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ABSTRACT: Herein, we have developed a rather simple composite
fabrication approach to achieving molecular-level dispersion and planar
orientation of chemically modified graphene (CMG) in the thermosetting
polyimide (PI) matrix as well as realizing strong adhesion at the interfacial
regions between reinforcing filler and matrix. The covalent adhesion of
CMG to PI matrix and oriented distribution of CMG were carefully
confirmed and analyzed by detailed investigations. Combination of
covalent bonding and oriented distribution could enlarge the effectiveness
of CMG in the matrix. Efficient stress transfer was found at the CMG/PI
interfaces. Significant improvements in the mechanical performances,
thermal stability, electrical conductivity, and hydrophobic behavior were
achieved by addition of only a small amount of CMG. Furthermore, it is
noteworthy that the hydrophilic-to-hydrophobic transition and the
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electrical percolation were observed at only 0.2 wt % CMG in this composite system. This facile methodology is believed to
afford broad application potential in graphene-based polymer nanocomposites, especially other types of high-performance

thermosetting systems.
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1. INTRODUCTION

Chemically modified graphene (CMG), a two-dimensional
(2D) and monoatomically thick building block composed of
carbon allotrope functionalized with certain groups, has been
considered as a versatile material of the 21st century.'™>
Chemical modification of graphene oxide (GO), which is
typically generated from wet oxidation of natural graphite
flakes, has been a promising route to achieve mass production
of CMG. Studies which utilize CMG to make high-performance
materials have in part aroused a large surge in the field of
various applications, such as field effect transistors, sensors,
transparent conductive films, clean energy devices, and
graphene/polymer composites.*”” However, the effectiveness
of CMG is still far below what has been expected. Exploitation
of the feasible fabrication of ideal and multifunctional
graphene/polymer composites materials is still faced with
numerous challenges, such as obtaining a homogeneous and
oriented distribution of graphene in the matrix® '® and
enhancing interfacial interactions between graphene and the
matrix."' "

Fortunately, both covalent functionalization and noncovalent
functionalization methods have been proved to be effective
means to improve the dispersibility of CMG in the polymer
matrix."*'® For a high-quality composite, the homogeneous
dispersion of CMG is a prerequisite but is not yet substantial.
This is because poor stress transfer and interfacial slippage
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between two phases are induced due to weak van der Waals
interactions based on the noncovalent functionalization
method.>™* Note that the formation of covalent bonding
between CMG and the matrix constitutes the strongest type of
interfacial interactions; when properly executed, CMG could
penetrate and become a part of the polymer matrix at a
molecular level.'” Furthermore, oriented distribution of nano-
particles within polymer nanocomposites is favorable for
efficient stress transfer.® These two factors can provide
substantial opportunities to attain ideal materials with high
performances. To date, the incorporation of CMG into
common engineering plastics has enhanced mechanical proper-
ties at extremely low loading.'>'®'" However, only a few
studies have been focused on the high-performance engineering
plastics, such as polyphenylene sulfide, polyimide (PI), poly(p-
benzamide), polyethersulfone, and polyetherimide.">**
Aromatic PI is considered to be a typical well-established
high-performance engineering plastic with a wide range of
applications.”*™>* Up to now, more and more emphases have
been laid on the pursuit of the PI-based materials with excellent
performances because of practical demands from the micro-
electronics and aerospace industries. > ™° Recently, although PI
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Figure 1. PE groups were covalently grafted on the edges of GO by (a) chemical modification of GO with 4-PEA. Preparation of the CMG/PI
composite film via a two-stage process: (b) solution blending of CMG and PETI oligomers and (c) compression molding of the precusor.

composites employing GO were reported by some pioneering
research, the actual improvement of the resulting PI composites
was relatively lower than what we have expected.”*™>’ In this
regard, three significant issues have to be addressed. First, PI
exhibits outstanding performances because of the cyclic imide
structure in the polymer chains.’® In the thermal imidization
process, it is possible that an amide of the polyamic acid (PAA,
the precursor of PI) could condense with a carboxylic acid of
GO to form a linear imide linkage, which is thermally less stable
than the cyclic imide structure. Second, the precursor cannot
remain stable during the compounding process (high-speed
mixing over long time). The decomposition of PAA will result
in a lower molecular weight product with worse perform-
ances.”" Third, high molecular weight polymers are difficult to
graft to graphene because of notable steric hindrance effect of
macromolecules.””*” It is highly desirable to search for another
potential compounding strategy to overcome these drawbacks
from the solution blending of CMG and PAA. In addition,
hydrophobic CMG is more difficult to wet in comparison with
graphite.**** Herein, CMG also is expected as a preferred
candidate to enhance hydrophobic behavior of PL

On the basis of the above considerations, we have proposed
an effective approach to fabricate high-performance CMG/PI
composite films via a two-stage process: (i) solution blending of
CMG functionalized with phenylethynyl (PE) groups and PE-
terminated imide (PETI) oligomers and (ii) compression
molding of the vacuum-dried precursors. During the hot-
pressed procedure, covalent bonding regions were realized
between CMG and PI matrix, due to the interfacial cross-
linking via in situ thermal addition reactions of PE groups.>**°
Moreover, the planar alignment of the resulting CMG
nanosheets was achieved in response to the applied pressure.
Additionally, the stability and relatively low calculated number-
average molecular weight of PETT oligomers can be expected to
overcome the decomposition and high steric hindrance effect,
respectively. Efficient stress transfer was found between two
phases, and the effectiveness of CMG was observed in this
composite system. In order to in-depthly understand the
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related improvement mechanism, covalent bonding and
oriented distribution were carefully analyzed and discussed by
experimental results and Halpin—Tsai theoretical predic-
. 37,38
tion.™”

2. EXPERIMENTAL SECTION

2.1. Materials. Expandable graphite powders were provided from
Yingtai Co. (Yangtai, China). Bisphenol-A dianhydride (BPADA) was
purchased from Shanghai Research Institute of Synthetic Resins
(Shanghai, China). 4-(Phenylethynyl)aniline (4-PEA) was purchased
from Shanghai Apichemical Co., Ltd. (Shanghai, China). 1-Ethyl-3-(3-
dimethylaminopropyl)carbodiimide hydrochloride (EDC-HCI) and 1-
hydroxybenzotriazole (Hobt) were supplied from Aladdin reagent Co.
(Shanghai, China). 4,4-Oxidianiline (4,4-ODA), ethanol, triethyl-
amine (TEA), acetic anhydride, and N,N-dimethylformamide (DMF)
were all reagent grade and provided by Sinopharm Group Chemical
Reagent Co., Ltd. (Shanghai, China).

2.2. Preparation of CMG Functionalized with PE Groups. GO
was synthesized from expandable graphite powders by the modified
Hummers method, as described elsewhere.’* The chemical mod-
ification of GO was carried out by a simple and facile amidation
reaction (Figure 1a), which can be described as follows: 60 mg of GO
powders were dispersed in 300 mL of DMF with the assistance of
sonication at room temperature. Then, 0.6548 g (3.416 mmol) of
EDC-HCI, 0.4614 g (3.414 mmol) of Hobt, 10 mL of TEA, and 0.6 g
(3.105 mmol) of 4-PEA (excess amount) were added into the GO
suspension, respectively. Afterward, the mixture was stirred at room
temperature (RT) for 24 h under N,. The powders, obtained from the
matrix by vacuum filtration, were washed with excess DMF and
deionized water successively four times, respectively. Finally, the solids
were dried at 35 °C under vacuum overnight, yielding CMG. In the
first and last cycle, the filtrates were carefully collected for Fourier
transform infrared (FTIR) analysis.

2.3. Preparation of PTEI Oligomers and Precursors of CMG/
Pl Composite Films. PTEI oligomers based on BPADA, 4,4-ODA,
and 4-PEA with calculated number-average molecular weight of 5000
g-mol™" were prepared by the conventional two-stage polymerization
and imidization process, as reported elsewhere.* The precursors were
fabricated by the solution blending method (Figure 1b). Briefly, 20 mg
CMG powders were redispersed in 100 mL of DMF with the
assistance of sonication for 2 h at RT. Then, 4 g PTEI oligomers were
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Figure 2. Structure characterization of as-prepared products: (a) FTIR spectra of GO and CMG, as well as photographs of their dispersions in DMF

(inset), respectively; (b) N 1s XPS spectrum of CMG.

incorporated into the suspension. After sonication for 1 h and agitation
at room temperature for another 12 h, the mixture was then separated
out with 500 mL of ethanol (S:1 with respect to the amount of DMF
used). The collected mixture was conducted by vacuum filtration and,
afterward, vacuum-dried at 50 °C for 8 h, yielding the precursor of the
resulting composite film (denoted as 0.5% CMG/PI) which has CMG
loading of 0.5 wt %. For comparison, the precursors of the neat PI, 1
wt % GO/PI, and other CMG/PI composite films were fabricated in
the same manner, respectively.

2.4. Preparation of CMG/PI Composite Films. All the film
specimens were fabricated by the compression molding procedure.
Typically, 1 g of the obtained precursors were first placed in a die and
then heated gradually up to 260 °C at a rate of 4 °C-min". Then, it
was kept under a pressure of 1 to 2 MPa for 10 min. Several
intermittent pressure relaxations (3 s each) were applied during the
above procedure. The temperature continually increased to 320 °C;
subsequently, the die was applied under a pressure of 5—10 MPa for 1
h at 320 °C. Afterward, the die was cooled under the applied pressure
to less than 100 °C. Finally, the specimens were removed from the die
to yield CMG/PI composite films with an average thickness of 120 +
10 pm. The preparation process is briefly illustrated in Figure 1c. The
resulting CMG/PI composite films were cut to desired sizes for
various testing methods.

2.5. Characterization. Atomic force micrographs (AFM) of GO
and CMG in DMF were obtained by a Digital Instruments Nano IV in
tapping mode. Fourier transform infrared (FTIR) spectra were
recorded on a Nicolet Nexus 470 spectrometer to characterize and
confirm the chemical structure of GO and CMG, as well as the
formation of covalent bonding between CMG and PI matrix. X-ray
photoelectron spectroscopy (XPS) experiments were carried out on a
RBD upgraded PHI-S000C ESCA system with Al Ka radiation (hv =
1486.6 V). X-ray diffraction (XRD) patterns were acquired by a
Panalytical X'pert diffractometer using Cu Ka radiation (4 = 0.154
nm) at an accelerating voltage of 40 kV and current of 40 mA. The
glass transition temperature (T,) was measured by a Netzsch 242
dynamic mechanical analyzer (DMA) in a tension mode. All the tests
were run from 100 to 300 °C at a heating rate of 5 °C/min and
conducted at a frequency of 1 Hz, vibration amplitude being set to 120
pum and static compressive stress of 4 N. The electrical conductivity of
all the specimens was measured on a Keithley 2400 picoammeter using
a standard four-probe method at RT. Thermogravimetric analyses
(TGA) were carried out with a Perkin-Elmer thermal analyzer under
nitrogen flow at a heating rate of 20 °C-min™'. Contact angle
measurements were measured on an OCA 40Micro contact angle
meter from Dataphysics Instruments GmbH. Mechanical properties
were evaluated using a universal testing machine (CMT-4102, Sans
Co., China) for dumbbell-type specimens, according to ISO 527-
3:1995 standard. The data reported here represent the average of five
tests. Scanning electron microscopy (SEM) images of the tensile-
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fractured surfaces were observed on a Tescan 5136 MM SEM. Thin
sections for field emission scanning electron microscopy (FESEM)
observations were cut from the as-prepared composite films under
cryogenic conditions using a Leica ultramicrotome with a diamond
knife, and FESEM images were conducted on a Hitachi S-4800
FESEM to observe the distribution of CMG in the PI matrix.

3. RESULTS AND DISCUSSION

3.1. Characterization of CMG. The dispersibility of
chemically modified GO (CMG) in common solvents is a
crucial role to obtain homogeneous polymer composites by
solution blending. To guarantee the retention of the
dispersibility of CMG in DMF, oxygen-containing functional
groups of GO except carboxylic acid groups should be avoided
to react as much as possible during the chemical modification.
The proposed mechanism for chemical modification of GO is
that an amide linkage is formed between the aromatic amino of
4-PEA and the edge-carboxylic acid groups of GO with the aid
of EDC-HCI and Hobt as coupling agents.'>*"** As illustrated
in Figure 2a, there are some characteristic GO absorptions at
1730 and 1620 cm™), which are attributed to C=0 stretching
vibration of carboxyl and C=C stretching vibration of aromatic
ring, respectively. By the incorporation of 4-PEA, the band of
GO at 1730 cm™ disappears while a new band at 1645 cm™
assigned to C=O0 stretching vibration of amide carbonyl is
observed. Besides, the bands at 3300 cm™ (N—H stretching
vibration of amide) and 1545 cm™' (N—H bending vibration of
amide) appear in the spectrum.*’ These results support the
success of chemical modification of GO by the amidation
reaction. As expected, the bands at 1065 cm™' (C—O—C in
epoxide groups) and 3300—3500 cm™' (—OH stretching
vibration of hydroxyl groups) still remain in the spectrum of
CMG, indicating that other oxygen-containing functional
groups such as epoxide and hydroxyl groups were retained
on the surface of CMG. XPS results also suggest the covalent
adhesion of 4-PEA to GO through the amide bonding
formation (Figure 2b). Thus, PE groups of 4-PEA can be
grafted simultaneously on the edges of CMG due to the
location of the amide bonding,

The collected filtrates, including the first filtrate and last
filtrate, were analyzed by FTIR. As illustrated in Figure 3, the
first filtrate as well as 4-PEA exhibits the characteristic
absorption at around 2213 cm™', which is assigned to the
stretching vibration of ethynyl C=C. The existence of PE
groups in the filtrate after reactions provides distinct evidence
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Figure 3. FTIR spectra of (a) 4-PEA, (b) first filtrate, and (c) last
filtrate, as well as photographs of the first filtrate and last filtrate
(inset), respectively.

that cross-linkable groups (PE groups) remain unreacted during
the amidation reaction. It indirectly demonstrates that PE
groups remain chemically intact on the edges of CMG.
However, no characteristic absorption (C=C 2213 cm™) is
observed in the last filtrate. Compared to the first filtrate, the
last filtrate appears to be colorless. According to the above
results, it is reasonably believed that the resulting CMG free of
4-PEA has been successfully prepared.

In order to illustrate the complete exfoliation of CMG in
DMF, we obtained the AFM images of GO and CMG
redispersed in DMF under tapping mode (Figure 4). From the
cross-section analysis, it is found that CMG is typically a few to
several hundred nanometers in size and has a height of around
0.9 nm, matching well with the reported thickness of CMG.' ™
It should be noted that the thickness of CMG is slightly higher
than that of GO (0.77 nm), which can be due to the grafting of
4-PEA®

Generally, the common way to prepare graphene/polymer
composites is utilizing homogeneous GO dispersion in organic

solvents.”™>* As previously reported in the literature,™
hydrophilic GO cannot be evenly dispersed in certain organic
solvents, such as dimethyl sulfoxide (DMSO) and cyclohexane.
Due to the insolubility of graphene and its derivatives, only the
dispersibility of CMG was tested in common organic solvents,
at 0.5 mg/mL loading (Figure S). The CMG turns out to be
homogeneously dispersed in dimethylacetamide (DMAc),
DMF, DMSO, dioxane, and cyclohexane. It affords more
approaches to prepare other polymer composites except for PI
composites. On the contrary, CMG agglomerates in N-methyl-
2-pyrrolidone (NMP). These results are mainly ascribed to the
introduction of nonpolar benzene groups to GO through the
amidation reaction.

3.2. Characterization of CMG/PlI Composite Films.
Since as-prepared CMG can be dispersed in a wide variety of
organic media as individual sheets, it allows their homogeneous
incorporation into polymer matrixes. The photograph of the
resulting PI composite films (dumbbell-type, for mechanical
tests) is displayed in Figure 6a. Apparently, all the CMG/PI
composite films show homogeneous appearance by visual
inspection, indicating uniform dispersion of CMG in the PI
matrix.

To further confirm the absence of CMG aggregation in the
polymer matrix, the XRD patterns of GO, CMG, neat PI, and
CMG/PI specimens are presented in Figure 6b. Compared to
the strong diffraction peak of GO located at 11.4°
(corresponding to interlayer spacing of about 0.77 nm), that
of CMG is slightly shifted to a lower 26 Bragg angle (9.8°),
indicating the incorporation of 4-PEA enlarges intragallery
space.” However, the XRD patterns of CMG/PI composite
films present neither graphite layer structure peak at 26° nor
CMG peak at 9.8°. The XRD results demonstrate the
vanishment of the stacking and regular structure of CMG,
supporting further evidence of the complete exfoliation of
CMG.* As suggested by Ramanathan et al,*’ the dispersion of
CMG nanosheets in the PI matrix is close to single-sheet level.

As reported in recent literature,”*>'* covalent bonding
affords strong interfacial interactions, as well as good
compatibility between CMG and the matrix, maximizing the
extraordinary performance of CMG. To confirm the

Figure 4. Typical tapping mode AFM images of (a) GO and (b) CMG, as well as their cross-section analyses (inset), respectively.
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Figure S. Dispersibility of CMG in common organic solvents.
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Figure 6. (a) Appearance of dumbbell-type specimens of the neat PI
and CMG/PI composite films. (b) XRD patterns of GO, CMG, neat
PI, and CMG/PI composite films.

implementation of the covalent adhesion at the CMG/PI
interfaces, Figure 7 illustrates FTIR spectra of the precursor and
typical CMG/PI composite film. It is found that the absorption
band of the precursor at around 2213 ecm™' is ascribed to
ethynyl C=C while the absorption band in the CMG/PI
composite film is absent. Obviously, it indicates that PE groups
in the precursor (CMG/PTEI powders) have undergone a
complex thermal addition reaction.*>*® It should be noted that
PTEI oligomers have been adopted and PE groups have been
grafted onto the CMG, as well as the fact that the dispersion of
CMG nanosheets in the matrix is close to single-sheet level.
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Figure 7. FTIR spectra of the precursor and typical CMG/PI
composite film.

Therefore, the in situ thermal addition step contains (a)
interchain and (b) interfacial cross-linking, providing interfacial
covalent cross-links between CMG and PI matrix under only a
small amount of CMG (<1 wt %). The strong interfacial
interactions are developed in the two-phase matrix, and the
dispersibility of CMG in the matrix can be improved as well.*’
As suggested by Feng et al. or Li et al,>***° the thermal
reduction of CMG such as dehydration and deoxygenation can
take place during the compression-molding condition since
higher temperature and more time (320 °C for 1 h) were
adopted compared to that reported in the literature, and this
can reduce the defect sites of CMG and simultaneously make
CMG more hydrophobic and electrically conductive, providing
an ideal filler for polymer matrix.

Given the existence of covalent bonding at the CMG-PI
interfaces and homogeneous CMG dispersion, one would
expect a substantial enhancement in the T, of the resulting
composite films with the addition of CMG. Representative
results of loss factor (tan §) as a function of temperature (T)
for all the specimens are presented in Figure 8, from which the
T, is extracted in terms of the peak termperature of tan § ~ T
cure. The T, of the CMG/PI composite films displays a clear
increasing trend with increasing CMG concentration, showing
the greatest value at 1 wt %. It is reasonable that such good
dispersion and strong interfacial interactions contribute to

dx.doi.org/10.1021/am3003439 | ACS Appl. Mater. Interfaces 2012, 4, 2699—2708
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Figure 8. Changes of tan § of the neat PI and CMG/PI composite
films with increasing temperature.

enhancing the T, in the CMG/PI composite system. Note that
the increase of 14 °C in T, in this composite system is relatively
high compared to the reported value for the expanded
graphite/PI composite system,”' indicating a stronger confine-
ment effect due to covalent adhesion between CMG and PI
matrix. With the increase of CMG in the PI composite films,
the number of confined chains increases and therefore the
improvement in T, is a natural result.

Given the excellent elastic modulus and intrinsic strength of
CMG,* it can be expected that mechanical performances of
the CMG/PI composite films would be improved remarkably
by large aspect ratio of CMG, molecular-level dispersion of
CMG in the PI matrix, and strong interfacial interactions.
Relationships of mechanical performances with filler loading are
illustrated in Figure 9a. Obviously, the mechanical properties of
the CMG/PI composite films are greatly enhanced compared
to that of the neat PL For instance, although the intrinsic
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Figure 9. (a) Relationships of tensile strength and elongation at break
with various CMG concentrations. (b) A typical photographic image
illustrates that the 1 wt % CMG/PI composite film still retains
flexibility well.

tensile strength of the neat PI is relatively high (~102 MPa), it
should be noted that the tensile strength significantly increases
by 30% with only 1 wt % (0.64 vol%) CMG incorporated
(Figure 9a), and the Young’s modulus correspondingly
increases by 46% (Figure 10). However, the elongation at
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Figure 10. Young’s modulus of the experimental and Halpin—Tsai
theoretical model. Two hypotheses were proposed as follows: 3D-
random and 2D-aligned parallel distributions of CMG in the PI matrix,
respectively.

break presents a slightly downward trend with increasing CMG
content. Due to the confinement effect, the immobilization of
some segments on the CMG may influence the elongation at
break of final products. Fortunately, the resulting CMG/PI
composite films still maintain relatively high elongation at
break, indicating that the incorporation of a small quantity of
CMG cannot hinder the flexibility of the resulting composite
films (Figure 9b).

In an attempt to explore the improvement mechanism,
further discussion on the issue of the CMG distribution is
warranted. The Halpin—Tsai model is widely used for
predicting the modulus of unidirectional or randomly
distributed filler-reinforced polymer composite.*>**** Hence,
it has been applied to simulate the Young’s modulus of CMG/
PI composite films in this work. The Young’s modulus of the
resulting composite films was calculated according to the
modified Halpin—TSsai equation, as follows:

. [3‘1 + (2L, /3T )n, V, s L+2Y, ]E
c P
8 1 —mV 8 1-nlq (1)

1+ (2L,/3T)n, V,
g g’ L°g
Ea]jgned = I: Ep

L=V, )
. (E/E,) — 1
Y E/E, + 2L,/3T, 3)
(E/E,) — 1
T R @
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Here, E. and Ejg.q refer to the Young’s modulus of the
composite films, randomly oriented and aligned parallel to the
surface of the specimen, respectively. L,, T,, and V, refer to the
length, thickness, and volume fraction of CMG in the PI matrix.
The Young’s modulus of CMG (E,) was previously measured
as around 0.25 TPa,>> and that of the pristine PI (EP) is 1.85
GPa according to the experimental result. The average length
and thickness of CMG are around 300 and 0.9 nm, on the basis
of the AFM analysis, respectively. The density of the pristine PI
(pp) is 1.4 g-em™, and that of CMG (p,) is 2.2 grem™.' >
Using these values into eqs 1—S5, the Young’s modulus of the
resulting composite film was calculated under two presupposed
distributions of CMG. As shown in Figure 10, one can see that
the theoretical simulation for the 2D-aligned parallel distribu-
tion shows good consistency with the experimental results
collected from the resulting composite films, which apparently
indicates that CMG is aligned preferentially parallel to the
surface. This planar orientation can ensure efficient stress
transfer at the CMG/PI interfaces via covalent interactions.*®
However, the evidence is not sufficient; the distribution of
CMG demands further investigation.

Figure 11 provides direct evidence of the distribution of
CMG within the PI matrix. As-prepared CMG is not only

Figure 11. Structure characterization of the oriented distribution of
(a) 0.5 wt % CMG and (b) 1 wt % CMG in the PI matrix, respectively
(FESEM images: side view).

homogeneously dispersed in the matrix but also well aligned
along the surface (indicated by a red arrow). Interestingly, it
can be seen that CMG is embedded into host polymer with its
flake-like morphology remaining intact, indicating that CMG
intimately interacts with the matrix. It shows another evidence
of the strong interfacial adhesion between CMG and PI matrix,
affording efficient stress transfer. Although the occurrence of
volatiles (H,O and other oxygen-containing byproducts)
evolved during the thermal reduction, it appears that the
intermittent pressure relaxations can overcome the negative
effects of volatiles because compacted CMG/PI composites
without any defects are observed (Figure 11). The formation of
the oriented distribution of CMG within the PI matrix could be
explained by the simplified schematic diagram, as illustrated in
Figure 12a. Because melting PTEI oligomers have a low- and
wide-viscosity region,*® CMG can relatively freely stand in the
melting precursor before the thermal addition reactions of PE
groups. Compared with the traditional solution casting method,
the hot-pressed procedure can provide extra uniform vertical
stress, inducing CMG with large aspect ratio to be planarly
oriented along the film surface direction. Additionally, the
thickness of the resulting composite films is about 120 pum
whereas the lateral size of CMG is several hundred nanometers,
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and CMG tends to be spontaneously aligned along the film
surface direction.”

On the basis of the above investigations, covalent bonding
and oriented distribution should be further addressed as two
critical factors in the analysis for the improvement of
mechanical properties. The enhanced mechanical properties
observed from the CMG/PI composite film is consistent with
the typical interpretation model, as shown in Figure 12b.
Covalent bonding of CMG to PI matrix provides strong
interfacial interactions throughout the composite films. Due to
the facts of planar orientation of CMG and the location of PE
groups, covalent bonding regions are located predominantly on
the edges of CMG. For graphene/polymer composites, the
reinforcement effect of CMG to polymer hosts lar§ely depends
on the efficiency of stress transfer at the interfaces.”® On tensile
loading, covalent bonding regions, adequately utilizing the
advantages of covalent bonding and oriented distribution, can
enable efficient stress transfer across the CMG/PI interfaces,
thus resisting the tensile force better. On the whole, it is
believed that CMG acts as an important role as a connecting
bridge throughout the PI matrix because of oriented
distribution of filler.>® Actually, it can effectively prevent the
CMG/PI composite films from fracturing under mechanical
deformation. In addition, the good dispersion of CMG in PI
matrix (Figure 11) can decrease the stress concentration, afford
more even stress distribution, and increase the interfacial areas
for efficient stress transfer, thus improving properties of the PI
composite films.>*>

As supplements, the tensile fracture surfaces of the neat PI
and CMG/PI composite films were investigated. As shown in
Figure 13, the fracture surface of the neat PI film presents a
relatively smooth and flat surface while those of the CMG/PI
composite films show rather rough surfaces. It may be ascribed
to the strong interfacial interactions between CMG and PI
matrix. Note that layered structures aligned parallel to the
surface are presented on the fracture surfaces of the CMG/PI
composite films, especially for higher loading of CMG. Due to
the planar orientation of CMG, it is believed that the resin-
coated CMG is encapsulated into a layered structure in the PI
matrix. When the addition of CMG is up to the critical point,

dx.doi.org/10.1021/am3003439 | ACS Appl. Mater. Interfaces 2012, 4, 2699—2708
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0.5%wt CMG/P1

Figure 13. SEM micrographs of the fracture surfaces of the neat PI and CMG/PI composite films (magnification: 1000).

the resulting composite films would spontaneously lead to
layered-structure fractures upon the external tensile force.**’

In hot pursuit of multifunctional composite films, hydro-
phobic behavior of materials is a crucial performance index. As
reported by Wang et al,* the average water contact angle of
chemically reduced GO is near 127°. Consequently, water
contact angle of the resulting composite films requires further
investigations. As shown in Figure 14, this parameter has a
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Water contact angle (°)

70 J— O

T T T

T T
0.4 0.6 0.8

Content of CMG (wt%)

0.0 0.2

Figure 14. Average water contact angle measured by the droplet and
typical photographs of the water contact angle on the surfaces of the
specimens (inset).

remarkable upward trend with the increase of CMG. A 55%
increase in the water contact angle is achieved by addition of
only 1 wt % CMG. Note that the wetting behavior of the neat
PI film is altered with only a small amount (0.2 wt %) of CMG
incorporated. The reasons for such an obvious improvement in
hydrophobic behavior should be ascribed as follows: (a)
carboxylic acid groups are reacted off and simultaneously
nonpolar benzene groups are linked by chemical modification
of GO;j as well as CMG has undergone the thermal reduction
during the compression-molding procedure, which all improve
hydrophobic behavior of CMG; (b) the hydrophobic effect of
CMG comes primarily from a 2D-monatomic thick surface; the
location of covalent bonding regions on the edges of CMG may
maximize the utilization of hydrophobic effect; (c) the
homogeneous and planar orientation of CMG with large
aspect ratio affords high efficient enhancement at low filler
loading. It is believed that the successful application of
hydrophobic effect of CMG reveals that CMG is promising
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to be a hydrophobic nanoscale filler in the polymer composite
materials.

The conductive behavior of graphene aroused the inves-
tigation on the effect of CMG on the conductivity of the
resulting CMG/PI composite films. The CMG/PI composite
films may conduct electricity because of partial thermal
reduction occurring in the compression molding procedure.
Therefore the electrical conductivity measurement was
performed. As shown in Figure 15, it exhibits a sharp
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Figure 15. Electrical conductivity of the neat PI and CMG/PI
composite films.

improvement in the conductivity of the CMG/PI composite
films when the content of CMG approaches 0.2 wt %, reflecting
effective thermal reduction. The values of the conductivity for
the CMG/PI composite films are above the antistatic criterion
of 107 Sm™ and continue to increase until the filler content
increases to 1 wt %. The CMG/PI composite films hold an
electrical percolation threshold (about 0.2 wt %). Such a rather
low electrical percolation threshold may be explained by the
homogeneous and planar orientation of CMG in PI matrix and
effective thermal reduction as well as the effective exfoliation of
CMG with extraordinarily large specific surface area. It is
interesting to note that the conductivity of the CMG/PI
composite system is higher than that previously reported in the
literature,”” and this may be caused by much higher reduction
degree during higher temperature thermal treatment and planar
orientation of CMG in the PI matrix.
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As a kind of high-engineering plastic, thermal stability is
another key performance for PI composite films. Figure 16
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Figure 16. TGA thermograms of the neat PI and CMG/PI composite
films.

illustrates the TGA traces of the neat PI and CMG/PI
composite films. It is found that the temperature for 5% weight
loss of the resulting composite films exhibits a respectable
increase (~15 °C) by addition of 1 wt % CMG. The
implementation of covalent adhesion between two phases
affords good compatibility and even more uniform integration,
which both can take advantage of the thermal stability of CMG.
As Cao and co-workers suggested,11 the homogeneous and
planar orientation of CMG in the matrix also utilizes thermal
stability of fillers more efficiently. Moreover, CMG with large
aspect ratio brings out the so-called “tortuous path” effect,
which acts as barriers to prevent the permeation of oxygen and
the escape of volatile degradation products and also char
formation.’®>’ Thereby, the improvement in thermal stability
of composite films is achieved.

To further illustrate the effect of chemical modification of
GO, a systematical comparison has been performed between 1
wt % CMG/PI and 1 wt % GO/PI composite films. As
expected, one can see that CMG can improve properties of the
resulting PI composite films better, except for the elongation at
break (Table 1), indicating that the interfacial covalent bonding
can utilize the effectiveness of CMG more efficiently in the
matrix due to the strong interfacial interactions. Fortunately, 1
wt % CMG/PI composite film still retains a thermalplastic-like
flexibility (Figure 9b).

Table 1. Data Based on Properties of 1 wt % CMG/PI and 1
wt % GO/PI Composite Films

1 wt % CMG/PIL 1 wt % GO/PI

specimens composite films composite films
tensile strength (MPa) 132 121
Young’s modulus 2.78 2.48
(GPa)
elongation at break (%) 9.2 10.1
T, (°C) 249 235
T (°C) 358 546
electrical conductivity 2.1 x 1073 9.8 x 107*
(Sm™!

“T: the temperature at S wt % of weight loss was recorded by TGA
with a heating rate of 20 °C/min under N, atmosphere.
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4. CONCLUSIONS

In summary, we have developed a novel and facile approach for
the fabrication of high-performance CMG/PI composite films.
The cross-linkable groups (PE groups) are introduced into
both GO and oligomers, and this can form interfacial covalent
bonding via the self-reaction of cross-linkable groups. The
implementation of covalent bonding regions at the CMG/PI
interfaces strengthens interfacial interactions and simultane-
ously improves the dispersibility of CMG. Both experimental
results and theoretical simulation demonstrate the planar
orientation of CMG in the PI matrix. Efficient stress transfer
across the interfaces, together with enhanced performances of
the PI composite films, is achieved by taking advantage of
covalent adhesion and oriented distribution. The 1 wt % CMG/
PI composite film exhibits a 30% increase in tensile strength
and a 46% raise in Young’s modulus. The hydrophilic-to-
hydrophobic transition and the electrical percolation threshold
are observed at only 0.2 wt % CMG in this composite system.
This work presented herein greatly broadens the application
scope of CMG and will be of interest to communities in
polymer matrix composites, graphene-based materials for
nanoelectronics, and smart materials.
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