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Epoxy resin nanocomposites reinforced with three different ionic liquid functionalized
carbon nanotubes (f-CNTs) were fabricated by an in situ polymerization method. The
influence of the anions on the curing process was studied through differential scanning
calorimetry (DSC) and normalized Fourier transform infrared (FTIR) spectroscopy.
The composition of the nanocomposites was analyzed by X-ray photoelectron spec-
troscopy. Two different mechanisms are proposed to explain the curing process of the
neat epoxy and its composites. The electric conductivity and mechanical properties of
the nanocomposites are also reported. The tensile strength was increased dramatically
due to the insertion of f-CNTs. Scanning electron microsopy fracture surface analysis
indicates a strong interfacial bonding between the carbon nanotubes and the polymer
matrix.

Keywords: epoxy resin; nanocomposite; carbon nanotube; ionic  liquid
functionalization

1. Introduction

Carbon nanotubes (CNTs) with high structural aspect ratio, excellent mechanical proper-
ties and superior electrical conductivity have led to interest in mass production techniques
[1-4]. With CNTs having become commercially available in recent years, more effort from
both academic and industrial communities has been put toward their applications. In fact,
the CNTs have realized their first real application in terms of the CNTs-based nanostruc-
tural and functional materials [5—7]. CNT/polymer nanocomposites have been pursued
with the aim of delivering the properties of the CNTs to the hosting polymer matrix
[8—10]. Many polymers have been applied in the CNTs/polymer nanocomposites for vari-
ous target applications. The introduction of the CNTs into a polymer matrix has improved
the electrical conductivity as well as the mechanical properties of the polymer matrix
[11-18].
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Ionic liquids (ILs), consisting of imidazolium cations and counter anions, have attracted
increasing interest as fascinating materials for a wide range of synthesis, catalysis, elec-
trochemistry and liquid-liquid extractions, due to their remarkable properties such as
non-volatility, non-flammability, high ion density and extremely high ionic conductivity
[19-23]. Some kinds of the polymer gel electrolytes containing ILs have been investigated
with the aim of realizing both high ionic conductivity and good mechanical properties
[24]. Polymer-in-IL electrolytes have also been prepared by in sifu polymerization of
vinyl monomers in ILs [25,26]. Ohno’s group [27,28] has prepared the IL-type poly-
mer films having flexible spacers between the polymerizable groups and the imidazolium
cations. Polymerization of ILs is very effective to not only transport target ions but also
improve mechanical properties. Although the polymeric ILs are flexible materials, their
low mechanical strength limits their industrial applications.

In this work, epoxy resin nanocomposites were synthesized by in situ polymerization
of the epoxy resin in the presence of three types of different ionized liquid functional-
ized CNTs (IL-CNTs) with different anions. The thermal properties of the epoxy resin
nanocomposites reinforced with different IL-CNTs were measured by differential scan-
ning calorimetry (DSC). X-ray photoelectron spectroscopy (XPS) was used to examine the
interfacial interactions in the IL-CNTs/epoxy resin nanocomposites. The mechanical prop-
erties and the electrical conductivity of the nanocomposites were also investigated. The
fracture surface of the nanocomposites was examined by scanning electron microscopy
(SEM).

2. Experimental
2.1. Materials

The epoxy resin Epon 862 (bisphenol F epoxy) and EpiCure curing agent W were pur-
chased from Miller-Stephenson Chemical Company, Inc. Other chemicals were purchased
from Sigma-Aldrich Company. All the chemicals were used as-received without any further
treatment.

2.2. Preparation of the IL-CNT/epoxy nanocomposites

The pristine epoxy resin was prepared by mixing EPON 862 with EpiCure curing agent
W under mechanical stirring for 30 min, degassing the mixture in a vacuum oven at 80°C
for 30 min. The ratio of Epon 862 and EpiCure W was 100:26. After the bubbles were
completely removed, the mixture was transferred to stainless steel dog-bone molds and the
complete curing was done for 4 h at 120°C. The cured material was then trimmed. Finally,
the samples were machined for thermal and mechanical characterization.

Three different ionic liquid functionalized CNTs (PF¢-CNT, CI-CNT, Br-CNT) were
prepared, and Figure 1 shows their chemical structures [29,30]. The degree of functional-
ization was 1.3 mmol/g. Since the preparation process followed an acid-treatment process,
the functional sites were located on the defects and ends of the CNTs. For the preparation
of the PF¢-CNT and CI-CNT epoxy nanocomposites, f-CNTs and the curing agent were
sonicated in an ultrasonic bath for 4 h at room temperature and an additional 3 h at 70°C.
Epon 862 was added and the three components were further shear mixed at 80°C for 30
min, and then sonicated for 30 min. The final mixture was degassed in a vacuum oven at
80°C for 2 h. The curing cycle of the epoxy nanocomposites was the same as that used for
curing the neat epoxy. Since the ultrasonication was carried out for a short time at low-
power in our experiments, no significant difference was observed in the properties of neat
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cured epoxy which was prepared by following the composites preparation process and the
regular curing process. The thickness of the final specimens was about 1.2 mm. Figure 2
shows the reaction scheme for the PF¢-CNT and CI-CNT epoxy nanocomposites.

Due to the different surface functional groups attached on the CNT, Br-CNTs were
first mixed with the preheated Epon to create the covalent bonding between the f-CNTs
and the epoxy matrix. Subsequently, EpiCure curing agent W was added and further shear
mixed with the Br-CNTs/Epon 862 mixture for 30 min and sonicated for 30 min. Finally,
the resulting mixture was degassed in a vacuum oven at 80°C for 30 min. Then the curing
cycle of the Br-CNTs/epoxy nanocomposites was the same as that of the pristine epoxy.
Figure 3 illustrates the preparation procedure for the Br-CNT/epoxy nanocomposites.

2.3.  Characterization

Tensile testing was performed using a micron tensile machine (Instron 4411) at room
temperature in accordance with ASTM D 1708-06 a. The crosshead speed was 1 mm/s.

A scanning electron microscope (JEOL SM-71010) was used to examine the fracture
surfaces. Fourier transform infrared (FTIR) spectra were recorded with a JASCO FTIR
spectrometer analyzer, which was operated from 700 to 4000 cm™! at room temperature.
XPS spectra were recorded with a PHI-5702 Multi-Technique System ESCA/AES with
a Mg Ka (1253.6 eV) source. The pressure in the analytical chamber was about 5x 1078
mbar. The correction of the electrostatic charging was made by adjusting the Cls signal of
the aliphatic carbon atoms to 284.8 eV. Electric conductivity measurements were carried
out using the two-point probe method.

The curing process was investigated by differential scanning calorimetry (DSC, Perkin
Elmer Instruments) under 10 ccpm nitrogen flow conditions. The testing temperature was
from 25 to 300°C with a heating rate of 5°C/min. The reaction enthalpy (J/g) and residual
heat of reaction were measured from the area under the DSC peaks.

3. Results and discussion
3.1. DSC measurements of the curing process

The glass transition temperatures of the nanocomposites are determined on the basis of the
DSC results. Figure 4 shows the DSC curves of the nanocomposites with 1 wt% f-CNT
loading and pure epoxy. The glass transition temperatures of the polymer matrix depend
on the free volume of the polymer, which is correlated to the affinity between the fillers and
the polymer matrix [31,32]. Molecular motion in the bulk state depends on the presence
of the vacancies or voids. The endothermic peak located at 120°C in each curve repre-
sents the glass transition temperature range for the corresponding nanocomposites. This
indicates that the nanotubes prevent the epoxy from releasing energy at this temperature.
Compared to cured neat epoxy samples, f-CNT/epoxy nanocomposites show a shoulder
peak at around 150°C. The aforementioned reaction mechanism analysis indicates that the
f-CNTs are inserted into the polymer matrix and there is a strong interaction between these
two phases, which causes the change of crystallization behavior of the epoxy. Hence, the
melting transition is also changed.

The total area under the heat flow peak, based on the extrapolated baseline at the end
of the transition, was used to calculate the total heat of transition. The glass transition
temperature and the heat of the transition (the transition enthalpy, AH) for each type
of composites are reported in Table 1. It is obvious that the glass transition temperature
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4 Neat epoxy

1% PFg-CNT/epoxy
1 1% CI-CNT/epoxy
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Figure 4. Dynamic DSC thermograms for the curing of neat epoxy and its nanocomposites.

Table 1. Peak temperature and endothermic enthalpy of the DSC cured samples.

Sample (1.0%) T, (°C) AH (J/g)
Neat epoxy 112.5 16.04
PF¢-CNT/epoxy composite 113.8 21.27
CI-CNT/epoxy composite 114.5 27.10
Br-CNT/epoxy composite 114.3 32.16

and AH decrease in the order of Br-CNT/epoxy, CI-CNT/epoxy and PFs-CNT/epoxy
nanocomposites. Compared to the pure epoxy, the incorporation of the f~-CNTs leads to
an increase of the glass transition temperature in the f-CNT/epoxy resin nanocomposites.
The covalent bonding between the f-CNT and the epoxy matrix is strong, which decreases
the free volume of the nanocomposites and thus the glass transition temperature increases.
Meanwhile, the AH value of the PF¢-CNT/epoxy nanocomposites is higher than that of the
pure epoxy, whereas the AH values of the CI-CNT/epoxy and Br-CNT/epoxy nanocom-
posites are slightly and significantly higher, respectively, than that of the pure epoxy. It is
inferred that during the glass transition process, f-CNTs act as heat-shielding fillers and
prevent the epoxy from exchanging energy with the outside system [33].

3.2.  Curing kinetics

The DSC curing curves of neat epoxy and its CI-CNT nanocomposites with different nan-
otube loadings are displayed in Figure 5. Only the main peak of the etherification reaction
is observed and the reaction heat of the etherification reaction peak is approximately the
total heat of the curing reaction. In addition, the functional groups on the chemically mod-
ified CNT surface act as the segments of the reaction agents to bridge the CNT and the
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Figure 5. Dynamic DSC thermograms for the curing of the neat epoxy and its CI-CNT/epoxy
nanocomposites.

epoxy resin [31]. However, the released heat is much smaller than that of the curing reac-
tion, which indicates that it can be considered to be negligible. Consequently, AH can be
regarded as a constant over the whole curing reaction.

From a dynamic DSC run, the total area of the exothermal peak (the region between
the exotherm and the baseline) is in direct proportion to the molar reaction heat, the AH
released during the whole cure reaction [34,35]. The extent of the curing at any temperature
can be expressed as

) (M

AH; A
AH A
where AH; is the heat of reaction of the partially cured samples heated up to the
temperature 7. The cure rate, da/dt, is defined by

da 1 dAH
2= (57) @
dt AH, dt T

where « is the degree of curing, (d AH /dt)r is the heat absorption rate during the scanning
(J/s g=W/g) and AH, is the total amount of heat absorbed (J/g). Figures 6a—6¢ reveal
a comparison of the curing kinetics at a heating rate of 5 K/min among the three types of
f-CNT/epoxy nanocomposite systems;the value of « is included in Table 2.

3.3. Degree of curing by FTIR

The FTIR spectra of the neat epoxy resin and its CI-CNT nanocomposites are presented in
Figure 7. It is known that curing can be monitored by the FTIR technique [34,36]. In this
study, the degree of curing of the f~-CNT/epoxy nanocomposite was calculated. It is known
that the epoxy group has three characteristic peaks in the fingerprint region: 830, 1250 and
913 cm~! [31]. The band at 830 cm™! is overlapped by the bending vibration of the two
adjacent hydrogen atoms in the benzene ring. However, the feature at 913 cm™! exhibits
no interference [33,37]. The intensity of the band at 913 cm ™' decreases with increasing
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Figure 6. Advancement of the curing for the non-isothermal curing at 5 K/min heating rate of three
types of composite samples. Lines are given only for showing the tendency.
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Table 2. Degree of curing calculated by DSC and FTIR.

PF¢-CNT CI-CNT Br-CNT
Loading DSC FTIR DSC FTIR DSC FTIR
0.10% 98.7% 98.2% 83.6% 84.3% 79.2% 81.2%
0.50% 93.8% 94.9% 76.2% 75.1% 74.3% 75.3%
1.00% 93.3% 94.5% 70.3% 73.6% 68.2% 70.2%
1.4 - Neat Epoxy
| — 0.1% CNT/epoxy
124 — 0.5% CNT/epoxy
" | —— 1.0% CNT/epoxy »
10 4 913 cm
0.8 +
2 ] 1610 cm™"
< 06
0.4 1
0.2 1
0.0 A

T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm™")

Figure 7. FTIR spectra of the cured neat epoxy and its nanocomposites.

degree of curing, which means that the band at 913 cm ™' can sensitively reflect the change
of the epoxy groups and better obeys the Beer—Lambert law [32,36]. According to the
Beer-Lambert law, the absorption peak at 1616 cm~! of a benzene ring can be regarded as
the internal standard, so the degree of curing can be determined from

1616 4913 913 1616
_ AcuredAuncured - Acured uncured (3)

1616 4913 ’
AcuredA uncured

where A,,cqmeq 18 the original absorbance of neat epoxy without curing; A4.,.s is the
absorbance of the cured epoxy nanocomposites. With an increase of the functionalized
CNT loading, the peak area of the band at 913 cm ™! was increased.

The curves of the three types of CNT/epoxy nanocomposites were normalized by
using the Beer—Lambert law and the peak at 913 cm™' is shown in Figure 8. In terms
of Equation (3), the degree of the curing of the CI-CNT/epoxy resin nanocomposites was
calculated and included in Table 2, which indicates that the curing reaction is incomplete
in the CI-CNT and Br-CNT nanocomposites. However the degree of curing of the PF¢-
CNT/epoxy resin nanocomposites was about 95%. Considering the air oxidation of the
curing agent, the curing of the PF¢-CNT/epoxy resin nanocomposites was close to com-
pletion. It was obvious that the degradation in the curing process of the halogen ionic
liquid nanocomposites. Because part of the curing agent was oxidized before the curing,
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there is little difference between the values obtained by FTIR and DSC. Different from the
commercial epoxy resin, f~-CNTs have functional groups as segments in polymerization.
Although the mechanical and thermal loading applied on the polymer matrix can be trans-
ferred to the inserted f-CNT segments, but which are considered as defects for the curing
process. In the following XPS analysis, the detailed mechanism will be discussed in the
molecule level.

3.4. XPS analysis

XPS was used to characterize the surface chemical composition of the nanocomposites.
It provides a quantitative evaluation of the elemental chemistry states and chemical envi-
ronments. Figure 9 shows the N1s XPS spectra of CI-CNT/epoxy nanocomposite. It is
worth noting that the signal consists of three components corresponding to three different
nitrogen species [38]. Besides the one centered at 399.8 eV, which is attributed to the pro-
tonated nitrogen atom (-NH-) coming from the amine group in the curing agent, a higher
electron state was shown at 401.5 eV, which was due to quinonoid and oxidized nitrogen
(-N=, N-0). There is also a signal at 403.0 eV, expected from the higher oxidization state
of nitrogen in the composite [39]. This is N*, which results from the protonation of the
quinonoid imine in the ionic environment. This phenomenon is consistent with the fact
that protonation occurs preferentially at the imine sites [40].

The XPS curve fitting of the Cls core-level spectra is shown in Figure 10. The Cls
peak is fitted with four components centered at 284.8, 287.3, 289.2 and 291.2 eV [38]. The
one of 284.8 eV results from conjugated C—C bonding of SWNTS and PANI. There was
no peak that can be used to describe the C—N in this properly curve-fitted Cls core-level
spectrum. In the 287-290 eV region, there are two peaks indicating the existence of C—O
and carbonyl. The peak at 287.3 eV corresponding to C—O originates from the hydrocarbon
and carbon—oxygen compounds containing oxygen with a low oxidation number compo-
nent; the peak at 289.2 eV represents the carbon—oxygen and carbon—nitrogen compounds
of higher oxidation number (C=0, C=N). The two oxidative states may have two possible
origines; one is from curing agent, where there are some C—O groups caused from the oxi-
dation of the curing agent by air; the other is from the CNTs and epoxy [41]. The highest
one, located at 291.2 eV, is ascribed to the strong polarized C~N* bonding of the EpiCure
W segments in the nanocomposites. The signals of the C—N component at a binding energy
of 285.5 eV [38] cannot be resolved unambiguously in the Cls core-level spectrum when
using Mg Ko excitation [42].

The above results indicate that there are two oxidation states of nitrogen in the
nanocomposites, which are related to the quinonoid structure and N* in EpiCure W seg-
ments. This may be formed during the curing process as a consequence of both the presence
of ions in the solution and the reaction of the atmospheric oxygen with amine curing agent.
Therefore, it was clear that a new peak appeared in the regions of high binding energy of
both C 1s and N 1s core-level spectra, respectively.

Considering that -N=, N-O and N cannot react with the epoxy group, the area inte-
grated of these two peak indicated the degree of degradation of the curing agent. For
CI-CNT/epoxy nanocomposites with 1% CNT loading, the value is 70.3%, which is very
close to the degree of the curing. The curing process is proposed and schematically shown
in Figure 11. Initiation is caused by the halogen radicals produced from the halogen ions
and hydroxide radicals, which are the by-product from the photo-oxidation of the aniline
structure. The halogen radicals were of higher activity and longer half-life at the high
temperature of curing compared with room temperature.
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Figure 8. Normalized FTIR spectra of the cured epoxy and its nanocomposites.
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Figure 9. Nls core-level XPS spectra of the CI-CNT/epoxy nanocomposites.
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Figure 10. Cls core-level XPS spectra of the CI-CNT /epoxy nanocomposites.

3.5. Mechanical and electrical properties

Four specimens were tested for each property. Stress—strain curves are shown in Figure 12
and the average mechanical properties obtained are listed in Table 3. All specimens
failed immediately after the tensile stress reached its maximum value. Conceptually, the
inorganic/organic nanocomposites are often expected to become stiffer and more brit-
tle upon the incorporation of inorganic fillers [13]. For the f-CNT/epoxy nanocomposite
system, the tensile strength increases with the increase of the f-CNT loading. The strong
chemical bonding formed between the f~-CNT and the epoxy molecules results in a good
compatibility between these two phases. The improvement in the tensile strength in the
case of the f-CNT/epoxy nanocomposites is attributed to the load transfer from the epoxy
matrix to the tougher f~-CNTs via the strong chemical bonding with only 1.00 wt% loading.
Furthermore, the ions on the f~CNTs improve the dispersability of CNTs in the Epon by
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Figure 12. Stress—strain curves of tensile strength testing for neat epoxy and IL-CNT/epoxy
nanocomposites.

Table 3. Tensile strength and DC conductivity of epoxy and composites with 1.0 wt% f~-CNT
(average values of 5 samples each).

Tensile strength (STDEV)

IL-CNT loading (1.0 wt%) (MPa) Conductivity(STDEV) (S/cm)
Neat epoxy 78.9 (£0.2) <1012

CI-CNT 103.8 (£ 1.17) 3.39 x 1073 (£0.2 x 107%)
Br-CNT 100.81 (£0.96) 6.06 x 1073 (£0.1 x 107%)
PFs-CNT 108.5 (£0.82) 838 x 1073 (0.5 x 1073)

increasing the surface polarity, which favors the dispersion of CNTs into the matrix, result-
ing in a larger improvement in the ultimate strength [43]. Attractively, PFs-CNT/epoxy
nanocomposites showed the largest tensile strength, as a result of the highest degree of
polymerization among these three ionic liquid functionalized carbon nanotubes. The same
trends were also found in the four-probe conductivity measurement. The conductivity of
composites was improved dramatically as well. The conductive networks were built up
by carbon nanotubes in composite matrix. From Table 3, a weaker conductive matrix was
suggested in the Br-CNT nanocomposites with an uncompleted polymerization.

3.6. SEM observation of the fracture surface

Figure 13 shows SEM micrographs of the fracture surface of the same nanocomposites
(0.5 and 1.0 wt%) with a thin gold sputtering for better image quality. Interestingly, the
CNTs were found to be broken rather than pulled out of the surface, and most of them are
embedded in and tightly held to the matrix, indicating a strong interfacial bonding between
the epoxy matrix and the functionalized CNTs, which is responsible for the enhanced
mechanical properties.
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Figure 13. SEM image of the fracture surface of the nanocomposites having an IL-CNT concentra-
tion of 0.5 wt% (a) and 1.0 % (b), using an acceleration voltage of 5 kV.

4. Conclusion

In this work, the effects of the anion from ionic liquids on the curing behavior of an
epoxy resin were investigated using differential scanning calorimetry (DSC) and Fourier
transform infrared (FTIR) spectroscopy. The PFs-CNT /epoxy nanocomposites and neat
epoxy have the same curing process, whereas CI-CNT and Br-CNT/epoxy nanocompos-
ites were affected by the halogen anions in the curing. Two different reaction mechanisms
are proposed for the curing process. As the curing proceeds, the enthalpy of reaction
decreases in the epoxy nanocomposites, with the largest decrease observed in the Br-
CNT/epoxy system. As curing progresses, the values of heat for the neat resin and
PF¢-CNT epoxy nanocomposite samples are relatively the same, whereas they are sig-
nificantly lower for the CI-CNT and Br-CNT nanocomposite samples. Comparison of
the degree of curing and concentration of products suggests that the cure mechanisms
of the neat resin and PFs-CNT/epoxy composite are similar but different from the Cl-
CNT and Br-CNT samples. IL-CNTs demonstrate a remarkable enhancement of the DC
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conductivity at low-weight loadings and tensile strength significantly outperforms other
carbon nanotube-based fillers as a result of the strong chemical bonding, as indicated from
the SEM microstructures of the fracture surface.
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