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Graphite oxide (GO) was modiﬁed using 3-aminopropyltriethoxysilane (APTES) to investigate the impact
of dispersion and interfacial bonding on the mechanical properties of reinforced silicone elastomer, poly
(dimethylsiloxane), PDMS. Although a 71% enhancement of Young’s modulus was observed (comparable
to thermoplastics) at a loading of 3.0 wt% APTES-modiﬁed GO (A-GO), the observed enhancement factor
is just 8% of that expected for randomly dispersed perfect graphene sheets. We attribute this less-thanideal enhancement to crumping and break-up of the graphene sheets caused by ultrasonic dispersion. In
the absence of TEOS crosslinker, the A-GO PDMS melt does not solidify so modulus enhancement is not
due to crosslinking through the APTES-modiﬁed ﬁller particles. Modulus enhancement due to rubberlike elasticity of the ﬁller itself, however, may be active. Characterization indicates that amino groups
are chemically attached to the surface of GO in A-GO. The improved dispersibility enhances the
toughness, but only at low loadings. In fact, at 3-wt% loading the toughness is less than that of pure PDMS
due to loss of elongation caused by ﬁller aggregation.
Ó 2013 Elsevier Ltd. All rights reserved.
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1. Introduction
Graphene, a monolayer of carbon atoms arranged into a twodimensional honeycomb lattice, has become the focus of intensive
research in the last few years [1e11]. The outstanding properties of
graphene include high thermal conductivity (5000 Wm1 K1)
[12e14]; highest Young’s modulus ever measured (1 TPa) [8], large
theoretical surface area (2675 m2 g1) [15] and high mobility of
charge carriers at room temperature (200,000 cm2 V1 s1) [16].
All these properties make graphene promising for many applications, such as polymer nanocomposites [2,4,7,8,17e19], ultracapacitors [20] and solar cells [21,22], among others.
The use of graphene as nanoﬁller in a polymer matrix is of interest since graphene has excellent mechanical properties, electrical properties and a large theoretical surface area. An effective
* Corresponding author. Tel.: þ1 513 556 5431; fax: þ1 206 600 3191.
** Corresponding author. Tel.: þ1 513 556 9292; fax: þ1 513 556 9239.
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approach to achieve graphene-based polymer composites is based
on chemical transformation of graphite to graphite oxide (GO),
which readily disperses in water and exfoliates to form individual,
single-layer graphene oxide sheets [2,23e25]. Engineering polymers, however, typically are not soluble in water. Further modiﬁcation of GO is necessary to achieve fully dispersed GO in common
organic solvents [26e29]. We use a modiﬁcation scheme based on
3-aminopropyltriethoxysilane (APTES) modiﬁcation of GO.
The literature is replete with evidence of superior properties of
graphene-based polymer composites. For example, poly (vinyl
alcohol) (PVA)/GO nanocomposites were made by a water solution
processing method and a 62% improvement of Young’s modulus was
achieved at 0.7 wt% of GO [30]. Although the mechanical properties
of PVA nanocomposites were greatly improved, the modulus data
imply that the aspect ratio is about 128, which is inconsistent with
morphology of the sheets, whose aspect ratio is around 3000.
Similar inconsistency was found in the work by Shi et al. [31].
Although most literature papers do not provide the
structural data needed to evaluate the true performance of
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composites, compilations of modulus enhancement data [32]
imply that graphene-based composites perform substantially
below expectations based on idealized ﬂat sheets. Schaefer and
Justice attribute the reduced performance to crumpling of the
ﬁller, which leads to a reduced effective aspect ratio [33]. Based on
our TEM data, we present evidence that this mechanism is active
in our elastomer composites.
In contrast to the preponderance of graphene-based thermoplastic composites, we study reinforcement of a silicone rubber.
Reinforcement of soft materials is more promising than hard materials because, due to the crumpling effect discussed above, some
elastic energy is stored as rubber-like elasticity in the ﬁller itself
[33]. That is, the ﬁller itself can behave as an elastomer.
Silicone, with repeat unit [eSiRR0 Oe], is one of the most
important non-carbon backbone polymers. Due to many unusual
properties, such as high thermal stability, unusually large permeability, low surface tension and good water resistance [34,35] silicone polymers have application in areas ranging from artiﬁcial
organs and facial reconstruction in medical applications to hightemperature lubricants [36,37]. Poly(dimethylsiloxane) (PDMS),
[eSi (CH3)2Oe] was selected due to its extremely low glass transition temperature (Tg, 125  C) and high thermal stability [35]. In
the unﬁlled state, however, PDMS has poor mechanical strength e
hence the need for reinforcement.
In this paper, we report the ﬁrst synthesis of APTES-modiﬁed GO
(A-GO). The amino group in the APTES modiﬁer reacts with carboxylic acid groups in GO. There is only one other report of APTES
modiﬁcation in the literature [38]. That report examines a different
form of carbon (reduced graphene oxide) in a thermoset. We draw
different conclusions regarding nature of both the APTESecarbon
and the APTESepolymer linkages in A-GO.
The origin of the beneﬁcial effects of APTES modiﬁcation is not
obvious. APTES could crosslink the PDMS chains through its
pendant ethoxy groups. APTES might also improve linkage between

the ﬁller and the polymer. Finally, APTES might simply improve
the dispersion of the ﬁller in the polymer. By examining the mechanical properties with and without TEOS crosslinker, we show
that the modulus enhancement is a physical rather than a chemical
effect. We conclude that the enhanced dispersion is the dominant
mechanism.
2. Experimental
Materials. Hydroxyl-terminated PDMS (Mn ¼ 15,000 g/mol),
tetraethyl orthosilicate (TEOS) and stannous-2-ethyl-hexanoate
(SNB1100) were obtained from Gelest Inc. APTES and N, N0 -diisopropylcarbodiimide (DIC) were obtained from Aldrich Company,
Inc. and chloroform was purchased from the Tedia Company, Inc.
GO was prepared according to the modiﬁed Hummers Method
[2,39]
Preparation of A-GO. APTES-modiﬁed GO (A-GO) was made
using the reaction between carboxylic acid groups and amino
groups (using DIC to activate amino groups) [40], as shown in
Scheme 1. This synthesis was carried out at 70  C for 4 hanhydrously under nitrogen to prevent the hydrolysis of the alkoxyl
groups in the silane [41]. After the reaction, the A-GO was puriﬁed
by washing with dimethyl formamide and acetone successively.
Black solid A-GO was obtained after drying in the vacuum at 50  C
overnight.
Preparation of PDMS/A-GO composites. A-GO was dispersed in
chloroform to generate a homogenous dispersion after sonication
for 1 h. PDMS/A-GO composites were then prepared with various
loadings of A-GO pre-dispersed in chloroform. Speciﬁcally 0.50,
1.00, 2.00 and 3.00 weight percent relative to the weight of PDMS,
which was also dissolved in chloroform. TEOS was used as a crosslinking reagent (TEOS: PDMS ¼ 1:2 M ratio in order to assure the
hydroxy-terminated PDMS fully cross-linked). The cross-linking
reaction [34] was catalyzed by 0.5 wt% SNB1100 based on the

Scheme 1. Synthesis of A-GO with APTES.
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combined weight of PDMS and TEOS. The mixed suspensions were
cast in TeﬂonÔ molds. Solid composites were formed after 0.5 h.
The PDMS/A-GO composites were harvested after one day in the
mold.
3. Characterization
Fourier transform infrared spectroscopy (FTIR) recorded on a
Nicolet 6700 (Thermo Scientiﬁc) spectrometer was used to characterize the chemical structures of GO and A-GO. Samples were
measured under a mechanical force by pressing the un-exfoliated
sample’s surface against a diamond window. FTIR spectra were
collected in the range of 4000e450 cm1.
Thermo-gravimetric analyses (TGA) were done on the GO and AGO powders using a TA Q500 instrument (TA Instruments) under a
nitrogen atmosphere with a heating rate of 5  C min1.
Powder X-ray diffraction (XRD) measurements were carried out
using a PANalytical X’Pert Pro MPD diffractometer with Cu Ka raA) at 45 kV and 40 mA. The diffraction angle was
diation (l ¼ 1.541 
increased from 5 to 30 with the scanning rate of 0.05 min1.
Scanning electron microscopy (SEM) was conducted with an FEI
Phillips Electroscan XL30 ESEM-FEG microscope using an acceleration voltage of 15 kV. A-GO suspensions (0.03 mg ml1) were spincoated onto a ﬂat aluminum plate at 2000 r.p.m. for 30 s. Then the
A-GO coated aluminum plate was mounted on a standard specimen
holder using a double-sided carbon conductive tape for SEM imaging. A transmission electron microscopy (TEM) sample was prepared by placing a few drops of dispersion onto a lacey carbon ﬁlm
support on a Cu grid. Images were acquired in a JEOL 1230 transmission electron microscope operated at 80 kV.
Atomic force microscopy (AFM) images were obtained using a
Dimension 3100 AFM made by Veeco Instruments Inc., operated in
tapping mode using Veeco RTESP type silicon cantilevers with a
resonance of frequency of 360 kHz. The samples for AFM measurements were prepared by ultrasonic treatment of A-GO in
chloroform for 1 h, followed by spin-coating A-GO suspensions in
chloroform (0.03 mg ml1) on freshly cleaved mica surfaces at
2000 r.p.m. for 30 s and then drying under vacuum at room
temperature.
The tensile strength was measured using an ESM-301 (MARK10) tensile test tester. The experiments were carried out at room

Fig. 1. FT-IR of GO and A-GO. The peaks at 2922 cm1 and 2886 cm1 appear after
modiﬁcation with APTES. Meanwhile, the peak at 1714 cm1 shifts to 1637 cm1, which
indicates APTES is attached to GO through the amine group.

Fig. 2. TGA curves of GO and A-GO. GO shows 16% more weight loss compared to A-GO
between 100 and 280  C, indicating COOH groups have been converted after APTES
modiﬁcation.

temperature at a crosshead speed of 50 mm/min using dumbbellshaped specimens with an original length of 40 mm.
4. Results and discussions
FTIR data show that the APTES is linked to the GO through the
amine group by the reaction with carboxylic acid group. Fig. 1
shows the FTIR spectra of GO and A-GO. In the spectrum of GO, e
OH (3118 cm1), CaO (1714 cm1), and aromatic CaC (1595 cm1)
stretches were observed. After modiﬁcation with APTES, two new
peaks appear at around 2922 cm1 and 2886 cm1, which are
assigned to the CeH stretch in the methylene group from APTES.
There was a signiﬁcant decrease in the wavenumber for the peak of
CaO stretch, from 1714 to 1637 cm1, presumably due to the reaction of carboxylic acid groups with amine groups in the APTES.
The wavenumber decreases because CaO group is connected to e
NH2 after the reaction and the resonance effect between CaO and e
NH2 increases the CaO bond length and reduces the frequency of
absorption. Another peak at 1062 cm1 assigned to SieOeC was

Fig. 3. XRD pattern of GO and A-GO. After modifying GO with APTES, the peak at 10.3
disappears. The absence of interlayer reﬂection for A-GO implies that the sheets are
fully exfoliated.
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Fig. 4. (A): Comparison of the dispersion GO (left) and A-GO (right) observed after several days after dispersion by sonication for 1 h; (B): SEM image of A-GO, showing the wrinkled
morphology. The size of A-GO ﬂake is around 3 mm; (C): TEM image of A-GO. The 100 nm bar is approximately the distance between folds, which we identify as the persistence length.

Fig. 5. AFM images and height proﬁles of A-GO dispersed at a concentration of 0.03 mg ml1 in chloroform. Flat A-GO ﬂake was selected to study the thickness, which is 2  0.3 nm.
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observed in A-GO spectrum, conﬁrming that the ethoxy groups still
exist in A-GO.
TGA shows two stages of decomposition, one due to functional
groups and the other due to pyrolysis of the carbon skeleton. Fig. 2
shows the typical TGA curves for GO and A-GO. GO shows relatively
low thermal stability and starts losing mass below 100  C (about
7%), which is attributed to the absorbed water. The 46% weight loss
between 100  C and 280  C is due to decomposition of the labile
oxygen-containing functional groups [42,43]. Between 280  C and
600  C, no obvious weight loss was observed indicating all of the
oxygen functional groups have decomposed below 280  C. The
decrease in mass around 600  C is due to the pyrolysis of the carbon
skeleton of the GO [44]. For A-GO, the mass loss below 100  C is
about 4% which is lower than that of GO, indicating lower hydrophilicity after modiﬁcation with APTES.
The modiﬁcation level was determined from the TGA data using
the method of Yang et al. [27] and Dubin et al. [45] to identify the
percentage of different functional groups. The mass loss for A-GO
between 100  C and 280  C is 30 wt% compared to 46 wt% for GO.
The 16-wt% difference is attributed to APTES modiﬁer, which degrades above 280  C. We conclude that 16 wt% of oxygencontaining functional groups in GO have been modiﬁed by APTES.
This value is consistent with the mass loss (16%  2%) between
280  C and 600  C, which is attributed to the removal of alkyl chains
[44], corresponding to conversion of 16 wt% of the oxygencontaining functional groups in GO. The consistency of these
values justiﬁes the attribution of the mass loss between 100 and
280 to loss of the APTES modiﬁer.
XRD was used to study the layer spacing of dry GO and A-GO. In
Fig. 3, the diffraction peak at 2q ¼ 10.3 , corresponding to an
interlayer distance of 0.86 nm, is signiﬁcantly larger than that of
natural graphite at 26 (Fig. S1 in Supporting Information) but
within the range expected for GO, where the interlayer spacing
depends on relative humidity [46,47]. After modifying graphene
oxide with APTES, the peak at 10.3 disappears. The broad peak
with relatively low intensity between 15 and 25 observed for
both GO and A-GO is due to the graphene oxide ﬂakes. The absence
of interlayer reﬂection for A-GO implies that the sheets are fully
exfoliated.
After sonication for 1 h, the A-GO dispersion in chloroform
became ‘dark’ and remained stable for several days (Fig. 4A, right). In
contrast, GO remained undispersed at the bottom of the bottle
(Fig. 4A, left). SEM and TEM measurements were performed to
further investigate the morphology of A-GO. Fig. 4B shows the SEM
image of A-GO. The image shows the wrinkled sheets. And the size of
the A-GO ﬂakes is around 3 mm. From the TEM image of A-GO
(Fig. 4C), exfoliated A-GO sheets are observed indicating greatly
enhanced dispersion. Some of the exfoliated sheets overlap with
other sheets, which results in darker areas in the TEM image. Some
smaller ﬂakes are observed since the samples were sonicated for 1 h.
An A-GO ﬂat ﬂake was selected to determine the thickness using
AFM in taping mode as shown in Fig. 5. The cross-sectional view of
the AFM image of A-GO indicates that the thickness of A-GO is
2 nm. The typical observed monolayer graphene sheet is around
0.8 nm which is larger than the theoretical graphite sheet with van
der Waals thickness of ca. 0.34 nm [44] because of the presence of
oxygen functional group above and below the GO plane. So our
result indicates that the platelet of A-GO consists of four layers of
graphene sheets or less [48].
XRD was used to study the effect of A-GO in PDMS matrix, which
indirectly shows that A-GO starts to aggregate in PDMS at relatively
high loading (Fig. 6). The pure PDMS has a broad XRD peak between
10 and 15 centered at around 12 , corresponding to the diffraction from amorphous PDMS phase, which is similar to a previous
report [49]. When the amount of A-GO is less than 3 wt%, the
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Fig. 6. XRD patterns of A-GO, PDMS and PDMS/A-GO composites with different A-GO
loading. As A-GO loading increases to 2 wt%, the intensity of the PDMS amorphous
peak (centered at 12 ) decreases, indicating that A-GO intercalates into PDMS network.
At 3 wt% this trend reverses indicating reduced intercalation due to aggregation.

amorphous peak for A-GO totally disappears and the intensity of
the amorphous peak for PDMS composites decreases compared to
pure PDMS. These observations indicate that A-GO disrupts what
little order there is in PDMS. A-GO intercalates into PDMS network
during the cross-linking reaction, restricting the mobility of polymer chain [50]. At the highest loading the trend reverses because
the A-GO is poorly dispersed [51] as anticipated on the basis of the
toughness data shown below.
Mechanical properties of the PDMS/A-GO nanocomposites
greatly improve as the ﬁller loading increases. Fig. 7 shows the
tensile Young’s modulus enhancement of (E/E0) versus A-GO volume fraction (4). Young’s modulus increases from 0.25 MPa in
PDMS to 0.46 MPa in A-GO/PDMS (3.0 wt %). This change is
attributed to the uniformly dispersed of A-GO in the PDMS matrix.
The line in Fig. 7 is a linear ﬁt to the combined data. For platelets, E/
E0 is expected to be proportional to ﬁller volume fraction, 4 [33],
which was calculated from the density of PDMS ¼ 0.965 g/cm3 and
density of A-GO ¼ 2.2 g/cm3 [52]

Fig. 7. Young’s modulus enhancement factor of PDMS/A-GO composites as a function
of the A-GO volume fraction. The line is a ﬁt to the combined data.
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Fig. 8. a. Stressestrain curves of PDMS/A-GO composites with different ﬁller contents. The elongation of composites at 3 wt% decreases due to ﬁller aggregation in composites. b.
Toughness of PDMS/A-GO composites as a function of the A-GO volume fraction. The observation of toughness below that of the matrix is attributed to defects induced by the
aggregated ﬁller at high loading.

E
¼ 1 þ a4 þ .
E0

(1)

The parameter a is the graphene aspect ratio. For the data in
Fig. 8, a ¼ 58/0.93 ¼ 62. Assuming a sheet thickness of 2 nm,
this aspect ratio implies a 1-dimensional persistence length
of 124 nm, which is substantially smaller than the aspect ratio
(1500) estimated from the SEM ﬂat-plate width and AFM
thickness.
The discrepancy between the aspect ratio determined from the
modulus enhancement and that of ﬂat graphene sheets is attributed to the wrinkled morphology of graphene sheets and the
breakup of large sheets caused by sonication [53]. In this situation
the aspect ratio in equation (1) is expected to be the determined
by persistence length rather than the ideal sheet size [33]. As
shown in Fig. 4B and C, A-GO sheets are not stiff but display
wrinkled morphology. The persistence length is roughly the mean
distance between folds [33]. A 100-nm bar is included in Fig. 4 for
visual comparison with the fold distance. The fold distance is
comparable to the 124-nm estimate based on equation (1), conﬁrming the importance of crumpling on modulus. In addition,
many of the A-GO sheets are broken into small pieces as shown in
the TEM image (Fig. 4C) caused by 1-h sonication, which also
contributes to the reduced experimental modulus enhancement
factor.
In the absence of a quantitative measure of persistence length in
the composite itself, it is not clear if rubber-like elasticity of the
ﬁller [33] is playing a role. Undoubtedly ﬁller elasticity is important
because dispersion likely reduces the persistence length below that
observed in Fig. 4C, which means that reinforcement due to
bending of the sheets is inadequate to explain the observed
enhancement factor.
Since APTES has potentially reactive ethoxide groups, the
question arises as to whether the reinforcing effect is due to
enhanced crosslinking of PDMS through the APTES functional
groups. To elucidate this issue, two PDMS samples cross-linked
with TEOS and A-GO were prepared separately. When PDMS is
cross-linked using TEOS (1:6 M ratio to PDMS) a solid elastomer
results within 24 h. For comparison, PDMS “crosslinked” with 0.1 g
A-GO, which contains the same number of ethoxide group, remains
a liquid after 72 h. The amount of A-GO was calculated based on
TGA, which indicates A-GO contains 16  2 wt% of APTES. These
observations show that A-GO crosslinking makes no contribution
to the modulus of the composites.

Toughness shows enhancement but only at low loadings. Fig. 8a
shows the stressestrain curves of PDMS/A-GO nanocomposites as a
function of loading. The areas under the curves were used as the
toughness measure. The toughness (Fig. 8b) reaches a maximum at
0.5 wt % ﬁller content. At higher loading toughness decreases due to
reduced elongation as has been observed in many classes nanocomposites. In our case, however, the modulus falls below that of
the matrix, which indicates premature failure at low elongations
due to defects (stress concentrators) induced by aggregated ﬁller
particles.
5. Conclusions
GO was successfully modiﬁed by APTES. APTES attaches by reaction of surface carboxylic acid groups on GO with the amine
group on APTES. The introduction of APTES onto GO improves GO
exfoliation in chloroform leading to a stable dispersion, which facilitates the dispersion of GO in PDMS composites. Although ethoxide moieties are available on APTES, the crosslinking of PDMS
through the ﬁller is negligible, which indicates that reinforcement
is a physical not chemical phenomena. The modulus data show that
crumpling of the ﬁller plays an important role in reinforcement.
Although a 71% improvement of Young’s modulus was observed
this value is substantially below that expected for ideal ﬂat-sheets.
The observed enhancement is consistent with a 124 nm persistence
length of the crumpled ﬁller sheets, which is comparable to the
distance between folds observed by TEM on ﬂakes deposited from
chloroform solution.
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