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Abstract In the present study, graphene-based
nanocomposites containing different amounts of nano-
filler dispersed into Bis-GMA/tetraethyleneglycol
diacrylate (Bis-GMA/TEGDA) polymer matrix have
been prepared. In particular, the graphene dispersions,
produced at high concentration (up to 6 mg/ml) by
simple sonication of graphite in TEGDA monomer,
have been used for the direct preparation of nanocom-
posite copolymers with Bis-GMA. The morphology of
the obtained nanocomposites has been investigated as
well as their thermal and mechanical properties. SEM
analyses have clearly shown that graphene deeply
interacts with the polymer matrix, thus resulting in a
reinforcing effect on the material as proved by com-
pression and hardness tests; at variance, graphene does
not seem to affect the glass transition temperature of
the obtained polymer networks.
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Introduction

As far as their use for biomedical applications is
concerned, acrylic systems have found great interest.
In particular, they have been exploited as pH-sensitive
polymers [like poly(acrylic acid), poly(methacrylic
acid) or poly(N,N-dialkyl aminoethyl methacrylates],
stimuli-responsive hydrogels, drug delivery systems,
and dental restorative materials (Aguilar et al. 2007).
In particular, the development of resin-based filling
composites has revolutionized the field of dentistry
over the past 30 years. Compared to dental amalgams,
composites possess better esthetic property, have less
safety problems and have shown reasonably satisfac-
tory clinic results (Soh et al. 2006). Over the years, the
properties and performance of these materials have
been improved by modifications in their formulation,
such as the use of new organic monomers and fillers
(Soh et al. 2006). Since the early 1960s, 2,2'-bis-
[4-(methacryloxypropoxy)-phenyl]-propane (Bisphe-
nol A glycerolate dimethacrylate, Bis-GMA) has been
widely used as an important dental base monomer,
which combines its mechanical characteristics with
the advantage of limiting the volumetric shrinkage
upon polymerization and enhancing the resin reactiv-
ity (Bowen 1962, 1963); however, because of its high
viscosity, monomers as triethyleneglycol dimethacry-
late (TEGDMA), which are less viscous, are added to
the resin for improving the handling features and
increasing the double-bond conversion (Bowen 1965).
For this reason, 50/50 w/w Bis-GMA/TEGDMA
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mixtures are those that are used most for the prepa-
ration of dental composites, where the final properties
are enhanced by the addition of large amounts of
inorganic fillers, such as micro- or nano-sized SiO,,
ZrO,, Al,O;, and silicate glasses (Antonucci and
Stansbury 1997; Roberson et al. 2002; Chen et al.
2005). The resins reinforced with bioactive glass,
Al,O3 or other fillers, have been also used for
craniofacial and orthopedic applications like bone
implants and prostheses (Ballo et al. 2011; Palussiere
et al. 2005; Tuusa et al. 2007; Zhao et al. 2009).

Graphene, one of the allotropes of elemental
carbon, is a planar monolayer of carbon atoms
arranged into a two-dimensional honeycomb lattice
with a carbon—carbon bond length of 0.142 nm
(Slonczewski and Weiss 1958). It has demonstrated
a variety of intriguing properties including high
electron mobility at room temperature (250,000 cm?
v! s_l) (Novoselov et al. 2004, 2005), exceptional
thermal conductivity (5,000 Wm~! K™!) (Balandin
et al. 2008) and superior mechanical properties, with a
Young’s modulus of 1 TPa (Lee et al. 2008). Its
potential applications include single molecule gas
detection (Schedin et al. 2007; Sofo et al. 2007),
transparent conducting electrodes (Wang et al. 2008),
energy storage devices such as supercapacitors
(Stoller et al. 2008), lithium ion batteries (Yoo et al.
2008), fabrication of transistors (Ponomarenko et al.
2008; Wang et al. 2009), and use in nanocomposite
materials with enhanced properties (Stankovich et al.
2006; Kim et al. 2010; Potts et al. 2011).

One of the most effective and promising routes for
the bulk production of graphene (and its use for
nanocomposite production) is the exfoliation of
graphite in a liquid medium to form colloidal suspen-
sions of single or few-layered graphene sheets (Park
and Ruoff 2009). Usually, the production by this
method involves the synthesis of graphite oxide
because it facilitates the exfoliation and the dispersion
in polar solvents; however, oxidation results in
considerable damaging of graphene electronic struc-
ture, which can be only partially restored by reduction
processes. As a consequence, the so-obtained “graph-
ene” actually still contains a number of oxidized
carbons, and consequently is characterized by proper-
ties that differ from those that real graphene may
exhibit (Coleman 2013). This drawback, combined
with the high number of synthetic steps envisaged by
this approach, suggested many researchers to find
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easier alternative routes. In particular, Hernandez et al.
(2008) succeeded in obtaining graphene sheets by
direct graphite exfoliation in N-methylpyrrolidone,
with a non-chemical solution phase method, based on
the assumption that the energy required to exfoliate
graphene is balanced by the solvent-graphene inter-
action for compounds having a surface energy similar
to graphene. At variance to the other methods reported
in literature, this synthetic route allows avoiding
special apparatuses (Aizawa et al. 1990; Lu et al. 1999;
Berger et al. 2006), and any chemical manipulation,
which eventually results in defect-containing graph-
ene (Lerf et al. 1998; Boukhvalov and Katsnelson
2008; Li et al. 2008). The development of this method
allowed reaching the highest concentrations reported
so far in any solvent and to synthesize polymer
nanocomposites, with the further advantage of avoid-
ing any solvent to be eventually removed (Nuvoli et al.
2011, 2012; Alzari et al. 2011a, b; Sanna et al. 2012;
Scognamillo et al. 2012; Khan et al. 2010, 2011). As
far as nanocomposites are concerned, it was assessed
that a very small amount of graphene is sufficient to
largely improve the resulting mechanical properties
(Alzari et al. 2011a, b; Ramanathan et al. 2008; Rafiee
et al. 2009; Verdejo et al. 2008).

Furthermore, several studies demonstrated that graph-
ene oxide is potentially cytotoxic (Sasidharan et al.
2011; Sanchez et al. 2012), while graphene obtained
by direct exfoliation in liquid media does not seem to
be so (Sanchez et al. 2012, Fan et al. 2010, Sasidharan
et al. 2012). These findings further justify the use of
graphene instead of some of its more or less reduced
forms for biomedical applications. More specifically,
Fan et al. (2010) showed that graphene/chitosan
composite materials have good biologic safety and
displayed almost noncytotoxicity (Hailong et al.
2010). Sasidharan et al. (2012) not only demonstrated
the biocompatibility of graphene dispersed into a
polymer (graphene dispersions on mammalian cells
were tested and showed ~ 80 % cell survival) but also
its antibacterial properties. Indeed, the microbial
growth of Escherichia coli and Bacillus subtilis, after
exposure to the graphene/polymer nanocomposite,
showed fewer viable and active bacteria as compared
with the exposure to pure polymer or pure graphene
dispersions.

In this study we investigated the use of graphene as
novel nanofiller in Bis-GMA/TEGDA copolymers,
which might be of interest in biomedical applications.



J Nanopart Res (2013) 15:1512

Page 3 of 8

TEGDA has been used instead of TEGDMA because
of its superior characteristics as an effective dispersing
medium for graphene (Alzari et al. 2011b). However,
in order to investigate the real contribution of graph-
ene on the mechanical properties of the polymer
matrix, at variance to what happens in commercial
formulations, no other filler was added. More specif-
ically, graphene was obtained at high concentration by
simply sonicating graphite in TEGDA and the result-
ing dispersions were used for the direct preparation of
nanocomposite copolymers with Bis-GMA. Their
morphology and their thermal and mechanical prop-
erties have been investigated and correlated with the
nanofiller content.

Experimental section
Materials

TEGDA (MW = 302.32, d = 1.11 g cm ™), TEG-
DMA (MW = 286.32,d = 1.092 g cm ), Bis-GMA
(MW = 512.6,d = 1.161 g cm ), benzoyl peroxide
(BPO, MW = 242.23), and graphite flakes (particle
size, +100 mesh) were purchased from Sigma-Aldrich
and used as received.

Preparation of graphene dispersions in TEGDA

The procedure used for the preparation of a graphene/
TEGDA masterbatch at high concentration is reported
by Alzari et al. (2011b). In brief, 5 g of TEGDA were
put in a tubular plastic reactor (i.d. 15 mm) and added
5 wt% of graphite flakes; the reactor was placed in an
ultrasonic bath (0.55 kW, water temperature ~25 °C)
for 24 h. Then, the mixture was centrifuged for 30 min
at 4,000 rpm to precipitate unexfoliated graphite
flakes and the black liquid-phase containing graphene
was recovered.

The graphene concentration, calculated by gravim-
etry after filtration through polyvinylidene fluoride
filters (pore size 0.22 um), was 6 mg ml™".

In order to determine the actual graphene content in
any diluted dispersion used for the nanocomposites
preparation, UV—Vis spectroscopy measurements were
performed with a Hitachi U-2010 spectrometer (1 cm
cuvette, A = 660 nm and & = 436 mL mg 'm™").

Raman spectra were carried of confirming the
presence of graphene. Samples for analyses were
prepared by vacuum filtration of dispersions on PVDF
filters (pore size 0.22 pum), the spectra were collected
with a Bruker Senterra Raman microscope, using an
excitation wavelength of 532 nm at 5 mW. The
spectra were acquired by averaging 5 acquisitions of
5 s with a 50x objective.

Synthesis of Bis-GMA/TEGDA nanocomposites

Polymer resins were prepared as follows: the graphene
masterbatch dispersion in TEGDA was diluted with
suitable amounts of this latter liquid monomer for
achieving the desired concentration (for the neat resin,
pure TEGDA was employed); an appropriate amount
of Bis-GMA was added for obtaining a 1:1 w/w
mixture, then 1 wt% (referred to the total weight) of
BPO was added and the mixture was homogenized.
Polymerization was performed in silicone molds
(1 x 1 x 0.3 cm®) at 80 °C for 24 h. For comparative
purposes, TEGDA was replaced with TEGDMA,
following the same procedure described above.

Characterization techniques

Differential Scanning Calorimetry (DSC) measure-
ments on the PBT and their nanocomposites were
performed by means of a Q100 Waters TA Instru-
ments calorimeter, equipped with TA Universal
Analysis 2000 software. The surface morphology of
the samples was investigated using a scanning electron
microscope (SEM, LEO 1450VP). The specimens
(0.5 x 0.5 mm?) were fractured in liquid nitrogen,
fixed to conductive adhesive tapes and gold-metallized.

Compression tests, according to ASTM D695, were
performed, using a Zwick-Roll Z010 apparatus,
equipped with a 5 kN load cell, at 23 + 2 °C and
50 + 5 % relative humidity. At least five tests were
repeated for each material to have reproducible and
significant data. Standard deviation (SD) was always
below 5 %.

The surface hardness of the samples was measured
according to ASTM D2240 (Shore A) at 23 £ 2 °C
and 50 £ 5 % relative humidity. At least one mea-
surement at each of five different points distributed
over the specimen was performed, using the median of
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these hardness measurements as the hardness value.
SD was always below 2 %.

Results and discussion

As reported in the Introduction, some of the typical
resins for dental and other biomedical applications are
made of Bis-GMA/TEGDMA mixtures. Because of
the higher dispersibility of graphene in TEGDA with
respect to TEGDMA, since the structure of the two
monomers is quite similar, we replaced TEGDMA
with TEGDA in the copolymers with Bis-GMA.

Graphene dispersions in TEGDA with high nano-
filler loadings were obtained by dispersing graphite
flakes in TEGDA and subsequently ultrasonicating for
allowing graphite exfoliation (Alzari et al. 2011b).
This process has been explained in terms of solubility
parameters on the basis of the favorable interactions of
graphene flakes with the surrounding liquid matrix. In
other words, the weak interactions (i.e., van der Waals
forces, m interactions) among graphene flakes and
monomer replace those present in graphite, responsi-
ble for graphene stacking, thus permitting the exfoli-
ation (Coleman 2013).

By this method, in the present study graphene has
been produced at high concentration in the monomer
to be polymerized, with the great advantage of directly
obtaining the corresponding nanocomposite.

The presence of few-layer graphene was confirmed
by Raman spectroscopy (Fig. 1) and TEM analyses
(not shown). As already observed in our previous
article (Alzari et al. 2011b), the Raman spectra show
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Fig. 1 Raman spectra of graphene obtained from dispersion of
graphite in TEGDA compared with initial graphite
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the symmetric shape and position (2,703 cm™") of the
2D peak, typical of few-layer graphene (Ferrari et al.
2006) and differ from the graphite 2D peak (two
components with a maximum at 2,713 cm ™).

It is noteworthy that in this study, the maximum
graphene concentration, as determined by gravimetry
after filtration, was 6.00 mg ml™ ! which is one of the
highest value reported so far (Nuvoli et al. 2011;
Alzari et al. 2011a, b; Khan et al. 2011, 2010) in any
solvent and by any graphene production method.

For this study, several copolymers (PBTs) made of
Bis-GMA/TEGDA (constant ratio: 50:50 w/w), were
prepared varying graphene concentration (from 0O to
0.270 wt%), by properly diluting a TEGDA masterbatch
dispersion (graphene concentration: 6.00 mg ml™",
Table 1).

Figure 2 shows the typical SEM micrographs of
A3, AS samples (both are graphene-filled) and of the
corresponding neat polymer (sample Al). While the
surface of the neat PBT appears completely smooth
and homogeneous, it becomes as rougher as the
graphene content increases. This finding can be
explained by taking into account the strong interac-
tions occurring between graphene and polymer matrix,
which obstacle the straight propagation of the fracture
that, otherwise, would result in a smooth surface. It is
also worthy to note that a very homogeneous distri-
bution of the graphene sheets within the polymer
matrix is achieved for all the filled systems investi-
gated, also including that characterized by the highest
graphene content, as already reported in the literature
(Alzari et al. 2011Db).

In order to investigate the effect of graphene on the
mechanical properties, hardness and compression tests
were carried out on PBT copolymers containing differ-
ent amounts of nanofiller, as listed above. Table 2

Table 1 Graphene concentration in the liquid dispersions and
in the final nanocomposite materials

Sample Graphene Graphene
concentration in concentration
TEGDA (mg/ml) in PBT (wt%)

Al 0 0

A2 0.06 0.003

A3 0.24 0.011

A4 1.20 0.053

A5 6.00 0.270
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Fig. 2 SEM micrographs of Bis-GMA/TEGDA copolymers
with different amounts of graphene: neat PBT (Al, a), 0.011
wt% (A3, b), and 0.270 wt% (A5, c)

collects the obtained values of Shore A hardness and
modulus of elasticity. For comparison, values referred to
the unfilled resin prepared with TEGDMA instead of
TEGDA are also presented (see R sample). First of all, a
comparison between the neat polymer matrices was

Table 2 Hardness and modulus of elasticity for PBT filled
with different amounts of graphene

Sample Hardness—Shore A Modulus of elasticity® (MPa)

R® 80 630 + 22
Al 84 542 + 16
A2 87 550 + 13
A3 94 658 &+ 19
A4 95 730 + 29
A5 96 839 + 15

# From compression tests
® Bis-GMA/TEGDMA (50/50)

Table 3 Degree of conversion and T, values for PBT filled
with different amounts of graphene

Sample C % T, (°C)
R 97 46
Al 94 99
A2 94 99
A3 98 99
A4 95 99
A5 97 98

made. As can be seen in Table 2, Shore A hardness
values indicate that the replacement of TEGDMA with
TEGDA results in an increase of the hardness from 80 to
84. When graphene is embedded into the polymer
matrix, the measured hardness turns out to depend on the
nanofiller content; in particular, Shore A hardness
increases up to 94 (12 % increase with respect to the
unfilled PBT) for the sample containing 0.011 wt%
graphene (sample A3), and to 96 (when the nanofiller
concentration reaches 0.27 wt%; sample AS), thus
indicating that hardness reaches a plateau in the
presence of relatively low nanofiller amounts. This
behavior can be ascribed to the formation of a percolated
interphase region, occurring even at very low graphene
concentrations, upon which the effect of the nanofiller
on the thermal and mechanical properties is less
pronounced (Ramanathan et al. 2008).

As far as compression tests are concerned, the
replacement of TEGDMA with TEGDA worsens the
compression strength, which, however, is compen-
sated by the addition of the nanofiller. Indeed, graphene
exerts a strong reinforcing effect on the polymer matrix
even at very low concentration: the modulus of elasticity
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increases with increasing graphene concentration, with a
trend similar to that found for the hardness values.

DSC analyses were carried out to assess the degree
of conversion (C %) and the glass transition temper-
ature of PBT samples, which are listed in Table 3. For
all samples, the degree of conversion was larger than
90 % regardless of the amount of graphene and the
type of polymer matrix (i.e., TEGDMA- or TEGDA-
based). At variance, the replacement of TEGDMA
with TEGDA resulted in a significant T, increase
(from 46 to 99 °C for R and A1 samples, respectively).
It is noteworthy that the presence of graphene does not
influence the glass transition temperature (and there-
fore the crosslinking density of the cured network),
which is stable around 99 °C. A similar behavior has
been already assessed by other groups (Ansari and
Giannelis 2009; Garboczi et al. 1995).

Conclusion

In this study, graphene has been used as reinforcing
nanofiller in polymeric materials having potential appli-
cations for biomedical purposes. Bis-GMA/TEGDA has
been chosen as polymer system because of its structure,
which is similar to that of Bis-GMA/TEGDMA copoly-
mer (widely used in the biomedical field); furthermore,
TEGDA monomer is one of the best exfoliating media
for graphene.

Graphene dispersions at high concentration were
obtained by simple sonication in TEGDA monomer
and directly used for synthesizing Bis-GMA/TEGDA
nanocomposites. This synthetic strategy has signifi-
cantly limited the reaggregation phenomena to graph-
ite, which may occur during the nanofiller recovery in
the solid-state. It should be also highlighted that
graphene obtained directly by graphite exfoliation
without any chemical manipulation looks to be a safe
alternative (Hailong et al. 2010, Sasidharan et al. 2012,
Vanesa et al. 2012) to other carbon forms, especially if
compared with its oxidized forms (i.e., graphene oxide,
or reduced graphene oxide), which are recognized as
cytotoxic (Sasidharan et al. 2011, Sanchez et al. 2012).

The homogeneous dispersion of the nanofiller within
the polymer matrix has been confirmed by SEM
analyses, which showed rougher surfaces for all the
nanocomposites with increased graphene concentration.

As far as the mechanical properties of the nano-
composites are concerned, graphene has been found to
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exert interesting reinforcing effects on the cured
copolymers: indeed, both modulus of elasticity and
surface hardness turned out to significantly increase
even in the presence of small amounts of graphene.
Finally, the glass transition temperature and hence the
crosslinking density of the obtained nanocomposite
networks were found to be substantially independent
of the nanofiller content (7, ~ 99 °C).
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