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Defect-free graphene is easily obtained by the liquid dispersion method, without any chemical manipula-
tion. Tetraethylene glycol diacrylate (TEGDA) is used as liquid medium in which the above nanofiller is
dispersed alone or together with fullerene C60. TEGDA is used because of its good dispersion properties
and as a monomer to be eventually polymerized, thus directly obtaining the corresponding polymer
nanocomposites. Polymerization is performed by using both the classical or the frontal polymerization,
Moreover, polymeric films were also prepared. The interaction between the two fillers and the influence
of the synthetic techniques on material properties are deeply studied. The optical properties of the
obtained nanocomposites are analyzed by absorption and fluorescence spectroscopy. Graphene contain-
ing materials show absorption at ca. 280 nm and exhibited significant emission in the range between 600
and 800 nm. In contrast, fullerene containing materials do not show any fluorescence, which can be
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attributed to a charge transfer phenomenon from graphene to fullerene C60.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Graphene-based materials, including zero-dimensional (OD)
fullerenes, one-dimensional (1D) carbon nanotubes (CNTs), two-
dimensional (2D) graphene, and three-dimensional (3D) graphite,
are of particular interest because of their exceptional electrical
and mechanical properties [1,2]. Graphene, a monolayer of sp?
hybridized carbon atoms bonded in a hexagonal lattice, is formally
the parent of all the graphitic carbon forms [1,3-5]. Our research
group improved a method to obtain graphene initially proposed
by Hernandez et al. [6] that involves the use of ultrasounds in order
to exfoliate graphite, without any chemical manipulation and
without using graphite oxide [7-12], which generally results in
considerable damaging of the graphene electronic structure [13].
In addition, in order to synthesize polymeric nanocomposites con-
taining graphene, our research group obtained graphene directly in
the monomer [12-14] thus allowing for the direct, in situ polymer-
ization of the graphene/monomer dispersion. On this respect, gra-
phene-based polymer composites are very attractive materials that
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can be used for packaging for food, medicine, electronics [15],
energy storage [16], electrically conductive polymers [17], making
transparent conductive electrode for solar cells [18], and elec-
trochromic devices [19]. Also photovoltaics based on fullerene
C60 derivatives is one of the most attractive research areas in poly-
mer science due to the advantages offered by these molecules for
solar energy conversion [20-25]. However, fullerene C60 has some
drawbacks because of its poor solubility in organic solvents [26]
and its main absorption in the UV region. It is well known that a
wide (UV and visible) absorption range is desirable for organic
photovoltaics [20,27-33]. Frontal Polymerization (FP) is a polymer-
ization technique that allows the conversion of a monomer into a
polymer by formation and consequent propagation of a localized
reaction zone [7,8,11,34-52]. The resulting polymerization front
is able to self-sustain and propagate along the whole reactor. If
compared with the classical polymerization (CP), FP has many
advantages: shorter reaction time, low-energy consumption, easy
and simple protocols, and affords obtaining materials that often
have better properties than those obtained by CP. Recently, poly
(tetraethylene glycol diacrylate) (PTEGDA) has shown to be an
interesting candidate to obtain few-layer graphene in a reactive
medium [12,14]. In this work, new polymeric nanocomposite
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materials based on PTEGDA matrix containing graphene and fuller-
ene were synthesized. In particular, the nanocomposite materials
were obtained in three different ways: by FP, by CP and by film
casting. In addition, the interaction between graphene and fuller-
ene on polymeric nanocomposite properties was deeply studied,
by analyzing the thermal, morphological and optical properties
[53-55] of the obtained materials.

2. Experimental
2.1. Materials and methods

Tetraethylene glycol diacrylate (TEGDA, My =302.32,
d=1.11g/mL) and graphite powder were purchased from
Sigma-Aldrich and used as received. Trihexyltetradecyl phospho-
nium persulfate (TETDPPS) was used as the radical initiator and
was synthesized according to the method described in the lit-
erature [56]. Fullerene C60 was purchased from Buchi company
and used as received.

2.2. Preparation and characterization of graphene and
graphene/fullerene dispersions in TEGDA

To prepare a graphene dispersion, 5 wt.% of graphite powder
was added to TEGDA, placed into a tubular plastic reactor (i.d.
15 mm) and ultrasonicated (Ultrasound bath EMMEGI, 0.55 kW,
water temperature ~40 °C) for 24 h. Then, the dispersion was cen-
trifuged for 30 min at 4000 rpm; finally, the gray-to-black liquid
phase containing graphene was recovered. The concentration of
the dispersion, determined by gravimetry after filtration through
polyvinylidene fluoride filters (pore size 0.22 um), was found to
be 5.8 mg/mL; the absorption coefficient, obtained by UV-vis ana-
lysis, was 50 mL/mg ! m~!. Suitable amounts of fullerene C60
were homogeneously dispersed in the above TEGDA/graphene dis-
persion in order to obtain various graphene/fullerene ratios
(Table 1). Each dispersion was divided into three parts, one used
to synthesize the corresponding nanocomposite material as film,
and the other two to synthesize the bulk materials through FP
and CP. In each dispersion, TETDPPS initiator was added (1 wt.%
respect to the monomer). The graphene dispersion was analyzed
by UV-VIS spectroscopy, using a Hitachi U-2010 spectrometer
(1 mm cuvette) to determine the concentrations of the diluted dis-
persions. Transmission electron microscopy (TEM) images were

recorded on a Hitachi H-7000 instrument running with a ther-
moionic W gun at 125KV, and equipped with a AMT DVC
(2048 x 2048 pixel) CCD Camera. Prior to observation, a drop of
the TEGDA-based suspension was sonicated, deposited on a copper
grid and dried at room temperature.

2.3. Synthesis of polymeric nanocomposite materials

2.3.1. Classical polymerization

A common glass test tube (inner diameter=1.5cm,
length = 16 cm) was filled with the reacting mixture (Table 1).
The classical polymerization was performed by keeping the tube
immersed in an oil bath at 80 °C for 2 h.

2.3.2. Frontal polymerization

A common test tube (inner diameter = 1.5 cm, length = 16 cm)
was filled with the same reacting mixtures as above (Table 1). A
K-type thermocouple was located at about 1 cm from the bottom
of the tube and connected to a digital temperature recorder (Delta
Ohm 9416, £1.0 °C), to record the front temperature, T,ax. FP start-
ed by heating the external wall of the tube in correspondence of
the upper surface of the monomeric mixture. The position of the
front (easily visible through the glass wall of test tubes) against
time was also monitored in order to determine the front velocity,
Vi Tmax and Vf reproducibility was always within #10°C and
+0.5 mm, respectively.

2.3.3. Films

The polymerization of a few drops of mixture was performed on
silicon wafers (3 cm x 3 cm) located on a heating plate at ca.
100 °C for some minutes (Table 1).

2.4. Characterization of polymeric nanocomposites

The polymeric nanocomposite films were characterized by
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC) under inert atmosphere. TGA was carried out
in a Hi-Res TGA 2950 Instrument, from O to 700 °C under nitrogen
atmosphere. Differential scanning calorimetry (DSC) measure-
ments were conducted in a DSC 2910 TA Instrument. For each sam-
ple, two consecutive scans were carried out from —85 to 250 °C
with a heating rate of 10 °C min, under nitrogen atmosphere. The
morphological characterization was investigated by using a Zeiss

Table 1
Composition and synthetic technique used for nanocomposite materials; Trax and Vy values for FP samples; T and T, values for FP and CP samples.

Sample code Polymerization method Graphene:fullerene Tmax (°C) Vr (cm/min) T, (°C) Ton (°C)
FP(0/0) FP 0:0 224 2.4 30 396
CP(0/0) CcP 28 393
FILM(0/0) Film

FP(0/1) FP 0:1 217 1.6 31 379
CP(0/1) CcP 30 382
FILM(0/1) Film

FP(1/0) FP 1:0 171 0.8 30 420
CP(1/0) CcP 29 417
FILM(1/0) Film

FP(1/1) FP 1:1 204 1.2 30 417
CP(1/1) cP 29 419
FILM(1/1) Film

FP(1/2.5) FP 1:2.5 222 2.0 30 413
CP(1/2.5) cP 29 386
FILM(1/2.5) Film

FP(2.5/1) FP 2.5:1 205 1.2 30 381
CP(2.5/1) CcP 29 418

FILM(2.5/1) Film
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EVO LS 10 ESEM, in high vacuum modality with secondary electron
detector. Before the examination, the samples were mounted on a
carbon stubs, coated with a carbon film using an auto-carbon
coater evaporator (Agar Instruments) and observed with back scat-
tered electron detector in high vacuum modality. The micro-
analysis was carried out using a Zeiss EVO LS 10 ESEM with an
energy dispersive system (EDS), Inca X-Act (Oxford Instruments).
FTIR spectrum of the obtained nanocomposite materials was car-
ried out on a Spectrum 100 (Perkin Elmer) spectrometer in solid
state. The absorption spectra of the modified fullerene in solid state
or thin film were recorded on a Varian Cary 1 Bio UV/vis spec-
trophotometer. Fluorescence spectra corrected for the emission
detection were recorded on a Photon Technology International
LS-100 steady-state fluorimeter having a continuous Ushio UXL-
75Xe Xenon arc lamp and a PTI 814 photomultiplier detection sys-
tem. Each film sample was excited at 280 nm using a front face
configuration.

3. Results and discussion

The concentration of graphene, determined by gravimetry after
filtration, was 5.8 mg/mL. The absorption coefficient found after
UV-Vis analysis and construction of calibration curve, which
shows a Lambert Beer behavior, was 50 mL mg~! m~!. This value
was used in order to determine the actual concentration in the
diluted dispersions. After fullerene addition (when needed), they
were analyzed by TEM.

Fig. 1 shows three TEM micrographs related to the dispersion of
graphene (A), fullerene (B) and graphene/fullerene (C). Fig. 1A was
taken by analyzing the liquid dispersion containing graphene/
TEGDA only. The image shows a large mono or few-layer graphene
sheet. Its regular edges confirm that the ultrasonic process resulted
in a good graphite exfoliation; more, it was not disruptive. On the
other hand, Fig. 1B displays an image taken by TEM analysis of the
dispersion constituted of fullerene only. The image confirms that
also in this case a good dispersion of this material was achieved.
Finally, in Fig. 1C the image of the mixture containing both gra-
phene and fullerene is shown. This image confirms that both nano-
fillers are homogeneously dispersed in the monomer mixture.

Tmax and Vy data of the FP samples are reported in Table 1. It is
noteworthy that all samples containing graphene and/or fullerene
are characterized by lower Tnax and Vyas compared with the neat
polymer. This is due to the dissipation of heat due to the presence
of the inert filler. However, these parameters decrease as the con-
tent of graphene raises, while they increase with the amount of
fullerene. The reasons for such a behavior, which is different from

one nanofiller to the other, are not well understood and will be
investigated in the future.

Morphological analysis was performed by SEM on both films
and bulk polymers. The micrographs show a very homogeneous
surface, which suggests that graphene and fullerene are well com-
patible with the polymeric matrix (Fig. 2).

Thermal analyses were carried out by using both DSC and TGA
(Table 1). It was found that the presence of the nanofillers does not
significantly influence the glass transition, with all T, values being
very close 29 °C. However, the data seem to indicate that FP sam-
ples are characterized by T,'s that are higher than those of the CP
ones. However, even if this relation holds in all samples, the differ-
ence is too low to be really worth noting. In Fig. 3A the TGA curves
of the FP samples are displayed. As it can be seen, all of them pre-
sent a T,,, above 380 °C. Again, the presence of graphene or fuller-
ene does not influence this value. However, the effect of the
nanofiller is clearly visible starting from ca. 420 °C (Fig. 3A, right
image) thus suggesting that the interaction among graphene, full-
erene and polymer matrix might influence the degradation of this
latter in this temperature range. In particular, samples containing
at least 0.035 wt.% graphene degradate faster than the others.
These data are confirmed by the analyses performed on the CP
samples (not shown).

Absorption and emission spectra of the nanocomposite films
were performed in the solid state. In particular, absorption spectra
of all samples show an intense absorption in the ultraviolet range,
which is extended to the visible region, beyond 400 nm, especially
in the samples containing fullerene C60 (Fig. 3B). This trend is
more evident for FILM(0/1), which contains the highest fullerene
C60 concentration. Sample FILM(1/0), which lacks of fullerene
C60, does not show any remarkable absorption in the visible range
of the spectrum. A well-defined shoulder at 280 nm was observed
for samples containing different quantities of graphene. This shoul-
der is better structured in FILM(1/0), containing 0.07 wt.% of gra-
phene, and its intensity decreases as the fullerene C60 content
rises in the films. Fluorescence spectrum of sample containing
0.07 wt.% of graphene (FILM(1/0)) shows a well-structured band
centered at 680 nm after excitation of the film at 280 nm
(Fig. 3C). Emission of the sample is mainly due to graphene.
Although graphene very often acts as acceptor and quencher [57]
it shows a discrete fluorescence emission. We calculated the inte-
gration area of the emission in the range between 600 and 800 nm
and assigned a value of 1 to the selected area. This value represents
the maximum quantum yield of fluorescence of the samples. In this
way, we were able to determine the relative fluorescence quantum
yield of the other samples by comparison of the integrated area of

100 nm

500 nm

Fig. 1. TEM micrographs of: (A) graphene dispersion in TEGDA (0.033 wt.%); (B) fullerene dispersion in TEGDA (0.05 wt.%) and (C) graphene/fullerene dispersion in TEGDA
(0.035/0.035 w/w; in order to distinguish both graphene and fullerene contrast has been increased).
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Fig. 2. SEM micrographs of some samples with the same composition (graphene/fullerene 1:2.5) synthesized by FP (A), CP (B) and as film (C).
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Fig. 3. (A) TGA curves of FP samples (on the right, a zoom of the thermographs shown on the left). (B) Absorption and (C) emission spectra of graphene/fullerene C60 polymer

nanocomposite films.

Table 2
Relative quantum yield, relative fluorescence intensity and quenching degree of the
samples (a.u.).

Simple Relative quantum Relative Quenching
code yield® intensity” (%)°
FILM(1/0) 1.0 100.0 0.0
FILM(2.5/1) 0.035 32 96.8
FILM(1/1) 0.0034 35 96.4
FILM(1/2.5) 0.032 0.3 99.6
FILM(0/1) 0.076 7.6 924

¢ In the emission range of 600-800 nm after excitation at 280 nm.
b Relative to FILM(1/0) fluorescence.

emission in this region for the corrected fluorescence spectra. The
obtained results are shown in Table 2. It is important to notice that
excitation of samples at other wavelengths does not result in any
emission, which proves that fluorescence arises exclusively from
graphene.

It is worth to point out that even samples containing small
amounts of fullerene C60 exhibited very low fluorescence intensi-
ty. This is due to the quenching of graphene fluorescence by fuller-
ene C60. To confirm these results we carried out some experiments
starting at a very low fullerene C60 content and the quenching was
almost total. It is very well known that fullerene C60 quenches
fluorescent species due its high electron affinity, its ability to
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Fig. 4. FTIR spectra of: (A) sample FP(0/0); (B) sample FP(1/0); (C) sample FP(0/1) and (D) sample FP(1/1).

accept until 6 electrons in solution and its low reorganization ener-
gy. That is why it is very difficult to determine the exact quenching
mechanism. However, it is highly possible that it occurs either via
Fluorescence Resonance Energy Transfer (FRET) or electron trans-
fer process. Electron transfer would be favored by the stabilization
of the charged species by oligo(ethylene glycol) chains of the
TEGDA matrix. Previously, our research group studied the quench-
ing ability of fullerene in dendritic systems bearing pyrene, which
is a very powerful fluorescent compound. Despite the high fluores-
cence of the pyrene chromophore, the presence of fullerene was
able to quench it almost totally [54]. At present, there are no
reports about the quenching of graphene emission using fullerene
as quencher, because graphene is also employed as acceptor or
quencher in systems exhibiting FRET or charge transfer [57]. How-
ever, a quenching effect that is similar to that observed in our sam-
ples was also reported in some composites of graphene with
fluorescent organogelators. A decrease in the emission intensity
of the composite was seen at higher graphene contents, modified
by the presence of fullerene C60, which acted also as strong
quencher preventing the aggregation [58]. On the other hand, there
is no evidence of emission in samples containing only fullerene
C60 at different amounts. This can be attributed to strong acceptor
(quencher) character of fullerene and the sensitivity of its emission
to the environment. This can be due to the sensitivity of fullerene
emission to its environment. Emission could be quenched either by
energy transfer, charge transfer, oxygen sensitization or triplet
annihilation. Another possible fluorescence deactivation pathway

is a charge transfer process with different donors present in the
media.

The obtained hybrid materials were characterized by FTIR spec-
troscopy in the solid state. The incorporation of graphene and full-
erene has been confirmed by this technique. From the practical
point of view, there is no significant difference in the FTIR spectra
of the samples obtained by frontal polymerization, batch polymer-
ization or film casting.

As we can see in Fig. 4, the PTEGDA matrix shows a series of
intense bands at 2925, 2886 (CH,, str), 1721 (C=0, str) and 1098
(C—o0, str) cm~' due to the functional groups present in the poly-
mer. Three weak bands were also observed in the region between
1455 and 1343 cm ™! due to bending vibrations. The spectrum of
the sample FP(1/0) (B) exhibits the same bands present in the
PTEGDA matrix accompanied by a discrete band at 1630 cm™!,
which is attributed to the C=C bonds present in graphene. The
intensity of this band is quite weak due to the low content of gra-
phene with respect to the polymer matrix. According to the lit-
erature, the FTIR spectrum of graphene shows two main bands at
1600 and 868 cm~! [59]. Similarly, the FTIR spectrum of the sam-
ple FP(0/1) (C) exhibits also the characteristic bands of the polymer
matrix. As reported in the literature, fullerene C60 shows four main
bands [60] due to its icosohedral symmetry at 1428, 1180, 575 and
526 cm™~!, which are difficult to see since they are hidden by the
bands of the polymer matrix. The last two bands can be observed
only in the far infrared region. Finally, the FTIR spectrum of the
FP(1/1) (D) is very similar to that of the sample containing only
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graphene. However, if we compare the spectrum of the matrix with
that of the nanocomposite samples, we can observe that in the for-
mer the band has a vibronic structure and shows a slight splitting
at 2925, 2886 whereas in the latter it shows a well defined vibra-
tion band at 2925 cm™!. A possible explanation is that the presence
of the fullerene and graphene restrain the vibrational mobility of
the CH, groups present in the oligo(ethylene glycol) segments of
the PTEGDA matrix.

4. Conclusions

In this work, the dispersion of graphene and/or fullerene in a
monomer (TEGDA) was accomplished by using a simple protocol
that does not imply any chemical manipulation, thus preserving
their pristine electronic structure [13]. This allowed us to directly
polymerize the liquid monomer dispersion and to obtain the corre-
sponding polymer nanocomposites. The polymerization was per-
formed by classical and frontal polymerization. The corresponding
materials were characterized by similar properties; however, FP
was carried out in times that were much shorter than those needed
for CP; namely, just a few minutes instead of 2 h. In addition, poly-
meric films were also prepared, which were used for extensive
spectroscopic analyses. FTIR spectroscopy confirmed that graphene
and fullerene C60 were incorporated into the nanocomposites. The
optical properties of the nanocomposites were studied by absorp-
tion and fluorescence spectroscopy. Graphene-containing samples
exhibited an absorption shoulder at 280 nm and showed significant
fluorescence emission in the range between 600 and 800 nm, when
they were excited at 280 nm. However, no emission was observed
when the samples were excited at other wavelengths, so that we
can conclude that fluorescence arises exclusively from graphene.
Although, fullerene C60 usually shows an emission band at
780 nm, in the obtained nanocomposites containing this chro-
mophore no emission was observed. This can be due to different
deactivation pathways. A very efficient fluorescence quenching of
graphene due to a FRET or charge transfer from graphene to fuller-
ene C60 takes place. There is an evident stabilization of charge
transfer species by the PTEGDA matrix.
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