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Chemical surface oxidation of carbon nanotubes was employed to modify the interfaces between liquid

crystalline epoxide (LCE) molecules and carbon nanotubes (CNs). Polar functional groups are formed on the

surfaces of the carbon nanotubes as a result of the treatment. The thermotropic behavior of the nematic liquid

crystalline (LC) phase in liquid crystalline epoxide–carbon nanotube (LCE–CN) composites has been examined

using polarized optical microscopy. The LC phase in the LCE–surface oxidized CN composite evolves at a

lower temperature compared to that for LCE–CN, due to polar interactions. The mechanical properties of

LCE–CN composites tend to increase with increasing CN content. The electrical conductivity of LCE–CN

composites was found to increases dramatically compared to that of pristine LCE resin, up to 5 wt% CN

loading, and then increase linearly with increasing CN content at high CN loadings. An investigation of the

thermal properties of LCE–CNs in relation to the surface treatment of CNs was also undertaken. Surface

oxidation of CNs was found to improve the mechanical durability and thermal stability of LCE–CN

composites.

Introduction

Owing to their excellent electrical, mechanical, thermal, and
magnetic properties, carbon nanotubes have been considered
to be a new form of carbon material, and consist of concentric
cylinders of graphite layers.1 The diameters of CNs are 1000
times smaller than those of conventional carbon or reinforce-
ment fibers. The high surface areas of CNs play a role in the
effective reinforcement, unlike conventional carbon fillers. CNs
have been studied for their potential applications in nanoscale
devices and materials, field emission, and superconductors.2–7

Recently, mass production of CNs has been achieved using arc
discharge and laser ablation. The excellent electrical properties
of CNs make them attractive candidates for new electronic
devices.8–10 Research11–15 into the mechanical properties of CN
composites has revealed that CNs can be potentially used as
reinforcement fillers in polymer composite systems.

In the last few years, liquid crystalline epoxy resins have been
synthesized and their cure kinetics and physical properties
investigated.16–19 A typical LCE is composed of an aromatic
mesogenic group and a reactive oxirane ring, which takes part
in the cross-linking reaction with an amine. The balance of
properties between those of a liquid crystalline polymer and an
epoxy resin means that these materials can be used as matrix
resins for high performance polymer composites. For example,
the epoxide functional group provides advantages such as
versatility in the choice of curing agent and additive, excellent
adhesion, and low shrinkage.

Ajayan et al.24 initially fabricated epoxide–CN composites
by mechanically mixing multi-walled carbon nanotubes in a
polymer matrix. As hard conductive materials, LCE–CN com-
posites show great potential for use as antistatic coatings or
for electromagnetic shielding for electronic devices.20–23 CNs
offer an alternative for polymer matrix reinforcement20–22 and
enhance the electronic properties8–10 of the resulting composite.

Although many studies have sought to improve the

mechanical performance of polymer–CN composites, they
provide only limited information concerning the surface modi-
fication of CNs. In particular, chemical surface oxidation of
CNs may have important effects on the electrical, thermal, and
mechanical properties of LCE–CN composites.

In this study, chemical oxidation of CNs was employed to
modify the interface between CNs and LCE molecules in LCE–
CN composites, to provide LCE–surface oxidized CN (oxCN)
systems. The effect of oxidation of CNs on the thermotropic
LC behavior of LCE–CN systems was also examined. The
mechanical, electrical, and thermal properties of LCE–CN
composites were investigated from the viewpoint of surface
treatment of CNs.

Experimental

Materials

A liquid crystalline epoxy resin, the diglycidyl ether of 4,4’-
dihydroxy-a-methyl stilbene (DGE-DHAMS) was employed as
a matrix. The epoxide equivalent weight (EEW) of LCE is
about 175. Sulfanilamide, the curing agent, was purchased
from Aldrich and used as received. The structures of the LCE
and the curing agent are shown in Fig. 1. The synthesis,
physical, and chemical properties, and special applications of
the LCE have been reported in the literature.25–27

Carbon nanotubes were employed as inorganic fillers in the
LCE–CN composites. The carbon nanotubes were produced
from the interaction of an iron catalyst with a CO–H2 (4 : 1)
mixture at 600 uC for 1 h. The general characteristics of the
carbon nanotubes are presented in Table 1.

Synthesis of CNs

Multi-walled carbon nanotubes were prepared from a mixture
of carbon monoxide and hydrogen gases (CO–H2 4 : 1; v/v) on a
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non-supported iron catalyst at a temperature of 600 uC using a
conventional horizontal tube furnace. The iron catalyst powder
used in this study was prepared via the precipitation of ferric
carbonate by addition of ammonium bicarbonate, as described
by Best and Russell.6 The precipitate was dried overnight in an
oven at 100 uC and then calcined in air at 400 uC for 5 h to
convert the carbonate into the oxide. The calcined catalyst was
reduced in a 10% H2–He mixture for 20 h at 480 uC. The
reduced catalyst was subsequently cooled to ambient tempera-
ture in a helium atmosphere before being passivated in a 5%
air–He mixture for 1 h at room temperature. The passivated
catalyst was then removed from the reactor and stored for later
use. The quartz flow reactor used for the preparation of the CN
was heated in a conventional horizontal tube furnace. The gas
flow to the reactor was precisely monitored and regulated with
MKS mass flow controllers. Powdered catalyst (30 mg) was
placed in a quartz boat at the center of the reactor tube in the
furnace. After reduction in a 10% H2–He mixture for 2 h at the
prescribed temperature, helium was flushed through the system
for 0.5 h. The reactant gas, either a CO–H2 or a CO–CH2CH2–
H2 mixture, was then allowed to flow over the catalyst. The
total amount of carbon deposited after 1 h on stream was
determined gravimetrically after cooling the system to ambient
temperature. The prepared carbon was partially oxidized at
450 uC for 30 min under an air flow (100 ml min21), using the
same type of horizontal furnace, to remove amorphous carbon
on the surfaces of the CNs. Hydrogen (99.999%), carbon
monoxide (99.9%), and He (99.99%) were obtained from MG
industries and used without further purification. Reagent
grade iron nitrate [Fe(NO3)3?9H2O], was obtained from Wako
Chemical Co.

Characterization of CNs

The CNs were observed with high resolution transmission
electron microscopes (HR-TEM; JEOL JEM 200CX and JEM-
2001) with a bio-scan camera. The X-ray diffraction data were
collected using a Rigaku Geigerflex instrument employing a
Cu-Ka target, and the crystallographic parameters were
calculated according to the Gakushin (JSPS) method.7 Multi-
point Brunauer–Emmett–Teller surface area measurements

were made using a Coulter Omnisorb 100CX surface area
analyzer. Prior to this measurement, the CNs were degassed at
150 uC for 8 h. A TEM image of CN is presented in Fig. 2.

Oxidation of CNs

The surfaces of CNs were oxidized in a preheated aqueous
nitric acid solution (50–60%) at 100 uC for 30 min. Then, the
CNs were refluxed with distilled water for 24 h and dried in a
vacuum oven at 100 uC for 24 h.28

Preparation of sample mixture for curing

The mixtures were prepared by dissolving the LCE, the curing
agent, and the filler in acetone. Then, the mixture was
ultrasonicated for 1 h, and the solvent was evaporated. The
molar ratio of epoxide to amide groups was fixed at 1. The
samples are denoted as LCE for the epoxide–curing agent
system, LCE–CN for the epoxide–carbon nanotube–curing
agent system, and LCE–oxCN for epoxide–oxidized carbon
nanotube–curing agent system. Ajayan and co-workers2,23,24

reported that the efficient mixing of epoxy resin and CNs can
be achieved by mechanical and sonication methods. The
sample mixtures were cured at 150 uC for 4 h and post-cured at
175 uC for 1 h in a vacuum oven.

Instrumental analysis

The electrical conductivity of prepared samples was measured
by the standard four-probe method under ambient conditions.
The electrical conductivities were calculated using the formula,

s~
2 ln 2

pgd(R12,34zR23,41)

where d is the thickness of sample in cm,R12,34~V34/I12,R23,41~
V41/I23, and g is the correction factor.

The correction factor was determined from the value of
R12,34/R23,41 using the correction factor curve. Fig. 3 shows the
standard four-probe set-up and the correction factor curve
used in order to measure the electrical conductivity of LCE–
CN/oxCN specimens. FT-IR spectra were recorded on a
Bomem MB100 spectrometer in absorption mode at a reso-
lution of 4 cm21 and are averages of 1200 scans. Thermo-
gravimetric analysis (TGA) was performed using a Perkin
Elmer TGA 7 instrument at a heating rate of 10 uC min21

in N2. Dynamic mechanical thermal analysis (DMTA) was
conducted with a Rheometrics DMTA MK III analyzer.17

The three-point bending method was employed at frequency of
1.0 Hz. The fabricated samples were heated from 10 to 250 uC
at a heating rate of 5 uC min21 in a chamber purged with
nitrogen. LC phases were observed with a Leica MPS30

Fig. 1 Chemical structures of (a) the liquid crystalline epoxy resin and
(b) the curing agent.

Table 1 Preparation conditions and physical properties of carbon
nanotubes

Preparation conditions Physical properties

Catalyst Fe Structure Platelet
Reaction temperature/uC 600 Average

diameter/nm
180

Reaction time/h 1 H/C (atomic ratio) 0.035
Gas composition 4 : 0 : 1 d002 (XRD)/nm 0.3363

(CO–C2H2–H2; v/v) Surface area/m2 g21 84

Fig. 2 TEM image of a carbon nanotube.
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polarized optical microscope (POM) equipped with a Mettler
Toledo FP82TH hot stage.

Results and discussion

Surface characteristics of CNs

The FT-IR spectra of pristine and surface-treated CNs are
shown in Fig. 4. Because CNs are electrically conducting, the
baselines in the spectra are slanted due to plasma reflection.
The absence of hydroxyl and carbonyl groups in the pristine
CNs is obvious from the IR spectrum [Fig. 4(a)]. On the other
hand, charateristic bands due to generated polar functional
groups are observed in the spectrum of oxidized CNs
[Fig. 4(b)].29 The vibrational band assignments are presented
in Table 2.

Morphological features and thermotropic LC behavior

The DSC curves of pristine LCE resin, LCE–CN, and LCE–
oxCN are presented in Fig. 5. When the LCE resin is slowly
cooled from the melting temperature of 130 uC, nematic LC
domains form between 98 and 56 uC. These domains are not
present at elevated temperatures between 100 and 130 uC; the
isotropic state is merely observed.25–27 Therefore, the exother-
mic peaks at higher temperature in Fig. 5 correspond to the
isotropic-to-LC transition, and the peak at lower temperature
in Fig. 5(c) is attributed to the LC-to-crystal transition. In the
LCE–CN system, a nematic LC domain appears at 98 uC and is
maintained to 56 uC, as reported by Earls and co-workers.25–27

This phenomenon indicates that the LC domain in the LCE–
CN system is not affected by the presence of CNs. However,
the isotropic-to-LC transition temperature is shifted to a lower
temperature in the LCE–oxCN system. The exothermic peak in
Fig. 5(c) is weak compared with that in Fig. 5(b).

The different behavior of the LC domain in LCE–oxCN is
attributed to the effect of surface oxidation of the CNs.
Oxidation of the carbon materials generates polar groups, such
as O–H, CLO, and N–H, on the surface.28,29 Because the
epoxide groups in LCE molecules are electrophiles (E1) and
the generated polar groups are nucleophiles (Nu2), they can
form E1–Nu2 complexes.29

As shown in Fig. 5(b), the LC domain evolves at 98 uC in
LCE–CN. This means that the molecular alignment of LCE
molecules required for the formation of the LC domain appears
at this temperature; the mesogenic groups of the LCE
molecules start to align spontaneously. In contrast, polar
interactions between the epoxides and the nanotube surface
functional groups occurs in the LCE–oxCN. The molecular
motions of the epoxides for evolution of the LC phase are
partially restricted by these polar interactions. In the case of
the LCE–oxCN composite, the LC domain cannot form at

Fig. 3 Standard four-probe experimental set-up used to measure the
electrical conductivity of epoxy resin–carbon nanotube composites and
the plot of the correction factor, g, against R12,34/R23,41.

Fig. 4 FT-IR spectra of (a) pristine and (b) surface-treated carbon
nanotubes. Peaks in the range 1000–1700 cm21 in the latter correspond
to the functional groups generated as a result of surface oxidation.

Table 2 Assignment of peaks in the IR spectrum of surface-treated
carbon nanotubes

Vibrational band/cm21 Assignment

3300 OH str.a (medium)
2900–3000 CH str. (weak)
1720–1750 CLO str. (medium)
1640–1650 H-bonded CLO str. (weak)
1100–1200 C–C–O ring str., C–C–C asymmetric str.
850–900 C–C–C symmetric str.
aStretching.

Fig. 5 DSC curves for (a) LCE, (b) LCE–CN (5 wt%), and (c) LCE–
oxCN (5 wt%) systems. In the DSC experiments, samples were heated
from 20 to 130 uC at a heating rate of 10 uC min21, and cooled to 50 uC
at a rate of 5 uC min21 in nitrogen. The DSC curves were obtained
during the cooling scan.

678 J. Mater. Chem., 2003, 13, 676–681



98 uC. At lower temperature, the intermolecular distance
between LCE molecules becomes less and intermolecular steric
hindrance occurs. In order to reduce this, forced packing of the
LCEs and LCE1–CN2 complexes is promoted. Therefore, the
LC phase in LCE–oxCN evolves at a lower temperature
compared to LCE–CN.

POM images of LCE–CN systems are presented in Fig. 6.
Judging from the images, the nematic LC phase is formed with
different CN and oxCN contents.25,26 It has been reported that
the orientation of LCE molecules on the surface of carbon
fibers (CFs) is promoted when the carbon fiber is introduced as
a filler.30–33 In this study, CNs were employed instead of CFs,
but the orientation of LCE molecules on the CN surfaces can
be expected according to the same mechanism.30–33 Specific
interactions between the epoxides and the polar groups on the
surfaces of the CNs promote the formation of LCE layers on
the surfaces of the CNs. Therefore, orientation of the LCE
molecules along the CNs is facilitated. Structural features like a
high aspect ratio make CNs better fillers than carbon blacks.

Mechanical properties of LCE–CN composites

The mechanical properties of cured LCE–CN composites were
investigated using DMTA. Fig. 7 shows the storage moduli of
LCE–CN composites as a function of CN content. The LCE–
CN composites were cured at 150 uC for 4 h and maintained
at 175 uC for 1 h for post curing. In general, the modulus of
thermoset resins is mainly affected by the chemical structure,
the degree of curing, and the curing temperature.16–19 The
moduli of LCE–CN composites tends to increase with
increasing CN content.11 Since the LCE–CN composites
were fabricated at the same curing temperature, the changes
in the storage modulus are mainly due to the increasing CN
content. It is noteworthy that the modulus of the LCE–CN

composites does not depend on the degree of curing to any
significant degree.29

Fig. 8 shows the moduli of LCE–CN and LCE–oxCN
composites. The samples were again cured at 150 uC for 4 h and
post cured at 175 uC for 2 h. The post curing time was increased
for complete curing of the composites. Surface treatment of
carbon fibers, which improved the interfacial interaction
between the epoxide matrix and the carbon fibers, has been
found to affect the dynamic mechanical properties of LCE–CF
composites.16–19 The nitric acid treatment generated polar
functional groups on the CN surface. The modulus of LCE–
oxCN increases slightly below the transition region, and
increases above the transition region compared with LCE–
CN. This phenomenon can be explained by the fact that surface
treatment of CNs promotes the polar interaction between the
CN surface and the epoxy resin. The formation of polar
interactions in the interfacial region alters the relaxation
behavior and broadens the transition region. This means that
improved interfacial adhesion restrains the molecular motion
of LCE molecules at the interface. Generally, heat-resistant
composites, such as benzoxazine–CF, polyimide–CF, and
epoxide–CF show a large drop in modulus in the transition
region.17 In the case of the LCE–oxCN composite, the decrease
in modulus drop near transition region can be assumed to be
due to the inhibition of the molecular motion of the LCE
molecules.

Fig. 6 POM images of LCE–CN systems: (a) LCE (99 uC); (b) LCE–
CN (5wt%, 98 uC); (c) LCE–oxCN (5 wt%, 83 uC); (d) LCE–oxCN (20
wt%, 81 uC); (e) onset of the LC domain in LCE–oxCN (5 wt%, 83 uC).
The LC domain was observed using the same heating–cooling cycle as
for the DSC experiments.

Fig. 7 DMTA thermograms of LCE–CN systems with different CN
contents obtained at frequency of 1.0 Hz: (a) 1 wt% CN; (b) 10 wt%
CN; (c) 20 wt% CN. The fabricated samples were heated from 10 to
250 uC at a heating rate of 5 uC min21.

Fig. 8 DMTA thermograms of (a) LCE–CN and (b) LCE–oxCN
composites containing 1 wt% of CNs or oxCNs, respectively. The
sample mixtures were cured at 150 uC for 4 h and post-cured at 175 uC
for 2 h to increase the degree of curing.
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Electrical conductivity of LCE–CN composites

Windle et al.34 have investigated the electrical properties of
epoxide–carbon nanotube composites with low carbon nano-
tube loadings, and reported the percolation threshold behavior
of the electrical conductivity. In this study, the electrical
conductivity of LCE–CN composites was examined over a
wide range of CN loadings (Fig. 9). In the case of low CN
content (below 10 wt%), the electrical conductivity of LCE–CN
composites increases dramatically compared to cured LCE
resin. This indicates that the LCE–CN composites show a kind
of percolation threshold behavior. Owing to their nanoscale
architecture, the CNs are minutely dispersed in the polymer
matrix, although regional aggregation of CNs might occur in a
limited space. It is noteworthy that the electrical conductivity
of LCE–CN composites increased linearly with increasing CN
content at high CN loading. The surface oxidation of CNs did
not increase the electrical conductivity of LCE–oxCN com-
posites compared to the LCE–CN composites. This means that
the electrical conductivity of LCE–CN and LCE–oxCN
materials is dependent on the intrinsic electrical conductivity
of the CNs.

Thermal stability of LCE–CN composites

Fig. 10 shows the TGA thermograms of LCE–CN composites
as a function of CN content. The initial degradation tem-
peratures of the composites are slightly higher than that of
pristine LCE–amine, and the thermal degradation temperature
is independent of CN content. The residual mass increased with
increasing CN content.

Since the epoxide/amine molar ratio was kept constant in all
the LCE–CN composites, the degree of LCE curing should be
almost constant.29 While the LCE curing rate in the LCE–CN
system decreases as the CN content increases, the final degree
of curing is almost the same under experimental conditions due
to the complete curing of LCE.29 This means that the thermal
stability of the cross-linked epoxide network is not affected by
the CN content. Although the interfacial interaction between
the CNs and the epoxide network increases with increasing CN
content, the thermal resistivity of LCE–CN composite does not
improve significantly.

TGA experiments were performed in order to examine the
effect of surface treatment of CNs on the thermal resistance of
LCE–CN composites. Fig. 11 shows the TGA thermograms of
pristine LCE, LCE–CN, and LCE–oxCN. The thermal
degradation temperature of LCE–oxCN is higher than that
of LCE–CN. As reported previously,28,29 functional groups
such as COOH, CLO, and OH are generated on the CNs as a
result of surface treatment. These functional groups have some
nucleophilicity, which induces polar interactions with the
electrophilic epoxide groups.29 Nucleophile–electrophile com-
plexes can then be formed between functional groups and
epoxides due to these polar interactions. The dispersion of CNs
is promoted29 and the cleavage of the epoxide ring facilitated.
In the polymer–carbon nanotube system, homogeneous dis-
persion of carbon nanotubes in the polymer matrix is a critical
factor for improving the performance of materials. Surface
treatment of CNs is a facile way to disperse CNs more
effectively in an LCE matrix. In addition, the thermal stability
of LCE–oxCN composites is improved through the surface
treatment of the CNs because the molecular motions of the
LCE molecules are restricted by attractive polar interactions.

Conclusions

The effect of surface treatment of carbon nanotubes in their
composites with liquid crystalline epoxy resins has been
examined. Chemical surface oxidation of CNs improves
interfacial adhesion between them and LCE molecules. In
the case of LCE–oxCN composites, the nematic LC phase
evolved at a lower temperature compared to that of the LCE–
CN composite due to polar interactions between the surface-
modified nanotubes and the epoxide matrix. The moduli of
LCE–CN composites tends to increase with increasing CN
content, and their electrical conductivity increases dramatically
compared to that of cured LCE resin up to 5 wt% CN loading.
In addition, the thermal stability of LCE–oxCN composites is

Fig. 9 Electrical conductivity of LCE–CN ($) and LCE–oxCN (#)
composites as a function of CN content.

Fig. 10 TGA thermograms of LCE–CN systems with different CN
contents obtained at a heating rate of 10 uC min21 in N2: (a) 10 wt%
CN; (b) 30 wt% CN; (c) 50 wt% CN.

Fig. 11 TGA thermograms of LCE–CN systems obtained at a heating
rate of 10 uC min21 in N2: (a) LCE; (b) LCE–CN (1 wt%); (c) LCE–
oxCN (1 wt%).
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also improved due to the aforementioned attractive polar
interaction.
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