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ABSTRACT: A new method is described for the synthesis of
exfoliated polymer nanocomposites made with modified gra-
phite oxide (GO) using a miniemulsion polymerization tech-
nique. GO was synthesized and then modified with a reactive
surfactant, 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS),
which widened the gap between the graphene layers and
facilitated monomer intercalation into the GO nanogalleries. =
The AMPS-modified GO was emulsified in the presence of
styrene and butyl acrylate monomers, a surfactant (sodium -
dodecylbenzenesulfonate), and a hydrophobe (hexadecane). 30
The stable miniemulsions were polymerized to afford encapsu-

lated poly(styrene—butyl acrylate) (poly(S—BA))/GO nanocomposite latex particles. The exfoliated structure of the nanocom-
posites was confirmed by X-ray diffraction (XRD) and transmission electron microscopy (TEM). TEM revealed that graphene
oxide nanosheets were largely exfoliated (about 2—S nm thick) in the resultant films obtained from the synthesized nanocomposite
latices. Examination of the nanostructure of the obtained nanocomposites by XRD analysis confirmed the formation of exfoliated
graphene oxide nanoplatelets. The thermal stability and mechanical properties of the nanocomposites were evaluated by
thermogravimetric analysis (TGA) and dynamic mechanical analysis (DMA). TGA showed that all the prepared nanocomposites
exhibited enhanced thermal stability relative to the neat poly(S—BA) copolymer. DMA also revealed that the glass transition
temperature of poly(S—BA) in the nanocomposites increased significantly in the presence of modified GO relative to pure
copolymer. Furthermore, the nanocomposites had improved storage and loss modulus only at relatively high GO content (i.e., S and

- - - 20%AMPS
40% AMPS
—-=--60% AMPS
- 80% AMPS

6 wt % relative to monomer).

1. INTRODUCTION

Graphite is naturally abundant and well-known to be a layered
material with unique and unusual properties.”” It is a pseudo-
two-dimensional solid with sp*hybridized carbon atoms ar-
ranged in a hexagonal pattern within each layer. These layers,
known as graphene,’ are organized in the ABAB alternating
stacking sequence, with strong covalent bonding between the
carbon atoms in the same graphene layers. Thus, cleavage of the
bonds between the carbon atoms among these layers is very
difficult. This results in graphene sheets having very high strength
as well as good mechanical properties in the same plane.”> On
the contrary, the weak van der Waals interactions acting between
the graphene layers makes the cleavage of bonds between these
layers very easy. Therefore, graphite can be converted into high
aspect ratio (length-to-thickness ratio) reinforcement platelets
with nanometer-scale thickness through a process of intercala-
tion and exfoliation.®

Pristine unmodified graphite cannot be easily dispersed in a
polymer matrix.” Thus, there are very few reports of polymer
nanocomposites based on pristine natural graphite.® This is
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because there are no reactive groups on the natural graphene
layers, which makes it difficult for organic molecules or mono-
mers to be loaded on its surface. In addition, graphene layers lack
the affinity and space for hydrophilic or hydrophobic molecules
and polymers to intercalate into its galleries. Hence, pristine
graphite is usually functionalized in order to be used for the
synthesis of polymer nanocomposites.”” Oxidation of graphite
followed by exfoliation, either by rapid thermal expansion'® or by
ultrasonic dispersion, " is one approach that can be used to
obtain functionalized and exfoliated graphite sheets. The first
synthesis of such modified graphite sheets was described by
Brodie in 1859."” Today there are three main methods for the
preparation of graphite oxide (GO) from natural graphite—as
described by Brodie,'> Staudenmaier,"® and, more recently,
Hummers and Offeman.'* Each method is based on the oxida-
tion of graphite in the presence of a strong concentrated mineral
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acid (e.g,, sulfuric acid) and strong oxidizing agent (e.g., potas-
sium permanganate).

The oxidation chemistry is similar to that used to functionalize
carbon nanotubes (CNTs) and results in a variety of oxygen-
containing functionalities (e.g,, epox1de, —OH and —COOH) at
different sites on the graphite surface.” It is generally believed that
the epoxide and hydroxyl functional groups are located in the basal
planes of the graphene sheets, while the edges of these sheets are
functionalized with carbonyl and carboxyl groups.">~**

After oxidation, GO still possesses a layered structure, but it is
much lighter in color than pristine graphite due to the loss of
electronic conjugation caused during the oxidation step. The
oxygen-containing functionalities alter the chemistry of the
graphite sheets and render them hydrophilic, thus facilitating
their hydration and exfoliation in aqueous media."” As a result,
GO easily forms stable colloidal dispersions of thin graphene
oxide nanosheets in water.”>”>* The nanometer-scale sheets and
galleries in the final GO, caused by the exfoliation process, as well
as the oxygen groups on the edges and borders of sheets
(generated by chemical oxidation) create favorable conditions
that allow for suitable polymers (water- soluble) to intercalate
and form polymer/GO nanocomposites.”> However, water-
insoluble (hydrophobic) monomers or polymers such as poly-
styrene (PS) and poly(methyl methacrylate) (PMMA) cannot
be easily intercalated between GO layers.>* This is because the
GO nanosheets are hydrophilic'” and therefore incompatible
with hydrophobic monomers or polymers.”® Thus, the compat-
ibility between the GO nanosheets and the monomers or
polymers selected for use needs to be enhanced.

In a recent study, Hu et al.* reported the use of GO for the
synthesis of PS nanocomposites by in situ emulsion polymeriza-
tion. The authors showed that this could be a promising route
for the production of composite materials based on graphite
with improved thermal stability. However, during the synthesis
procedure the GO was reduced to graphite using hydrazine
hydrate, which decreased the hydrophilic nature of graphite
sheets, leading to better compatibility with monomer. In another
study, Wang and Pan>* reported that the intercalation of mono-
mer, followed by in situ polymerization, occurred during the
emulsion polymerization of methyl methacrylate in the presence
of GO. The authors observed that the mechanical properties of
the composites (i.e., notched Izod impact strength and tensile
strength) decreased as the content of GO increased from 1 to
8 wt %. They attributed this phenomenon to low compatibility of
GO with PMMA, which resulted in composites with intercalated
structure. They also showed that the amount of PMMA that
grafted onto GO was very small, and the surface properties of GO
were little improved.

Graphite-derived materials such as GO have been widely used as
fillers for the preparation of polymer nanocomposites to improve
their mechanical, thermal, and electrical properties.”>*”*° Meth-
ods such as solutlon blending,* exfohatlon adsorption,®’ melt
intercalation,* and in situ intercalation®® polymerization have been
used to prepare such nanocomposites. However, there are still
many challenges (e.g, the preparation method) that must be
addressed before such nanocomposites can reach their full poten-
tial. Although significant success has been achieved in the prepara-
tion of polymer/graphite nanocomposites using in situ polymeriz-
ation of the monomer in the presence of graphite,”***** there are
only few reports on the preparation of these composites in emulsion
systems. In particular, the use of miniemulsion polymerization has
not been investigated for the synthesis of such nanocomposites.

Miniemulsion polymerization can be a very useful method for
the preparation of nanoscale latex particles made with filler
materials such as graphite. This is due to the initial dispersion of
the polymerization reaction components, which can be directly
polymerized into polymer particles. In the miniemulsion process,
the oil phase, which consists of the monomer and the filler, can be
dispersed in the water phase by a high-shear device such as a
sonicator. This will lead to the formation of monomer droplets
containing the filler particles and stabilized by the surfactant and
the hydrophobe from wh1ch polymer particles will develop during
the polymerization step.>* In various studies, miniemulsion po-
lymerization was successfully used for the incorporation of filler
compounds such as clay*® and CN'Ts* within a polymer matrix. In
a previous study, we investigated the use of RAFT polymerization
for the synthesis of PS/GO nanocomposites.”” GO was prepared
and successfully immobilized using dodecyl isobutyric acid trithio-
carbonate as RAFT agent. The resultant RAFT-attached GO was
used for the preparation of PS/GO nanocomposites in a con-
trolled manner using miniemulsion polymerization. The study
showed that miniemulsion could be used as effective method for
the synthesis of graphite-based polymer nanocomposites with
improved properties.

In an emulsion system there are three possible nucleation
mechanisms for the growing oligomeric radical species:
micellar, homogeneous (water phase), and, less often, droplet
nucleation.*® Droplet nucleation occurs when radicals formed in
the aqueous phase enter monomer droplets and propagate to
form polymer particles. In miniemulsion polymerization droplet
nucleation is the predominant mechanism of particle formation
due to the small size of the monomer droplets and the presence
of few or no micelles in the system.*® These submicrometer
droplets have a large interfacial area and are capable of capturing
most of the oligomeric free radicals—thus, the droplets become
the locus of nucleation. The incorporation of filler materials is
much easier in miniemulsion than in conventional emulsion
polymerization because the need of mass transport through the
water phase is minimized by droplet nucleation.

Miniemulsions contain submicrometer-sized monomer dro-
plets ranging from 50 to 500 nm.**' The droplets are formed by
shearing a premixed system comprising water, monomer, surfac-
tant, and a hydrophobe (also referred to as a cosurfactant or a
costabilizer). The surfactant prevents the droplets from coales-
cing and the hydrophobe prevents Ostwald ripening. The first
report on miniemulsion polymerization dates back to 1973, when
Ugelstad et al.** reported the polymerization of styrene (St) in
the presence of a mixed emulsifier system of sodium dodecyl
sulfate and cetyl alcohol.

Miniemulsion polymerization offers several advantages over
other dispersion polymerization techniques,*' such as a small
particle size of the final latex particles, efficient use of surfactant,
and production of lattices with high solids content. The particles
that can be produced are a 1:1 copy of the miniemulsion
droplets.**** The latter can be attributed to the fact that the
miniemulsion droplets are directly polymerized to polymer
particles.” This method can also be used for the polymerization
of hydrophobic monomers with low water solubility, which
often can only be polymerized (with difficulty) in emulsion
polymerization.**® The advantages of miniemulsion polymeri-
zation make it attractive to be used for the synthesis of polymer/
graphite nanocomposites.

In several studies authors have focused on investigating the
intercalation of clay with reactive surfactants (known as surfmers),
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such as 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS),
to prepare polymer—clay nanocomposites (PCNs).*”~*° The use
of this compound as a clay modifier seems to play a major role in
achieving successful exfoliation of clay in the synthesized PCNs.
Xu et al.*’ used AMPS as a clay modifier in the synthesis of
exfoliated poly(styrene-co-methyl methacrylate)/clay nanocom-
posites using emulsion polymerization. They found that AMPS
has the ability to increase the interlayer spacing between clay layers
from 1.17 nm in pristine clay up to 2.1 nm, depending on the
AMPS/clay ratio used. They also found that AMPS can accelerate
the insertion of comonomers into clay layers, resulting in PCNs
with exfoliated structures.

It is believed that the interaction of AMPS with clay occurs by
adsorption of AMPS on the surface of the clay by formation of
hydrogen bonds between the sulfate and amido groups of AMPS
with the hydroxyl groups on the clay surface.>® The same concept
can be applied to GO, since GO has a larger c-axis spacing
compared to the pristine graphite, and polar groups such as
hydroxyl and carboxylic groups on its surface. Thus, the inter-
calation of AMPS into GO particles becomes possible via the
formation of hydrogen bonds between the functional groups of
AMPS and GO.

Here we report a new method for the synthesis of exfoliated
poly(styrene—butyl acrylate) /GO (poly(S—BA)/GO) nanocompo-
sites using the miniemulsion technique. First, the GO sheets were
modified with the reactive surfactant, AMPS. The resultant
modified GOs were then used in the synthesis of poly(S—BA)
nanocomposites using in situ miniemulsion polymerization to
promote the intercalation of water-insoluble monomers, St and
butyl acrylate (BA), within layered GO. We intend to show that
AMPS can intercalate into the GO galleries and lead to an
increase in the interlayer spacing (commonly known as the
d-spacing) between graphene oxide nanosheets. Furthermore,
due to its polymerizable groups, AMPS can take part in the
polymerization of St and BA and thus provide the exfoliation
driving force for the formation of nanocomposites with exfoliated
structure.

To the best of our knowledge, this is the first report on the
modification of GO with a surfmer such as AMPS and the
subsequent use of the modified GOs in the miniemulsion
polymerization of St and BA monomers. The treatment of GO
with organic modifiers such as AMPS could lead to the synthesis
of chemically modified GO derivatives possessing improved
properties. The modification with AMPS will alter the intercala-
tion behavior of GO and allow for the complete exfoliation of GO
into individual graphene oxide nanosheets in polymer systems.
The use of miniemulsion will also allow the formation of polymer
particles, containing the modified graphene oxide nanosheets,
which can be polymerized in a convenient one-step nanoincor-
poration process.

2. METHODS: EXPERIMENTAL AND
CHARACTERIZATION

2.1. Materials. Styrene (99%, Aldrich) and butyl acrylate (99%,
Aldrich) were purified by washing with aqueous 0.3 M KOH, followed
by distillation at 40 °C under reduced pressure. Sodium dodecylbenzene
sulfonate (SDBS) (99%, Fluka), 2-acrylamido-2-methyl-1-propanesul-
fonic acid (99%, Aldrich), and hexadecane (HD) (99%, Sigma-Aldrich)
were used as received. Potassium persulfate (KPS) was obtained from
Aldrich and purified by recrystallization from methanol. Potassium
permanganate (99%), sodium nitrate (99%), and hydrogen peroxide

(30%) were obtained from Sigma-Aldrich and used as received. Sulfuric
acid (98.08%, Merck) was used as received. Distilled and deionized
(DDI) water was obtained from a Millipore Milli-Q water purification
system. Expanded graphite (99.5%) was obtained from Graphit
Kropfmiithl AG (Hauzenberg, Germany) and used without any further
purification. GO was prepared as described in the literature, with some
modification."*

2.2. Preparation of GO. GO was prepared by treating the natural
graphite with potassium permanganate in the presence of sulfuric acid,
following the method of Hummers and Offeman.'* In brief, powdered
flake graphite (10 g) and sodium nitrate (S g) were stirred into 98%
sulfuric acid (230 mL). As a safety measure, the ingredients were mixed
in a 1.5 L flask that was previously cooled to 0 °C in an ice bath.
Potassium permanganate (30 g) was slowly added to the suspension,
while maintaining vigorous agitation, taking care not to allow the
temperature of the suspension to exceed 20 °C. The ice bath was then
removed, and the temperature of the suspension was brought to 35 °C,
where it was maintained for 30 min. The mixture gradually thickened as
the reaction progressed, and after 30 min the mixture became pasty, with
a brownish-gray color. DDI water (460 mL) was then slowly stirred into
the paste, causing a violent reaction and an increase in temperature to
100 °C. The diluted suspension was maintained at this temperature for
1S min. The suspension was then further diluted with warm water
(~420 mL) and hydrogen peroxide (3%) (100 mL) to reduce the
residual permanganate and manganese dioxide to colorless soluble
manganese sulfate. Upon treatment with the peroxide, the suspension
turned bright yellow. Filtration afforded a yellow-brown filter cake. The
GO was washed several times with DDI water until neutrality. The final
solid containing the GO platelets was obtained by centrifugation.

2.3. Modification of GO with AMPS. GO was treated with
AMPS as follows: GO (0.5 g) was introduced to a 250 mL flask
containing DDI water (150 g). The mixture was stirred at room
temperature for 15 min, after which it was sonicated using a Vibracell
VCX 750 ultrasonicator (Sonics & Materials) for a further 15 min. This
was done in order to achieve complete dispersion of GO nanosheets in
water. AMPS was added to the mixture (20 wt % relative to GO), which
was then stirred for a further 24 h at room temperature. The treatment
was repeated with various quantities of AMPS: 40, 60, and 80%
relative to GO.

2.4. Typical Preparation of Poly(S—BA)/GO Using Mini-
emulsion Polymerization. The AMPS-treated GO (AMPS-GO)
(modified with 40% AMPS) was added to the monomer mixture (St and
BA), and the mixture was stirred for 1 h to allow effective swelling of GO
with the monomers. Surfactant (~2 wt % SDBS relative to monomer)
and HD were added, and the mixture was stirred for a further 30 min.
The mixture was sonicated using a Vibracell VCX 750 ultrasonicator
(Sonics & Materials) for 10 min to obtain the miniemulsion latex. The
sonicator amplitude was set at 80%, and the pulse rate was set at 2 s. The
average energy expended was ~67 kJ. A three-neck round-bottomed
flask containing the resultant miniemulsion latex was then immersed in
an oil bath at room temperature. KPS (0.008 g) was added, and the
contents of the flask were nitrogen purged for 15 min before increasing
the temperature to 70 °C to start the polymerization. The reaction was
carried out for 4 h under a nitrogen atmosphere, after which it was
cooled to room temperature to stop the polymerization.

A similar procedure was followed for the synthesis of a poly(S—BA)
standard without GO by miniemulsion polymerization. The oil phase,
consisting of St and BA monomers, and HD, was mixed with an aqueous
solution of SDBS for 30 min. The mixture was then sonicated under the
same conditions used for the synthesis of poly(S—BA)/GO nanocom-
posites for 15 min to afford the miniemulsion latex. KPS (0.008 g) was
added, and the temperature was increased to 70 °C to start the
polymerization. The reaction was carried out for 4 h under a nitrogen
atmosphere. The various formulations used for the polymerization of
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Table 1. Quantities of Reagents and Monomers Used in the
Miniemulsion Polymerization Reactions

nanocomposite AMPS-GO (g) St(g) BA(g) SDBS(g) HD (g)

P(S—BA) 451 051 0.102 0.022
P(S—BA)/GO-1 0.05 451 050 0.105 0.023
P(S—BA)/GO-2 0.10 450 052 0.101 0.022
P(S—BA)/GO-3 0.15 456 044 0.102 0.024
P(S—BA)/GO-4 0.20 451 050 0.105 0.023
P(S—BA)/GO-5 025 450 051 0.104 0.022
P(S—BA)/GO-6 0.30 450 052 0.101 0.022

poly(S—BA)/GO nanocomposites and the poly(S-BA) standard are
tabulated in Table 1.

2.5. Analytical Techniques. Various analytical techniques were
used to characterize the GO samples and the poly(S—BA)/GO nano-
composites (i.e,, powder). Nanocomposite samples were obtained from
the latex by precipitation. The latex (3 mL) was precipitated with
concentrated hydrochloric acid; the precipitate was washed several times
with methanol and then with DDI water and finally dried at 40 °C under
reduced pressure. The analytical instrumentation and procedures used
were as follows:

2.5.1. Transmission Electron Microscopy (TEM). TEM was used to
directly visualize the morphology of the graphene oxide particles in
poly(S—BA)/GO nanocomposites at the nanometer level. Bright field
TEM images were recorded using a LEO 912 Omega TEM instrument
(Zeiss, Germany) at an accelerating voltage of 120 kV. Prior to analysis,
the miniemulsion samples were diluted with DDI water (0.05%) and
placed on 300-mesh copper grids, which were then transferred to the
transmission electron microscope.

Portions of the poly(S—BA)/GO nanocomposite miniemulsion
samples were dried, embedded in epoxy resin, and then cured for 24 h
at 60 °C. The embedded samples were ultramicrotomed with a diamond
knife on a Reichert Ultracut S ultramicrotome at room temperature.
This resulted in sections with a nominal thickness of ~100 nm. The
sections were transferred from water to 300 mesh copper grids, which
were then transferred to the TEM apparatus for analysis. TEM was also
used to visualize the GO particles. GO (0.1 g) was dispersed in DDI
water (50 g) by sonication. The GO samples were diluted with DDI
water (0.05%) and placed on 300 mesh grids for analysis. The average
particle sizes and gallery spacing were calculated using computer soft-
ware, Image] (NIH).

2.5.2. Scanning Electron Microscopy (SEM). The microstructure of
the graphite flakes and sheets before and after the oxidization was
observed using a scanning electron microscope (SEM, Leo 1430 VP).
Samples were carefully mounted on the top of the sample holder, which
was then coated with a single layer of gold in order to make the sample
surface electrically conducting. The holder was loaded into the chamber
of the SEM instrument, and images were recorded at between 500 x and
40000 magnification at 7 kV voltage.

2.5.3. Thermogravimetric Analysis (TGA). TGA measurements were
carried out on a QS00 thermogravimetric analyzer (TA Instruments).
Sample sizes of less than 15 mg were used for all analyses. Analyses were
carried out from ambient temperature to 900 °C, at a heating rate of
20 °C/min, under a nitrogen atmosphere (nitrogen purged at a flow rate
of 50 mL/min).

2.5.4. Fourier-Transform Infrared (FT-IR) Spectroscopy. FT-IR spec-
tra were obtained using a Nexus 470 FT-IR spectrometer (Thermo
Nicolet) and recorded by averaging 32 scans. All spectra were acquired
from 450 to 4000 cm ™' by using an attenuated total reflectance unit at a
wavenumber resolution of 4 cm ™.

2.5.5. Gel Permeation Chromatography (GPC). GPC analyses were

carried out using a 610 fluid unit, a 410 differential refractometer at
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Figure 1. FT-IR spectra of (a) pristine graphite and (b) its oxidized
form (GO).

30 °C, and a 717 plus autosampler (Waters). A 600E system controller,
run by Millenium 32 V3.05 software, was used in all analyses. Tetra-
hydrofuran (THF; HPLC grade), sparged with helium (IR grade), was
used as the eluent, at a flow rate of 1 mL/min. Two PLgel S #m mixed-C
columns and a PLgel 5 #m guard precolumn were used. The column
temperature was 35 °C, and the injection volume was 100 uL. The
system was calibrated with narrow PS standards (S mg/mL THEF),
ranging from 2.5 X 10° to 8.9 x 10* g mol '. The nanocomposite
samples were dissolved in THF (S mg/mL) over a period of 24 h and
then filtered through a 0.45 xm nylon filter.

2.5.6. X-ray Diffraction (XRD). XRD patterns were obtained using a
X’Pert PRO multipurpose diffractometer (PANalytical B.V., The Neth-
erlands) equipped with a Cu Ka sealed tube X-ray source (wavelength
1.514 A). X’Celerator in Bragg—Brentano mode was used as the
detector throughout.

2.5.7. Dynamic Mechanical Analysis (DMA). DMA analysis of the
poly(S—BA)/GO films was carried out using a Physica MCR 501
rheometer apparatus (Anton Paar, Germany). Parallel-plate geometry
(25 mm diameter), with a 1 mm gap distance, and a constant strain of
0.1% were used. All measurements were carried out from 180 to 40 °C, at
a cooling rate of —5 °C, an oscillation frequency of 1 Hz, and a normal
force of S N. The nanocomposite films were prepared by pressing the
composite samples into thin discs (25 mm) using a hydraulic press
machine at 120 °C.

3. RESULTS AND DISCUSSION

3.1. Preparation of GO. Figure 1 shows the FT-IR spectra of
the pristine graphite (Figure 1a) and its oxidized form (GO)
(Figure 1b). In Figure la the peaks at 1658 and 1540 cm '
correspond to the stretching of C=C bonds in the benzene ring
of graphene.”

Figure 1b shows the characteristic peaks of GO, such as the
stretching vibration of the hydroxyl groups (—OH), the stretch-
ing vibration of the carboxyl groups (—COOH), the vibration of
O—H, the vibration of C—O, and the vibration of epoxy groups,
centered at 3393, 1718 and 1630, 1390, 1054, and 845 cm !,
respectively.”> The peaks at 2347 and 1630 cm ' can be
attributed to carbon dioxide and the deformation vibration of
water molecules in the sample, respectively.””*' The appearance
of these new oxygen-containing functional groups indicates that
oxidation of the graphite sheets was achieved. Indications of the
C=C bond were not found in the GO spectrum, which shows
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that complete oxidation was achieved, due to the strong KMnO,
oxidant used.

3.2. Characterization of GO. 3.2.1. Interlayer Spacing of GO
As Determined by XRD. The oxidation of graphite is expected
to increase the interlayer distance (d-spacing) of stacked
graphene.”* XRD was used to determine the d-spacing between
the graphene sheets before and after oxidation. Results showed
an increase in the d-spacing between graphene sheets after
oxidization. In the case of pristine graphite there is a sharp
reflection peak at 260 = 26.4° in the XRD scattering pattern due to
the interlayer (002) spacing (d = 0.34 nm).**** The XRD results
of pristine natural graphite and its oxidized form are shown in
Figure S1 of the Supporting Information.

Upon oxidization, the characteristic peak of graphite could not
be detected; the GO exhibited only one peak at a lower 20
value = 12°. This indicates that the interlayer distance between
neighboring graphene oxide layers in GO had increased (layers
are now ~0.74 nm apart) because of the intercalation by
functional groups and moisture.'” The fact that the XRD pattern
of GO exhibited only one peak also suggests that a highly
oxidized GO sample had been synthesized (in agreement with
FT-IR results).

3.2.2. Nanostructure of GO As Determined by SEM and TEM.
SEM was used to visualize the graphite particles before and after
oxidation. Results are shown in Figures 2 and 3. The original
graphite particles have a platelike shape, with average sizes of
1—10 #m and thickness of S0—200 nm (see Figure 2). Each flake
consists of multiple layers of graphene nanoplatelets with aspect
ratios of about 20—S50. The layers of the intercalated graphite
sheets can be expanded a few hundred times during oxidation, as
reported in the literature.** The SEM images of dried GO films
show that a continuous filmlike structure is formed by elimina-
tion of water (see Figure 3a). This might be due to the platelike
nanostructure—which could be very desirable for the construc-
tion of high-quality films. Furthermore, due to the presence of

Figure 2. SEM images of natural graphite: (a) at low magnification and
(b) at higher magnification.

the oxygen-containing functional groups on the surface, GO
sheets can interact with each other by hydrogen bonding,
resulting in the formation of a film structure.

The GO structure is basically parallel boards, which collapse
and deform during the drying process, resulting in many pores of
different sizes, ranging from 300 to 800 nm. This can be seen in
Figure 3b, where a higher magnification SEM image of a GO
surface is presented. The thickness of the graphene oxide sheets
in the exfoliated GO is in the micrometer range, as evident in the
SEM image in Figure 3c.

According to the microstructure of graphite, the thickness of
sheets in intercalated graphite may be as thin as a single carbon
layer when the graphite is fully exfoliated. The structure of
graphite, consisting of graphite nanosheets and graphene nano-
layers (nanoplatelets), is illustrated in Figure 4. Figure 4a shows
that the graphite flakes consist of graphite sheets, which are
normally <100 nm in thickness. Each graphite sheet can be further
divided into aggregates of a number of graphite nanosheets,
2—8 nm thick (see Figure 4b). These graphite nanosheets are
composed of graphene nanoplatelets, which can be as thin as one
carbon atom layer thick (Figure 4c).>> TEM was used to observe
the GO nanosheets (dispersed in water) at the nanometer level
(see Figure S). The TEM images clearly show that the thick
graphite sheets consist of thinner nanosheets, 2—5 nm thick, and
the gallery spacing between these nanosheets is about 5—10 nm
(Figure Sb). The reason why SEM images showed graphite sheets
with a thickness of about 1 ¢m is possibly the stacking and combin-
ing of graphite nanosheets on the surface during the drying process.

3.2.3. Organization of AMPS in the GO Galleries. Changes in
the interlayer distance of GO can be caused by the intercalation
of organic compounds. A change in the d-spacing of graphite as a
function of the incorporation of different organic compounds has
been reported elsewhere.”* >® The d-spacing is calculated ac-
cording to Bragg’s law™? (see eq 1):

2d sin 6 = ni (1)

where d is the distance between two diffractional lattice planes of
graphite, 0 is the measured diffraction angle, n is the order of

Graphite flakes a) b) )

1-10 pm in size o ”

SN
A|
A
)

-

Graphene nanoplatelets
one carbon atom thick

A

1

Graphite nanosheets

Graphite sheets iy
2-8 nm in thickness

<100 nm in thickness

Figure 4. Microstructure of the graphite flakes and graphite nanosheets
consisting of graphene nanolayers.

600 nm

600 nm

Figure 3. SEM images of GO: (a) at low magnification and (b, c) at higher magnification.
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50 nm

Figure 5. TEM images showing thinner sheets inside exfoliated GO:
(a) low magnification image and (b) higher magnification image.
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Figure 6. XRD patterns of GO and GOs modified with different
quantities of AMPS.

interference, and A is the wavelength of X-ray radiation used in
the diffraction experiment.

Figure 6 shows the XRD spectra of pure GO and the GOs
modified with different quantities of AMPS. Table 2 tabulates the
d-spacing calculated from the GO peaks in the XRD spectra. The
interlayer spacing of GO increased from 0 to 20% and 20 to 40%
AMPS concentration but remained steady thereafter. It reached a
maximum of about 0.80 nm when >=40% AMPS was used. This
was rather surprising because more AMPS molecules should lead
to an increase in the interlayer spacing of GO. However, this
could be explained by the fact that there are a limited number of
functional groups on the surface of GO that could interact with
the AMPS molecules. It could also be attributed to the nature of
AMPS molecules and their arrangement inside the galleries of
GO. This behavior has been reported previously for other fillers,
such as clay, modified with AMPS.** The AMPS molecules could
adopt different conformations inside the GO galleries as the
AMPS concentration changes, resulting in different d-spacings.
The AMPS molecules are thought to lie either parallel to the host
layers, forming mono- or bilayers, or radiate away from the
surface, forming extended (paraffin-type) mono- or bimolecular
arrangements.6

The increase in the interlayer spacing of modified GO relative to
pure GO confirmed the insertion of AMPS between graphene oxide
nanosheets, not only the presence of AMPS on the external surface
of the GO. The AMPS molecules can interact with GO both via their
amino and sulfate groups. These groups can form hydrogen bonds
with the functional groups of GO. This is in agreement with the

Table 2. Interlayer Distance (d-Spacing) of GO and GOs
Modified with Different Amounts of AMPS

sample code AMPS (wt %) 20 (deg) d-spacing (nm)
GO 0 12.00 0.74
AMPS-GO-1 20 11.50 0.77
AMPS-GO-2 40 11.14 0.80
AMPS-GO-3 60 11.16 0.79
AMPS-GO-4 80 11.12 0.80

Figure 7. TEM images of poly(S—BA)/GO nanocomposite latex made
with 1 wt % GO relative to monomer: (a) latex particles and (b) a
microtomed film cast from the same latex.

findings of Liu et al,* after they investigated the synthesis of
poly(vinyl acetate)-intercalated GO by in situ intercalative polym-
erization. They prepared a graphite intercalation compound in
which GO was intercalated with n-octanol. They attributed the
interaction of GO to the formation of hydrogen bonds between the
hydroxyl groups of the n-octanol and the other polar groups of
the GO.

Greesh et al.>® investigated the adsorption mechanism of
AMPS and other related compounds into the galleries of
montmorillonite clay. They found that the interaction of AMPS
with clay occurs by adsorption of AMPS on the edges and the
surfaces of the clay galleries. The formation of hydrogen bonds
between the sulfate and amido groups of AMPS with the
hydroxyl groups and water molecules adsorbed on the clay
surface leads to an increase in the basal spacing of the clay.
The intercalation of AMPS inside the GO galleries could be
similar to that occurring in clay particles because the GO has
many functional groups, such as hydroxyl and carboxyl, present
on its surface.””” The sulfate and amido groups of AMPS can
interact with the hydroxyl and carboxyl groups present on
the GO.

3.3. Characterization of Poly(S—BA)/GO Nanocompo-
sites. 3.3.1. Determination of Morphology by TEM. TEM was
used to visually detect the latex particles that were synthesized
and to determine the morphology of the films that were prepared
from these latices. Figure 7 shows TEM images of the nano-
composite prepared using 1 wt % GO relative to monomer. The
particle size distribution is fairly narrow, and there are many
graphene oxide nanosheets outside the polymer particles, as can
be seen in Figure 7a. This suggests that most of the GO sheets
have not been encapsulated by the copolymer shell. This is to be
expected because of the hydrophilic nature of the GO, which
prefers to be in the water phase. The unmodified GO sheets
contain a number of stacked graphene nanosheets with relatively
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Figure 8. TEM images of poly(S—BA)/GO nanocomposite prepared
using 1 wt % AMPS-modified GO: (a) latex particles and (b) a microtomed
film cast from the same latex.

small d-spacing (see Figure 6). These stacked nanosheets are
large in size compared to the polymer particles, and thus they are
unable to enter the polymer particles. The graphene sheets can
also be seen in a TEM image of the dried film that was embedded
into the epoxy resin (Figure 7b). Most of the GO nanosheets are
mainly of intercalated morphology, with the exception of some
areas that contain few exfoliated graphene oxide nanoplatelets.
The stacking of graphene indicates that the GO did not disperse
very well in the polymer matrix, leading to the formation of an
intercalated structure.

However, when GO was modified with AMPS, the graphene
oxide nanosheets could not be seen in the TEM images (see
Figure 8a). This absence of graphene sheets in the latex suggests
that all the modified GO nanosheets were encapsulated in the
copolymer particles. The modification of GO with AMPS
increased the gap between the graphene platelets, resulting in
largely exfoliated GO (the nanosheets are smaller in size due to
exfoliation). These nanosheets can easily enter the polymer latex
particles to form the core domain.

The TEM image in Figure 8a also shows that a miniemulsion
with good particle size distribution was obtained. The dark core
domains inside the particles can be attributed to the presence of
modified GO nanosheets inside the copolymer shell layer. AMPS
could also alter the chemistry of GO, resulting in modified GO
with increased hydrophobicity and allowing for better compat-
ibility between GO sheets and hydrophobic monomers (St and
BA). Furthermore, the TEM images of the microtomed films that
were prepared from the latex show that the AMPS-modified GO
platelets were mostly of exfoliated structure. Figure 8b shows
very thin graphene nanoplatelets, about 2—5 nm thick, which
correspond to ~2—35 layers stacking.é1 This indicates that most
of the graphene nanosheets dispersed as a thin layer, which
means that the graphene platelets are mostly exfoliated in the
polymer matrix. This is due to the effect of AMPS, which
widened the d-spacing of GO and facilitated the intercalation
of monomer into the GO nanogalleries, resulting in an exfoliated
structure.

Recently, Stankovich et al.%> reported that the treatment of
GO with organic isocyanates resulted in a new class of function-
alized GO materials that had reduced hydrophilic properties. The
authors showed that, in contrast to the as-prepared GO, the
modified GO does not disperse in water. However, it can be
dispersed and readily exfoliate in polar aprotic solvents such as N,
N'-dimethylformamide, N-methylpyrrolidone, dimethyl sulfox-
ide, and hexamethylphosphoramide to form stable colloidal
dispersions. In the current study, the effect of AMPS on the
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Figure 9. XRD results of poly(S—BA)/GO nanocomposites made with
different amounts of AMPS-modified GO.

properties of GO could provide the driving force to allow better
intercalation of the monomer in the GO nanogalleries. It should
be noted here that in all nanocomposites the GO was modified
with 40% AMPS. XRD showed that the highest change in the
d-spacing of GO was obtained when 40% AMPS relative to GO
was used. Any further increase in AMPS concentration did not
change the d-spacing compared to the GO modified with 40%
AMPS (see Figure 6). The presence of an excess amount of
AMPS could have an effect on the polymerization rate,*” and
therefore the minimum amount of AMPS that led to a significant
change in the d-spacing of GO was used (i.e., 40%).

3.3.2. Determination of Nanocomposite Structure by XRD.
Figure 9 shows the XRD results of poly(S—BA)/GO nanocom-
posites prepared with different amounts of AMPS-modified GO.
For comparison, XRD results of a poly(S—BA) standard are also
included in Figure 9. The nanostructure ranged from intercalated
to largely exfoliated morphology, depending on the amount of
modified GO used. The broad peak at 20 = 10° observed in the
XRD scattering pattern corresponds to GO while the peak at 20 =
20° is due to the poly(S—BA) copolymer.* The average interlayer
distance of the GO in the nanocomposites was 0.84 nm, which is
greater than that of the as-prepared GO (0.74 nm) and AMPS-
modified GO (0.80 nm). This indicates that AMPS plays a very
important role in the intercalation process of graphene oxide
platelets during polymerization.

Figure 9 shows that at AMPS-GO loadings of 1—4% the
nanocomposite resulted in mainly intercalated structure. This is
indicated by a broad peak that emerged at a 20 value of ~10°,
which is lower than that of GO and AMPS-GO (see XRD results
in Figure 6). In the case that an intercalated morphology is
formed, few polymer chains can penetrate between the GO
nanogalleries; thus, the interlayer distance is increased. This leads
to a shift of the diffraction peak toward lower angle values in the
XRD pattern.’* However, when the AMPS-GO loading was
relatively high (5—6%), the nanostructure showed more exfo-
liated morphology, indicated by a less defined peak.®® Similar
results obtained for polymer composites made with other filler
materials such as clay,* which were attributed to thermodynamic
effects. In the presence of high filler content, the filler particles
are very close to each other, and any particle movements
can generate energy by friction. This energy could lead to a
free movement of other filler particles, resulting in a random
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Figure 10. Mechanical properties as a function of temperature of poly(S—BA)/GO nanocomposites, at graphite loadings of 0—6 wt %: (a) storage

modulus and (b) loss modulus.

Table 3. T, Values of Poly(S—BA)/GO Nanocomposites, at
Graphite Loadings of 0—6 wt %

nanocomposite AMPS-GO content (wt %) 1, (°©)
P(S—BA) 0 87.0
P(S—BA)/GO-1 1 94.5
P(S—BA)/GO-2 2 89.0
P(S—BA)/GO-3 3 92.0
P(S—BA)/GO-4 4 89.0
P(S—BA)/GO-5 S 88.0
P(S—BA)/GO-6 6 89.0

orientation of these particles (i.e., a less defined peak in the XRD
will be observed).®®

3.3.3. Mechanical Properties of the Poly(S—BA)/GO Nano-
composites. The mechanical properties of poly(S—BA)/GO
nanocomposites were determined by DMA. Measurements were
performed on the dried films prepared from the poly(S—BA)/
GO latices containing 0—6 wt % GO relative to monomer. DMA
analysis showed that the nanocomposites with high GO content
had enhanced storage and loss modulus in the glassy state relative
to the neat poly(S—BA) standard (see Figure 10). At graphite
loadings of 1—4% relative to monomer the storage and loss
modulus of the nanocomposites was lower than that of the
poly(S—BA) standard (0% GO) (2.5 x 10° and 9.0 x 10° Pa,
respectively). However, samples with higher graphite content
(5 and 6%) had higher storage and loss modulus values than the
poly(S—BA) standard. Furthermore, it was noted that the
storage and loss modulus of poly(S—BA)/GO nanocomposites
increased with increasing AMPS-GO content in the sample. As
indicated in the XRD results in Figure 9, when the AMPS-GO
loading increased, the degree of graphene exfoliation was en-
hanced significantly. This resulted in the formation of polymer
nanocomposites with improved mechanical properties (i.e.,
improved storage and loss modulus).

The glass transition temperature (T,) of the polymer in a
nanocomposite was determined from the onset temperature of
the tan O curve in the DMA scan. The variation of tan 0 of the
poly(S—BA)/GO nanocomposites with temperature is shown in
Figure S2 of the Supporting Information. It was noticed that the
area of the tan 0 peak of the nanocomposite is smaller than that of
the neat poly(S—BA) copolymer. This was due to the incorpora-
tion of polymer chains inside the graphite galleries, which led to

Table 4. M,,, M,,, and PDI of the Poly(S—BA) Standard and
Poly(S—BA)/GO Nanocomposites Prepared Using Different
Quantities of GO (0—6 wt %)

AMPS-GO content M, M,,
nanocomposite (wt %) (g/mol) (g/mol)  PDI

71%x10°  1.5x10° 21
52x10°  1.6x10° 32
40x10° 13 x10° 33
3.6x10°  12x10° 34
36x10° 1.1 x10° 32
26x10° 84 x10° 32
27%x10° 7.7 x10° 28

P(S—BA)

P(S—BA)/GO-1
P(S—BA)/GO-2
P(S—BA)/GO-3
P(S—BA)/GO-4
P(S—BA)/GO-5
P(S—BA)/GO-6

AN LN kAW N = O

reduced damping.®® Table 3 shows the T, values of all nano-
composites synthesized with different GO content (0—6 wt %).
The T, of poly(S—BA) was enhanced in the presence of AMPS-
modified GO relative to composites made with 0% GO.

However, the increase in T, was not a function of AMPS-GO
content in the composites. This was rather surprising because an
increase in GO content is expected to result in nanocomposites
with increased T, values. This behavior was attributed to the
change in molecular weight of the polymer chains caused by the
presence of graphite. This can be seen in Table 4, which tabulates
the molar masses (weight average molecular weight, M,,, and
number average molecular weight, M,,) and polydispersity index
(PDI) of the poly(S—BA) standard and poly(S—BA)/GO
nanocomposites prepared using different quantities of AMPS-
GO. As the graphite loading increased, the molecular weight of
the copolymer decreased markedly, especially in the case of 2, 5,
and 6% AMPS-GO loadings. However, the PDI of poly(S—BA)
copolymer was slightly affected by the change in graphite
concentration. The low molecular weight polymer chains may
act as plasticizer and cause the T, of the polymer in the
nanocomposite to decrease.”” This plasticization effect could
counteract the effect of AMPS-GO on the polymer chain move-
ments, resulting in less improvement in the T,

Similar results were observed for polymer nanocomposites made
with other fillers, such as clay. Greesh et al®® observed that clay
loading had a significant effect on the molecular weight of poly-
(S—BA) nanocomposites prepared by emulsion polymerization.
They found that the molecular weight of poly(S—BA) decreased

as the clay concentration increased in the nanocomposites. They
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Figure 11. Mechanical properties as a function of temperature of poly(S—BA) nanocomposites made with AMPS-GO and GO: (a) storage modulus (1

wt % of filler loading) and (b) loss modulus (2 wt % of filler loading).

attributed these results to the presence of clay particles, which may
hinder the growth of polymer chains, resulting in a decreased
molecular weight as the clay concentration increases. Due to the
dispersion of the filler particles in the monomer phase, the viscosity
increases; thus, the movement and diffusivity of the monomers,
initiators, and free radicals may all be retarded. Therefore, the
probability of chain propagation, chain transfer, and termination
decreases with increasing filler content.%”

The improvement in mechanical properties of poly(S—BA)
in the presence of AMPS-modified GO is because of the fine
dispersion of the nanosheets and strong interaction between
the polar groups of poly(S—BA) and the polar groups of GO.
These GO nanoplatelets have a high aspect ratio (due to the
high exfoliation of GO nanosheets), which greatly restricts the
mobility of the polymer chain segments near the polymer—
graphite interface, resulting in higher storage and loss modulus
and T, values.®®”° Furthermore, the modification of GO with
AMPS widened the interlayer spacing between the graphene
layers and facilitated the intercalation of monomers into the
GO nanogalleries. This led to the formation of poly(S—BA)
nanocomposites with exfoliated structure, leading to enhanced
mechanical properties.

The effect of GO modification with AMPS can be seen in
Figure 11, which shows the mechanical properties (storage and
loss modulus) of composite samples made with AMPS-mod-
ified GO and unmodified GO. The mechanical properties are
significantly improved in composites made with AMPS-mod-
ified GO, compared to those made with the neat GO. The
storage modulus increased from 3.5 x 10 7 to about 6.7 x 10
Pa, while the loss modulus increased from 1.0 x 10° to about
4.3 x 10° Pa. This indicates that the improvement in mechan-
ical properties is due to the modification of GO with AMPS,
which resulted in largely exfoliated graphene nanosheets dis-
persed in the polymer matrix.

Table 3 shows that the highest T, value is observed when the
graphite loading is 1%. This seems to be the threshold at which
the best interaction between the graphite nanosheets and the
polymer occurs. It should be noted here that the storage and loss
modulus values were not the highest when 1 wt % AMPS-GO
loading was used. This can be attributed to the changes in
mechanical behavior of a polymer sample as a function of
temperature. The storage and loss modulus are a measure of
the elastic and plastic response of a polymer to the deformation
as a function of temperature, respectively. On the other hand, the
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Table 5. Thermogravimetric Properties of Poly(S—BA) and
Its Nanocomposites Made with Different Concentrations of
GO (0—6 wt %)

AMPS-GO
nanocomposite  loading (wt %)  Tyoe (°C)  Togss (°C)  char (%)
P(S—BA) 0 4150 459.5 024
P(S—BA)/GO-1 1 4335 490.0 1.09
P(S—BA)/GO-2 2 435.5 492.5 1.71
P(S—BA)/GO-3 3 4280 483.0 215
P(S—BA)/GO-4 4 426.0 487.5 2.69
P(S—BA)/GO-5 5 4210 483.0 4.10
P(S—BA)/GO-6 6 423.0 489.0 415

T, is used to measure the molecular mobility of polymers as a
function of temperature. The intercalation with even small
amounts of graphene nanosheets will lead to a restricted mobility
of polymer chains, resulting in higher T,.

3.3.4. Thermal Stability of Poly(S—BA)/GO Nanocomposites.
Yet another enhanced property that polymer/graphite nanocom-
posites may exhibit is their increased thermal stability compared to
neat polymers.”"’* Our results showed that the thermal stability of
poly(S—BA)/GO nanocomposites was improved, relative to neat
poly(S—BA) copolymer. The TGA thermograms of poly-
(S—BA)/GO nanocomposites prepared with different quantities
of modified GOs are shown in Figure S3 of the Supporting
Information. Table S tabulates the thermogravimetric data, in-
cluding T and T, of degradation. T} is the onset temperature at
which 10% degradation of the nanocomposite occurs, and Ty is
the temperature at which 90% degradation occurs. The remaining
fraction of nonvolatile material left at 850 °C, called char, is also
shown in Table S. The poly(S—BA) copolymer does not contain
any volatile products below 395 °C; however, the main chain of
poly(S—BA) decomposes at around 400 °C.

Table S shows that all nanocomposites synthesized with
AMPS-modified GO are more thermally stable relative to the
neat poly(S—BA) copolymer. At graphite loading of only 1—2%
relative to monomer the temperature of degradation of the
nanocomposite increased, relative to pure polymer. The T of
all the synthesized nanocomposite increased by 6—20.5 °C
compared to pure poly(S—BA) copolymer, and Ty increased
by about 23.5—33.0 °C. This clearly shows that the thermal
stability of poly(S—BA) increases in the presence of AMPS-GO.
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Figure 12. Thermal properties as a function of temperature of poly(S—BA) nanocomposites made with AMPS-GO and GO: (a) 1wt % AMPS-GO and

GO loading and (b) 2 wt % AMPS-GO and GO loading.

However, a further increase in graphite loading did not result in
any improvement of thermal stability relative to the case of
graphite loading of 1—2%. Moreover, the increase in graphite
content above 2% in the nanocomposites generally resulted in a
slight decrease in the thermal stability of the nanocomposites.
This can be explained by the effect of graphite loading on the
molecular weight of the copolymer, as seen in Table 4. As the
graphite content increased in the nanocomposite, there was a
significant decrease in the molecular weight of the copolymer.
The change in molecular weight may counteract the effect of the
increase in graphite loading on the thermal stability of the
nanocomposites. Samakande et al.”> observed the same effect
of the filler content on the thermal stability of PS made with clay
nanoparticles.

The TGA data in Table S also show that at 850 °C, when the
residue of pure polymer is 0.24%, the charred residue of the
nanocomposites is increased with increasing AMPS-GO load-
ings. These results indicate that introducing GO into the
nanocomposites enhances the formation of char on the surface
of the polymer and, consequently, reduces the rate of
decomposition.* It should be noted here that at AMPS-GO
loading of 3—6 wt % the char was significantly lower than the
nominal amount of modified GO that was added. This is because
the graphene nanosheets in these nanocomposites are largely
exfoliated. We hypothesize that the exfoliated nanosheets
(especially the single sheets) will not form char as the stacked
graphene sheets do. The exfoliated sheets will burn more easily
than the intercalated or less exfoliated ones. Therefore, a
significant difference between the nominal and the actual char
content will be observed. The difference in char content could
be the reason why some composites did not exhibit increased
thermal stability relative to the case of composites with 1—2 wt %
filler loadings. It should be also noted that at 6% AMPS-GO
loading the char content is similar to that of the 5% AMPS-GO
loading sample (see Table S); subsequently, these nanocompo-
sites exhibit similar T, values of 89 and 88 °C, respectively.

TGA results also proved that there is a significant enhance-
ment in thermal stability when the GO was modified with AMPS.
Figure 12 shows the thermal properties of composite samples
made with AMPS-modified GO and unmodified GO. For
comparison, the TGA curve of the poly(S—BA) standard is also
shown in Figure 12. It is clear that the thermal properties are
significantly improved in composites made with AMPS-modified
GO, compared to those made with the neat GO. At a filler loading
of 1%, the T} and Ty increased from 421.5 to 433.5 °C and
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486.0 to 490.0 °C, respectively. Similarly, at graphite loading of
2%, the T and Ty, increased from 426.0 to 436.0 °C and 487.0
to 493.0 °C, respectively. This indicates that AMPS plays a very
significant role in the exfoliation of graphene oxide in the
polymer matrix, which results in largely exfoliated nanocompo-
sites with improved thermal stability.

4. CONCLUSION

A novel method was demonstrated for the preparation of
exfoliated poly(S—BA)/GO nanocomposites using the minie-
mulsion polymerization technique. The synthesis was carried out
by first mixing the GO with AMPS, followed by miniemulsifica-
tion in the presence of St and BA monomers. The polymerization
resulted in encapsulated graphene oxide nanosheets in poly-
(S—BA) particles, and the nanocomposites were exfoliated
during polymerization. TEM showed that the graphene na-
nosheets were exfoliated (~2—5 layers thick) in the films
obtained from the synthesized nanocomposite latices. TEM also
revealed that dispersion of graphene nanosheets covered with a
copolymer layer in an encapsulated structure, with good particle
size distribution, was achieved.

The exfoliated structure in the nanocomposites was confirmed
by XRD measurements. The nanocomposites had structures
ranging from intercalated to largely exfoliated, and the degree
of graphene exfoliation was enhanced as the AMPS-GO loading
increased. The modification of GO with AMPS broadened the
gap between the graphene layers and facilitated the intercalation
of monomers into the GO nanogalleries. This provided the
needed exfoliation driving force for the formation of poly-
(S—BA) nanocomposites with exfoliated structure. The use of
miniemulsion as the in situ polymerization method promoted the
intercalation of St and BA monomers into the modified GO
layers.

TGA and DMA analyses indicated that polymer nanocompo-
sites prepared with AMPS-modified GO had better thermal and
mechanical properties relative to the neat polymer. Furthermore,
the use of AMPS-GO led to the synthesis of nanocomposites
with better properties compared to those synthesized with
unmodified GO (i.e., as-prepared GO). DMA proved that the
mechanical properties of poly(S—BA), namely storage and loss
modulus, increased in the presence of AMPS-GO, as a function
of filler loading. Moreover, all nanocomposites made with
AMPS-GO had T, values higher than that of the neat poly-
(S—BA) copolymer. However, the increase in the T, of the
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copolymer was not a function of filler content. This was attributed
to the effect of modified GO concentration on the molecular
weight of the polymer, which showed a significant decrease as the
filler content increased. TGA results also indicated that all the
prepared nanocomposites exhibited enhanced thermal stability
in the presence of AMPS-modified GO compared to the neat
copolymer. The thermal decomposition of all nanocomposites
shifted to higher temperature in the presence of AMPS-modified
GO relative to the neat copolymer.
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