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One-pot preparation of unsaturated polyester
nanocomposites containing functionalized graphene
sheets via a novel solvent-exchange method†

Chengguo Liu,*ab Zhimin Wang,a Yu'an Huang,c Hongfeng Xie,d Zengshe Liu,‡e

Ying Chen,a Wen Lei,f Lihong Hu,ab Yonghong Zhou*a and Rongshi Chengd

This paper reports a convenient one-pot method integrating a novel solvent-exchange method into in situ

melt polycondensation to fabricate unsaturated polyester nanocomposites containing functionalized

graphene sheets (FGS). A novel solvent-exchange method was first developed to prepare graphene oxide/

ethylene glycol (GO/EG) dispersions in a reactor equipped with a fractionating device. The prepared

dispersions were applied successively to fabricate unsaturated polyester composites via in situ melt

polycondensation in the same reactor. The dispersion behavior of GO/EG dispersions was characterized by

atomic force microscopy (AFM). The structures and properties of the as-prepared FGS/polyester

nanocomposites were characterized by Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction

(XRD), Raman spectroscopy, scanning electron microscopy (SEM), transmission electron microscopy (TEM),

tensile tests, thermogravimetric analysis, and dynamic mechanical analysis. The results of AFM show that

GO nanosheets are well exfoliated in EG solvent. The results of FT-IR, XRD, Raman, SEM, and TEM indicate

that the FGS are also finely exfoliated in the polyester matrix and have strong interaction with the host

polymer. Compared with the neat UPR matrix, the composite with an extremely low content of 0.08 wt%

FGS exhibits maximum increases of 53.6% and 48.4% in tensile strength and modulus; the composite with

0.32 wt% FGS has a 10.7 �C increase in thermal decomposition temperature and a 17.9 �C increase in glass

transition temperature. Therefore, building on this work to generate unsaturated polyester

nanocomposites with improved properties at reduced cost is possible.
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Introduction

Graphene, a one-atom-thick 2D layer of sp2-bonded carbon, has
been intensively studied since its discovery in 2004.1–8 Its
superior mechanical, thermal, and electrical properties
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together with its ultrahigh surface area, make graphene
outstanding in fabricating various materials such as micro-
electrical devices, batteries, supercapacitors, and nano-
composites.1–8 In the preparation of graphene/polymer
nanocomposites with optimized performance, the biggest
problem is the exfoliation and incorporation of graphene into
the polymer matrix to achieve a single-layer graphene-rein-
forced polymer because graphene from graphite has strong p–p
stacking interactions between layers and incompatible surface
characteristics with polymer matrix.

Thus far, the most promising strategy developed to address
this obstacle is the employment of graphene oxide (GO) as
precursor.3–9 In contrast to pristine graphene, GO sheets possess
numerous oxygen-containing groups on the surface, such as
hydroxyls, epoxides, carbonyls, and carboxyls.3–9 These func-
tional groups signicantly weaken the van der Waals interac-
tions between the graphene layers, thus allowing the good
dispersion of GO in solutions and facilitating the interaction
between polymer hosts and GO via covalent or non-covalent
bonds.5,9–12 For example, GO and reduced GO have been
successfully incorporated into water-soluble polymers such as
poly(vinyl alcohol), chitosan and cellulose via simple solution
mixing method by using water as the media.3,8,9,13,14
RSC Adv.
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Unfortunately, GO cannot be readily exfoliated in most organic
solvents. Thus, further chemical modication of GO with
different molecules or polymers and dissolvation of GO in the
presence of dispersants or stabilizers are the two frequently-
used methods to achieve molecular-level dispersions.3,7,9

A solvent-exchange method has recently been employed to
prepare homogenous dispersions of GO or graphene in different
organic solvents such as N,N-dimethylformamide (DMF),14

dimethyl sulfoxide (DMSO),14,15 silicone oil,16 terpineol,17 and
ethanol.18,19 Fine liquid dispersions of GO or graphene without
the help of chemical modication, dispersants or stabilizers
could be prepared through this simple method, relying on the
large difference of the exchanged solvents in boiling points.14–18

However, as one of the widely-used monomers (solvents) in the
synthesis of polyesters, low-molar-mass diols such as ethylene
glycol (EG) have not yet been reported in the preparation GO
dispersions through this method.

On the other hand, graphene-based polymer composites are
commonly prepared by solution mixing, melt compounding, and
in situ polymerization.8 The in situ polymerization approach is
particularly remarkable because it enables control over both the
polymer architecture and the nal structure of the nano-
composites. Numerous graphene-based polymer composites
have been successfully prepared through this method, including
graphene/polystyrene,20,21 graphene/poly(methyl methacrylate),22

graphene/epoxy,23–26 graphene/polyurethane,27–29 graphene/
nylon,30–32 graphene/polypropylene,33 graphene/polyimide,34 and
graphene/poly(ethylene terephthalate).35 This approach involves
a two-step procedure: dispersing GO sheets well in organic
solvents or monomers, followed via in situ polymerization initi-
ated by heat, light or other suitable reagents. Since graphite oxide
prepared by Staudenmaier or Hummers method36–40 is not so
readily exfoliated in some organic solvents (e.g., EG) as in water,
the solvent-exchange method could be appropriately applied to
prepare GO dispersions in organic solvents.

Based on the above consideration, a convenient one-pot
method that integrates solvent-exchange method into in situ
melt polycondensation is developed for the rst time to fabri-
cate polyester nanocomposites in this work. At the stage of melt
polycondensation for polyesters, fractional distillation tech-
nique is always employed to separate the generated water from
the reacting mixture and largely reduce the loss of diols. This
technique can also be applied in the solvent-exchange method.
Thus a novel solvent-exchange method consisting of fraction
distillation is rst developed to prepare GO/EG dispersions. In
this one-pot method, the as-prepared GO/EG dispersions can be
consecutively applied to fabricate polyester nanocomposites via
in situ melt condensation without changing the reactor.
Unsaturated polyesters resin (UPR), currently one of the most
widely-used thermosetting polymers, is chosen as the host
polymer mainly because it possesses inferior stiffness to other
resins like epoxy, which limits its application in high-added-
value areas such as aerospace, marine and blade of wind power.
Considering the probable partial reduction of GO sheets during
the preparation of UPR,34,35 functionalized graphene sheets
(FGS) are employed in the obtained UPR composites instead of
GO sheets. Furthermore, the dispersion behavior of GO in EG

www.sp
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solvent, as well as the structures and properties of the prepared
FGS/UPR nanocomposites, are carefully studied.
Experimental section
Materials

Graphite powder (100 mesh) was obtained from Shanghai
Colloidal Co. Ltd. Maleic anhydride (MA), phthalic anhydride
(PA), and EG were obtained from Shanghai Lingfeng Chemical
Reagent Co., Ltd. Potassium permanganate (KMnO4), sulfuric
acid (H2SO4, $98%), hydrogen peroxide (H2O2), hydrochloric
acid, sodium nitrate (NaNO3), ethanol, and potassium
hydroxide (KOH) were obtained from Kermel Chemical Reagent
Co., Ltd. Styrene (St, $98%) and the inhibitor hydroquinone
($98%) were obtained from Chengdu Kelong Chemical Reagent
Co., Ltd. The initiator benzoyl peroxide ($98%) and the
promoter N,N-dimethylaniline ($98%) were obtained from
Aladdin Chemistry Co., Ltd. The EG and St were dried by
molecular sieves for at least one week before use. All the other
reagents were used as received..cn
Synthesis of UPR

A reactionmixture of EG (36 g, 0.581mol), MA (25.9 g, 0.264mol),
PA (39.1 g, 0.264mol), and hydroquinone (0.1 g) was added into a
250 ml four-necked ask. The ask was then equipped with
mechanical stirrer, thermometer, N2 gas inlet, and fractionating
tube to transform it into a fractional distillation device (see
Fig. S1 in ESI†). The reactor was subsequently heated by oil bath
to 70 �C and agitated at this temperature for 30 min until the MA
solid completely melted. Precondensation was conducted under
N2 atmosphere at 160 �C for 1.5 h. Aer gradually heating to
200 �C, the polycondensation lasted for 3 to 4 h at this temper-
ature until the acid value of the reacting mixture decreased to a
set value, at which the samples had similar molar masses.
Finally, the product was blended with styrene (50 g, 33% of the
total weight) and hydroquinone (0.01 g) for 1 h at 90 �C to
produce a light and transparent liquid resin.

.co
m

Preparation of FGS/UPR nanocomposites

The graphite oxide used in this work was prepared from
graphite through the modied Hummers method.39,40 The
obtained graphite oxide was dispersed in deionized water (H2O)
through ultrasonication and centrifugation to achieve homog-
enous GO/H2O dispersion (with a concentration of about
7.33 mg ml�1). Using this GO/H2O dispersion as starting
material, FGS/UPR nanocomposites containing different FGS
contents were prepared by a convenient one-pot method that
integrates a novel solvent-exchange method into in situ melt
polycondensation, as illustrated in Fig. 1. Typically, GO/H2O
dispersion (40 g) and EG (40 g) were added into the same device
as that in the synthesis of UPR. Then, the GO/H2O/EG mixture
was vigorously stirred and the temperature of the oil bath was
gradually increased to 160 �C. Aer fractionating for 3 h at this
temperature, approximately 15 wt% of water still remained in
the mixture through simple weighing. To accelerate the solvent-
exchange process and remove the residual water in the mixture,
This journal is ª The Royal Society of Chemistry 2013
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Fig. 1 Illustration of one-pot method that integrates a solvent-exchange method into in situ melt polycondensation to prepare FGS/UPR nanocomposites. The four-
neck flask represents the reactor in the fractional distillation device.
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.cn
vacuum distillation was conducted by a water pump for 15 to 30
min. Aer this procedure black and opaque GO/EG dispersions
(about 36 g) were le in the reactor. Vacuum distillation can
also modulate the product mass of GO/EG dispersion, which is
important for the integration of solvent-exchange method and
in situ polymerization. Consecutively, a mixture of MA (25.9 g,
0.264 mol), PA (39.1 g, 0.264 mol), and hydroquinone (0.1 g) was
added into the reactor. The process of in situ melt poly-
condensation was the same as that described in the synthesis of
UPR. Finally, black and opaque resins containing different
contents of FGS were obtained.

The as-prepared neat UPR and UPRs containing different
FGS contents were cured following the same procedure:
blended with the initiator (1.5 wt% of the resins) for 20 min and
then with the promoter (0.15 wt% of the resins) for 1 to 2 min,
poured into molds, cured at room temperature for 6 h, and
postcured at 60 �C for 3 h. At last the neat UPR matrix and the
FGS/UPR nanocomposites were obtained. In our experiments,
the contents of GO in the FGS/UPR composites were 0.04, 0.08,
0.16, and 0.32 wt%, so the composites were labeled as 0.04 %
FGS/UPR, 0.08% FGS/UPR, 0.16% FGS/UPR, and 0.32% FGS/
UPR. The neat UPR matrix without FGS content was marked as
UPR and set as blank test.

Characterization

Atomic force microscopy (AFM) images of GO nanosheets on
mica substrates from water or EG solvent were obtained using a
CSPM 5000 Atomic Force Microscope (Benyuan Corporation,
China) in taping mode. Fourier transform infrared (FT-IR)
spectra were recorded on a Nicolet iS10 IR spectrometer
(Thermo-Fisher, USA). X-ray diffraction (XRD) spectra were
recorded on a D8 FOCUS X-ray diffractometer (Bruker Corpo-
ration, Germany). Raman spectra were recorded by a MultiRAM
Stand Alone FT-Raman spectrometer with lex ¼ 1064 nm
(Bruker Corporation, Germany). Scanning electron microscopy

www.sp
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(SEM) examinations of the tensile-fractured and etched surface
of the FGS/UPR composites were performed on an S-3400N
Scanning Electron Microscope (Hitachi Corporation, Japan).
Transmission electron microscopy (TEM) examinations of the
FGS/UPR nanocomposite lms were performed on a Tecnai
G220 Transmission Electron Microscope (FEI Corporation,
USA). Tensile tests of the neat UPR matrix and the FGS/UPR
composites were performed using a SANS7 CMT-4304 Universal
Tester (Xinsansi Corporation, China). Thermogravimetric
analysis (TGA) was performed on an STA 409PC Thermog-
ravimetry instrument (Netzsch Corporation, Germany) at a
heating rate of 15 �C min�1. Dynamic mechanical analysis
(DMA) was conducted in three-point bending geometry on a
Q800 solid analyzer (TA Corporation, USA).

.co
m

Results and discussion
Dispersion of GO in EG solvent

The key factor for fabricating high-performance FGS/polyester
nanocomposites by in situ melt polycondensation is the good
dispersion of GO in one of the monomers (EG monomer).35

Therefore, the dispersion state of GO/EG solutions in the inter-
mediate state of the one-pot process should be assessed rst.

By visual inspection we found that the as-prepared GO
dispersions have long-term homogeneous stability (>7 days) in
EG solvent, as shown in Fig. 2a. To investigate the degree of
exfoliation of the GO material in both water and EG solvents,
AFM imaging of their dispersions deposited onto mica
substrates was carried out. Fig. 2b displays a typical tapping-
mode AFM image of GO nanosheets from an aqueous disper-
sion aer sonication treatment. The GO nanosheet has a
thickness of about 1.0 nm and a length of about 2 mm, which are
characteristics of a fully exfoliated GO nanosheet.35,41 The
dispersion of GO in EG solvent aer sonication was also eval-
uated by AFM, as indicated in Fig. 2c. The GO nanosheets in EG
RSC Adv.
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Fig. 2 (a) Photographs of the prepared GO/EG dispersion for a solution-stability experiment. AFM images and line profiles of the GO samples exfoliated in (b) water
and (c) EG solvent.
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.cn
solvent almost have the same thickness (about 1.1 nm) as those
in water, which also indicates a good exfoliation of GO in EG
solvent.35,41 The dimension of GO sheets in EG solvent is about
several hundred nanometers to several micrometers in length
(see Fig. S2 in ESI†). Therefore, the GO/EG solutions were
successfully prepared by this fractional distillation-assisted
solvent-exchange method. By altering the amount of GO/water
dispersions added, a series of GO/EG dispersions with
concentrations of 1.47 to 13.0 mg ml�1 was prepared.

The novel solvent-exchange method in the one-pot method
can be applied to other organic solvents, such as DMF, DMSO,
and N-methyl-2-pyrrolidone. Thus, the solvent-exchange
method in the one-pot method is expected to have diverse
applications in fabricating GO-based nanocomposites by solu-
tion mixing or in situ polymerization. Compared with the
solvent-exchange method involving sole vacuum distilla-
tion,14–16 this fractionating-assisted method requires a smaller
difference in boiling points between the exchanged solvents
and better reduces the loss of organic solvents. By simple
weighing of the solutions le in the reactor, a small amount of
EG solvent (less than 10 wt% of the original addition) was
observed to have been lost aer 5 h fractionation in the solvent-
exchange process. Moreover, with the aid of several-minutes
vacuum distillation, the mass of monomers can be conveniently
tuned to adjust the subsequent in situ polymerization of poly-
ester nanocomposites. www.sp
Fig. 3 FT-IR spectra of dried GO sheets, neat UPR, and FGS/UPR nanocomposites
with different FGS contents.
Structure characterization of the FGS/UPR nanocomposites

As shown in Fig. 1 and the experiment section, the GO/EG
dispersions prepared by this novel solvent-exchange method can
be successively applied in fabricating UPR nanocomposites via in
situ melt polycondensation. It is noted that the GO sheets still
existed in the EG solvent aer the solvent-exchange process
because the characteristic thickness of the sheet is about 1.1 nm.
However, GO sheets were reported to experience a simultaneous
partial reduction during the in situ polymerization process at
RSC Adv.
high temperatures.34,35 In order to determine whether the
chemical state of GO sheets changed during the high tempera-
ture polycondensation process, the GO sheets were experienced
the same thermal treatment as the polycondensation process (see
SI.3 section in ESI†). The resultant products for changes in the
chemical state of the sheets were analyzed by FT-IR, XRD, and
TGA (see Fig. S3 to S5 in ESI†). All the results indicate that GO
sheets have been reduced to FGS during the high temperature
polycondensation process.

The next step is to check whether FGS have been well exfo-
liated in the UPR matrix. FT-IR technique was rst employed to
study the structure of FGS/UPR nanocomposites. The FT-IR
spectra of dried GO sheets, neat UPR, and their nanocomposites
are depicted in Fig. 3. The dried GO sheets were obtained by
drying GO/H2O dispersions in an ordinary bake oven at 50 �C
for 24 h and then in a vacuum bake oven at 50 �C for 48 h.
Several characteristic peaks can be observed in the spectrum of
GO: hydroxyls (3600 cm�1 to 2500 cm�1 with a maximum at

.co
m
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Fig. 4 XRD patterns of GO sheets, neat UPR, FGS/UPR nanocomposites with
different FGS contents. The inset shows XRD pattern of dried GO sheets.

Fig. 5 Raman spectra of neat UPR and FGS/UPR nanocomposites with different
FGS contents.

Fig. 6 SEM images of etched FGS/UPR composites with FGS contents of (a)
0.04 wt% and (b) 0.32 wt%, respectively. TEM images of FGS/UPR composite with
the FGS content of 0.04 wt% at (c) low magnification and (d) large magnification
as well as the composite with the FGS content of 0.32 wt% at (e) low magnifi-
cation and (f) large magnification.
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3182 cm�1, strong and broad), C]O on carbonyl groups
(1723 cm�1, moderate), C]O on carboxyl groups or intercalated
water (1641 cm�1, strong), C–OH (1384 cm�1, moderate), and
C–O (1000–1300 cm�1, moderate).15,35,42–44 Some typical peaks
are also present in the spectrum of neat UPR: hydroxyls
(3428 cm�1, very weak), C]O on ester group (1724 cm�1,
strong), and C–O (1000 cm�1 to 1300 cm�1, strong). However,
almost no difference in the spectra between FGS/UPR nano-
composites and neat UPR was observed, especially at the
wavelengths 3182, 1724, and 1641 cm�1. The disappearance of
these characteristic peaks of GO sheets in the nanocomposites
are probably attributed to the very low content of GO, or the
reduction of GO into FGS (which is featureless in the IR spectra)
during the melting polycondensation.34,35

XRD is another important tool employed to investigate the
exfoliation of FGS in the composites. Fig. 4 shows the XRD
patterns of dried GO sheets, neat UPR, and their composites.
Similar to reported values,15,43 the characteristic diffraction peak
of dried GO sheets appears at approximately 11.6�, which
indicates typical hydrated graphite oxide feature.45 The neat
UPR sample shows a broad peak at about 20.1�, revealing its
crystallinity tendency, which results from the molecule
symmetry of EG monomer. However, aer the incorporation of
GO into the UPR matrix, the XRD patterns of FGS/UPR
composites with different FGS contents are almost the same as
those of the neat UPR. The disappearance of the characteristic
diffraction peak of GO sheets in these nanocomposites also
indicates that FGS are fully exfoliated in the UPR matrix.15

Raman spectroscopy has been reported as a powerful probe
for the structure of carbonaceous materials. Fig. 5 shows the
Raman spectra of neat UPR and its nanocomposites with
different FGS loadings. The Raman spectrum of GO sheets was
not provided in this paper because the Raman spectroscopy
(lex ¼ 1064 nm) used in this study is only sensitive to polymers,
whereas the characteristic peaks of D band (1341 cm�1) and G
band (1596 cm�1) in GO sheets have been recorded by another
kind of Raman spectroscopy with a different lex (see Fig. S6 in
ESI†). The Raman spectrum of neat UPR demonstrates its
characteristic peaks at 1731 cm�1 (C]O on ester group),

www.sp
This journal is ª The Royal Society of Chemistry 2013
1664 cm�1 (C]C on polyester), 1632 cm�1 (C]C vinyl on
styrene), 1600 cm�1 (C]C aromatic on polyester), 1580 cm�1

(C]C aromatic on styrene), 1453 cm�1 (C–H on polyester),
1289 cm�1 (CH2 on polyester), 1184 cm�1 (C–O–C on polyester),
and 1000 cm�1 (CH2, C–C on polyester).46,47 However, aer
incorporation of GO into the UPR matrix, the intensities of
peaks at around 1291 cm�1 (D band at this lex ¼ 1064 nm48 andom

.c
RSC Adv.
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1600 cm�1 (G band) remarkably increase. The appearance of
these two bands clearly demonstrates that the original GO
sheets have changed into other states, e.g., reduced GO, or FGS
covalently-linked with polymers. Meanwhile, weak bands from
UPR are seen at, e.g., 1000, 1038, 1184, 1453 and 1731 cm�1 and
their relative intensities compared with that of the two broad
peaks is clearly seen to gradually decrease as the FGS content in
the composites is increased. The intensity ratio of D and G
bands (I(D/G)) is correlated with the disordered and ordered
crystal structures of carbon and is the inverse of the average size
of sp2 domains.49 As shown in Fig. 5, all the I(D/G) values of the
composites are larger than those of the neat UPR (0.59) and the
GO (1.60 in Fig. S6†). When the covalent functionalization is
conducted on functional groups in the interbasal platelet of
graphene, a substantial enhancement of I(D/G) was observed
due to the introduction of additional defects on the graphitic
lattice.14,50–52 Therefore, It can be concluded that a strong cova-
lent interaction exists between FGS and the UPR matrix.

SEM and TEM can directly explore the dispersion state of
FGS in the UPR matrix and the interaction between them. To
clearly show the dispersion of FGS, the fracture surface aer the
tensile test was etched in KOH–ethanol (10 wt%) solvent for
1.5 h at 40 �C. Fig. 6a and b present the etched fracture surface
for the model FGS/UPR nanocomposites with FGS contents of
0.04 wt% and 0.32 wt%. The FGS (indicated by red arrows) are
uniformly exfoliated in the two composites with an average
Fig. 7 Stress–strain curves of neat UPR and FGS/UPR nanocomposites with
different FGS contents.

Table 1 Mechanical and thermal properties of the neat UPR and FGS/UPR compo

Samples
CGO/EG

(mg ml�1)
Tensile strength
(MPa)

Tensile
modulus (GP

UPR 0 32.1 � 1.5 2.46 � 0.21
0.04% FGS/UPR 1.47 45.9 � 1.8 3.01 � 0.20
0.08% FGS/UPR 3.29 49.3 � 2.3 3.65 � 0.29
0.16% FGS/UPR 6.46 38.2 � 1.6 2.61 � 0.17
0.32% FGS/UPR 13.0 32.5 � 1.1 2.81 � 0.16

a CGO/EG, Tp, E0, Tg and ne represent GO concentration in EG solvent, therm
modulus, and glass transition temperature, respectively.

RSC Adv.
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length of about 0.5 to 3 mm.Moreover, the protruding FGS in the
nanocomposites are not so crumpled or wrinkled and are still
coated with adsorbed resins aer etching, indicating strong
ller–polymer interfacial interactions.8,53 The TEM images of
the ultrathin sections of the model nanocomposites containing
0.04 wt% and 0.32 wt% FGS are demonstrated in Fig. 6c–f. In
these macrographs, the FGS appear as distinct dark lines
homogeneously dispersed in the matrix. The FGS llers have
been successfully dispersed in the matrices with exfoliated or
intercalated structures.54 In the high-magnication images of
the composites (Fig. 6d and f), the thickness of the intercalated
FGS is about 2 to 5 nm (indicated by white arrows). This value is
a little higher than that of the pure GO nanosheets in the AFM
images, but still shows that the FGS has achieved a molecular-
level dispersion in the polymer matrix.14,34,54–56 Two major
reasons could be account for the good dispersion of FGS sheets.
First, the GO sheets have been well exfoliated in the EG
monomers, as shown in the AFM images. Second, the func-
tional groups on the surfaces and sides of the original GO
nanosheets may have reacted with the diol or the diacid
monomers during the high-temperature melt polycondensation
process.34,35 These functional groups may also form hydrogen
bonds with the C]O groups on the polymer chains of UPR.34

Property characterization of the FGS/UPR nanocomposites

Typical stress–strain curves of the near UPR and FGS/UPR
nanocomposites are shown in Fig. 7, and the corresponding
results are summarized in Table 1. For accuracy, at least ve
specimens were measured and the values were averaged. The
tensile properties of the UPR matrix are obviously improved by
the incorporation of GO sheets. Compared with the neat UPR,
maximum increases of 53.6% and 48.4% in tensile strength and
modulus are observed for the composite containing only
0.08 wt% FGS. Similar results about the signicant mechanical
effect at very-low FGS loadings have been found in GO/poly-
benzimidazole,15 FGS/epoxy,23 and FGS/poly(ethylene tere-
phthalate)35 nanocomposites. Such large improvement in
stiffness indicates the efficient load transfer from the matrix to
the FGS nanoller, which is caused by the good exfoliation of
FGS and the strong FGS–polymer interaction.8,34,35 This
improvement should also be attributed to the one-pot prepa-
ration integrating solvent-exchange method and in situ poly-
merization, in which GO nanosheets remain exfoliated all
the time since in the aqueous dispersions. Notably, the
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sites with different FGS contentsa

a) Tp (�C)
E0

at 40 �C (GPa)
E0

at 150 �C (MPa) Tg (�C)

393.2 1.25 26.1 72.6
399.2 1.49 29.5 88.0
399.2 1.63 29.2 88.2
399.2 1.47 29.0 88.6
403.9 1.36 28.1 90.5

al decomposition temperature at the maximum weight-loss rate, storage
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Fig. 9 DMA curves including (a) storage modulus and (b) loss factor of neat UPR
and FGS/UPR nanocomposites with different FGS contents. The inset shows the
magnified section of storage modulus at 110 to 155 �C.
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improvement may have little to do with the variation of crys-
tallinity, because the addition of a large amount of styrene into
the unsaturated polyester and the low FGS content result in
fairly low crystallinity of all the composites (Fig. 4). In addition,
the stiffness of the other three nanocomposites is still better
than that of the neat UPR. However, the improvement is not as
great as that for the 0.08% FGS/UPR nanocomposite, especially
for the composite containing 0.32 wt% FGS. This nding
probably results from the gradual FGS agglomeration at higher
loading, which brought about local stress concentration and
decreased the energy dissipation capability.8,23,34,35 For example,
the FGS/UPR composite with a FGS content of 0.32 wt% was
prepared using a GO/EG dispersion with GO concentration up
to 13.0 mg ml�1 (Table 1). The reason why the composite with
such low FGS content (0.08 wt%) has the best stiffness is being
studied in our group.

TGA was performed to investigate the thermal properties of
the prepared FGS/UPR nanocomposites. The results are
demonstrated in Fig. 8 and Table 1. Compared with the neat
UPR, the thermal decomposition temperatures at the maximum
weight-loss rate (Tp) are improved for all the FGS/UPR nano-
composites, suggesting better thermal stability by the addition
of GO inorganic additive. Furthermore, Tp increases with the
increase of FGS content, and the maximum increase of 10.7 �C
is achieved at a FGS content of 0.32 wt%. Specially, the func-
tional groups on the dried nanosheets are decomposed at a
no-so-high temperature (around 200 �C, as shown in Fig. S5†)
and may serve as catalysts in deteriorating the thermal stability
of the nanocomposites.15,34 However, the FGS-based nano-
composites seems unaffected by this phenomenon, which is
due to the interactions of FGS–polyesters and the partially
thermal reduction of GO sheets during the in situ melt poly-
condensation process.34,35

DMA was conducted to study the thermo-mechanical prop-
erties of the FGS/UPR nanocomposites. The results are depicted
in Fig. 9 and Table 1. The storage moduli at 40 �C of all the
nanocomposites are higher than that of neat UPR, which
suggest that the dynamic mechanical property of the UPR
matrix is improved by the addition of GO additives. This result

.sp
Fig. 8 TGA curves of neat UPR and FGS/UPR nanocomposites with different FGS
contents.
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is also demonstrated by the storage modulus in the rubbery
region (150 �C in this study), as shown in the inset of Fig. 9a.
These improvements also indicate the efficient load transfer
from the matrix to the FGS nanoller, which is caused by the
good exfoliation of FGS and the strong FGS–polymer interac-
tion. Tg is determined from the peaks of the loss factors
(tan d).57 As shown in Fig. 9b and Table 1, Tg for the FGS/UPR
composites improves by the addition of GO and increases with
the increase of FGS content. With a FGS content of 0.32 wt% in
the UPR matrix, Tg exhibits a maximum increase of 17.9 �C.
Conclusions

In this study, FGS/UPR nanocomposites have been successfully
prepared by a convenient one-pot method integrating solvent-
exchange method with in situ melt polycondensation. A novel
solvent-exchange method involving fractional distillation has
also been developed to prepare GO dispersions in EG solvent.
The GO nanosheets have been exfoliated into individual nano-
sheets, and the concentrations of the as-prepared GO/EG
dispersions is in the range of 1.47 to 13.0 mg ml�1. A set of FGS/
UPR nanocomposites with FGS contents of 0.04 to 0.32 wt%
have been successively fabricated from the prepared GO/EG
dispersions via in situ melt polycondensation. Structural char-
acterization of these nanocomposites indicates that the FGS
have been well exfoliated in the UPR matrix and strongly
RSC Adv.
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interact with the UPR polymer. The stiffness, thermal stability,
and thermo-mechanical properties of the nanocomposites are
improved by the incorporation of GO nanosheets. Compared
with the neat UPR matrix, the composite with low FGS content
of 0.08 wt% exhibits maximum increases of 53.6% and 48.4% in
tensile strength andmodulus; the composite with 0.32 wt% FGS
content shows 10.7 �C increase in Tp and 17.9 �C increase in Tg.
Overall, the developed one-pot method does not alter the
existing experimental apparatus for producing polyesters
and simplies the fabrication process of FGS/polyesters nano-
composites, thus holding great potential in industrial
applications.
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