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ABSTRACT: Three types of polyaniline (PANI) nanoma-
terials, nanorods with an average diameter of 30 nm, and
nanospheres with average diameter of 30 and 300 nm
were synthesized and employed as a curing agent and
conducting nanofiller to prepare liquid crystalline epoxy
(LCE)/polyaniline nanocomposites. The morphological
effect of PANI nanomaterials on the cure behavior of
LCE/PANI systems was extensively investigated using
dynamic and isothermal differential scanning calorimetry
(DSC) analysis. Dynamic DSC results showed that PANI
nanorod was a more effective curing agent than nano-
spheres, because nanospheres retarded cure reaction to
some extent compared with PANI nanorods. Isothermal
DSC demonstrated that degree of cure was independent of
PANI nanoshape. The effect of PANI morphology on the

performance of cured LCE/PANI nanocomposites was
also examined. Thermogravimetric analysis (TGA) illus-
trated that the LCE/PANI nanorod system exhibited an
enhanced thermal stability than LCE/PANI nanospheres.
LCE/PANI nanocomposites showed enhanced electrical
conductivity regardless of PANI type compared with con-
ventional epoxy composites (10�5� 10�4 S cm�1). Scanning
electron microscopy (SEM) revealed that macrophase sepa-
ration was not observed in LCE/PANI nanocomposites.
PANI nanorods are advantageous for improving the per-
formances of LCE/PANI nanocomposites. VC 2011 Wiley
Periodicals, Inc. J Appl Polym Sci 125: 562–570, 2012
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INTRODUCTION

In the last few decades, liquid crystalline epoxy
(LCE) resins have attracted much interest owing to
their unique properties such as high tensile strength,
low shrinkage, high adhesion, corrosion and chemi-
cal resistance, and dimensional stability. A typical
LCE molecule is composed of an aromatic meso-
genic group and a reactive oxirane ring, with takes
part in the cross-linking reaction. The balance of
properties between those of a liquid crystalline poly-
mer and an epoxy resin means that LCE materials
can offer a great variety for the application of
advanced or high performance nanocomposites.1–7

To date, cure behavior and properties of LCE have
been extensively studied.8–13

Polyaniline (PANI) is one of the most important
electrically conducting polymers due to its relative
high processability, electrical conductivity, and envi-
ronmental stability. Recently, there has been a consid-

erable interest on the synthesis of PANI nanomateri-
als owing to their potential applications, such as
antistatic coating, corrosion protection, batteries and
energy storage, catalysts, and chemical sensors.14–23

It is possible to prepare novel electrically conduct-
ing composites through the combination of comple-
mentary properties of LCE and PANI nanomaterials.
The combination of advantageous properties of LCE
and PANI nanomaterials can offer an attractive route
not only to reinforce LCE matrix but also to introduce
new electrical properties based on the enhanced
electronic interaction. The proposed applications
of this unique material include high performance
conducting nanocomposites, antistatic coating, and
conducting adhesive. So far, several researches have
been reported on the fabrication of various electrically
conducting nanocomposite materials using conduct-
ing polymer as matrix or nanofiller. Most researches
have employed conducting polymer matrix such as
polypyrrole, polyaniline, and poly(p-phenyleneviny-
lene) or have incorporated inorganic component
into polymer matrix.15,16,24–26 However, limited infor-
mation is available concerning the fabrication and
application of thermoset polymer based conducting
nanocomposites.
In this work, three types of novel PANI nanomate-

rials such as nanorods with an average diameter of
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30 nm (R30) and nanospheres with average dimen-
sions of 30 (S30) and 300 nm (S300) were synthesized.
R30 was prepared by dispersion polymerization. On
the other hand, S30 was fabricated by microemulsion
polymerization whereas S300 was produced by
dispersion polymerization. It is expected that PANI
nanomaterials can play roles of both curing agent
owing to the free amine groups and conducting nano-
filler in the cured composite due to the high electrical
conductivity and environmental stability. It seems
clear that the morphology of PANI nanomaterials
might exhibit a profound effect on the cure behavior
and performance of LCE/PANI nanocomposites.
Therefore, it is worthwhile to investigate the morpho-
logical effect of PANI nanomaterials on the cure
behavior and properties of LCE/PANI nanocompo-
sites for development and performance improvement
of novel conducting nanocomposites. In addition,
shape difference of PANI nanomaterials was eluci-
dated by comparison R30 with S30, and effect
of nanosphere diameter can also be verified by com-
parison between two nanospheres with different
diameters.

EXPERIMENTAL

Materials

A liquid crystalline epoxy (LCE) resin, diglycidyl
ether of 4,4’-dihydroxy-a-methyl stilbene (DGE-
DHAMS) was employed as matrix. The synthesis,
physical, and chemical properties of the DGE-
DHAMS based epoxy resin have been addressed in
the literature.27,28

Phenol (2.0 mol) and chloroacetone (1.0 mol) are
added to a reactor and cooled with stirring. Concen-
trated sulfuric acid (1.0 mol) is added dropwise to
the stirred solution to maintain the reaction tempera-
ture. After postreaction at the �10�C, the viscous
orange oil product is mixed with deionized water.
The oil product is separated then washed with deion-
ized water. After separation, the recovered oil prod-
uct is added to a beaker with ethanol and stirred to
provide a solution. Deionized water is added to the
stirred solution and heating is commenced. As the
temperature of the mixture increases, the stirred
mixture begins to clear. Each time clearing is
observed, sufficient deionized water is added to
induce cloudiness, followed by continuation of the
mixing and heating. The crystalline product is recov-
ered by filtration, washed with deionized water, and
then dried. In this way, 4,4’-dihydroxy-a-methylstil-
bene was prepared. Subsequently, it was mixed with
epichlorohydrin (5 mol), deionized water (8.0% by
weight of the epichlorohydrin used) and isopropanol
(35% by weight of the epichlorohydrin used).
Then the mixture was heated with a stirring under a

nitrogen atmosphere. Once the 55�C reaction temper-
ature is achieved, sodium hydroxide (0.90 mol) dis-
solved in deionized water (8 mol) is added dropwise
to the reactor slowly to maintain a reaction tempera-
ture. After completion of the aqueous sodium hydrox-
ide addition, the stirring is stopped and the aqueous
layer which separates from the reaction mixture is
pipetted off and discarded. Then, a second solution of
sodium hydroxide (0.40 mol) dissolved in deionized
water (64 g) is added to the reactor slowly. After the
second addition, the recovered reaction mixture is
added to a separatory funnel and washed with deion-
ized water. The separated organic layer is washed
with deionized water, recovered, and then rotary
evaporated under vacuum. The product is recovered
as a crystalline off-white solid with an epoxide
equivalent weight of 180.27 When the DGE-DHAMS
resin slowly cool from a melting temperature of 130�C
to temperatures between 95 and 56�C, nematic LC
domains will form as demonstrated by dynamic
DSC.28 The tensile storage modulus of cured resin
was in the range of 600–900 MPa while flexural mod-
ulus was approximately 130 MPa.28

The chemical structures of LCE and aniline are
displayed in Figure 1. Aniline monomer (ANI), cati-
onic surfactant (decyltrimethylammonium bromide,
DeTAB), iron (III) chloride (FeCl3), and initiator (am-
monium persulfate, APS) were purchased from
Aldrich (Milwaukee, WI, USA) and used as received.
Solvents were dried by a common method.

Synthesis of PANI nanomaterials

PANI nanospheres with an average diameter of
30 nm (S30) were prepared by low temperature
microemulsion polymerization. Cationic surfactant
(DeTAB, 1.8 g) was dissolved in 20 ml of distilled
water at 5 �C and stirred with 200 rpm magnetic
stirring for 1 h. Then, 0.5 g of aniline monomer was
added dropwise to the surfactant solution. Subse-
quently, 0.5 g of ammonium persulfate (APS) and

Figure 1 Chemical structures of LCE and aniline: digly-
cidyl ether of 4,4’-dihydroxy-a-methyl stilbene; (b) aniline.
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5 g of 1M hydrochloric acid (HCl) were added to the
surfactant solution and mixed for additional 1 h.
Microemulsion polymerization proceeded for 3 h at
5�C. The surfactant and initiator were removed by
excessive amount of ethanol (100 mL, twice) and the
PANI precipitates were retrieved and dried in a
vacuum oven at 70�C overnight. The yield of S30
was higher than 50%.

On the other hand, PANI nanorod with an
average diameter of 30 nm (R30) was synthesized by
dispersion polymerization. In a typical procedure,
20 mL of 35 wt % HCl and 2.0 g of aniline were dis-
persed in 200 mL of distilled water. Then, 4.8 g of
APS was added into the solution. Subsequently,
3.75 g of iron (III) chloride was also used for the for-
mation of PANI nanorod. The polymerization of
PANI proceeded with magnetic stirring for 3 h.
Excessive ethanol (400 mL, 3 times) was added into
the resulting product solution to remove the residual
HCl, APS, and FeCl3. The upper solution was
discarded and the remaining product was dried in
vacuum oven overnight at 45�C. PANI nanospheres
with an average diameter of 300 nm (S300) were
also synthesized by dispersion polymerization with-
out FeCl3. In this case, 10 mL of 5M HCl was added
as dopant in the polymerization medium. The yields
of R30 and S300 were higher than 75%. The average
diameter of nanosphere and nanorod was estimated
with the assistance of computer software.

Preparation of sample mixtures for cure

Sample mixtures were prepared by dissolving the
LCE and PANI nanomaterials (25% by weight of
DGE-DHAMS used) in acetone and sonicating the
mixtures for 30 min. Then the solvent was evapo-
rated. The weight ratio of PANI in the sample mix-
tures was adjusted from 1 to 25 wt % by varying the
feeding amount of PANI. The sample mixtures were
cured at 175�C for 3 h and post-cured at 190�C for
additional 1 h. The mixture composed of LCE and

PANI nanorod with an average diameter of 30 nm
was designated as R30. LCE mixed with nano-
spheres of 30 and 300 nm were denoted as S30 and
S300, respectively.

Instrumental analysis

The dynamic differential scanning calorimetry
experiments were conducted with a Texas Instru-
ment DSC2920 at heating rates of 2.5, 5, 10, and
20�C/min. The heat of cure was calculated from the
integration of area under the cure thermogram. The
isothermal DSC experiments were performed in the
temperature range of 160–200�C. Below the range,
the curing rate is too low to detect the cure reaction,
whereas a small amount of thermal degradation
occurs over the range. Infrared spectra were
obtained by a Bomem MB100 Fourier Transform
Infrared (FT-IR) spectrometer. Thermogravimetric
analysis (TGA) was conducted with a Perkin Elmer
TGA7 at a heating rate of 10�C/min under nitrogen
atmosphere. The electrical conductivity of cured
samples was measured by the standard four-probe
method with Keithley 2400 sourcemeter under ambi-
ent conditions.29 TEM analysis was performed with
a JEOL JEM-200CX transmission electron micro-
scope. SEM images were obtained with a JEOL 6700
scanning electron microscope. The EDX analysis
was carried out using a JEOL JSM 5410 LV energy
dispersive X-ray spectrometer.

RESULTS AND DISCUSSION

Polyaniline nanomaterials

Figure 2(a) provides scanning electron microscopy
image of PANI nanorods with an average diameter
of 30 nm prepared by dispersion polymerization.
Two PANI nanospheres with an average diameter
of 30 and 300 nm produced by microemulsion
and dispersion polymerization were exhibited in

Figure 2 Scanning electron microscopy images of PANI nanomaterials: (a) PANI nanorods with average size of 30 nm
(R30); PANI nanospheres with an average diameter of (b) 30 nm (S30) and (c) 300 (S300) nm.
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Figure 2(b,c), respectively. The average size of PANI
nanomaterials showed little size distribution. It can
be inferred from the images that the molecular
weights of PANI nanomaterials also exhibited a nar-
row distribution; thus the effect of molecular weight
distribution on cure kinetics and performance of
individual LCE/PANI system was insignificant.30

The aggregation and deformation of PANI nanoma-
terials was not observed in the microscopic images.
In addition, the atomic compositions of PANI nano-
materials determined with elemental analysis (EA)
exhibited the presence of carbon (C) and nitrogen
(N). Since an aniline has one nitrogen (N) and six
carbons (C), N/C atomic ratio is approximately
0.16–0.18. EA data in Table I exhibited that the
N/C composition of PANI nanomaterials were
0.170 (R30), 0.173 (S30), and 0.177 (S300), which were
consistent with the N/C ratio of bulk PANI. Energy
dispersive X-ray (EDX) spectroscopy indicated the
presence of traces of iron (Fe), chlorine (Cl), and sul-
fur (S) in three types of PANI nanomaterials. This
fact confirmed the complete removal of residues
such as surfactant and initiators from PANI nanoma-
terials after washing. The electrical conductivities of
PANI nanomaterials were evaluated to be 10.9 S/cm
(R30), 5.0 S/cm (S30), and 7.5 S/cm (S300), respec-
tively. Because the electrical conductivity showed
very similar values, the effect of electrical conductiv-
ity on the performance of resulting nanocomposites
might be of little importance.

Figure 3 represents the FT-IR spectrum of PANI
nanorods (R30), which shows the vibrational bands
1483 and 1567 cm�1 associated with quinoid and
benzenoid structures of PANI. The peaks at 1246
and 1300 cm�1 were attributed to CAH stretching
from aromatic conjugation. These characteristic
vibrational bands of PANI were also observed in the
spectra of two kinds of PANI nanospheres, S30 and
S300. This fact indicates the successful polymeriza-
tion of aniline by microemulsion or dispersion
polymerization.

Cure behavior

Figure 4 illustrates the FT-IR spectra obtained before
and after cure reaction of R30 mixture system. The
peak for symmetric CAOAC stretching was
observed at 1260 cm�1, while that of asymmetric
stretching appeared at 912 cm�1. The vibrational
band at 784 cm�1 was assigned to the epoxy half-
ring stretching. As the cure reaction between LCE
and PANI proceeded, the intensities of these bands
decreased due to the epoxide ring opening reaction.
To calculate the degree of cure (degree of conversion),
the absorption intensity of the peak at 784 cm�1 was
separated and integrated using Gaussian curve-fitting
method. The degree of cure was evaluated to be 0.65.
This value was similar to the value (0.70) obtained
when the LCE resin was cured with conventional
curing agent (sulfanilamide).29 All these facts confirm
that the LCE resin was cured by PANI nanorods,
which means that PANI nanomaterials can be
employed as a curing agent owing to the surface
amine groups. At this condition, the PANI content
was 25 wt %. Below this concentration, the curing
reaction appeared imperfect judged by external
appearance (stayed viscous). Above this content, the
occurrence of PANI aggregation might worsen the
cure behavior of LCE molecules.

TABLE I
Atomic Composition of Carbon (C) and Nitrogen (N) in

PANI Nanorods and Nanospheres

PANI nanomaterials C N N/C

R30 57.8 11.6 0.17
S30 61.4 10.7 0.173
S300 65.0 11.9 0.177

Figure 3 FT-IR spectrum of PANI nanorods prepared by
dispersion polymerization.

Figure 4 FT-IR spectra of R30 (25 wt % PANI) system
obtained (a) before and (b) after cure reaction.

PANI NANOMATERIALS ON CURE BEHAVIOR OF LCE/PANI 565

Journal of Applied Polymer Science DOI 10.1002/app



The dynamic DSC thermograms of the S30 system
are represented in Figure 5 as a function of heating
rate. R30 and S300 systems also exhibited similar
type of dynamic DSC curves (Supporting Information
Fig. S1). Table II summarizes the maximum peak
temperature, heat of cure, and activation energy of
LCE/PANI systems as a function of heating rate.
The activation energies of LCE/PANI systems were
calculated using Ozawa equation:31,32

log u ¼ C� 0:4567 Ea=RTp

where u is the heating rate, Ea, the activation energy,
Tp, the peak temperature, and C a constant derived
by extrapolation. Activation energy can be calculated
from the slope of log u vs. 1/Tp. The peak tempera-
ture and the initial cure temperature increased
slightly with increasing heating rate in every system
as shown in Table II. For most DSC experiments,
the temperature lagging always happens between
thermocouple and real samples. The degree of tem-
perature lagging is proportional to the heating rate.
Therefore, the peak temperature and the initial cure
temperature tend to appear at slightly higher tem-
perature under fast heating condition. The heat of

cure was almost independent of the heating rate.
However, the heat of cure was dependent on the
kind of PANI nanomaterials. This phenomenon was
attributed to the morphological difference of PANI
nanomaterials. We have explained in a previous
paragraph that the effect of molecular factors such
as molecular weight and its distribution and molecu-
lar structure was insignificant because each PANI
nanomaterial showed little size distribution and
structural anisotropy (Fig. 2). The heat of cure for
R30 system was higher than those of S30 and S300,
which meant that PANI nanorods retarded the cure
reaction less than PANI nanospheres because the
heat of cure is proportional to the extent of cure
reaction. In addition, the Ea for R30 was lower than
those of S30 and S300. These are because the cure
reaction was promoted in the case of R30 owing to
the induced orientation of LCE molecules on the sur-
face of PANI nanorods. It has been revealed that the
orientation of LCE molecules on the surface of fiber-
type materials was promoted, when the fiber-type
materials were introduced as filler.33,34 Therefore,
the orientation of LCE molecules on the surface of
PANI nanorods can be expected. In this case, chan-
ces for LCE-amine complex formation increased and
cure reaction occurred fast on the surface of PANI
nanorods. This led to the elevation of cure rate and
degree of cure. On the other hand, the heat of cure
for S30 was higher than that of S300 while the Ea for
S30 was lower than that of S300. Because the S30 has
a higher surface area than S300, S30 provided more
reaction site than S300. The cure reaction around S30
was facilitated due to the increased epoxide-amine
interaction owing to the high surface area. In addi-
tion, S300 induced more steric congestion than S30
because S300 restricted molecular motion of mole-
cules more than S30 during cure.35 However, a dras-
tic decrease in the heat of cure was not observed in
every LCE/PANI system, which demonstrated that
the PANI nanomaterials did not act as a heat-sink
during the cure reaction. Judging from the dynamic
DSC results, it is clear that PANI nanorod is more
useful for cure reaction than PANI nanospheres.

Figure 5 Dynamic DSC thermograms of S30 (25 wt %
PANI) system as a function of heating rate.

TABLE II
The Peak Temperature (Tp), Heat of Cure, and Activation Energy of (Ea) LCE/PANI

Systems as a Function of Heating Rate

System Scan rate (�C/min) 20 10 5 2.5

R30 Tp (
�C) 212.9 200.1 192.7 182.3

Heat of cure (kJ/mol epoxide) 129.1 126.4 127.3 125.4
Ea (kJ/mol) 116.6

S30 Tp (
�C) 237.2 231.5 222.8 211.4

Heat of cure (kJ/mol epoxide) 115.9 118.6 115.7 113.4
Ea (kJ/mol) 135.8

S300 Tp (
�C) 265.6 251.8 248.7 239.5

Heat of cure (kJ/mol epoxide) – 100.6 95.9 98.5
Ea (kJ/mol) 160.6
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The isothermal DSC curves of S300 system are
represented in Figure 6. This pattern of isothermal
DSC curves was also observed in the isothermal
thermograms of R30 and S30 systems (Supporting
Information Fig. S2). Because the melting tempera-
ture of LCE was in the range of 120–140�C, the iso-
thermal DSC scan temperatures were determined as
160–200�C. Below this range, the curing reaction is
too slow. On the other hand, curings of LCE mole-
cules proceeded too fast to monitor maximum cure
rate above this temperature. The heat flow associated
with maximum cure rate increased with increasing
cure temperature. This fact demonstrated that the
PANI nanospheres did not show any diffusion-
barrier effect, when it was used as a curing agent.
The cure rate was determined from the isothermal
DSC thermograms using following equation:

da
dt

¼
dH
dt

Hcom
;

where a is the extent of cure, and Hcom is complete
heat of cure obtained from dynamic scan using a

heating rate of 10�C/min. The maximum cure rates
in the various LCE/PANI systems are shown in
Figure 7. The maximum cure rate increased with
increasing cure temperature. This fact supports that
PANI nanomaterials did not show a diffusion-barrier
effect. The maximum cure rate of R30 was slightly
higher than S30 and S300 at low temperatures. At
higher cure temperatures, the maximum cure rates of
LCE/PANI systems were almost identical. This
means that the effect of PANI morphology on cure
rate was significant at low temperatures, whereas it
became insignificant with increasing cure tempera-
ture. The maximum cure rate of S30 was slightly
higher than that of S300 at all cure temperatures
because the curing reaction was facilitated around
PANI nanospheres (S30) with higher surface area as
elucidated from the dynamic DSC examination.
To obtain the degree of cure, the isothermal DSC

curves were integrated and the partial areas as a
function of time were normalized with respect to
Hcom. The reaction kinetics of DGE-DHAMS was
extensively analyzed in the previous article.30 It was
revealed that the overall reaction kinetics and
parameters were independent of isothermal DSC
scan temperatures. Because the isothermal cure
behaviors of LCE/PANI nanomaterial systems were
predicted to follow the reaction pathway in the
previous study, it is considered to be reasonable to
calculate the reaction kinetics and parameters at one
representative temperature (middle range).
Figure 8 presents the degree of cure for LCE/

PANI systems cured at 180�C. The degree of cure
increased quickly in the early stage of the cure reac-
tion and approached to an asymptotic value in every
system. In the early stage of the cure reaction, the
degree of cure for R30 was higher than those of S30
and S300. This fact revealed that the PANI nanorods
accelerated cure reaction more than PANI nano-
sphere due to the orientation of LCE molecules

Figure 6 Isothermal DSC curves of S300 (25 wt % PANI)
system as a function of cure temperature.

Figure 7 Maximum cure rates of LCE/PANI systems.
Figure 8 Degree of cure of LCE/PANI systems cured at
180�C as a function of cure time.
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around PANI nanorods in the early stage. As the
reaction proceeded, the concentration of hydroxyl or
amine groups generated from the breakage of epox-
ide groups increased and sufficient nucleophilic
components existed. Therefore, cure rate became
independent of PANI morphology in the middle
of the cure reaction, because cure rate is mainly
dependent on the concentration of nucleophilic com-
ponents, which can participate in the curing reaction
with electrophilic epoxide groups.36 Accordingly, the
final degree of cure was almost the same regardless
of PANI type. This reaction can be denoted as an
auto-catalyzed reaction. To prove that the cure reac-
tion of LCE/PANI systems was an auto-catalyzed
reaction, isothermal kinetic parameters were eval-
uated using the Kamal equation:37

da=dt ¼ ðk1 þ k2 � amÞð1� aÞn

where k1 and k2 are the kinetic rate constants, and m
and n are kinetic exponents. This equation is valid
for the auto-catalyzed reaction. The reaction parame-
ters can be evaluated by the following way. First,
the differential cure rate (da/dt) was obtained by
normalization of cure enthalpy at fixed time to total
cure enthalpy. Then the differential cure rate (da/dt)
was integrated by summation in terms of time to
obtain degree of cure at a fixed time. Thus, it is pos-
sible to collect data for degree of cure as a function
of cure time. Finally, fitting by numerous iterations
with above equation generated kinetic parameters.
In the case of the R30 system, m and n values are
1.276 and 0.689, respectively. The m þ n value was
1.965, which was consistent with the general value
(2) for the auto-catalyzed reaction.38 For S30 and
S300, the m þ n value was in the range of 1.5–1.9
depending on iteration accuracy. Isothermal DSC
analysis verifies that PANI nanomaterials can be
successfully used as curing agent and LCE/PANI

systems showed general cure behavior of epoxy/
amine system regardless of PANI morphology.

Thermal and electrical properties

The thermal stability of cured LCE/PANI nanocom-
posites was investigated by thermogravimetric anal-
ysis (TGA) and illustrated in Figure 9. The TGA
thermograms exhibited two weight loss regions,
respectively. The first loss, started at around 250�C,
was due to the initial degradation of less cross-
linked epoxy network. The second weight loss
region associated with the thermal degradation of
the PANI component appeared at around 350�C.
While the initial degradation temperature was
almost the same regardless of PANI type, the second
decomposition temperature was dependent on PANI
morphology. Judging from this fact, it is inferred
that the structural difference in LCE/PANI nano-
composites led to the different thermal stability. It
has been reported that physical interaction between
LCE molecules and PANI, which was generated
from the addition of PANI nanofiller, cannot
enhance the thermal resistivity of LCE network.38

The second thermal decomposition temperature of
R30 is higher than those of S30 and S300. On the
other hand, thermal degradation temperature of S30
is slightly higher than that of S300. It is natural that
increased surface area provided more reaction site.
The curing reaction mainly happened on the surface
of PANI nanomaterials. Curing reaction between the
epoxide and amine groups on the surface of PANI
nanomaterials resulted in the formation of strong
covalent bond leading to improved thermal resistiv-
ity. Therefore, R30 with highest surface area had
more chances for covalent bond formation, and thus
enhanced thermal stability. In addition, R30 and S30
are more dispersive than S300 due to the nanoscale

Figure 9 TGA thermograms of LCE/PANI nanocompo-
sites cured at 175�C for 3 h and at 190�C for 1 h.

Figure 10 Compositional effect for electrical conductivity
of LCE/PANI nanocomposites cured at 175�C for 3 h and
at 190�C for 1 h.
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dimensition.29 For the case of R30, directional order-
ing of PANI nanorods in the LCE matrix might be
induced during the cure reaction. This structural
regularity also improved the thermal stability. The
residual mass of LCE/PANI systems did not show a
significant difference due to the similar degree of
cure reaction.

The electrical conductivity of the prepared LCE/
PANI nanocomposites measured by a standard four-
probe method is exhibited in Figure 10 as a function
of PANI composition. The electrical conductivity of
LCE/PANI nanocomposites showed a percolation

threshold behavior. This fact indicated that the elec-
trical conductivity rose quickly at 5–10 wt %. It also
means that more electrical paths were generated
with increasing PANI concentration. In addition, the
electrical conductivity of LCE/PANI nanocomposites
was higher than conventional epoxy composite
(10�5–10�4 S cm�1).39 This result confirmed that
PANI nanomaterials can be used as novel conduct-
ing nanofillers. The electrical conductivity of R30
was higher than those of S30 and S300 at 5 wt %,
and the R30 system showed a percolation threshold
behavior at a lower PANI composition than S30 and
S300, although there was no sharp transition region.
This fact indicates that the R30 system can have suf-
ficient electrical paths at a lower PANI composition.
The morphological feature of PANI nanorods such
as high aspect ratio induced an effect of generating
more electrical paths.40 Meanwhile, the electrical
conductivity of S30 and S300 approached that of R30
above 10 wt% because of high inherent electrical
conductivity of PANI.

Fracture surface

The fracture surfaces of LCE/PANI nanocomposites
were examined by SEM. Figure 11 demonstrates that
the fracture surface of R30 and S30 was flat and
homogeneous. On the contrary, the morphology of
PANI particles of 300 nm was reflected regionally in
the case of Figure 11(c). To prepare high perform-
ance LCE nanocomposites, homogeneous incorpora-
tion of filler into the matrix is very important. PANI
nanomaterials have surface amine groups, which
can form covalent bonds with LCE molecules. This
covalent bond formation promoted dispersion of
PANI nanomaterials into the LCE matrix, and thus
prevented macrophase separation. Therefore, phase
separation was not observed in the fracture surfaces
of LCE/PANI nanocomposites [Figure 11(a–c)].

CONCLUSIONS

The morphological effect of polyaniline nanomateri-
als on the cure behavior and performances of LCE/
PANI nanocomposites was investigated. Dynamic
DSC analysis indicated that PANI nanorods are
more effective curing agent than PANI nanospheres
below 25 wt % content, because PANI nanospheres
retarded cure reaction toward the LCE matrix to
some extent compared with PANI nanorods. Isother-
mal DSC study demonstrated that the degree of cure
was almost independent of PANI nanoshape. TGA
analysis and electrical conductivity of LCE/PANI
nanocomposites revealed that the PANI nanomateri-
als could be effective as conducting fillers and
advantageous for improving the performances of
LCE/PANI nanocomposites.

Figure 11 SEM images of fracture surface of LCE/PANI
nanocomposites cured at 175�C for 3 h and at 190�C for 1 h.
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