
1. Introduction
Graphene, a two-dimensional layer of sp2-bonded
carbon atoms densely packed in a honeycomb crys-
tal lattice, has attracted significant interests due to
its exceptional mechanical, electrical, thermal and
optical properties [1–6] and is being explored for
use in a variety of applications such as electronics
[7], composites [8, 9], catalysis sensors [10], trans-
parent and flexible electrodes [11], solar cells and
supercapacitor [12]. Among these potential applica-
tions, the use of graphene as one of promising nano -
fillers incorporating in a polymer matrix has been
extensively investigated to develop cost-effective,
high-performance graphene-polymer nancompos-
ites (GPN) [13–15]. Recent studies have shown that
polymer nanocomposites with graphene as nano -
filler exhibit substantial property enhancements at

much lower loadings than with other conventional
nanofiller in many cases [13–16].
To achieve high-performance of GPNs, however,
homogeneous dispersion of graphene nanosheets in
the polymer hosts and proper interfacial interac-
tions between the nanosheets and the surrounding
matrix must be considered. The nature of graphene is
not compatible with the organic polymer matrix and
the individual sheets tend to restack owing to their
large specific surface area and van der Waals inter-
actions between the interlayers of graphene nano -
sheets, which lowers its effectiveness as a nanofiller
for property improvements [6, 17]. An effective way
to overcome the agglomeration and enhance the com-
patibility between graphene nanosheets and poly-
mer matrix is the surface modification of graphene
via noncovalent and covalent interaction [14].
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Graphene oxide (GO), an important intermediate
for preparing graphene via chemical reduction [18],
consists of many oxygen-containing groups, such
as hydroxyl, epoxy, carbonyl and carboxyl groups,
which provide diverse active sites for covalent fun-
cationalizations [17, 19]. Therefore, chemical inter-
action via direct coupling between polymers and
the surface groups bound on GO sheets [20–26] and
grafting some molecules including monomer [27]
and atom transfer radical polymerization (ATRP)
initiator [28–33] prior to polymerization could be
accomplished. Pan et al. [25] prepared covalently
functionalized graphene sheets by grafting a well
defined thermo-responsive poly(N-isopropylacry-
lamide) via click chemistry and the nanocomposites
exhibited a hydrophilic to hydrophobic phase tran-
sition at 33°C and a superior anticancer drug loading
capacity of 15.6 wt%. Fang et al. [30] covalently
grafted an ATRP initiator onto the graphene sheet
via a diazonium addition and the resulting poly-
styrene nano composites showed around 70 and
57% increases in tensile strength and Young’s mod-
ulus with 0.9 wt% graphene nanosheets, respec-
tively. By reacting Gamma-aminopropyltriethoxysi-
lane-grafted graphene oxide sheets and maleic
anhydride grafted polyethylene, Fang et al. [33]
recently demonstrated a covalently bonded polyeth-
ylene grafted graphene oxide hybrid material with
about 20% increase in Young’s modulus at 0.3 wt%
of graphene oxide and about 15% increase in yield-
ing strength and tensile strength with only 0.1 wt%
of graphene oxide were achieved. Chemical linkage
between graphene nano sheets and polymer matrix
could indeed enhance the interfacial adhesion,
which favored the load transfer across the interface
of the nanocomposites. However, current methods
available for enhanced interfacial compatibility via
covalent functionalization of graphene nanosheets
with the polymer suffer from certain drawbacks,
including tedious processes, rigorous reaction con-
ditions, lack of precise control of polymer architec-
ture and nanofiller content.
Compared to these aforementioned methods, non-
covalent interaction between the nanofiller and poly-
mer matrix via hydrogen bonding and !-! stacking
is more easily achieved by solution blending [34–
37], self assembly [38–40] and in situ interactive
polymerization [41–44]. Liang et al. [34] demon-
strated that molecular-level dispersion of graphene

into poly(vinyl alcohol) by solution-mixing and the
hydrogen bonding at the interface were key to 76%
increase in tensile strength and 62% improvement
of Young’s modulus of the nanocomposites at only
0.7 wt% of GO Liu et al. [40] synthesized pH-sen-
sitive GPNs by attaching pyrene-terminated poly(2-
N,N-(dimethyl amino ethyl acrylate) and poly
(acrylic acid) onto the basal plane of graphene sheets
via !-! stacking, respectively. Precipitation/extrac-
tion or solution casting to generate samples often
coincide with these efforts, which causes an addi-
tional tedious work-up for purification. Therefore, it
is very urgent to explore a facile and efficient
method to compatibilize graphene sheets with the
polymer hosts in GPNs while maintaining good dis-
persion of the nanosheets in the matrix.
In situ polymerization is an effective way to prepare
layered-structure nanocomposite [45] and has been
used to produce non-covalent graphene-based nano -
composites. Potts et al. [41] prepared chemically
reduced graphene/poly(methyl methacrylate)
(PMMA) by free radical solution-polymerization of
methyl methacrylate (MMA) in the presence of
exfoliated GO and an shift of over 15°C in the glass
transition temperature with graphene loadings as
low as 0.05 wt% and 28% increase of the elastic
modulus at just 1 wt% loading were observed. To
date, however, most of in situ polymerization tech-
niques used for GPNs are focused on solution poly-
merization [41–44] and involve an intercalation of
functionalized GO with a monomer prior to poly-
merization, where subsequent coagulation of poly-
mer or reduction of GO are frequently involved. In
addition, the tedious purification of GPNs by coag-
ulation with non-solvent of the matrix polymer can
potentially lead to aggregation of the nanofiller in
the composites [46], which could worsen the prop-
erties of the resulting GPNs. Motivated by these
results, in this work, we sought to explore a facile
and efficient route for producing graphene/PMMA
nanocomposites via in situ bulk-polymerization of
MMA in the presence of Octadecylamine-modified
graphene (C18-graphene). The long-alkyl chain
attached onto the edges of graphene favored homo-
geneous dispersion of graphene nanosheets in the
matrix and good compatibility between graphene
and PMMA. The obtained C18-graphene/PMMA
nano composites exhibited significant enhancement
in mechanical properties and thermal stability at
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very low loadings of graphene and the results are
herein disclosed.

2. Experimental
2.1. Materials
Natural graphite flakes with an average particle size
of 150 µm and a purity of >98% were supplied from
Qingdao Nanshu Graphite Co., Ltd., China. Con-
centrated sulfuric acid (A.R., 98%), hydrochloric
acid (A.R., 36%), Hydrogen peroxide (A.R., 30%),
Sodium nitrate (A.R.), N, N-dimethylformamide
(DMF, A.R.) and ethanol (A.R.), were purchased
from Chongqing Chuandong Chemical Reagent
Factory, China. Potassium permanganate (A.R.)
was purchased from Yixin Chemical Reagent Co.,
Ltd., China. Hydrazine hydrate (A.R., 85%), Octade-
cylamine(A.R., ODA) and N, N-dicyclohexylcar-
bodiimide (DCC, A.R.) were provided from
Sinopharm Chemical Reagent Co., Ltd., China.
Methylmethacrylate (A.R.) and benzoyl peroxide
(BPO, A.R.) were obtained from Kelong Chemical
Reagent Factory, China and purified by distillation
under reduced pressure. All the reagents were used
as received without any further treatment.

2.2. Preparation of graphene oxide (GO)
GO was prepared according to the Hummers
method [47]. Graphite (1.0 g), sodium nitrate (1.0 g)
and concentrated H2SO4 (23 mL) were mixed and
cooled to 0°C. KMnO4 (3.0 g) was slowly added
while stirring and the rate of addition was con-
trolled to prevent the mixture temperature from
exceeding 20°C. After the complete addition of
KMnO4, the mixture was then transferred to a 35°C
water bath and stirred for 30 min, during which a
brownish-gray paste was formed. Next, 50 mL of
deionized water was added to the solution, and the
temperature was increased to 98°C. After 15 min,
the solution was further treated with 100 mL of
warm water and 10 mL of 30% H2O2. The light-yel-
low warm solution was then filtered and the precip-
itate was washed with deionized water several
times, and finally dried at 60°C under vacuum.

2.3. Preparation of octadecylamine-modified
graphene(C18-graphene)

Starting from GO, chemically reduced graphene
(CRG) was prepared according to Ruoff’s method

[48, 49]. For surface modification of CRG with
long alkyl chain, 0.15 g of graphene was dispersed
in 200 mL anhydrous DMF by 1 h of ulstrasonica-
tion (As2060B bath sonicator, Automatic Science
Instrument Co. Ltd., China). 5.0 g of ODA and
2.0 g of DCC were then added and the mixture was
stirred at 90°C under N2 for 48 h. After filtration of
the solution, the resulting solid was washed with
excess ethanol and dried under vacuum.

2.4. Preparation of octadecylamine-modified
graphene/PMMA nanocomposites
(C18-graphene/PMMA)

The original loading of C18-graphene was based on
the weight of MMA monomer and C18-graphene/
PMMA nanocomposites were prepared via in situ
bulk-polymerization. Typically, 0.02 g (0.1 wt% of
MMA) of C18-graphene was added into 20.0 g of
MMA and the mixture was treated with ultrasound
at 0°C for 1 h. The obtained black dispersion was then
subjected to 15 min of centrifugation at 4000 rpm to
remove any unexfoliated agglomerate. The obtained
C18-graphene/MMA suspension was purged with
dry nitrogen for 10 min to remove traces of oxygen
from the solution and 0.3 g of BPO was then added.
Subsequently, the temperature was raised to 60°C
to promote polymerization. The reaction was main-
tained at 60°C for 8 h until the mixture turned into
transparent solid. A similar protocol was followed
to prepare pure PMMA and C18-graphene/PMMA
composites with original graphene loading of 0.1,
0.5, 1.0 and 1.5 wt%, respectively. For clarity of
discussion, the prepared PMMA nanocomposites
with original graphene loading of 0.1, 0.5, 1.0 and
1.5 wt% were labeled as C18-graphene-0.1/PMMA,
C18-graphene-0.5/PMMA, C18-graphene-1.0 /PMMA
and C18-graphene-1.5/PMMA, respectively. The
intrinsic loadings of graphene in these nanocom-
posites were measured by TGA analysis as dis-
cussed in Part 3.3.

2.5. Characterization
Fourier Transform Infrared Spectroscopy (FTIR)
A Nicolet 6700 Fourier transform infrared spec-
trometer (Thermo Fisher Scientific, USA) was used
for FTIR analysis. FTIR was measured on with scan-
ning from 400 to 4000 cm–1 by using KBr disks.
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High resolution Transmission Electron Microcopy
(HRTEM)
HRTEM was conducted on JEOL JEM -2100 elec-
tron microscope (Japan) at an acceleration voltage
of 200 kV. The sample for HRTEM analysis was
prepared by depositing an aliquot of the sample sus-
pension onto a carbon grid and then the solvent was
allowed to evaporate.

Scanning Electron Microscopy (SEM)
The fracture surface of the nanocomposites was
observed by FEINova 400 SEM (FEI, Netherlands)
with acceleration voltage of 20.0 kV. Samples were
prepared by immersing the films in liquid nitrogen
for 10 min before fracture. The fracture surfaces
were coated with gold before analysis.

X-ray Diffraction (XRD)
XRD measurements were carried out using a Rigaku
D/Max-2500 diffractometer (Rigaku, Japan) with
Cu-K" radiation.

Gel Permeation Chromatograph (GPC)
GPC measurements were determined using a Waters
gel permeation chromatograph (USA) equipped
with a Waters 1515 Isocratic HPLC pump, Waters
717 plus Autosampler, three Waters Styragel® HT4
columns collected in series and Waters 2414 Refrac-
tive Index Detector refractive index detector. All
samples were analyzed at room temperature with
tetrahydrofuran as the eluent at the flow rate of
1.0 mL/min.

Differential Scanning Calorimetry (DSC)
The glass transition temperature (Tg) was evaluated
by using DSC method. DSC measurements were
conducted on TA Q200 (TA, USA) with an approx-
imately 5 mg of each sample in an atmosphere of
nitrogen. The samples were tested from –40°Cand
then heated to 220°C at a heating rate of 10°C/min,
kept for 5 min to eliminate the thermal history, then
cooled to –40°C at a cooling rate of 10°C/min. The
DSC data reported were taken from the second scan
and Tg were calculated.

Thermogravimetric Analysis (TGA)
TGA and the derivative of TG curves (DTG) were
performed with Netzsch STA 449C thermogravimet-
ric analyzer (Germany) under nitrogen atmosphere at

a heating rate of 10°C/min and approximately 10 mg
of each sample were measured under N2.

Mechanical properties
The mechanical properties of graphene/PMMA
nanocomposites were measured by a universal ten-
sile testing machine (Sans Co. Ltd., China) at room
temperature according to ASTM D882-2009. The
samples used for mechanical test were prepared by
injection molding and conducted with a crosshead
speed of 5mm/min. In all cases, more than five sam-
ples were tested and standard deviations were cal-
culated.

3. Results and discussion
3.1. Preparation of C18-graphene and its

dispersion in MMA
It is widely known that the maximum improvements
in final properties of GPNs can only be achieved
when graphene is homogeneously dispersed in the
matrix and the external load is efficiently trans-
ferred through strong filler/polymer interfacial inter-
action [13–15]. Thus, how to chemically modify the
surface of graphene and design facile preparation
route may be essential to generate GPNs with
enhanced reinforcement efficiency of graphene. The
acylation reaction is one of the most common
approaches used for linking molecular moieties
onto oxygenated groups alongside the graphene
nanosheets [4]. Even if strong reducing reagents are
used in chemical deoxygenation of GO and most of
oxygen-containing functional groups are removed
from the graphene surface, some residual functional
groups such as carboxylic and hydroxyl group
remain within the graphene sheets, which facilitates
further covalent functionalization opening plenty of
opportunities for the preparation of GPNs [17, 22,
50]. In this work, chemically reduced graphene
(CRG) was anchored by long alkyl chain via an ami-
dation reaction to enhance the compatibility between
the nanosheets and polymer matrix. The amidation
reaction was achieved by the DCC-activated cou-
pling reaction between carboxylic moieties on the
CRG nanosheets and the amine group of ODA mol-
ecule, which was confirmed by FTIR. As presented
in Figure 1a, there were some characteristic absorp-
tions of graphene around 1580 cm–1, attributed to
C=C vibrations of graphene sheets. Moreover, a
tiny absorption peak at 1730 cm–1 assigned to the
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C=O situated at edges of CRG sheets was also iden-
tified. After the reaction with ODA, however, the
peak of C=O became weaker and new bands around
3300 and 1640 cm–1 due to the formation of amide
were observed (Figure 1b). Besides, the absorption
peak at 2920 and 2850 (C–H stretch of alkyl chain),
1530 cm–1 (N–H bending of amide) also appeared
in the spectrum of C18-graphene. These results con-
firmed the success of the amidation reaction.
Grafting of long alkyl chain on the nanosheets
imparted the functionalized C18-graphene organo -
philic and was expected to have enhanced solubility
in vavious organic medium [48–53]. As shown in
Figure 2a, after removal of any unexfoliated agglom-
erate by ultrasonication and centrifugation, the func-
tionalized C18-graphene was homogenously dis-
persed in MMA solution. Compared to pure MMA,
where the solution was almost clear, the MMA
solution containing C18-graphene was blacker, indi-
cating that C18-graphene was more soluble in MMA.
Moreover, the blacker MMA solution was very sta-

ble and no sedimentation was observed for at least
four weeks. To evaluate the degree of exfoliation of
organophilic C18-graphene into individual nanosheets
in the MMA system, a suspension prepared from
original loading of 0.5 wt% of C18-graphene was
examined by High resolution Transmission Elec-
tron Microcopy (HRTEM). As seen from Figures 2b
and 2c, although some monolayer nanosheets could
be detected on the substrate, large quantities of few-
layers smooth graphene (<10 layers) with no signif-
icant folding or overlapping were obviously identi-
fied, showing that the long alkyl chain present on
the sides of the sheets could effectively prevent the
restacking of the nanosheets and good dispersibility
was achieved in MMA solution.

3.2. Preparation and microstructure of
C18-graphene/PMMA nanocomposites

Bulk polymerization is ready to prepare PMMA
with high molecular weight. After polymerization,
the resulting C18-graphene/PMMA nanocomposites
darkened to a uniform black as the C18-graphene con-
tent increased, contrary to colorless pure PMMA. It
has been shown that gelation time was affected by
some nanofillers in radical bulk polymerization of
MMA and subsequent molecular weight and molec-
ular weight distribution of the nanocomposites were
different from those obtained from bulk polymer-
ization of pure MMA [54, 55].
In order to investigate whether similar phenomenon
occurred in our research, the molecular weight and
polydispersity index of the neat PMMA and C18-
graphene/PMMA nanocomposites with various
graphene contents were examined by gel perme-
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Figure 1. FTIR spectra of CRG (a) and C18-graphene (b)

Figure 2. (a) Morphological image of MMA solution containing C18-graphene (left) and pure MMA (right); (b) and
(c) HRTEM images of C18-graphene nanosheets in MMA solution of original loading of 0.5 wt%



ation chromatograph (GPC). Prior to molecular
weight measurement, free PMMA was separated
from C18-graphene/PMMA nanocomposites by Soxh-
let extraction with boiling acetone for 48 h, precipi-
tated in methanol, and finally dried in vacuum at
60°C for 48 h. The results of GPC analysis are sum-
marized in Table 1. It could be obviously that PMMA
in these composites had higher molecular weight
than their neat counterpart and the molecular weight
increased slightly as the original loading of C18-
graphene increased. This maybe attributed to the
participation of modified graphene nanosheets in
the polymerization reaction and the additional con-
sumption of radicals captured by the graphene sur-
face, which was similar to the case where carbon
nanotube was used as the nanofiller [54]. In fact, the
polymer chains of PMMA nanocomposites meas-
ured in GPC were not directly attached to graphene
surface because these nanofiller were filtered out
prior to the GPC measurements. But this kind of
end-tethered PMMA on graphene surface could
affect some properties of the resulting GPNs.
The homogeneous dispersion of the nanosheets in
the matrix is very crucial to improve the final prop-
erties of the GPNs. Li et al. [56] recently reported
that simultaneous surface functionalization and
reduction of GO was achieved by simple refluxing
of GO with octadecylamine (ODA) without the use
of any reducing agents and the ODA-modified
graphene nanosheets could impove the nanofiller
dispersion and thus the conductivity of polymer
nanocomposites. To well-disperse the graphene
sheets into the polymer, in this study, the as-pre-
pared organo philic C18-graphene was exfoliated
into MMA solution via ultrasonication to form a
stable colloid and C18-graphene/PMMA nanocom-
posites were readily obtained by subsequent facile
radical-bulk polymerization. To observe the disper-
sion of graphene in these nanocomposites, X-ray

Diffraction (XRD) and Scanning Electron Microscopy
(SEM) were employed to probe the morphology
and nanostructure of these products. Figures 3
and 4 show the XRD patterns of the CRG, C18-
graphene and PMMA nanocomposites with differ-
ent loading of C18-graphene, respectively. The CRG
nanosheets showed a (002) diffraction peak at 2# =
25º (Figure 3a), which corresponded to a d-spacing
of 0.35 nm slightly larger than that of pristine
graphite (0.34 nm, JCPDS No. 75-1621). Upon
functionalizing with ODA, the strongest diffraction
peak of the C18-graphene shifted to a smaller 2# =
21º (Figure 3b), corresponding to a d-spacing of
0.41 nm, which indicated that attachment of long
alkyl chain along the edges of the nanosheets
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Table 1. Results of GPC analysis for neat PMMA and C18-
graphene/PMMA nanocomposites with various
graphene contents

Sample Mw(·105)
[g/mol]

Mw/Mn
[–]

Neat PMMA 2.83 5.25
C18-graphene-0.1/PMMA 3.01 6.53
C18-graphene-0.5/PMMA 2.94 5.31
C18-graphene-1.0/PMMA 3.29 5.94
C18-graphene-1.5/PMMA 3.46 6.11

Figure 3. XRD patterns of CRG (a) and C18-graphene (b)

Figure 4. XRD patterns of (a) PMMA and C18-graphene/
PMMA nanocomposites, (b) C18-graphene-0.1/
PMMA, (c) C18-graphene-0.5/PMMA, (d) C18-
graphene-1.0/PMMA and (e) C18-graphene-1.5/
PMMA



enlarged the interlayer of C18-graphene and thus
would favor the intercalation of monomer and sub-
sequent bulk polymerization within the gallery. For
PMMA and C18-graphene/ PMMA nanocomposites,
pure PMMA showed a (002) diffraction peak at 2# $
12 and 30º (Figure 4a). However, as dispersing the
functional C18-graphene nanosheets into the
PMMA matrix, the peak of C18-graphene around
21º (Figure 3b) disappeared in the nanocomposites
and only diffraction peaks around 12 and 30º arisen
from PMMA were detected (Figure 4b~d), suggest-
ing that penetration of PMMA chains into inter-lay-
ers of graphene were achieved [57], which was fur-
thered confirmed by SEM. Figure 5 shows the
cross-section SEM images of the fractured surface
of C18-graphene/PMMA nanocomposites. As can be
seen from Figure 5, the graphene nanosheets were
randomly dispersed in the matrix, especially in the
case of lower loadings, showing typical characteris-
tics of good compatibility between the nanosheets
and polymer matrix. From Figure 5d, there was
clear and irregular entanglement of nano sheets in
higher graphene content. Meanwhile, the wrinkled
and crumpled profile of the functional nanofiller in
the nanocomposites was also detected, which could
be largely attributed to strong covalent interaction

between graphene nanosheet and PMMA matrix.
This phenomenon was also mentioned elsewhere
[44, 58, 59] and should contribute to enhance the
final properties of graphene/PMMA nanocompos-
ites.

3.3. Thermal and mechanical properties of
graphene/PMMA nanocomposites

It is expected that thermal and mechanical proper-
ties of the as-prepared C18-graphene/PMMA nano -
composites can be significantly enhanced, largely
by the large interfacial area and high aspect ratio of
the nanosheet, the homogeneous dispersion of the
graphene sheets in the matrix and strong adhesion
between graphene and the matrix. Figure 6 displays
TGA and corresponding differential thermogravi-
metric (DTG) thermograms for neat PMMA and its
nanocomposites with different graphene loadings
under nitrogen atmosphere. The onset temperature
of decomposition (Td) can be considered as the tem-
perature at the 5% weight loss. The relative thermal
stability of the samples is evaluated by Td and the
temperature of the maximum degradation rate
(Tmax) obtained from DTG. These data, providing
the information on the thermal degradation behav-
ior, are also listed in Table 2. Both virgin PMMA
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Figure 5. SEM image of cross-section fractured surface of C18-graphene/PMMA nanocomposites. (a) C18-graphene-
0.1/PMMA, (b) C18-graphene-0.5/PMMA, (c) C18-graphene-1.0/PMMA and (d) C18-graphene-1.5/PMMA.



and its nanocomposites exhibited similar weight
loss curve profile with one-step threshold in their
thermograms. With an onset of thermal degradation
at ca. 249°C, pure PMMA showed mass loss between
300 and 400°C and almost no residue left behind
above 480°C. Compared to that of pure PMMA, the
TGA curves of C18-graphene/PMMA nanocompos-
ites were shifted toward higher temperature and all
the Td temperatures of these nanocomposites were
significantly enhanced with low graphene loadings.
For example, Td values were raised from 249°C for
virgin PMMA to 276°C for C18-graphene-0.1/
PMMA, 256°C for C18-graphene-0.5/PMMA, 273°C
for C18-graphene-1.0/PMMA and 281°C for C18-
graphene-1.5/PMMA. Assuming that graphene was
very stable against heat and the weight loss that
occurred during thermal decomposition of these
PMMA nanocomposites in higher temperature
(~500°C) was entirely due to the removal of PMMA
entity [30], the residue weight implied the intrinsic
loading of graphene in these products, which was
also presented in Table 2. With regard to the intrin-
sic loadings of C18-graphene measured by TGA,
therefore, dramatic improvement of thermal stabil-
ity was achieved with very low loading of graphene
in this study. From Table 2, only addition of meas-
ured loading of 0.07 wt% graphene afforded 27°C
increment in Td of C18-graphene/PMMA nanocom-
posites. The reason was presumably that the homo-
geneously distributed CMG nanosheets could avoid
heat concentration upon external thermal exposure
and strong interaction between PMMA matrix and
chemically modified graphene was introduced via
in-situ bulk polymerization [34, 37, 41]. However,
further increasing the graphene loading did not result

in considerable enhancement of Td. The Tmax value
was not also affected by the addition of the function-
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Table 2. Thermal data of PMMA and C18-graphene/PMMA
nanocomposites under nitrogen atmosphere

aTd:the degradation temperature at the 5% weight loss in the
decomposition stage

bTmax: the maximum degradation temperature in the decomposi-
tion stage

cThe value calculated from the residue at 480°C in TGA thermo-
gram of C18-graphene/PMMA nanocomposites

dnot determined

Sample Td
a

[°C]
Tmax

b

[°C]
Calculated

loadingc
Tg

[°C]
PMMA 249 369 –d 107
C18-graphene-0.1/PMMA 276 372 0.07% 122
C18-graphene-0.5/PMMA 256 370 0.21% 121
C18-graphene-1.0/PMMA 273 367 0.28% –d

C18-graphene-1.5/PMMA 281 371 0.50% 122

Figure 6. (a) TGA and (b) TGA in the range of 400–500°C,
and (c) DTG thermograms for PMMA and C18-
graphene/PMMA nanocomposites in nitrogen
atmosphere



alized graphene, showing that the nanofiller did not
alter the thermal degradation mechanism.
Figure 7 discloses the DSC thermogram for PMMA
and C18-graphene/PMMA nanocomposites and the
glass transition temperature (Tg) is obtained as listed
in Table 2. Tg is a macroscopic indication of the
segmental relaxation behavior of nanocomposite
systems, strongly dependent on embedded nanopar-
ticls. Compared to that of PMMA, C18-graphene/
PMMA nanocomposites showed 15°C increase in
Tg at an intrinsic loading as low as 0.07 wt% and lit-
tle increment was exhibited beyond this loading.
Generally, Tg is highly molecular weight depend-
ent, especially below the critical molecular weight
of polymer. With regard to the same preparation
condition and little difference in molecular weight
for all samples in this case, however, the observed
increase in Tg could not result largely from the molec-
ular weight of PMMA. Therefore, the substantial
enhancement in the Tg of these nanocomposites was
attributed to the restriction in chain mobility due to
confinement effect of 2D-layered graphene incor-
porated into the matrix and strong nanofiller-poly-
mer interaction, which was similar to other reports
elsewhere [27, 44].
As an important petrochemical polymer used in
various fields, it is of much concern about mechan-
ical property of PMMA composites. Figure 8 shows
the typical stress-strain curves for pure PMMA and
its nanocomposites with different graphene load-
ings. Taking the intrinsic loading of the nanofiller in
these nanocomposites into account, it was obvious

that low loading of graphene into the polymer
matrix had a significant influence on the mechani-
cal behavior and the tensile strength of C18-
graphene/PMMA nanocomposites with low graphene
loading was dramatically enhanced as compared to
that of pure PMMA matrix. For example, with
intrinsic graphene loading of only 0.5 wt% for C18-
graphene-1.5/PMMA (the intrinsic loading of the
nanocomposites is listed in Table 2), the tensile
strength increased from 45 MPa of pure PMMMA
to 75 MPa and the increase was 67%. The increas-
ing trend was especially clear with lower loading.
For example, the 0.07 wt% intrinsic loading of
graphene increased the tensile strength up to 57 MPa
and the tensile strength changed slightly without a
pronounced threshold while further raising graphene
loading, Suggesting that there existed a mechanical
percolation probably due to the nanosheet restack-
ing in the case of higher graphene content, which
was consistent with the other reports [16, 57, 58].
On the contrary, the elongation at break of the
nanocomposites gradually decreased with graphene
loading in contrast to that of pure PMMA. The
value of the elongation at break decreased from 6%
for pure PMMA to 3.5% for C18-graphene-1.5/
PMMA. The mechanical reinforcement with low
graphene loading could be attributed to the homo-
geneous dispersion of graphene sheets in the matrix
and the strong interfacial adhesion between chemi-
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Figure 7. DSC thermograms for PMMA and C18-graphene/
PMMA nanocomposites

Figure 8. Typical stress-strain curves for (a) pure PMMA
and C18-graphene/PMMA nanocomposites,
(b) C18-graphene-0.1/PMMA, 
(c) C18-graphene-0.5/ PMMA, 
(d) C18-graphene-1.0/PMMA and 
(e) C18-graphene-1.5/PMMA



cally modified graphene and PMMA. Because of
the high surface area of graphene in the nanocom-
posites, the applied stress was expected to transfer
effectively from the matrix to graphene layers
resulting in enhancement of mechanical properties
[59, 60].

4. Conclusions
Chemically modified graphene by long alkyl chain
was prepared and the graphene/PMMA nanocom-
posites were successfully fabricated via a facile in
situ bulk polymerization. Thermal and mechanical
properties of the nanocomposites were significantly
enhanced at very low graphene loadings. The rein-
forcement with low graphene loading was attrib-
uted to homogeneous dispersion of the nanosheets
and enhanced nanofiller-matrix interfacial interac-
tion. Because of easy performance of functional-
ized graphene and bulk polymerization, the facile
method presented here could be extended to the
implementation of other graphene-based polymer
nanocomposites.
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