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A B S T R A C T

The morphology and thermomechanical properties of composites of poly(methyl methac-

rylate) (PMMA) and chemically modified graphene (CMG) fillers were investigated. For com-

posites made by in situ polymerization, large shifts in the glass transition temperature were

observed with loadings as low as 0.05 wt.% for both chemically-reduced graphene oxide

(RG-O) and graphene oxide (G-O)-filled composites. The elastic modulus of the composites

improved by as much as 28% at just 1 wt.% loading. Mori–Tanaka theory was used to quan-

tify dispersion, suggesting platelet aspect ratios greater than 100 at low loadings and a

lower quality of dispersion at higher loadings. Fracture strength increased for G-O/PMMA

composites but decreased for RG-O/PMMA composites. Wide angle X-ray scattering sug-

gested an exfoliated morphology of both types of CMG fillers dispersed in the PMMA

matrix, while transmission electron microscopy revealed that the platelets adopt a wrin-

kled morphology when dispersed in the matrix. Both techniques suggested similar exfoli-

ation and dispersion of both types of CMG filler. Structural characterization of the resulting

composites using gel permeation chromatography and solid state nuclear magnetic reso-

nance showed no change in the polymer structure with increased loading of CMG filler.

� 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Graphene, a two-dimensional layer of sp2-bonded carbon

atoms, exhibits exceptional physical properties and is being

explored for use in a variety of applications [1]. Chemically

modified graphene (CMG) platelets, which can be made in

bulk quantities from graphite oxide (GO), have been investi-

gated as a composite filler [2,3]. There are three primary

methods for producing GO [4], all of which generate a product

with a larger interlayer spacing than graphite (0.6–1.2 nm
er Ltd. All rights reserved
R.S. Ruoff).
depending on humidity versus 0.34 nm, respectively) and

has several oxygen-based functional groups decorating the

surface (e.g., carboxylic acids, epoxides, alcohols) [4,5]. This

larger interlayer spacing and presence of hydrophilic surface

functionalities are both thought to facilitate the exfoliation of

layered GO particles into single- or few-layer graphene oxide

(G-O) platelets in water and in polar organic solvents [6] via

sonication or stirring. GO can also be exfoliated via ‘thermal

shocking’ [7] (i.e., rapid heating including under inert gas)

or microwave irradiation [8] to create loosely-stacked,
.
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‘worm-like’ structures that can be directly incorporated into

composites via melt compounding as a conductive, graphene-

based filler [9–11].

G-O platelets have an identical chemical structure to GO

[4] and for certain applications it may be advantageous to re-

store the conjugated, sp2 network to render the platelets elec-

trically conductive (for use as a conductive filler, for instance).

Chemical reduction of G-O platelets can be achieved using

several reductants, including hydrazine, sodium borohydride,

and hydriodic acid with acetic acid [4,5,12]. Upon reduction,

G-O platelets tend to agglomerate without steric stabilization

[13] or increased electronic stabilization [14,15]. Reduction of

G-O platelets in the presence of a polymer (e.g., during pro-

cessing of a polymer composite) has been demonstrated to

maintain the dispersion of the chemically reduced G-O plate-

lets (henceforth, RG-O platelets) [16].

In this work, we prepared composites of poly(methyl

methacrylate) (PMMA) by in situ polymerization, using either

G-O or RG-O as filler. We originally attempted to incorporate

RG-O powder directly into PMMA via melt compounding;

however, the resulting composites showed poor dispersion

and much lower mechanical property enhancements than

composites made by in situ polymerization (data provided in

Supplementary Information). In an attempt to facilitate the

dispersion of exfoliated CMG filler, we thus turned to an

in situ solution polymerization approach to produce the com-

posites. Previous work has suggested that GO can be interca-

lated with monomer or polymer, and that polymerization in

the presence of GO can exfoliate the platelets. For instance,

an exfoliated composite morphology was observed by inter-

calation of GO with a poly(ethylene oxide) macroinitiator

prior to a solution-based free radical polymerization of

methyl methacrylate; however, the GO was not exfoliated at

all prior to polymerization [17]. Motivated by these results,

we sought to produce composites via in situ polymerization

with the intent of achieving a homogeneous, isotropic disper-

sion of monolayer CMG platelets, as such a level of dispersion

is thought to be optimal for reinforcement [18]. Moreover, we

sought to compare the reinforcing effectiveness of G-O plate-

lets with RG-O platelets in PMMA, as a difference in interfacial

adhesion and/or dispersion caused by the different surface

chemistries may affect the thermomechanical properties of

the composites.
2. Methods

2.1. Materials

SP-1 graphite (Bay Carbon), DMF (Aldrich), hydrazine mono-

hydrate (Aldrich), and benzoyl peroxide (Aldrich) were all

used as received. Methyl methacrylate (MMA; Aldrich, 99%)

was filtered over alumina powder (Polysciences) to remove

the polymerization inhibitor prior to use.
2.2. Fabrication of composites

Graphite oxide (GO) was prepared via a modified Hummers

method [19] and dried for a week under vacuum. GO was then

suspended in DMF (0.5 mg/ml) and exfoliated by ultrasonica-
tion (VWR B2500A-MT bath sonicator) at room temperature.

The G-O platelet/DMF suspension was purged with dry nitro-

gen for 20 min. Filtered MMA monomer (0.2 mol) and benzoyl

peroxide initiator (0.6 mmol) were added to the suspension,

and then the mixture was heated to 80 �C to promote poly-

merization (under N2). The reaction mixture was maintained

at 80 �C until the mixture became viscous (typically 6 h). For

RG-O/PMMA composites, after the polymerization was com-

pleted and while the polymer was in solution, reduction of

the graphene oxide was carried out with hydrazine (1 ll per

3 mg GO) at 80 �C for 24 h. The polymer was then coagulated

by slowly adding the DMF/PMMA solution to vigorously stir-

red ethanol (5:1 with respect to the amount of DMF used)

and vacuum filtered to collect the product. The filtered com-

posite was washed with ethanol and dried under vacuum

for 48 h to obtain dried flakes of composite. For comparison,

neat PMMA was made by the same approach, without GO or

hydrazine. For dynamic mechanical testing, the composite

flakes were then ground into powder by mortar and pestle

and then pressed using a hydraulic hot press (Fred S. Carver,

Inc.) at 3.5 MPa and 220 �C for 10 min, resulting in films of

approximately 0.20 mm thickness. Composites were also pro-

cessed by injection molding for tensile testing experiments.

Due to the configuration of the molding equipment available

to us, the composite flakes (�3 g per specimen) were fed into a

twin-screw DSM microcompounder (mixing chamber volume

5 ml) prior to injection molding, despite the filler already

being dispersed. For all microcompounded composite sam-

ples (only those which were injection molded), the melt mix-

ing temperature was 220 �C, with a screw speed of 100 rpm.

The flakes were fed into the mixing chamber with the melt

immediately flowing into a mold barrel at 230 �C and then fi-

nally injected into an ASTM D638 – Specimen Type V mold at

50 MPa and 100 �C. After processing, all samples were placed

in a desiccator to dry at room temperature for 48 h prior to

testing.

2.3. Thermomechanical analysis

The viscoelastic response of the composites was measured

using dynamic mechanical analysis (DMA Q800, TA Instru-

ments). Strips of uniform width (�5 mm) were cut from the

hot-pressed film (thickness of �0.2 nm) using a razor blade.

For fixed-frequency temperature scans, dynamic loading

was applied at 1 Hz at 0.02% linear strain with a 0.01 N tensile

force preload and a temperature ramp rate of 2 �C/min. DSC

(Mettler Toledo) was performed using a ramp rate of 10 �C/

min under flowing N2. TGA (TGA4000, Perkin Elmer) was used

to observe changes in thermal degradation behavior versus

the neat polymer, using a ramp rate of 10 �C/min with N2 as

the sample purge gas. For mechanical testing of the injection

molded composite samples, a single pre-wired resistive strain

gage (Vishay, #307441) was bonded to the thin section of the

specimen. Tensile testing was performed using an Instron

machine using a strain rate of 1%/min.

2.4. CMG platelet characterization

AFM images were recorded on a Park Scientific AutoProbe CP/

MT (MultiTask) instrument with scans obtained in contact
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mode. Elemental analysis by combustion was performed by

Atlantic Microlab, Norcross, GA, USA.
2.5. Composite morphological characterization

Wide-angle X-ray scattering (WAXS) studies were done using

a Philips X-PERT diffractometer using Cu Ka radiation. A gen-

erating voltage of 40 kV and a current of 30 mA was used, with

a 2 s dwell time. Transmission electron microscopy (TEM) and

scanning electron microscopy (SEM) were used to image the

morphology of the composites. For TEM, injection molded

composites were microtomed to slices of 50–90 nm thickness

using an ultra45 diamond blade (Leica Ultracut UCT, Reichert

Inc.) and dropped onto 300 mesh copper TEM grids (Ted Pella).

The TEM images were acquired on a JEOL 2010F at 120 keV.

SEM samples were prepared by sputter coating fractured com-

pression molded samples using a 6 nm coating of iridium me-

tal deposited in an Ar atmosphere. Images were acquired

using a FEI Quanta-600 FEG Environmental SEM at 5 keV and

10�5 torr.
2.6. Spectroscopy and gel permeation chromatography

1H and 13C solution NMR was performed using a Bruker

DRX400 at 399.97 and 100.54 MHz, respectively. Neat, as-made

PMMA and composites were dissolved in CDCl3 (�5 mg/ml)

and spectra obtained at 50 �C using a 5 mm broadband probe

at 50 �C using standard pulse sequences. The 1H and 13C chem-

ical shifts were all referenced to residual solvent resonances

within the CDCl3 solvent. Solid state 13C magic angle spinning

(MAS) NMR was carried out on the neat PMMA and CMG/

PMMA composites using a Bruker Avance400 at 100.62 MHz.

Spectra were obtained using a standard cross polarization

(CP) MAS sequence with variable contact times, at room tem-

perature with spinning at speeds between 4 and 10 kHz. The
13C chemical shifts were referenced to a secondary standard

glycine setting the carbonyl resonance at 176.0 ppm with re-

spect to TMS, d = 0 ppm. FT-IR measurements were obtained

using a Perkin–Elmer BX spectrometer. GPC measurements

were made at ambient temperature on a home-built system

equipped with a Waters Model 510 HPLC pump, two fluori-

nated polystyrene columns arranged in series, and a Waters

486 Tunable Absorbance Detector (k = 450 nm). Molecular

weight and polydispersity data are reported relative to poly-

styrene standards in tetrahydrofuran (THF).
3. Results and discussion

GO was produced by a modified Hummers method and was

determined to have a C:O ratio of 1.24 (including contribution

from water) as measured by elemental combustion analysis.

GO was sonicated in DMF at 0.5 mg/ml for 1 h to create a sus-

pension of G-O platelets. It has been previously reported that

G-O can form a stable dispersion in DMF [20]; however, even

at 0.5 mg/ml, some sedimentation was observed in the sus-

pension after sitting overnight. Atomic force microscopy

(AFM) was conducted on the dried-down platelets after depo-

sition of a diluted G-O suspension onto a mica substrate

(Fig. 1). Based on AFM, the suspensions made by sonication
in DMF consisted of mostly single-layer G-O platelets, along

with some larger multi-layer platelets and also larger parti-

cles that were not exfoliated. The single-layer platelets

showed a large range of lateral dimensions, ranging from mi-

crons to tens of nanometers (Fig. 1). Thus, AFM suggests that

mostly single-layer platelets were dispersed into the polymer,

although restacking could potentially occur.

In this study, the G-O platelets dispersed in the polymer

solution were reduced with hydrazine monohydrate prior to

precipitating the polymer out of solution. As previously men-

tioned, reduction of G-O platelets in the presence of a poly-

mer has been reported to stabilize the platelets against

agglomeration [16]. Indeed, this was found to be the case at

lower loadings, based upon our analysis of filler dispersion

as presented below. It was also of interest to characterize

the degree of reduction achieved by hydrazine in the presence

of the polymer, as well as reduction as a result of high-

temperature processing (molding and compounding steps).

To characterize this, the composites were re-dissolved in DMF

and the CMG filler was separated from the polymer by centri-

fugation followed by decanting and vigorous washing to

remove all traces of polymer from the CMG surface. TGA

scans of these products showed that both hydrazine treat-

ment and high-temperature processing resulted in the reduc-

tion of the G-O platelets, as also suggested by inspection of

the composite powders (Supplementary Information, Fig. S1).

The exfoliation of the platelets and the level of platelet dis-

persion achieved in the composites were probed by TEM and

wide-angle X-ray scattering (WAXS). TEM images of micro-

tomed sections of the composites are shown in Fig. 2. While

AFM analysis of the G-O dispersion suggests single-layer

platelets may be dispersed in the matrix, they were not di-

rectly observed in our TEM analysis. Many few-layer platelets

were observed and were sparsely dispersed throughout the

matrix, with a wide distribution of lateral dimensions: many

had lengths of hundreds of nanometers, while other platelets

appeared to be several microns long. The ultrasonication pro-

cess used to exfoliate GO also fragments the platelets, and is

likely responsible for the small lateral dimensions of many of

the platelets [4]. No difference in the level of filler dispersion

or exfoliation was observed between G-O and RG-O-filled

composites at 0.5 wt.%, suggesting that at low loadings the

reduction process does not lead to significant agglomeration

of the platelets. However, at higher loadings (4 wt.%), the

composites appeared to show an increased number of mul-

ti-layer platelets with a larger average thickness (lower aspect

ratio). Low magnification TEM images clearly showed orienta-

tion of the multi-layer platelets in the matrix, likely due to the

injection molding process.

For both G-O and RG-O filled composites, nearly all of the

platelets showed a crumpled or wrinkled conformation, with

some multi-layer platelets showing a corrugated structure

(Supplementary Information, Fig. S4). Although graphene-

based fillers can be imaged in TEM without staining, contrast

was often very low, and thus it was a challenge to ascertain

the level of dispersion in the composite just from TEM obser-

vation, due to the difficulty of observing few-layer platelets at

lower magnification. WAXS was performed to further analyze

the state of dispersion of the composite (Fig. 3). The scattering

intensity profile revealed no presence of diffraction peaks



Fig. 1 – Atomic force microscopy scans of dried-down platelets on freshly-cleaved mica revealed the presence of single-layer

platelets in the G-O/DMF dispersion (exfoliated at 0.5 mg/ml), with a large distribution of lateral dimensions.

Fig. 2 – TEM images of (a) 0.5 wt.% RG-O in PMMA and (b) 4 wt.% RG-O in PMMA, showing the presence of multi-layer platelets

with a crumpled morphology.
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corresponding to the interlayer spacing of graphite oxide,

suggesting an exfoliated morphology of both types of CMG

platelets in PMMA across all loadings. However, the lack of a

diffraction peak in the XRD pattern does not necessarily sug-

gest the absence of stacked platelets [9], as confirmed by our

TEM observations. This is likely because the relatively low

volume percent of filler (approximately 4 vol.% at the highest

loading)—a fraction of which may exist as multi-layer
stacks—contributes little to the scattering signal relative to

the PMMA matrix. Additionally, we analyzed the fracture sur-

faces of the composites using SEM. We attempted to examine

the fracture surface for the presence of ‘filler pull-out,’ as has

been previously reported as evidence for matrix-filler interfa-

cial adhesion for thermally-exfoliated graphite oxide/PMMA

composites [21]. However, PMMA is an insulating polymer

and charging on the surface of the composite prevented



Fig. 3 – Wide angle X-ray scattering patterns for the

composites. No presence of layered GO was detected at any

loading, suggesting an exfoliated morphology in the

composites.

Fig. 4 – (a) Storage modulus and (b) loss modulus versus

temperature for neat PMMA and G-O/PMMA composites as

measured by DMA.
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resolution of the cross section down to the platelet level

in our study. Qualitative observations made of the fracture

surface at lower magnifications suggested a cup-cone fracture

mechanism for neat PMMA versus the composites, which

all showed brittle fracture surfaces (figures provided in

Supplementary Information, Fig. S3).

Results from DMA experiments on the G-O/PMMA and RG-

O/PMMA composites indicate that the glass transition tem-

peratures (Tg) of the composites are increased substantially

relative to neat PMMA. The modulus values also show in-

creases compared with neat PMMA, indicating reinforcement

(see Fig. 4), which is consistent with results from tensile test-

ing (presented below). The RG-O/PMMA composites show

shifts in Tg of more than 15 �C at loadings down to

0.05 wt.%, with only small increases in Tg beyond this loading

(see Supplementary Information, Table S1). Notably, an in-

crease in the area under the loss peak (E00) was observed at

higher loadings, possibly suggesting increased segmental

mobility in the composites at Tg versus neat PMMA. Large

shifts in the Tg of PMMA at low loadings of graphene-based fil-

ler have been reported elsewhere [21]. While our study

achieved a similar onset of a large Tg shift to previous work

on thermally-exfoliated graphite oxide/PMMA composites

[21], the incremental changes in Tg were much lower in this

study. Moreover, even after numerous attempts, the large

shifts in Tg observed by DMA were not replicated using DSC.

The origin of such Tg shifts has been attributed to the pres-

ence of so-called ‘interphase’ polymer, which arises due to

the interaction of the chains with the platelet surface [22–

26]. In our system, in which attractive interactions between

the polar functional groups of G-O (or residual functional

groups of RG-O) and PMMA may exist, chains several nano-

meters away from the platelet surface may have restricted

mobility, creating an enormous volume of matrix polymer

with increased Tg [25]. Percolation of this network of inter-

phase polymer could then manifest the large Tg shift of the

bulk composite.
G-O and RG-O platelets were found to have a significant

reinforcing effect at low loadings, which tapered off at higher

loadings. Table 1 summarizes all data obtained from tensile

testing, and Fig. 5 plots the modulus of the composites as a

function of filler loading. For reference, the experimental data

is compared with modulus predictions based on Mori–Tanaka

theory [27,28] (details on this calculation are in Supplementary

Information), which assumes unidirectional, ellipsoidal

platelets and neglects possible contribution of the interphase

[29]. Modulus values measured (by AFM tip-induced deforma-

tion) for G-O platelets range from approximately 208 GPa [30]

up to 650 GPa [31] while RG-O platelets have been measured to

have a modulus of 250 GPa [31]. Assuming a value of approx-

imately 250 GPa for both types of CMG platelets, it can be seen

from Fig. 5 that an effective platelet aspect ratio (Af) of 100

captures the trend in modulus increase quite well up to

1 wt.%. However, a significant deviation is apparent at higher

loadings. This deviation may be due to agglomeration of filler,

which was observed in the TEM analysis (but not by XRD, as

shown in Fig. 3). Thus, our data in conjunction with Mori–

Tanaka theory is evidence for a good dispersion at lower

loadings (Af > 100 assuming a platelet modulus of 250 GPa)

which progressively worsens as loading increases (Af decreas-

ing to approximately 30 at 4 wt.% loading).

While both types of composites showed similar increases

in elastic modulus, the tensile strength of the G-O/PMMA

composites was markedly higher than the RG-O/PMMA



Table 1 – Results of the tensile testing experiments (three samples were tested at each loading).

E (GPa) % Change, E r (MPa) % Change, r

RG-O (wt.%)
0 3.43 ± 0.06 – 58.1 ± 1.95 –
0.25 3.75 ± 0.57 9.5 59.5 ± 4.25 2.4
0.5 4.04 ± 0.22 17.8 59.0 ± 4.75 1.5
1 4.28 ± 0.17 25.0 53.0 ± 5.55 �8.8
2 4.65 ± 0.35 35.8 57.0 ± 4.55 �1.9
4 4.56 ± 0.18 33.0 48.9 ± 1.15 �15.8
G-O (wt.%)
0.25 3.65 ± 0.06 6.4 62.1 ± 0.60 6.9
0.5 4.19 ± 0.03 22.2 66.4 ± 1.75 14.3
1 4.39 ± 0.18 28.3 70.9 ± 0.15 22.0
2 4.45 ± 0.00 29.9 66.8 ± 3.05 15.0
4 4.53 ± 0.32 32.3 65.4 ± 5.35 12.6

Fig. 5 – (a) Representative stress–strain curves of the

composites (with G-O filler) and (b) average modulus values

for G-O and RG-O-filled composites, plotted versus

theoretical modulus values predicted by Mori–Tanaka

theory, using various values for the platelet modulus (Ef)

and aspect ratio (Af).
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composites—while G-O produced increases in tensile

strength of more than 20%, RG-O, on average, caused the ten-

sile strength of the composite to decrease versus neat PMMA.

Since both G-O and RG-O/PMMA composites showed similar

dispersions of filler (at lower loadings) by TEM and XRD anal-

ysis, this difference could perhaps be due, at least in part, to

the higher presence of polar functional groups (e.g., hydroxyl,

epoxide, and carboxylic acid groups) on the platelet surface,

which might facilitate better interfacial adhesion between

G-O and PMMA versus RG-O. Notably, injection molded samples
were briefly subjected to compounding prior to molding;

however, this was found to cause no discernable effect on

the dynamic mechanical properties or on the dispersion

based on a WAXS study. Representative stress–strain curves

of G-O/PMMA composites, along with neat PMMA, are pro-

vided in Fig. 5. Elongation at break was observed to decrease

with increasing weight fraction of both types of filler, consis-

tent with the more brittle fracture surfaces observed by SEM.

Electrically conductive polymer composites with graph-

ene-based fillers have been reported for a variety of systems

[2], occasionally at low loadings of filler, such as 0.2 wt.% as

reported for a CMG/polystyrene composite [16]. Electrically

conductive PMMA matrix composites with graphene-based

fillers have also been reported [17,32]. In this study, however,

no major conductivity increase was observed at any loading.

Indeed, at all loadings of both G-O and RG-O (for both hot

pressed and injection molded specimens), the conductivity

remained sufficiently low such that it could not be deter-

mined with our four-probe measurement setup (detection

threshold: 200 GX). Thus, no conductivity values and no elec-

trical percolation threshold could be determined for this com-

posite system.

CMG fillers have been widely reported to improve the ther-

mal stability of polymer composites relative to the host poly-

mer [2,3]. Non-oxidative thermal degradation studies of the

composites were performed using thermogravimetric analy-

sis (TGA). The results are shown in Fig. 6, where the shift in

the onset of the thermal degradation temperature with

weight percent loading of CMG is illustrated. Both G-O and

RG-O-filled composites showed similarly significant improve-

ments in the non-oxidative thermal stability compared with

neat PMMA.

Attempts were made to characterize any change in poly-

mer structure with CMG loading to investigate whether the

property improvements of the composites were influenced

by possible changes in polymer structure, due to the presence

of G-O platelets during polymerization. As shown in Fig. 7, no

change in the NMR spectrum was observed between neat

PMMA and the composites. GPC measurements indicated that

the molecular weight of the composites increased slightly

with higher loadings of CMG filler (Table 2). Both 1H and 13C

solution NMR revealed that the dominant triad tacticity of



Fig. 6 – TGA curves for the RG-O composites versus neat

PMMA, showing increased thermal stability with loading of

RG-O. Similar trends were observed for G-O/PMMA

composites.

Table 3 – Tacticity ratios for neat, 8 wt.% G-O/PMMA and
8 wt.% RG-O/PMMA samples based on integration of the
carbonyl region in the 13C NMR solution spectra.

Sample ID (rr)% (mr)% (mm)%

Neat PMMA 59.6 37.1 3.3
8 wt.% G-O/PMMA 56.9 39.0 4.1
8 wt.% RG-O/PMMA 60.2 35.3 4.3
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the PMMA to be rr (syndiotactic), and tacticity of the PMMA

was found to be the same for the neat, and 8 wt.% RG-O/

PMMA and 8 wt.% G-O/PMMA samples, indicating no change

in tacticity with loading of CMG filler (Table 3). No presence
Fig. 7 – Representative solid state 13C CPMAS NMR spectra of the

Table 2 – Molecular weight and polydispersity index of the neat
gel permeation chromatography.

Sample

Neat PMMA
0.05 wt.% G-O/PMMA
0.25 wt.% G-O/PMMA
1 wt.% G-O/PMMA
2 wt.% G-O/PMMA
8 wt.% G-O/PMMA
of the G-O was detected in the NMR spectra. Cross-

polarization (CP) buildups from solid state 13C CP MAS NMR

measurements were used to extract the relaxation parameter

TCH (carbon–proton interaction) to probe changes in the

low-frequency polymer relaxation dynamics with filler loading

at temperatures well below the Tg of PMMA (Supplementary

Information; Table S1 and Fig. S5). The most pronounced

changes in polymer dynamics were observed at low G-O and

RG-O content (0.05 wt.%), while the dynamics began to revert

back to neat PMMA between 2 and 4 wt.% for both fillers. We

speculate that these results reflect increasing aggregation of

the platelets at higher loading as indicated by the changes

in mechanical properties.
PMMA composites (asterisks indicate spinning sidebands).

PMMA and composites at various loadings, as measured by

Mw Mw/Mn

200,900 2.06
187,500 2.09
191,600 2.17
179,500 1.71
217,400 2.38
280,600 1.76
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4. Conclusions

We prepared composites of PMMA with two types of CMG

materials as filler: graphene oxide (G-O) and reduced graph-

ene oxide (RG-O). The composites were prepared using an

in situ polymerization method and processed using micro-

compounding/injection molding or hot pressing. Injection

molded samples were subjected to standard tensile testing

and showed increases in modulus for both CMG/PMMA com-

posites, but only increases in strength for G-O in PMMA. In-

creases in the dynamic modulus were observed by DMA,

where we also observed shifts of over 15 �C in Tg versus neat

PMMA. Spectroscopic studies using FT-IR and NMR along with

GPC revealed no evidence of variation in the structure of the

polymer with increased CMG loading. The results indicate

that both RG-O and G-O fillers provide substantial property

improvements relative to neat PMMA, although this study

suggests that G-O platelets offer the advantage of increased

tensile strength whereas RG-O platelets do not. Mori–Tanaka

theory suggests a good dispersion of filler at lower loadings

(up to 1 wt.%), which progressively worsens at higher load-

ings. Based on TEM observations and solid state NMR studies,

we believe this is due to agglomeration of the platelets

(whether due to incomplete exfoliation and/or platelet

restacking) at higher loadings.
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