measures).

Table 2: Bandwidth (eV) and effective mass (m∗).

Polymer
Conduction band Valance band
BW m∗(×104) BW m∗(×104)

PBDTTBT 0.08 9.45 0.25 −4.45
PBDTTTP 0.13 5.82 0.38 −2.91
PBDTTTO 0.16 5.04 0.34 −2.91
PBDTTTPD 0.03 12.6 0.33 −2.91
PBDTTFPD 0.03 12.6 0.30 −3.29

8 International Journal of Polymer Science



As shown in Table 3, we also estimated the ΔGCT values in
accordance with Rehm-Weller equation [57]

ΔGCT = −ΔGCR − ΔE0−0 − Eb 9

where ΔE0−0 is the energy of the lowest excited state of free-
base donor and Eb is the exciton binding energy. The calcu-
lated ΔGCT are depicted in Table 3, and they are −0.31 eV
(PBDTTBT), −0.14 eV (PBDTTTP), −0.29 eV (PBDTTTO),
−0.21 eV (PBDTTTPD), and −0.15 eV (PBDTTFPD).
According to the estimated values of λ, ΔGCR, and ΔGCT, we
calculate the ratio of exciton dissociation rate and charge
recombination rate (KCT :KCR), and the data of KCT :KCR
listed in Table 3 indicate that PBDTTBT has large KCT :KCR
(1.62× 106). Moreover, the designed polymers PBDTTTP,
PBDTTTO, PBDTTPD, and PBDTTFPD have larger
KCT :KCR values (2.36× 107, 2.13× 1011, 1.90× 1011, and
2.70× 1011, resp.) than PBDTTBT, which suggest that
the designed polymers have better exciton abilities than
PBDTTBT.

3.7. External Quantum Efficiency. According to the studies of
Scharber et al. in 2006 [9], the external quantum efficiency
(EQE) of solar cell is related to the bandgap energy and fron-
tier molecular orbital energy levels under the assumptions
that any contribution to the short-circuit current from pho-
tons absorbed by the fullerene is neglected and the FF is set
to 65%. The calculated EQE data of all the studied polymers
are listed in Table 3. From Table 3, we can see that the EQE
values of all the designed polymers are larger than 3.5%
(especially PBDTTTP: 4.1%) and larger than that of
PBDTTBT (1.3%).

In a word, the designed polymers, especially PBDTTTP,
have better photovoltaic properties than PBDTBT; therefore,
the designed polymers are the promising candidates for
polymer BHJ.

4. Conclusions

In this contribution, density functional theory (DFT) and
time-dependent DFT (TD-DFT) calculations have been
employed to model PBDTTBT to rationalize the relationship
between the experimentally observed properties and the
structural features in polymer BHJ. Besides, according to
PBDTTBT, we design four benzodithiophene-like copoly-
mers, PBDTTTP, PBDTTTO, PBDTTTPD, and PBDTTFPD.
In order to investigate their potentials as donors in polymer
BHJ based on PC70BM, several parameters of determining
the performance of solar cells, structural properties,

absorption spectra, frontier molecular orbitals, charge trans-
fer properties, and external quantum efficiency have been
researched. PBDTTBT’s well conjugation benefits its good
stability, and its well photovoltaic performancemainly results
from its strong absorption spectra in the range of visible light,
appropriate FMO levels, well charge transport, and favorable
exciton dissociation. Comparing the four designed copoly-
mers with PBDTTBT, we conclude that the four designed
copolymers have stronger exciton dissociation ability and
larger open-circuit voltage and external quantum efficiencies.
Consequently, the four designed copolymers are promising
candidates for polymer BHJ solar cells.
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Thermal and electrical conductivity of unsaturated polyester resin with copper filler composite material are investigated both
theoretically and experimentally. In the experiments, polyester matrix is combined with dendrite-shape copper to determine the
effects of both filler size and content on thermal and electrical conductivity, respectively. It is observed that the increase in the
concentration causes the thermal and electrical conductivity of composite mixture to grow up. It has also been observed that the
both thermal and electrical conductivity increase with increasing filler particle size.

1. Introduction

Nowadays in many applications, thermal and electrically
conductive polymer-based composites can replace metals.
This technology is widely used because it introduces a
new material that includes the thermal, insulation, and
electrical properties of polymer materials. The advantages
of polymers over metals are low density, corrosion and
oxidation resistance, lightness, electromagnetic interference
(EMI) protection, higher chemical resistance, and higher
producibility. These superior features can be easily adjusted
to different and widely applications [1, 2].

Too many studies in the literature are investigating the
addition of nonpolymeric fillers to improve the physical
properties of polymer. The addition of fillers with high
thermal and electrical properties increases the thermal and
electrical conductivity beyond the neat resin of the composite
but cannot reach the level of pure filler material. The main
motivation in this study is the theoretical and experimental
investigation of the effects of particle size and concentra-
tion of dendritically shaped copper particles used as filler
materials on thermal and electrical conductivity. Some of the
existing studies examined in this subject are summarized as
follows.

In a similar study, Choi et al. [1] investigate the ther-
mal conductivity of polyacrylate matrix aluminum and

multiwalled carbon nanotube filled composites. For the
fixed filler concentration, the composite loaded with 13 𝜇m
aluminum dust had a higher thermal conductivity than
the 3𝜇m powder, and the composite filled with the two
powder mixtures showed a synergistic effect on the thermal
conductivity. The thermal conductivity of the composites
strongly depended on the size and content of fillers. Moreira
et al. [3] used unsaturated polyester resin (UPR) as binder and
alumina and tenorite (copper oxide) as conductive particles
in nanosize.The results showed that the thermal conductivity
increases with particle concentration, as expected.

Agrawal and Satapathy [4] have proposed a new theo-
retical method to calculate the one-dimensional heat con-
duction, and thermal conductivity of typical particulate
filled polymer composite systems. In their experimental
work, epoxy binder was applied with aluminum nitrite filler
material.The thermal conductivity of the composite increases
with the addition of filler particle and the rate of increase
of thermal conductivity is rapid for high volume fraction,
that is, above 35% as compared with low volume fraction.
In another study in which both thermal and electrical con-
ductivities were examined together, Zhou et al. [5] reported
that the thermal and electrical conductivity are related to
the particulate shape and size as well as the added particle
concentration. At higher filler loads, the thermal conductivity
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has increased dramatically. Heat-conductive aluminum par-
ticles encapsulated by a polymer matrix could not contact
each other at a low filler loading, resulting in the low thermal
conductivity.This result is due to the high interfacial thermal
contact resistance between the filler powder and the polymer
matrix. The thermal and electrical conductivities of PVDF
with flaky Al mixture composite is higher than spherical
shape filler one. The thermal conductivity of the composite
was found to be four times higher than the neat matrix for
nickel-HDPE matrix composite [6].

The measurement of some parameters of the materials,
such as thermal diffusivity, thermal conductivity, and thermal
expansion coefficient, is very important for applications used
especially in the manufacturing of devices. The thermal
diffusivity given in Section 3.1, 𝛼 (m2s−1), is an important
thermophysical parameter that measures how effectively the
phonons carry heat from the sample. However, the measure-
ment of heat exchange or thermal impedance for a given
material’s heat exchange is essentially determined by the ther-
mal effusivity, 𝑒 (Ws1/2m−2 K−1). The e is another important
thermophysical parameter for quenching operations as much
as for surface heating or cooling processes. These quantities
are defined by 𝛼 = 𝜆/𝜌𝑐 and 𝑒 = √𝜆𝜌𝑐, where 𝜆 is the
thermal conductivity, 𝑐 is the specific heat capacity, and 𝜌
is the bulk density. The known thermal conductivity of 𝛼
and 𝑒 can be obtained from 𝜆 = 𝑒√𝛼 [7]. The variation of
these parameters with respect to filler content will be given in
Section 3.1 in more detail.

Considering the theoretical background of thermal con-
ductivity, some predictive models of thermal conductivity
emerge. The Maxwell Theoretical Model is the main focal
point for most of these models. This model uses potential
theory to obtain a precise solution for the conductivity
of a system with spherical, noninteracting particles in a
continuous matrix state [3–5, 8–10].

𝜆𝑐 = 𝜆𝑚 ⌊𝜆𝑓 + 2𝜆𝑚 + 2Φ𝑓 (𝜆𝑓 − 𝜆𝑚)
𝜆𝑓 + 2𝜆𝑚 − Φ𝑓 (𝜆𝑓 − 𝜆𝑚) ⌋ , (1)

where 𝜆𝑐, 𝜆𝑚, and 𝜆𝑓 are the thermal conductivities of
the composite, matrix, and filler respectively, and Φ𝑓 is the
volume fraction of filler. The Hashin-Shtrikman model is
described as one of the best ways to estimate the lower
limit when no information is available about the particle
distribution in the matrix [6]. This lower limit can be
expressed by the following equation:

𝜆𝑐 = 𝜆𝑚 + Φ𝑓
1/ (𝜆𝑓 − 𝜆𝑚) + (1 − Φ𝑓) /3𝜆𝑚 , (2)

where 𝜆𝑐, 𝜆𝑚, and 𝜆𝑓 are the thermal conductivities of the
composite, matrix, and filler, respectively, and Φ𝑓 is the
volume fraction of filler.

Budiansky has provided a consistent way called “self-
consistent” to calculate 𝜆𝑐 for composites. This model can be
related to the calculation of a similar electrostatic problem.
The model allows us to determine the thermal conductivities
of the N-component system, which knows only the thermal

conductivities of pure materials (𝜆𝑖) and volume parts (Φ𝑖)
with respect to (4) [11]:

𝑁∑
𝑖=1

Φ𝑖 [23 + 13 (𝜆𝑖𝜆𝑐)]−1 = 1. (3)

For a seconder system consisting of matrix and filler, (2) can
be rewritten to the form given by (3)–(6):

𝜆𝑐 = −𝑏 + √𝑏2 − 4𝑎𝑐2𝑎 (4)

𝑎 = 2 (5)

𝑏 = 𝜆𝑓−2𝜆𝑚 − 3 (𝜆𝑓 − 𝜆𝑚)Φ𝑓 (6)

𝑐 = −𝜆𝑓𝜆𝑚. (7)

The Lewis–Nielsenmodel is defined by (8) and (9) for various
shapes of fillers, as shown as follows [3, 4, 8, 11–13]:

𝜆𝑐 = 𝜆𝑚 1 + 𝐴𝐵Φ𝑓1 − 𝐵𝜓Φ𝑓 , (8)

where

𝜓 = 1 + (1 − Φmax) Φ𝑓Φ2max

𝐵 = 𝜆𝑓/𝜆𝑚 − 1
𝜆𝑓/𝜆𝑚 + 𝐴.

(9)

𝐴 is a variable which depends on the shape of the particles
and Φmax is the maximum insertion fraction. Various values𝐴 and Φmax have been reported in the literature in different
forms and different packing geometries (e.g., hexagonal, face
and body centered cubic, simple cubic, and random). It is
difficult to select correct values for 𝐴 and Φmax in order to
calculate the thermal conductivities with respect to the filler
content.

In the study of Krupa, the Lewis–Nielsen theoretical
model reveals experimental data significantly. The above
parameters obtained by adaptation of experimental data have
the following values:𝐴= 5.5± 0.7 andΦmax = 0.6 (𝑅2 = 0.982)
[6]. According to the Tavman [14], 𝐴 and Φmax are taken as 3
and 0.64, respectively.The Budiansky and theMaxwell model
give the closest tendency with our experimental data for the
lower concentrations.The comparison results will be given in
Section 3.

2. Experimental Study

Dendrite-shape copper powder with 75𝜇m average particle
size is used as conductive filler material. The copper powder
is sieved into 15–25 𝜇m, 25–32 𝜇m, 32–45𝜇m, 45–53𝜇m,
53–63𝜇m, 63–75𝜇m, 75–90 𝜇m, 90–106 𝜇m, 106–120𝜇m,
120–150 𝜇m, and 150–180 𝜇m fractional size groups (See in
Figure 2) in order to test the effect of particle size on thermal
and electrical conductivity. The SEM image of dendritic-
shaped copper particle is shown in Figure 1. As can be seen
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Table 1: Properties of UPR given by the manufacturer.

Pure UPR properties
Physical properties Hardening characteristics Mechanical properties

Viscosity 600–700 cps Gelling time 7 ± 2min Microhardness 18.62 HV
Monomer Styrene (35%) Peak temp. 150 ± 5∘C Elong. at break 20%
Acid number 28 ± 2mg/KOH/g Peak temp. dur. time 12min Tensile stress 45.26 MPa
Density 1.2 ± 0.01 g/cm3 Tot. peak temp. reach time 20min Tensile modulus 1.177GPa

Figure 1: Dendrite-shape copper particle (×500).
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Figure 2: Copper powder particle size distribution.

in SEM image, the dendritic-shaped particle structure has
much more contact surface area than the spherical and flake
structures.

Unsaturated polyester (orthophthalic type UPR), includ-
ing 35% ± 2 styrene as reactive diluent, with a brand name
of CE 92-N8 was obtained from Cam Elyaf A.Ş. (Istanbul,
Turkey). Methyl ethyl ketone peroxide used as initiator and
cobalt naphthenate used as an accelerator were obtained from

Table 2: Component physical properties of composite (matrix and
filler) materials.

Physical properties UPR resin (CE
92-N8) Copper filler

Average particle size (𝑑,𝜇m) - 75

Density (𝜌, g/cm3) 1.20 8.92
Melting temperature
(𝑇𝑚, ∘C) 280 1084.62

Thermal conductivity (𝜆,
Wm−1K−1) 0.22 385

Akzo-Nobel (USA). In Table 1 pure UPR properties are given
by the manufacturer.

The total volume of UPR and the filler, 30 cm3, is mixed
after 1.5 g of the accelerator catalyst is added at the calculated
ratios using a smallmechanicalmixer for about 15minutes (at
40–60 rpm). Then, the mixture is stirred for 5 minutes after
adding 5 g of hardener. The composite mixture in a viscous
form is cast into a mold and left for 15 minutes for initial
curing. In total, the hardened sample is obtained in about 35
minutes. The specimens are cured in a furnace for 4 hours at
150∘C [12]. The cured specimens are machined to disc shape
with 20mm diameter and 8mm thickness. The thermal con-
ductivity is measured using a thermal conductivity analyzer
(C-Therm TCi) by modified transient plane source technique
in characterizing the thermal conductivity and effusivity of
tested materials. The measurements are carried out at 24 ±
1∘C with a 17mm diameter flat probe. The thermal stability
of the samples is measured by thermogravimetric analysis
(TGA) using a HITACHI TG/DTA 6300 thermogravimetric
analyzer. The TGA analysis was performed under flowing
nitrogen. Mass loss was traced as samples were heated at
a rate of 10∘Cmin−1 from room temperature to 700∘C. The
morphology of the inner state of composites was examined
by scanning electron microscopy. The physical properties of
component of the composite materials are given in Table 2.

After the preparation of 15mm in diameter and 2mm in
thickness disc shaped samples the electrical resistance was
measured by the two-point contact (pin) method [13, 15]
using aKEITHLEY-619 direct current electrometer which has
the measuring range of 0.1–2.0𝐸13 ohm.

3. Results and Discussion

This section consists of three subsections; thermal conduc-
tivity, mechanical properties, and electrical conductivity.The
results of experimental work in each section are presented.
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Table 3: Thermal conductivity, effusivity, and diffusivity change
with filler content.

Φ𝑓% P/C,𝜆 [Wm−1K−1]
P/C effusivity
[Ws1/2m−2K−1]

P/C difffus.
[m2s−1]

16 1.577 1759.90 8.0𝐸 − 07
23 1.837 1904.51 9.3𝐸 − 07
30 2.193 2096.59 1.1𝐸 − 06
37 2.536 2275.42 1.2𝐸 − 06
43 2.827 2422.27 1.4𝐸 − 06
47 3.363 2682.83 1.6𝐸 − 06
50 3.475 2735.61 1.6𝐸 − 06
52 3.682 2831.80 1.7𝐸 − 06
55 3.898 2930.33 1.8𝐸 − 06
57 4.722 3290.23 2.1𝐸 − 06

3.1. Thermal Conductivity. Thermal conductivity measure-
ments of the polyester-copper (P/C) composites with various
filler loadings are displayed and comparison of the theoretical
models is given in this section. The Hashin-Strikman and
the Lewis–Nielsen models give the closest tendency with
the experimental data. The overall trend for all composites
is that 𝜆 increases with higher filler content. These results
were expected and were consistent with other studies [1, 3–11,
14]. Thermal conductivity and effusivity results are tabulated
in Table 3. The conductivity and effusivity of composite
materials increase with increasing copper filler content. The
thermal conductivity probe measures the effusivity of a
material (Figure 3), which is

Effusivity (𝐸) = √𝜆𝜌𝑐𝑝, (10)

Diffusivity (𝐷) = 𝜆𝜌𝑐𝑝 (11)

𝐷 = (𝜆𝐸)2 , (12)

where 𝜆 is the thermal conductivity (W/m K), 𝜌 is the
density (g/cm3 or kg/m3), and 𝑐𝑝 is the heat capacity (J/kg
K). Diffusivity can be derived (12).

The thermal effusivity defined (10) is an important
thermophysical property, which characterizes the thermal
impedance of matter [7, 16]. Figure 3 compares the effusivity
and calculated diffusivity of composite mixtures with copper
filler volumetric content. The effusivity values of P/C com-
posites are increasing with volume filler fraction.

Comparing the measured values of 𝜆 for P/C composites,
it can be observed that P/C system was more effective than
proposed theoretical models (Figure 4) as in literature [3,
5, 17]. This result could be attributed to the more suitable
packing of copper particulates. The fillers would be able to
bridge gaps among them and create a more extensive three-
dimensional thermal conductivity network throughout the
UPR matrix. The P/C composites do not obey the given
theoretical models at higher concentrations.
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Figure 3: Measured effusivity and calculated diffusivity of P/C
versus copper filler content.
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However, Maxwell and Budiansky models give closer
results below 37% filler content. As can be seen from the
result, the addition of copper into the UPR matrix increased
the thermal conductivity over 21 times that of neat UPR. The
composite mixture saturates at a volumetric concentration
of about 55–60% when copper is added. The TGA curves of
P/C composites are given in Figure 5. There is a significant
increase in the thermal stability of the UPR with increasing
Cu% content. This can be explained by the higher heat
capacity and thermal conductivity of the copper, which
causes heat absorption. This causes the UPR chains to start
to decompose at higher temperatures [18, 19].

In the TGA curve of UPR, initial weight loss occurs at a
temperature of 250∘C approximately. In almost all samples,
the complete degradation of the polymer (weight loss) is
completed about 420∘C. The major degradation temperature
of UPR was found to be improved from 230 to 400∘C
incorporating the P/C.TheP/C composites have shownbetter
thermal stability compared to neat resin. The dynamic DTA
curves of the decomposition of UPR and composites with
different copper filler concentrations are plotted in Figure 6.
The maximum weight loss occurs at the temperature interval
of 400–440∘C. This analysis reveals that the thermal stability
of composites increases with increasing of the copper content
[20].

The perfection of the crystalline domains of pure UPR
is degraded by the interaction between the pure UPR and
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Figure 6: DTA curves of P/C composites as various amounts of Cu
content.

the Cu filler, and the filler particles could cause a more
pronounced effect on crystallinity as the filler concentration
is increased [19, 21].

In the experiments of filler particle size effect, the
average copper filler (25–32 𝜇m, 32–45𝜇m, 45–53𝜇m,
53–63𝜇m, 63–75𝜇m, 75–90 𝜇m, 90–106 𝜇m, 106–120𝜇m,
and 120–150 𝜇m) fractional particle size specimen groups
having 43% Φ𝑓 (median value) are tested. Thermal
conductivity-particle size relationship is given in Figure 7.

The thermal conductivity increases slightly with particle
size. In other words, larger filler particles should result in a
lower thermal barrier (thermal resistivity). Figure 7 shows
the thermal conductivity of copper filled UPR composites for
different particle size distributions. In the study of Biswas et
al., the same results were achieved for Cu/UPR composite
system.They reported that the addition ofCufiller to theUPR
increased the thermal and electrical conductivity. According
to this result, the electrical conductivity obeys the same trends
as thermal conductivity [21].

3.2. Mechanical Properties. The addition of Cu into the
polyester matrix material has a significant effect on the
mechanical characters of the composite due to its dendritic
shape and excellent mechanical strength. The stress-strain
curves representing the neat UPR and its composites in
various filler loadings are shown in Figure 8. The mechanical
properties of the compound mixture have been found to be
significantly increased compared to pure UPR [14, 17, 19–21].
The slope of the curves increases with increasing Cu content.
Based on the slope of the elastic zone, the tensile modulus
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values are calculated and their variations through Φ𝑓% are
shown in Figure 9.

Tensile properties were tested according to ASTM Stan-
dard D-638 (Standard Test Method for Tensile Properties
of Plastics). The tests were carried out at a temperature of
23∘C and 2 [mm/min] tensile speed using a microcontrolled
universal testing machine (model WDW 50E). The tensile
strength and percentage of elongation of P/C composites are
shown in Figure 9.

The elongation at break value for neat UPR given by
the manufacturer is at about 20%. The neat resin samples
prepared in this study are baked at 150∘C for 4 hours. The
postcure resultant internal structure becomes more brittle
and elongation at break falls to 8–12%.

The average tensile strength for pure UPR resin is
45.26 [MPa]. The tensile strength values were found to
increase with increasing Cu loading up to 16%. After this
value, the copper content tends to decrease gradually as the
copper content increases.

The P/C composite structure has reached the highest ten-
sile stress value with a volume load of 16% Cu.Themaximum
tensile strength value is 82.23 [MPa], which corresponds to an
improvement of about 129% (maximum tensile stress, 63.78
[MPa]) when compared to neat resin. This increased tensile
property can be attributed to the good dispersion of the
filler in the polymer matrix. The maximum elongation was
approximately 0.8mm (8%) at break for neat UPR.
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Figure 8: Stress-strain curves of the composites with various Cu
loadings.

On the other hand, a gradual decrease in the elongation
at break of the composites was observed with increasing Cu
content. The fracture elongation for Φ𝑓 = 43% Cu loading
decreased from79.88% to 20.83% for pure polymer.Themetal
particles dispersed in the matrix restrict the movement of
the polymer chains, which tend to move due to temperature
changes or mechanical forces. Similar evaluations can be
found in the literature [2, 14, 17, 22].

Hardness is another indication of the ability of a material
to resist deformation [22]. Addition of Cu fillers increased
significantly the hardness of neat UPR as shown in Figure 10.

The bar chart shows experimental microhardness (HV)
of composites as a function of Cu. As Cu content increases,
microhardness of composites increases with respect to pure
UPRmatrix. Namely, the filler material incorporated into the
UPR increases the microhardness of the resin around 18HV
by about ten times (180HV).

In literature, the studies of Goyal et al. [22], Pargi et al.
[23], and Teh et al. [24] reported the same result that the
hardness and strength of composite mixture increase with
increasing copper filler.

3.3. Electrical Conductivity. The easiest way to produce con-
ductive polymer composites is to fill an insulating polymer
having good mechanical properties with highly conductive
particles, that is, metal powders. Electrical conductivity of
metal filled polymers has evidenced the known classical
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Figure 10: Hardness as a function of vol.% of Cu in UPR matrix.

Insulating to Conducting Transition (ICT). The behavior of
this property depends strongly on the filler concentration.
It increases when the concentration of metal increases and
the transition occurs at a fixed fraction called threshold of
percolation. In percolation theory, the relationship between
the electrical conductivity of the mixture and the volume
fraction of the conductive filler is given by (1) [25]:

𝜎 = 𝜎𝑓 (Φ𝑓 − Φ𝑐)𝑡 . (13)

Conductivity of the composite mixture depends primarily
on the concentration of conducting elements. In expression

(10) Φ𝑐 is the critical volumetric content (percolation thresh-
old) meaning a minimal volume fraction of conducting filler
at which a continuous conducting network of macroscopic
length appears in the system, so the equation is applied only
above the percolation threshold, Φ𝑓 is the volume portion of
the filler, 𝜎𝑓 is the conductivity of the conducting component
or conductivity of conducting phase, and 𝑡 is a parameter
determining the power of the conductivity increase aboveΦ𝑐 [25]. Roldughin and Vysotskii [26] obtained higher 𝜎
for mixture of nickel powder (8 𝜇m average filler size) with
ED-20 epoxy resin hardened at 100∘C temperature. They
reported that 𝜎 increases with increasing nickel content Φ𝑓
and particle radius. Furthermore, it is claimed that lower
viscosity of matrix material has a positive effect on the
formation of conductive chains during curing.

In El-Tantawy et al.’s work [27], the relationship between
the electrical conductivity and carbon black content under
precure and postcure conditions was investigated. In experi-
ments, epoxy resin and 20𝜇m average size filler powder were
mixed at different ratios and cured for 3 hours and 1 week at
80∘C.They found that conductivity increasedwith volumetric
filler rate of graphite. The dielectric properties of the low-
density polyethylene- (LDPE-) matrix composites with the
different conducting fillers (carbon fiber (CF), copper (Cu),
and nickel (Ni) powders) were studied by Dang et al. [28]
over a broad range of frequency and volume fraction of fillers.
The electrical conductivity increases with an increase in
frequency and the amount of fillers.Wu et al. showed the filler
size effect on percolation threshold of isotopically conductive
adhesive (ICA). Ag particles with 50 nm average diameter
were used as filler. The results show that the percolation
threshold of ICAs depends strongly on the filler sizes, which
reaches 63%wt. Results obtained by theoretical calculation
are in good agreement with the experimental results [29].

In our study, logarithmic 𝜎 of the copper filled electrodes
increases with increasing copper concentration Φ𝑓. In the
P/C composite mixture, the conductivity chain is established
at about 20% copperΦ𝑓 value which is percolation threshold
of C/P composite system. As can be also seen from Figure 11,
the solution reaches saturation at about 55% volume fraction.

In the experiments of filler particle size effect, the average
filler fractional particle size specimen groups having 46% Φ𝑓
are tested. It is observed that the electrical conductivity
increases with increasing particle size exponentially [12]. In
other words, larger filler particles should result in a lower
composite resistivity. Figure 12 shows the conductivity of C/P
composites for different particle size distributions.

The scanning electronmicrograph (SEM) photographs of
86%wt copper-polyester composite with ×1000 magnifica-
tion are given in Figures 13(a)-13(b). The microphotographs
of composites are also shown in Figures 13(d)–13(f) as
60%wt, 70%wt, and 90%wt-Cu, respectively.

In the SEM images, the formation of agglomerates of
the copper filler in the resin can be observed. As can be
seen from Figure 13, the addition of higher volumetric rate
of filler material brings the particles closer to one another
and even provides contact. The samples obtained by mixing
copper filler with UPR give very high electrical conductivity
values compared to the matrix material alone. Because of this
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tivity.

high level of electrical conductivity, Yaman and Çoğun used
this composite material as electrodes for machining SAE1040
steel material by a die-sinker electrical discharge machine
successfully.

Figure 14 shows the machined metallic material and used
electrode images. They compared the electrical conductivity
of their novel electrode with respect to the copper filler
content. They found out that the electrical conductivity of
composite electrodes increases with increasing the copper
filler content [12].

As a consequence, studies in the literature show that both
thermal and electrical conductivity increase with increasing
filler content and size [1–13, 15–31]. It is also understood
that the filling material particle shape is another important
factor [30, 31]. Similar to the results obtained by Wang et
al., this study suggests that dendrite shaped particles are a
significant contributor to the thermal and electrical conduc-
tivity of the composite structure. At any filler concentration,
particles with large dimensions (aspect ratio) may form
better conductive paths towards heat and electrical flow.
This causes significant increases in the thermal and electrical
conductivity of the composite structure.

4. Conclusions

This paper presents theoretical and experimental investiga-
tion on thermal and electrical conductivity in a polymeric
composite composed of UPR matrix with dendrite shaped
copper particles as fillers. The thermal conductivity was
found to increase along with filler content. P/C was found
to be more effective in promoting both the thermal and
electrical conductivity of the material when compared to
theoretical systems. Thermogravimetric analysis (TGA) and
differential thermogravimetric analysis (DTA) also showed
an increment in thermal stability after the addition of filler in
UPR.Themaximum thermal conductivity value of composite
sample is obtained as 4.72 [Wm−1 K−1] experimentally so the
addition of copper into the matrix increased the thermal
conductivity over 21 times that of neat UPR. The Hashin-
Strikman and the Lewis–Nielsen models give the similar
tendency with the experimental data. However, particularly
for lower (below 37% volumetric) filler content, Maxwell and
Budiansky models exhibit convergence to the experimental
results.

The next portion of the study focused on the effect of
particle size of filler on conductivity. The results show that
the larger particle size causes relatively higher thermal con-
ductivity. The electrical conductivity results obey the same
trends as thermal conductivity. The electrical conductivity
increases with increasing filler content exponentially. It is
also observed that the electrical conductivity increases with
increasing particle size.
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Figure 13: SEM (×1000)/Micro (×100) images of (a) Cu 86%wt, (b) Cu 75%wt, (c) Cu 60%wt, (d) Cu 60%wt, (e) Cu 70%wt, and (f) Cu
90%wt-polyester composite mixture.

Figure 14: Electrode andmachinedworkpiece produced from a P/C
composite material with a copper content of 86%wt: (a) machine
surface of electrode, (b) electrode cross section, and (c) machined
SAE 1040 steel material.
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motivations and valuable supports.

References

[1] W. C. Choi, K. H. Yoon, and S. S. Jeong, “Morphology and
thermal conductivity of polyacrylate composites containing

aluminum/multi-walled carbon nanotubes,”Composites Part A,
vol. 45, pp. 1–5, 2013.

[2] M. H. Al-Saleh, G. A. Gelves, and U. Sundararaj, “Cop-
per nanowire/polystyrene nanocomposites: lower percolation
threshold and higher EMI shielding,” Composites Part A, vol.
42, no. 1, pp. 92–97, 2011.

[3] D. C. Moreira, L. A. Sphaier, J. M. L. Reis, and L. C. S.
Nunes, “Experimental investigation of heat conduction in
polyester-Al2O3 and polyester-CuO nanocomposites,” Experi-
mental Thermal and Fluid Science, vol. 35, no. 7, pp. 1458–1462,
2011.

[4] A. Agrawal and A. Satapathy, “Development of a heat conduc-
tionmodel and investigation on thermal conductivity enhance-
ment of AIN/Epoxy composites,” Procedia Engineering, vol. 51,
pp. 573–578, 2013.

[5] W. Zhou, J. Zuo, and W. Ren, “Thermal conductivity and
dielectric properties of Al/PVDF composites,” Composites Part
A: Applied Science and Manufacturing, vol. 43, no. 4, pp. 658–
664, 2012.

[6] I. Krupa, V. Cecen, A. Boudenne, J. Prokes, and I. Novak,
“The mechanical and adhesive properties of electrically and
thermally conductive polymeric composites based on high
density polyethylene filled with nickel powder,” Materials and
Corrosion, vol. 51, pp. 620–628, 2013.

[7] T. A. El-Brolossy and S. S. Ibrahim, “Photoacoustic mea-
surement of thermal properties of polystyrene metal oxide
composites,” Thermochimica Acta, vol. 509, no. 1-2, pp. 46–49,
2010.



10 International Journal of Polymer Science

[8] M. Shen, Y. Cui, J. He, and Y. Zhang, “Thermal conductivity
model of filled polymer composites,” International Journal of
Minerals, Metallurgy and Materials, vol. 18, no. 5, pp. 623–631,
2011.

[9] L. Kowalski, J. Duszczyk, and L. Katgerman, “Thermal conduc-
tivity of metal powder-polymer feedstock for powder injection
moulding,” Journal of Materials Science, vol. 34, no. 1, pp. 1–5,
1999.

[10] F. Danes, B. Garnier, and T. Dupuis, “Predicting, Measuring,
and Tailoring the Transverse Thermal Conductivity of Com-
posites from Polymer Matrix and Metal Filler,” International
Journal of Thermophysics, vol. 24, no. 3, pp. 771–784, 2003.

[11] B. Budiansky, “Thermal and Thermoelastic Properties of
Isotropic Composites,” Journal of Composite Materials, vol. 4,
no. 3, pp. 286–295, 1970.
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This work presents an in-depth analysis of the alternating current (AC) conductivity of polyaniline-polystyrene (PANI-PS) blends
doped with camphor sulfonic acid (CSA) and prepared using an in situ dispersion polymerization technique. We prepared the
blends using fixed ratios of PS to PANI while varying the concentration of the CSA dopant. The AC conductivity of the blends was
investigated using broadband dielectric spectroscopy. Increasing CSA resulted in a decrease in the AC conductivity of the blends.
This behaviour was explained in terms of the availability of a lone pair of electrons of the NH groups in the polyaniline, which are
typically attacked by the electron-withdrawing sulfonic acid groups of CSA.The conductivity is discussed in terms of changes in the
dielectric permittivity storage (𝜀), loss (𝜀), and modulus (𝑀) of the blends over a wide range of temperatures. This is linked to
the glass transition temperature of the PANI. Dielectric spectra at low frequencies indicated the presence of pronounced Maxwell-
Wagner-Sillars (MWS) interfacial polarization, especially in samples with a low concentration of CSA. Electrical conduction
activation energies for the blends were also calculated using the temperature dependence of the direct current (DC) conductivity at
a low frequency (𝜎dc), which exhibit an Arrhenius behaviour with respect to temperature. Scanning electron microscopy revealed
a fibrous morphology for the pure PANI, while the blends showed agglomeration with increasing CSA concentrations.

1. Introduction

In the last few decades, intensive research has focused on
intrinsic electrically conductive polymers (ICP) because of
their possible applications in light-emitting diodes, batteries,
electromagnetic shielding, antistatic coating, and gas sensors
[1–5]. Lack of processability in the doped state hinders
the ability of ICPs to be blended with industrial polymers.
Because of a synergic combination of mechanical properties
of conventional insulating polymerswith electrical properties
of the conducting polymers, blending is of great technological
importance. In terms of the percolation threshold of the
conductive materials in any blend, polymeric materials have
better properties than the inorganic conductive phase like
carbon black or metal particles.

In the conducting polymers family, polyaniline (PANI)
has excellent tunable electrical conductivity desired for elec-
trical and electronic industries. Upon protonation by Lewis

acid, these polymers can be switched to a wide conductivity
range [6]. Since the last two decades, a lot of researches
have been carried out to improve the PANI processability
by maintaining the electrical properties. Different methods
of composite preparation, such as blending, doping with
acids, and copolymerization, have been adopted to obtain
processable PANI, and these efforts have resulted in many
research publications [7–10]. PANI in amodified, processable
form has wide applications in the electrical and electronics
industries [11, 12].

Various methods currently exist to make PANI pro-
cessable. These include doping with organic acids, such as
dodecyl benzene sulfonic acid (DBSA) [13] or camphor
sulfonic acid (CSA) [14]. These sulfonated acids have long
tails that enable the PANI to dissolve in nonpolar or weakly
polar common organic solvents, which can cosolubilize most
commercial polymers. This method has been utilized to
prepare a number of PANI blends in which both PANI
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complexes and preferred polymers are soluble in the same
solvent. PANI has poor mechanical properties and it is gen-
erally procured in powder form. Of various processes used,
blending of PANI with other polymers (thermoplastic or
thermosetting) is one of themost commonly used techniques
to enhance its mechanical strength. Using this method, the
synergic combination of improved electrical properties from
PANI and enhanced mechanical properties from conven-
tional polymers can be amalgamated to produce a material
with more potential applications in the electronics industry
[15]. Blending of PANI with different types of conventional
polymers, such as polyacrylonitrile [16], polyvinyl alcohol
(PVA), and polystyrene (PS) [17, 18], have been investigated.
PS has some useful features, such as good thermal stability,
a degradation temperature above 400∘C, good chemical
resistance, and significant mechanical toughness.

Dielectric spectroscopy, also known as impedance spec-
troscopy (IS), is a powerful tool to study the effects of inter-
actions between electromagnetic radiation and the chemical
or physical properties of the materials [19, 20]. All matter
consists of molecules and atoms with electric charges that
respond whenever an electric field is applied to them. These
responses are in the formof translational or rotationalmotion
and they give rise to macroscopic electrical or dielectric
behaviours in the material. Information regarding dielectric
behaviours is useful for a variety of fields, such as electri-
cal engineering, physical chemistry, electronic physics, and
material science. Thus, using impedance spectroscopy, we
can efficiently study polymer chain motion and different
dispersion modes of fillers inside a polymer blend, which are
related to the chemical composition,molecular structure, and
phase morphology.

In order to investigate the electrical transport properties
of any complex system, impedance spectroscopy (IS) is one
of the most convenient tools used in solid state electronic
system [21, 22]. In our previous works, we studied effect of
sulfonic acid dopants on the CSA-doped PANI-PS blends
for the gas sensor application [6]. This study concluded
that the gas sensitivity and reversibility of the blends have
a strong correlation with their conductivity. However, not
many details on the electrical transport properties were done
in our previous work.Therefore, herein and as a continuation
to our prior study, we use broadband dielectric spectroscopy
to present a detailed, in-depth investigation of the electrical
transport behaviour of CSA-doped into PANI-PS blends and
how this correlates with CSA concentrations.

2. Experimental

2.1. Experimental Section. The polymers and chemicals used
for experiments were acquired fromMerck and Sigma chem-
ical companies and these were of very high purity (99.9%).
Further purification of aniline was performed by repeated
distillation in a vacuum following preservation at a low tem-
perature prior to use. The oxidant (ammonium persulphate),
toluene, and acid (CSA) were used as obtained. During the
synthesis, all solutions were prepared using double-distilled
water.

PANI was obtained using dispersion polymerization with
conventional techniques described previously [23, 24]. A
solution of aniline andCSA in aqueousmediumwas prepared
by stirring them for 1 hour. Following a polymerization step,
ammonium persulphate was added dropwise with constant
stirring.Thewhole systemwasmaintained at a temperature of
0–5∘C. Upon completion of the oxidant addition process, the
reactionwas constantly stirred for an additional 24 hours.The
reaction turned into a bluish-green homogeneous mixture,
indicating the completion of the polymerization reaction.
The resulting precipitate was then filtered and washed with
deionized water and methanol until the filtrate became
colourless to remove any oligomer or unreacted oxidant.
PANI powder was then dried under reduced pressure at
40∘C for 24 hours. The PANI-PS blend was prepared by
following the above process except for replacing water and
using predissolved PS in toluene by stirring for 1 hour instead.
Four different concentrations of dopants (0.2M, 0.3M, 0.4M,
and 0.5M) were used for the blend preparation. Finally,
the blend solution was used to cast films on glass slides
and interdigitate finger electrode thick film (gold, 15mm ×
15mm) on an alumina substrate (250𝜇m online/spaces).

2.2. Characterization Techniques. Dielectric measurements
were performed using a Novocontrol GmbH Concept 40
broadband dielectric spectrometer, and the data were col-
lected over the frequency range 0.1 Hz–3MHz at fixed
temperatures in the range of −70 to 180∘C. Samples were
prepared and dried directly on 40mm diameter stainless
steel electrodes, and another 20mm diameter stainless steel
electrode was used as a top electrode during testing. The
AC conductivity was calculated with the Novocontrol Win
DETA software by using the measured values of dielectric
permittivity and the dielectric loss factor.

The morphologies of the synthesized CSA-doped into
PANI-PS blends were observed with scanning electron
microscopy (SEM) using a nano-SEM Nova 450. In order to
detect the glass transition temperatures of the composites,
differential scanning calorimetry (DSC) tests were performed
using a Perkin Elmer DSC 8500.

3. Results and Discussion

3.1. Dielectric SpectroscopyMeasurements. Broadband dielec-
tric spectroscopy is a powerful tool to interrogate polymeric
material characteristics because both the conductivity and
chainmotion can bemonitored in the same spectra.However,
in the case of samples containing conducting polymers, such
as PANI, the dielectric loss (𝜀) and storage (𝜀) spectra
are dominated by electrode polarization and conductivity
effects [25–28]. In this case, conductivity overwhelms the
relaxation peaks related to the glass transition and other
secondary motions, which makes their analysis difficult. The
conductivity engulfing pattern is clearly indicated by the high
values of 𝜀 and 𝜀 at different temperatures (Figures 1(a)-
1(b)). Consequently, researchers suggested using complex
electric modulus𝑀∗(𝜔) and conductivity 𝜎∗(𝜔) functions to
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Figure 1: Dielectric permittivity storage (a), loss (b), electrical modulus (c), and AC conductivity (d) for the PANI-PS-0.2 CSA sample at
different temperatures.

analyse the dielectric spectra of the conductivematerials [25–
29]. These functions are related via the equation:

𝑀∗ (𝜔) = 1𝜀∗ (𝜔) =
1

(𝜀 − 𝑖𝜀) =
𝑖𝜀𝑜𝜔
𝜎∗ (𝜔) , (1)

where 𝜎∗ = 𝜎 + 𝑖𝜎(𝜎 = 𝜀𝑜𝜔𝜀; 𝜎 = 𝜀𝑜𝜔𝜀) and 𝑀∗ =
𝑀 + 𝑖𝑀(𝑀 = 𝜀/(𝜀2 + 𝜀2); 𝑀 = 𝜀/(𝜀2 + 𝜀2)).

The conductivity relaxation peak shifts to lower fre-
quencies as the temperature decreases, indicating slower
charge motion (Figure 1(c)). Additionally, the intensity of

the 𝑀 relaxation peak increases with cooling and reaches
a constant value once the glass transition of PANI (around
40∘C) [30, 31] is reached. No other relaxation modes are
evident in the 𝑀 spectra of this sample (PANI-PS-0.2
CSA). The AC conductivity (𝜎) of the PANI-PS-0.2 CSA
sample is shown (Figure 1(d)). AC conductivity exhibits
a typical behaviour for polymers and disordered solids. It
has frequency independence at low frequencies and then
upsurges monotonically with the 𝑠-the power of frequency,
where 𝑠 ranges from 0.7 to 1.0 [32]. Conductivity plateaus at a
low frequency corresponding to the DC conductivity, and the
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frequency at which it becomes frequency-dependent is called
the relaxation frequency, 𝜔𝑠. DC conductivity increases and
the plateau widens to include the entire frequency range at
higher temperatures.

In order to study the contribution of the CSA dopant
to the electron transport performance of the samples, com-
parative 3D isochronal diagrams (𝑀 versus temperature
and frequency, 𝑓) for the all-PANI-PS blends and pure
PANI films were developed (Figure 2). Two relaxations
were noted: namely, the conductivity and the PANI or PS
𝑇𝑔-related peaks. The pure PANI and 0.2M CSA-doped
samples exhibited strong conductivity relaxation and some
features around 50∘C, which could be related to the long-
range 𝑇𝑔 motions of the PANI and PS chains. In these two
samples, high conduction resulting from multiple electron
hopping events completely overwhelmed the polarizability
attained from the dipolar chain motion. However, in the
0.3–0.5MCSA-doped samples, electron hopping events were
comparatively low, and the conduction relaxation peaks were
weaker compared to those arising from the dipolar chain
motions. This change in behaviour associated with increased
concentrations of CSA dopant in the blends was further
illustrated by the dielectric permittivity loss (𝜀) versus 𝑓
spectra at 20∘C. Very high 𝜀 values at low 𝑓 were observed
for pure PANI, and a rapid drop as the CSA content increased
in the blend was evident (Figure 3). High values of 𝜀 at a low
𝑓 corresponded to the DC electrical conductivity, 𝜎dc, which
resulted from free charge polarization within the material
[33]. This charge polarization completely overwhelmed the
PANI polymer chain relaxation, which was evident for the
samples containing 0.3M, 0.4M, and 0.5M CSA.

AC conductivity behaviour at 20∘C for all samples was
examined (Figure 4).TheDC conductivity increased, and the
plateau widened to include most of the measured frequency
ranges for only pure PANI and the 0.2MCSA-doped samples.
ForCSA concentrations above 0.2M, the conductivity did not
show any plateaus and its gradual increase with increasing
frequency was mainly due to the motion of the PANI and
PS chain dipoles (relaxation region) [34]. The temperature
dependence of DC conductivity indicated that the observed
metallic DC conductivity was due to only a small fraction of
delocalized carriers, which are primarily present in metallic
islands. Furthermore, this is the achievable conductivity
for such systems when the entire charge carrier density
participates are very high [6]. It has also been shown that
the relaxation of the charge carrier system is attributed
to the charge hopping of mobile carriers, which can lead
to both short-range 𝜎ac and long-range 𝜎dc. Saravanan et
al. reported the attachment of sulfonic acid group to the
lone pair of electrons on the NH groups in the polyaniline
chain without altering the aromatic ring (Figure 5) [19].
Therefore, increasing PANI loading should increase AC
conductivity, which was reported by Belaabed et al. for the
PANI/epoxy composites. This is because of two reasons.
First, increasing the PANI content will lead to an increased
charge carrier concentration, making it easier for better
interparticle contact and, thus, the formation of a conducting
network. Second, differences in the dielectric constant and
conductivity of PANI and the surrounding epoxy matrix

Table 1: Conduction activation energies for the pure PANI and
PANI-PS blends containing various concentrations of CSA.

Samples Activation energy (eV) 𝑅2 value
Pure PANI 0.023 0.9847
PANI-PS-CSA-0.2 0.055 0.9877
PANI-PS-CSA-0.3 0.587 0.9816
PANI-PS-CSA-0.4 0.521 0.9829
PANI-PS-CSA-0.5 0.721 0.9629

may lead to the Maxwell-Wagner-Sillars (MWS) interfacial
polarization effect because of the accumulation of mobile
charges at the interfaces between the two matrices [34, 35].
PANI dipole density, mobility of the dipoles, and themobility
of the surrounding matrix polymer chains are some of the
important parameters required for the MWS polarization
phenomena to occur. In our system, however, the amount
of PANI is fixed for all samples, and the CSA content is the
only variable among the composite samples. Therefore, the
availability of the NH groups’ electrons is the only parameter
that governs the conductivity behaviour exhibited in Figure 4.

The temperature dependence of the dc DC conductivity
(𝜎dc) is presented (Figure 6). Plateau values of the AC
conductivity at low frequency (Figure 4) were used to obtain
the𝜎dc values, which accounted for the long-range hopping of
the charge carriers of the NH groups [36, 37]. Charge carriers
typically accomplish more simple hops before the applied
electric field reverses at low frequency, resulting in the DC
conduction effect. These hops are also facilitated above the
matrix 𝑇𝑔 because of the increased segmental mobility of the
polymer chains, which causes the charge carriers to become
more mobile [33]. The observed temperature dependence of
𝜎dc (Figure 6) exhibitedArrhenius behaviour according to the
equation:

𝜎dc = 𝜎𝑜 exp(− 𝐸𝑎𝑘𝐵𝑇) , (2)

where 𝜎𝑜 is the per-exponent factor, 𝑘𝐵 is the Boltzmann
constant, and 𝐸𝑎 is the activation energy for the conduction
process. Conduction activation energy values were calculated
from the slopes of the linear correlations (Figure 6, Table 1).
The conduction activation energy is the minimum energy
required to overcome the potential barrier in polymeric
systems. As expected, pure PANI had the lowest activation
energy, and the values increased with increasing concen-
trations of CSA in the blends, confirming the attachment
of sulfonic acid groups to the electrons of the NH groups,
which was noted above. This low energy barrier for pure
PANI and the 0.2M CSA-doped samples reflected metallic
or narrow band-gap semiconducting behaviour and it was
close to the values previously reported for other conductive
polymer composites [37]. Only these two samples showed
DC conduction, which was indicated by the plateau in the 𝜎
versus the 𝑓 plots over a wide range of temperatures starting
at −70∘C. However, samples with higher CSA doping started
to show this type of conduction only at 50∘C, which is greater
than the 𝑇𝑔 of polyaniline [30, 31].
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Figure 2: 3D plots of the electrical modulus versus temperature and frequency for the samples.
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3.2. SEM Analysis. SEM was performed on the pure PANI
and four CSA-doped PANI-PS blends (Figure 7). The pure
PANI sample displayed a fibrous morphology of nanodimen-
sion, whereas the blends showed some agglomeration that
increased with higher dopant concentrations. A chemical
blending method was used for sample preparation of PANI
and PS for the miscible and phased materials.

3.3. DSC Analysis. A DSC analysis was used to examine the
changes in glass transition temperatures of the blends as the
CSA concentrations varied. Because not many significant
changes were seen for all the steps except the second heating
of the DSC thermogram, only the second heating curves are
shown (Figure 8). No 𝑇𝑔 was observed for pure HCl-doped
PANI as expected from the literature [30, 31]. Nevertheless,
in all the CSA-doped PANI-PS blends, we observed 𝑇𝑔 at
about 90∘C, which was also observed in the dielectric results
above.There was notmuch difference in𝑇𝑔 with regard to the
concentration of the dopant in the blends.

4. Conclusion

Broadband dielectric spectroscopy was used to examine the
AC conductivity of PANI-PS blends containing different
concentrations of the CSA dopant. The electrical conduction
response of the samples strongly correlatedwith theCSA con-
centration in the blend. Samples containing only pure PANI
or a small concentration of CSA showed very high values for
dielectric loss (𝜀) and storage (𝜀), which suggested the exis-
tence of electrode polarization and Maxwell-Wagner-Sillars
interfacial polarization effects, especially at low frequencies
and higher temperatures.These samples clearly display strong
conductivity relaxation, which overwhelmed the dipolar
relaxation associated with the long-range glass transition-
related motions of the PANI and PS chains. However, as
the CSA concentration increased, the conduction relaxation



International Journal of Polymer Science 7

(a) (b) (c)
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Figure 7: SEM images of pure PANI and CSA-doped PANI-PS blends. (a) Pure PANI, (b) PANI-PS 0.2M CSA, (c) PANI-PS 0.3M CSA, (d)
PANI-PS 0.4M CSA, and (e) PANI-PS 0.5M CSA.
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Figure 8: DSC analysis of the pure PANI and PANI-PS blends.

peaks became weaker and could be easily distinguished
from the dipolar chain motion peaks. This is thought to be
due to the unavailability of the electron pairs of the NH
groups, which become progressively attached to the increased
population of the electron-withdrawing sulfonic acid groups
at higher CSA concentrations. All samples displayed a strong
Arrhenius behaviour for the log 𝜎dc versus temperature plots
with different values of activation energies, and this correlates
well with the concentration of the CSA in the blends.
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The relationship between the structure and the dielectric properties of the azo polymers was studied. Four azo polymers were
synthesized through the azo-coupling reaction between the same precursor (PAZ) and diazonium salts of 4-aminobenzoic acid
ethyl ester, 4-aminobenzonitrile, 4-nitroaniline, and 2-amino-5-nitrothiazole, respectively. The precursor and azo polymers were
characterized by 1HNMR, FT-IR, UV-vis, GPC, and DSC.The dielectric constant and dielectric loss of the samples were measured
in the frequency range of 100Hz–200 kHz. Due to the existence of the azo chromophores, the dielectric constant of the azo polymers
increases compared with that of the precursor. In addition, the dielectric constant of the azo polymers increases with the increase
of the polarity of the azo chromophores. A random copolymer (PAZ-NT-PAZ) composed of the azo polymer PAZ-NT and the
precursor PAZwas also prepared to investigate the content of the azo chromophores on the dielectric properties of the azo polymers.
It showed that the dielectric constant increases with the increase of the azo chromophores. The results show that the dielectric
constant of this kind of azo polymers can be controlled by changing the structures and contents of azo chromophores during the
preparation process.

1. Introduction

Dielectricmaterials which can be used to control and/or store
charge and electric energy play an important strategic role
in modern electronic and power systems. With the rapid
development of the electric industry, dielectricmaterials have
been intensively investigated in recent years owing to their
fascinating properties and potential applications in electronic
devices [1, 2]. Up to now, the most used dielectric materials
are the inorganic dielectric materials (inorganic piezoelectric
ceramic materials) including titanium dioxide [3], calcium
titanate [4], magnesium titanate [5], barium titanate [6, 7],
mica [8], boron nitride [9], aluminum oxide [10], among
others. Although the inorganic dielectric materials usually
show higher dielectric constant which is critical for its appli-
cation, its fragility and high processing temperature limit its

further application. With the development of information
technology and microelectronics industry, the miniaturiza-
tion, integration, and intellectualization of new devices such
as dielectric substrate, dielectric antenna, and embedded
thin film capacitor require that the dielectric materials not
only show excellent dielectric properties but also have good
mechanical properties and processing properties [11, 12].

The dielectric materials including the polypropylene
(PP) [13], biaxially oriented polypropylene (BOPP) [14],
polyethylene terephthalate (PET) [15], poly(vinylidene fluo-
ride) (PVDF) [16, 17], and polyarylene ether nitrile (PEN)
[18–22], among others, have recently attracted considerable
attention from the material research community. In com-
paring with the inorganic dielectric materials, the dielec-
tric materials especially the polymeric dielectric materials
exhibit the advantages of low intrinsic density, excellent
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Figure 1: Synthetic route for the azo polymers.

performance, easy processing, long serving life, and even
recyclability [11]. However, pure polymer material suffers
from the defect of low dielectric constant [21, 22]. As a
result, preparing polymer-based composite which combines
the advantages of polymer material and inorganic additive
has been intensively investigated in recent years [23–25].
However, the addition of the inorganic additive also results
in the increment of the dielectric loss of the system [23, 24].
Another method to improve the dielectric constant of a
polymer is to increase the polar groups in the polymer, as the
dielectric constant indicates how easily amaterial can become
polarized by imposition of an electric field on an insulator
[21]. For example, PEN is widely used as dielectric materials
for its high dielectric constant attributing to the polar cyano
groups as the side-chains on the backbone [18–21]. PVDF is
also one of themostly used dielectric materials due to its high
dielectric constant resulting from the asymmetrical fluorine
[16, 17].

Azobenzene as a functional group has been widely
used to design materials with photoresponsive property
[26–29]. When irradiated with appropriate light, polymers
containing azobenzene groups (azo polymers for short) will
show different photoresponsive properties attributing to the
reversible photoinduced trans-cis isomerization of the azo
chromophores [30–33]. The photoresponsive properties and
applications of azo polymers include photoinduced bire-
fringence [34], dichroism [35], surface-relief-grating [36,
37], spontaneous surface pattern [38], and contraction and
bending [39–41], among others. On the other hand, the
azobenzene, usually as organic dyes, possesses conjugated
molecular structures with large dipole moments resulting
from the terminal electron donors and acceptors. Con-
sequently, the azobenzene can be potentially used as the
polar groups to fabricate organic dielectric materials [42].

In addition, resulting from the high efficiency of the azo-
coupling reaction, azo polymers containing different push-
pull azo chromophores can be easily obtained [43–46]. As
a result, the relationship between the structure and the
dielectric properties of the azo polymers can be systematically
investigated.

In this work, the relationship between the structure and
the dielectric properties of the azo polymers was studied.
An epoxy-based precursor was firstly synthesized by con-
densation polymerization from bisphenol A diglycidyl ether
and aniline. Then, a series of azo polymers with different
substituents at 4-positions of the azobenzene units were
prepared by the azo-coupling reaction from that precursor.
The azo polymers were characterized by 1H NMR, FT-IR,
UV-vis, GPC, and DSC. The influences of the molecular
structures on the dielectric properties of the azo polymers
were investigated in detail.

2. Experimental Section

2.1. Materials. Bisphenol A diglycidyl ether (80%), aniline
(99%), 2-amino-5-nitrothiazole (97%), and 4-aminobenzoni-
trile (98%) were purchased from Alfa Aesar, Tianjin, China.
4-Aminobenzoic acid ethyl ester (98%) and 4-nitroaniline
(98%) were purchased from J&K chemicals, Beijing, China.
Tetrahydrofuran (THF) was purified by distillation with
sodium and benzophenone. Deionized water was obtained
from a Milli-Q water purification system. All of the other
reagents and solvents were purchased commercially and used
as received without further purification.

2.2. PAZ. As shown in Figure 1, the precursor polymer (PAZ)
and the azo polymers (PAZ-R, R = ET, CN, NT, and TZ)
were prepared according to the literature [37]. Bisphenol A
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diglycidyl ether (18.8 g, 0.1mol) and aniline (4.7 g, 0.05mol)
were homogeneously mixed before polymerizing and then
polymerized at 110∘C for 20 h. The production was dissolved
in a CHCl3/CH3OH solvent mixture (4 : 1, 200mL) followed
by precipitation in 800mL of acetone. The polymer was
collected by filtration and dried under vacuum for 24 h. 1H
NMR (DMSO-𝑑6): 𝛿 = 7.07 (6H, d), 6.82 (4H, d), 6.72 (2H, d),
6.54 (1H,m), 5.27 (1H, d), 5.18 (1H, d), 4.03 (2H,m), 3.87 (4H,
s), 3.34–3.75 (4H, m), and 1.55 (6H, s). FT-IR (KBr, cm−1):
3365 (O-H, s), 2963 and 2926 (C-H, m), 1600, 1508, and 1459
(Benz. ring, s), and 1247 (C-O, s). GPC:𝑀𝑛 = 2.47 × 104 and
𝑀𝑤/𝑀𝑛 = 1.69. DSC: 𝑇𝑔 = 89.8∘C.

2.3. PAZ-CN. According to the literature [37], PAZ (1.3 g,
3mmol) was dissolved in DMF (150mL) at 0∘C. A diazonium
salt of 4-aminobenzonitrile was prepared by adding an
aqueous solution of sodium nitrite (0.37 g, 5.5mmol in 3mL
of water) into a solution of 4-aminobenzonitrile (0.54 g,
4.5mmol) in a homogeneous mixture of 1.3mL of sulfuric
acid and 18mL of glacial acetic acid. The mixture was stirred
at 0∘C for 30min and then was added dropwise into the
solution of PAZ. The solution was stirred at 0∘C for another
12 h. Then the solution was poured into plenty of water
and the precipitate was collected and dried afterwards. The
product was dissolved in 60mL THF and precipitated into
600mL petroleum ether. The final product was dried in
vacuum at 70∘C for 24 h. 1HNMR (DMSO-𝑑6): 𝛿 = 7.93 (2H,
d), 7.83 (2H, d), 7.75 (2H, d), 7.06 (4H, d), 6.91 (2H, d), 6.84
(4H, d), 5.40 (H, d), 5.29 (H, d), 4.12 (2H, m), 3.70–4.01 (6H,
m), 3.41–3.70 (2H, m), and 1.54 (6H, s). FT-IR (KBr, cm−1):
3400 (O-H, s), 2963 and 2927 (C-H, m), 2227 (C≡N,m), 1600
and 1510 (Benz. ring, s), 1384 (-N=N-, m), and 1247 (C-O, s).
GPC: 𝑀𝑛 = 2.96 × 104 and 𝑀𝑤/𝑀𝑛 = 1.82. UV-vis: 𝜆max =
452 nm. DSC: 𝑇𝑔 = 120.5∘C.

2.4. PAZ-ET. PAZ-ET was similarly prepared as mentioned
for PAZ-CN. FT-IR (KBr, cm−1): 3397 (O-H, s), 2963 and 2927
(C-H, m), 1713 (C=O, s), 1599, 1510, and 1460 (Benz. ring, s),
1386 (-N=N-, m), and 1241 (C-O, s). 1H NMR (DMSO-𝑑6):
𝛿 = 8.06 (2H, d), 7.82 (2H, d), 7.74 (2H, d), 7.07 (4H, d), 6.90
(2H, d), 6.84 (4H, d), 5.40 (H, d), 5.29 (H, d), 4.30 (2H, t), 4.12
(2H, m), 3.70–4.00 (6H, m), 3.40–3.70 (2H, m), 1.54 (6H, s),
and 1.30 (3H, d). GPC:𝑀𝑛 = 3.16 × 104 and𝑀𝑤/𝑀𝑛 = 1.88.
UV-vis: 𝜆max = 438 nm. DSC: 𝑇𝑔 = 112.7∘C.

2.5. PAZ-NT. PAZ-NT was similarly prepared as mentioned
for PAZ-CN. FT-IR (KBr, cm−1): 3420 (O-H, s), 2963 and
2927 (C-H, m), 1602 and 1510 (Benz. ring, s), 1384 (-N=N-,
m), and 1243 (C-O, s). 1H NMR (DMSO-𝑑6): 𝛿 = 8 : 32 (2H,
d), 7.88 (2H, d), 7.75 (2H, d), 7.06 (4H, d), 6.90 (2H, d), 6.82
(4H, d), 5.40 (H, d), 5.29 (H, d), 4.12 (2H, m), 3.71–4.00 (6H,
m), 3.41–3.66 (2H, m), and 1.55 (6H, s). GPC: 𝑀𝑛 = 2.91 ×
104 and 𝑀𝑤/𝑀𝑛 = 1.78. UV-vis: 𝜆max = 482 nm. DSC: 𝑇𝑔 =
124.8∘C.

2.6. PAZ-TZ. PAZ-TZ was prepared according to the liter-
ature [44], nitrososulfuric acid was prepared by carefully
adding sodiumnitrite (0.21 g, 3mmol) to 2mLof sulfuric acid
at 65∘C while stirring. The resulting solution was cooled in
an ice bath and diluted with 5mL of acetic acid. A diazonium
salt of 2-amino-5-nitrothiazole was prepared by adding the
solid of 2-amino-5-nitrothiazole (0.36 g, 2.5mmol) directly
into the above nitrososulfuric acid solution and stirred at
0∘C at least for 2 h. The diazonium salt solution was added
dropwise into a solution of PAZ (0.86 g, 2mmol) in 100mL
DMF at 0∘C.The solution was stirred at 0∘C for another 12 h.
After precipitation of the above solution in water and being
dried for 12 h, PAZ-TZ was purified by dissolving in THF and
precipitating in petroleumether and then dried in vacuum for
24 h. FT-IR (KBr, cm−1): 3441 (O-H, s), 3045, 1460, and 753
(thiazole, m), 2964 and 2870 (C-H, m), 1601 and 1508 (Benz.
ring, s), 1353 (-N=N-, m), 1340 (N=O, m), and 1240 (C-O,
s). 1H NMR (DMSO-𝑑6): 𝛿 = 8.26 (1H, s), 7.80 (2H, d), 7.10
(6H, d), 6.86 (4H, d), 5.40 (H, d), 5.29 (H, d), 4.17 (2H, m),
3.70–4.00 (6H, m), 3.40–3.65 (2H, m), and 1.57 (6H, s). GPC:
𝑀𝑛 = 3.01 × 104 and𝑀𝑤/𝑀𝑛 = 1.84. UV-vis: 𝜆max = 572 nm.
DSC: 𝑇𝑔 = 138.7∘C.

2.7. PAZ-NT-PAZ. PAZ-NT-PAZ would be the random
copolymer of PAZ and PAZ-NT, and it was similarly pre-
pared as mentioned for PAZ-NT. However, only 30% of the
diazonium salt as preparing PAZ-NT was added to the PAZ
solution. 1HNMR (DMSO-𝑑6): 𝛿 = 8.34 (d), 7.89 (d), 7.74 (d),
7.09 (d), 6.90 (d), 6.82 (d), 6.73 (d), 6.54 (m), 5.40 (d), 5.32
(m), 5.18 (d), 4.12 (m), 4.05 (m), 3.87 (s), 3.34–3.75 (m), and
1.55 (s). FT-IR (KBr, cm−1): 3365 (O-H, s), 2963 and 2927 (C-
H,m), 1713 (C=O, s), 1600, 1508, and 1459 (Benz. ring, s), 1384
(-N=N-, m), and 1243 (C-O, s). GPC: 𝑀𝑛 = 2.72 × 104 and
𝑀𝑤/𝑀𝑛 = 1.75. UV-vis: 𝜆max = 482 nm. DSC: 𝑇𝑔 = 121.2∘C.

2.8. Characterization. 1H NMR spectroscopy was obtained
on a JEOL JNM-ECA300 (300MHz) or JEOL JNM-ECA400
(400MHz) NMR spectrometer. FT-IR spectra were collected
on a Nicolet 560-IR spectrometer.Themolecular weights and
molecular weight distributions of the polymers were mea-
sured on a gel permeation chromatographic (GPC) instru-
ment which is equipped with a column (PLgel 5𝜇m Mixed-
D) and a refractive index detector (Wyatt Optilab rEX).
The temperatures during the measurements were maintained
at 35∘C and the molecular weights of the polymers were
calibrated with polystyrene as standards. Chromatographic
THF was used as the eluent agent and the flow rate was
controlled to be 1.0mL/min. The thermal behaviors of the
polymers were performed on a TA Instrument DSC-Q100
with a heating rate of 10∘C/min from room temperature to
180∘C and in a nitrogen atmosphere. The UV-vis spectra of
the samples were measured in solution by using a Persee
TU-1810SPC UV-vis spectrophotometer, the concentrations
of the samples under the concentration of 0.02mg/mL were
obtained by dissolving the corresponding samples in THF
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(HP). Dielectric measurements of the azo polymers were
carried out by a TH 2819A precision LCR meter. The films
of the polymers were firstly obtained by casting the DMF
solution of the corresponding polymer on the copper foil and
thendried in an ovenwith the procedure of 80∘C for 1 h, 100∘C
for 1 h, 120∘C for 1 h, and 160∘C for 2 h.Then, a simple parallel-
plate capacitor was fabricated by putting another copper foil
on the surface of the polymeric film. The copper foils at both
side of the polymeric film were used as the electrodes and
the dielectric constant and dielectric loss of the samples were
measured at temperature from 100Hz to 200 kHz.

3. Result and Discussion

In this study, the relationship between the structure and the
dielectric properties of the azo polymers was studied. Epoxy-
based azo polymers with strong push-pull azo chromophores
(PAZ-ET, PAZ-CN, PAZ-NT, and PAZ-TZ) were synthesized
from the precursor (PAZ) by azo-coupling reaction [44].The
synthetic route and chemical structure of these polymers
are given in Figure 1. The precursor PAZ was synthesized
through the condensation polymerization between bisphenol
A diglycidyl ether and aniline. According to the GPC results,
the number-average molecular weight of PAZ is 2.47 × 104
and the polydispersity index is 1.69. PAZ shows good solu-
bility in polar organic solvents such as tetrahydrofuran,N,N-
dimethylformamide, and N,N-dimethylacetamide, which is
critical for the subsequent azo-coupling reaction. 𝑇𝑔 of PAZ
is 89.8∘C, which is determined by DSC.

The azo polymers (PAZ-ET, PAZ-CN, PAZ-NT, and PAZ-
TZ) with strong push-pull azo chromophores were then
prepared by the azo-coupling reaction between the precursor
PAZ and diazonium salts of 4-aminobenzoic acid ethyl
ester, 4-aminobenzonitrile, 4-nitroaniline, and 2-amino-5-
nitrothiazole at 0∘C in a polar organic solvent such as DMF.
The diazonium salts were obtained by adding the solution of
sodium nitrite into the acidic aqueous solution of the corre-
sponding amino derivatives or putting the amino derivatives
directly into the nitrososulfuric acid at 0∘C.The azo-coupling
reaction enables introducing various azo chromophores at
the final stages of the synthetic route with high yield. As the
precursor is the same and excessive diazonium salts were
used in the reaction, the only differences between these azo
polymers are the azo chromophores linked on the backbone.
The azo polymers with strong push-pull azo chromophores
are named as PAZ-X, where X is the abbreviations to make
the distinction for the different electron-withdrawing groups.

Figure 2 shows the 1H NMR spectra of the precursor
and the azo polymers with assignments. For the 1H NMR
spectrum of PAZ, the resonance signal at 6.54 ppm is coming
from the proton 𝑗 which is on the para position of the
benzene ring connected to the nitrogen, while the proton 𝑖
on the ortho position of the benzene ring connected to the
nitrogen shows a resonance peak at 6.72 ppm.The resonance
signals at 5.27 and 5.18 ppm are resulting from the protons

on hydroxyl groups. After the azo-coupling reaction, PAZ-
ET, for example, the resonance signal at 6.54 ppm disappears
completely indicating the 100% reaction of the PAZ. In
addition, the resonance signals located at 8.06 and 7.82 ppm
are coming from the protons on the benzene ring of the
azobenzene unit (𝑘 and 𝑗). What is more, resonance peaks of
the protons on the benzene ring of the azobenzene unit (ℎ and
𝑖) shift to the low field due to the formation of the azobenzene
unit. The new resonance peaks at 4.30 (𝑙) and 1.30 (𝑚) ppm
are coming from the methylene and methyl group connected
to the ester. For the other azo polymers, the resonance peaks
can also be correspondingly assigned which means that the
azo polymers are successfully prepared (Figure 2).

The azo polymers were also characterized by FT-IR.
In comparing with the FT-IR spectrum of PAZ, a new
absorption peak at around 1385 cm−1 is observed for all of
the azo polymers. This new absorption peak is attributed to
the symmetrical stretching vibration of the azo group (-N=N-
) [47] which confirms the preparation of the azo polymers.
The molecular weights and molecular weight distributions
of the polymers were measured by using GPC. The number-
average molecular weights of the azo polymers are 3.16 × 104,
2.96 × 104, 2.91 × 104, and 3.01 × 104 for PAZ-ET, PAZ-CN,
PAZ-NT, and PAZ-TZ, respectively, which are higher than
that of the precursor PAZ. In addition, the molecular weight
distributions of the azo polymers are also higher than that
of the precursor. The thermal properties of the azo polymers
were obtained by using the DSC measurement. Figure 3
shows the DSC curves of the precursor PAZ and the azo
polymers PAZ-X. 𝑇𝑔 of PAZ is 89.8∘C. After the azo-coupling
reaction, 𝑇𝑔 of the azo polymers increases and is 112.7, 120.5,
124.8, and 138.7∘C for PAZ-ET, PAZ-CN, PAZ-NT, and PAZ-
TZ respectively. The increment of 𝑇𝑔 of the azo polymers
is due to the formation of the azobenzene groups and the
increasing of the number-average molecular weights of the
samples after the azo-coupling reaction.

The UV-vis spectra of the solution of the azo polymers
are shown in Figure 4. The concentrations of the solution of
the samples are 0.02mg/mL by dissolving the corresponding
solid samples in THF (HP) which is a common solvent for
the azobenzene and its derivatives. In comparing with the
spectrum of PAZ which shows a weak absorption around
300 nm, the azo polymers show a strong absorption in the
visible region and the color of the azo polymers ranges
from red to blue. This strong absorption is contributed to
azobenzene which also confirms the successfully fabrication
of the azo polymers. Azo chromophores are usually clas-
sified into azobenzene type, aminoazobenzene type as well
as pseudostilbene type based on the spectral feature and
isomerization behavior of them [34]. The pseudostilbene
type azo chromophores, also known as push-pull type azo
chromophores, contain strong electron-donating/electron-
withdrawing substituents at the 4 and 4 positions of the
azobenzene moieties which results in the strong absorption
bands in the visible light region. According to Figure 4,
the position of the absorption band of the azo polymers is
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Figure 2: 1H NMR spectra the precursor and the azo polymers.
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Figure 4: UV-vis spectra of the THF solution (0.02mg/mL) of the polymers. Curve (1): PAZ, curve (2): PAZ-ET, curve (3): PAZ-CN, curve
(4): PAZ-NT, and curve (5): PAZ-TZ.

determined by the electron-withdrawing group on the 4
positions of azobenzene moieties. The location of the max
absorption band (𝜆max) of the azo polymers is 438, 452, 482,
and 572 nm for PAZ-ET, PAZ-CN, PAZ-NT, and PAZ-TZ,
respectively. As the azo polymers are made from the same
precursor PAZ and have the same electron-donating group
on the azobenzene moiety, the red-shift of 𝜆max indicates the
polarity of the electron-withdrawing group on the 4 position
of the azobenzene becomes stronger.

The dielectric constant and dielectric loss of the azo poly-
mers and the precursorweremeasured in the frequency range
of 100Hz–200 kHz. For high performance polymers such as
PEN, the dielectric constant, and dielectric loss can be easily
measured by using the films of PEN whose surfaces were
coated with a thin layer of conductive silver paste to form a
plate capacitor [21, 22]. However, as the free standing films

of the precursor and the azo polymers cannot be obtained
resulting from their poor mechanical property, the samples
were firstly cast on the copper foil, and then a simple parallel-
plate capacitor was fabricated by putting another copper foil
on the surface of the polymeric film. The copper foils at both
sides of the polymeric film were used as the electrodes for
the measurement of the dielectric constant and dielectric
loss. The dielectric constant and dielectric loss of the azo
polymers are shown in Figures 5(a) and 5(b). As shown in
Figure 5(a), the dielectric constant of the samples decreases
slightly with the increasing of measuring frequency. This
decrement of the dielectric constant with changing frequency
is caused by the effect of the polarization relaxation [21]. The
dielectric constant of PAZ is 3.1 at 1 kHz. Due to the existence
of the azo chromophores, the dielectric constant of the azo
polymers increases compared with that of the precursor. In
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Figure 5: Dielectric constant (a) and dielectric loss (b) of the precursor and the azo polymers.

particular, the dielectric constant of PAZ-ET, PAZ-CN, PAZ-
NT, and PAZ-TZ is 3.7, 4.0, 4.6, and 5.2 at 1 kHz, respectively.
In addition, the increase of dielectric constant from PAZ-
ET to PAZ-TZ would be due to the fact that the electron-
withdrawing group on the azobenzene of PAZ-TZ is the
strongest. The dielectric loss of the azo polymers is also
higher than that of the precursor due to the azo moieties. In
addition, as the movement of the polar azobenzene is much
easier than themain-chain of the polymers, the dielectric loss
increases with the increasing of the frequency. What is more,
the dielectric loss increases from PAZ-ET to PAZ-TZ as that
of the dielectric constant.

After the study between the structure and the dielectric
properties of the azo polymers, the contents of the azo
chromophore on the dielectric properties of azo polymers
were further studied. Due to the high efficiency of the azo-
coupling reaction, the precursor PAZ was 100% reacted to
form the azo polymers (PAZ-ET, PAZ-CN, PAZ-NT, and
PAZ-TZ) by using excessive diazonium salts, which was
confirmed by the 1H NMR spectra. On the other hand,
a random copolymer composed of the azo polymer and
the precursor would be obtained if inadequate diazonium
salt is used. Herein, by using the diazonium salt of the 4-
nitroaniline as typical example, PAZ-NT-PAZ which can be
seen as the random copolymer of PAZ-NT and PAZ was
similarly prepared as mentioned for PAZ-NT. However, only
30% of the diazonium salt as preparing PAZ-NT was added
to the PAZ solution when preparing PAZ-NT-PAZ. Figure 6
shows the 1HNMR spectra of PAZ, PAZ-NT-PAZ, and PAZ-
NT. In comparing with the 1H NMR spectrum of PAZ-
NT, the 1H NMR spectrum of PAZ-NT-PAZ also shows the

resonances of the azo chromophore as located at 8.34, 7.89,
7.74, and 6.90 ppm. However, the existence of the resonance
peaks at 6.73 and 6.54 ppm indicates the incomplete reaction
of the PAZ. In addition, the resonances of the proton from
the hydroxyl groups also show the superposition of PAZ and
PAZ-NT. According to the integral area of the resonances at
5.40 and 5.18 ppm, it can be calculated that PAZ: PAZ-NT =
6 : 4 in PAZ-NT-PAZ.

The FT-IR spectrum of PAZ-NT-PAZ also shows the
absorption peak of the symmetrical stretching vibration
of the azo group (-N=N-, 1384 cm−1) which confirms the
existence of azo chromophores in PAZ-NT-PAZ. Figure 7
shows the UV-vis spectra of PAZ, PAZ-NT-PAZ, and PAZ-
NT in THF at 0.02mg/mL. In comparing with the UV-vis
spectrum of PAZ-NT (curve (3)), the UV-vis spectrum of
PAZ-NT-PAZ (curve (2)) shows the same max absorption
band at 482 nm. This result indicates the existence of the
same azo chromophores in PAZ-NT-PAZ and PAZ-NT. In
addition, the intensity of the max absorption band of PAZ-
NT-PAZ is about 0.4 to that of the PAZ-NT, the same as
the result of the 1H NMR spectra. Combining the 1H NMR
spectra and UV-vis spectra, it can be concluded that the ratio
of the azo chromophores in PAZ-NT-PAZ with that in PAZ-
NT is 0.4.

The dielectric constant and dielectric loss of PAZ-
NT-PAZ were also measured in the frequency range of
100Hz–200 kHz.As shown in Figure 8, the dielectric constant
of PAZ-NT-PAZ is 4.1 at 1 kHz which is between that of the
PAZ and PAZ-NT. This is because that the content of the
azo chromophores which contributes to the increases of the
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Figure 7: UV-vis spectra of the THF solution (0.02mg/mL) of the
polymers. Curve (1): PAZ, curve (2): PAZ-NT-PAZ, and curve (3):
PAZ-NT.

dielectric constant is 0.4 to that of in PAZ-NT. As a result, it
can be concluded that the dielectric constant of this kind of
azo polymer can be controlled by changing the content of azo
chromophores during the preparation process. The dielectric
loss of PAZ-NT-PAZ is similar to that of PAZ-NT. However,
as the content of azo chromophores is less, the dielectric loss

of PAZ-NT-PAZ is lower than that of PAZ-NT at all the tested
frequencies.

4. Conclusions

In summary, a series of epoxy-based azo polymers with
different substituents at 4-positions of the azobenzene units
were synthesized through the azo-coupling reaction. The 1H
NMR spectra indicated the successful preparation of the
azo polymers and the UV-vis spectra showed that the max
absorption band of the azo polymers red-shifts with the
increase of the electron-withdrawing ability of the groups at
4-positions of the azobenzene unit.The dielectric properties
of the azo polymers were obtained by pasting two copper foils
which were used as the electrodes during the measurement
at both sides of the polymeric film. In comparing with the
precursor PAZ, the dielectric constant of the azo polymers
increased obviously due to the large dipole moments of the
azo chromophore. In addition, the dielectric constant of the
azo polymers increased with the increase of the polarity of
the azo chromophores and was as high as 5.2 for PAZ-TZ
at 1 kHz. A random copolymer PAZ-NT-PAZ composed of
PAZ-NT and PAZ was similarly prepared to investigate the
content of the azo chromophores on the dielectric properties
of the azo polymers. The dielectric constant of PAZ-NT-PAZ
was 4.1 at 1 kHz which is between that of PAZ and PAZ-NT.
The results showed that the dielectric properties of this kind
of azo polymers can be controlled by changing the structures
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and contents of azo chromophores during the preparation
process.
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