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Abstract: The conjugation of graphene and polymers has attracted great attention for the fabrication
of functional hybrid nanomaterials. Here, we demonstrate the modification of graphene oxide (GO)
with adamantane (AMT) through the diimide-activated amidation reaction. The modification of
GO with AMT improves the dispersion and decreases the interfacial polarization of GO, causing a
lower dielectric constant for the fabricated GO/AMT hybrid materials. The structures of GO/AMT
were studied by Fourier transform infrared spectroscopy and Raman spectroscopy. Furthermore,
the mechanical properties, thermal stability, and dielectric constant of GO/AMT composites were
measured at a low cured temperature using various techniques, such as differential scanning
calorimetry, thermogravimetric analysis, and dynamic mechanical thermal analysis. It was found
that the synthesized GO/AMT materials with different contents were blended into cyanate ester (CE)
resins, resulting in a lower cure temperature, smaller dielectric constant, higher thermal stability,
and stronger water resistance. It is expected that this novel GO/AMT-CE material will have potential
applications for replacing traditional thermosetting resins.
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1. Introduction

Cyanate esters (CEs) are one kind of high-performance thermosetting resins, which have many
advantages, such as high glass transition temperatures (Tg) (from 250 to 300 ◦C), good mechanical
properties, high fracture toughness, and low moisture absorption. In addition, the dielectric properties
of CEs are superior to all other existing thermosetting resins [1–3]. All the above advantages permit
CEs to be well-suited materials for application in the fabrication of electrical components, aerospace
structures, and adhesives, as well as the design of many functional composites [3–5]. Nevertheless,
CEs also have some disadvantages, such as a high cure temperature and brittle structure, which limits
their applications in many fields. To overcome the disadvantages of CEs, one of the facile method is
to modify CEs to improve their overall performance [6–11]. The most common method is to blend
CEs with epoxy resins, by which the mechanical properties of the CEs system can be improved [12,13].
Unfortunately, this modification method will inevitably decrease the heat resistance and other vital
properties of CEs [14–16].

The unique electronic, thermal, and mechanical properties of graphene make it a potential
candidate to improve the functions and properties of many polymer materials [17–20]. Even a low
dosage of these single-layer carbon nanosheets will provide polymer composites with excellent
chemical and physical properties. However, the poor dispersion of graphene limits the interface
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interaction between graphene layers and polymers [11,21,22]. Graphene oxide (GO) has the
same framework structure as graphene and is easier to synthetize. In addition, the abundant
oxygen-containing groups of GO make it readily modifiable, and the surface modification of GO allows
better dispersion [23–26]. Therefore, the combination of GO and polymers offer the new composite
structures and additional properties. For instance, Xue et al. reported that the functionalization of
GO with polyhedral oligomeric silsesquioxane (POSS) promoted the solubility of POSS-GO in various
organic solvents. They used the POSS-GO as a novel nanofiller for interfacial reinforcement with
poly(methyl methacrylate) (PMMA) and found that the addition of only 1 wt% POSS-graphene into
PMMA could increase the Tg of the resultant composite by more than 10 ◦C, along with a significantly
increased thermal stability [27]. Similarly, Liu et al. designed a novel polyethyleneimine-modified
GO by solution-casing for facilitating a homogeneous dispersion of GO in a polyvinyl alcohol
(PVA) matrix [28]. To improve the dispersion and the strength of a filler-matrix interface in acrylic
resin, Dong et al. obtained γ-methacryloxypropyl trimethoxysilane-functionalized GO by surface
modification [29]. Mazzoli et al. found that the synergistic effects between GO particles and short steel
fibers as fillers improved the mechanical properties and electromagnetic shielding efficiency of the
cementitious composites [30].

A widely used chemical, adamantine (C10H16) (AMT) is a highly symmetrical and very stable
hydrocarbon [31–35]. The internal atomic structure in the molecule of adamantine is similar to the
portion of the diamond lattice of carbon atoms, leaving it to be a very stable and rigid group. As an
important intermediate, AMT has been widely used in many fields, such as medicine, functional polymers,
lubricants, catalysts, surfactants, photographic materials, and pesticides, to name a few [36–39].

Previously, Lin et al. found that the GO/CE composites exhibited better mechanical, tribological,
and thermal properties [40]. Zhang et al. reported an efficient and novel method to functionalize
GO with hyperbranched polysiloxane and successfully compound them with CE resin to prepare
nanocomposites [41]. In this study, we covalently grafted AMT onto GO sheets via the amide
formation between amine-functionalized AMT and the carboxyl groups of GO. The resultant GO/AMT
hybrids were found to be well-distributed in the CE resin. The GO/AMT hybrids with different
contents were blended with CE resin to enhance the resin performance on their mechanical, thermal,
dielectric, and water-resistant properties. The combination of GO/AMT and CE for the formation of
GO/AMT-CE composites is shown in Scheme 1. First, the π-π stacking of benzene rings promoted
the non-covalent bonding between GO and resin. Second, the cyclization of -OCN and -OH or C-O-C
resulted in the formation of three kinds of rings: oxazoline rings, isocyanurate rings, and oxazolidinone
rings. Third, the triazine rings were formed by the resin itself. These three steps promoted the
continuous growth of the resin, and the GO sheet layer served as a growth site to further increase
the crosslink density of the resin. We suggest that the addition of GO/AMT decreased the reaction
temperature and broadened the exothermic peak, benefiting the manufacture processing of CE.Appl. Sci. 2019, 9 FOR PEER REVIEW  3 
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2. Materials and Methods

2.1. Regents and Materials

Natural graphite flake (99.8% purity) was obtained from Alfa Aesar. H2SO4 (95−98 wt%) and KMnO4

(99.5% purity) were purchased from Beijing Chemical Co., Ltd. (Beijing, China). H3PO4 (85% purity)
and H2O2 (30% aqueous solution) were obtained from Xilong Chemical Co., Ltd. Adamantan-1-amine
(98% purity), N-Hydroxysuccinimide (NHS), and 1-(3-Dimethylaminopropyl)-3-ethylcarbodiimide
hydrochloride (EDC) were supplied by J&K Chemical (Beijing, China). Bisphenol A type cyanate ester
(BCE, Mn = 278.30 g/mol) was supplied by Malt Chemicals (Jiangsu, China). The other reagents such
as HCl (10 mol/L), NaOH (Mn = 40.01 g/mol), dimethyl formamide (DMF), acetone, and alcohol were
supplied by Chemical Reagent Company (Beijing, China).

2.2. Synthesis of GO/AMT Nanohybrids

The preparation of GO was achieved by using natural graphite powder through a modified
Hummer’s method [11,42]. Compared to the previous Hummer’s method, the improved method not
only controlled the temperature more easily, but also provided better hydrophilicity and a higher
oxidation rate of GO. In detail, a certain ratio (9:1) of concentrated H2SO4/H3PO4 was added to
the mixture of the graphite flakes (1.0 g), KMnO4 (6.0 g), and H2O2 (1 mL, 30% H2O2 solution).
The obtained mixture was then centrifuged after stirring. The remaining solid material was washed
sequentially with deionized water, 30% HCl, and ethanol. The resulting solid was filtered and dried
under a vacuum at room temperature overnight. Finally, 2.0 g of product was obtained.

One hundred milligrams of the obtained GO were then suspended in 100 mL of DMF by sonicating
the hybrid for 1 h. After that, 10 mM mL−1 of NHS was added to the above suspension under fast
stirring for 20 min. Then, 40 mM mL−1 EDC was quickly added to the mixture under continuous
mixing for 20 min. A total of 10 mM mL−1 of adamantan-1-amine was immediately added to the
mixture and stirred for 2 h. The obtained mixture was washed by DMF twice, and then washed by
water in order to remove excess EDC, NHS, and the byproduct urea. Finally, the solid was dried in a
vacuum oven at 70 ◦C for 1 day.

2.3. Preparation of GO/AMT-CE Composites

The bisphenol A type CE was melted in a glass flask at 120 ◦C. When the resin totally melted,
the suitable content (0%, 0.3%, 0.5%, 0.7%, and 1.0%) of GO/AMT was added into the resin with
high-shear mixing. Then the obtained mixture was put into a preheated mold with a release agent,
and then the solvent was removed at 140 ◦C under a vacuum condition. The cured procedures were
160 ◦C/2 h + 180 ◦C/3 h + 200 ◦C/2 h. Finally, the mold was cooled to room temperature and demolded
to get the different specimens of composites (Figure 1).

Appl. Sci. 2019, 9 FOR PEER REVIEW  4 

°C/2 h + 180 °C/3 h + 200 °C/2 h. Finally, the mold was cooled to room temperature and demolded to 
get the different specimens of composites (Figure 1). 

2.4. Characterization Techniques 

Fourier transform infrared spectroscopy (FT-IR) spectra were recorded on a Perkin-Elmer 
spectrum GXA model in a range of 4000–550 cm−1 with a resolution of 4 cm−1. Atomic force microscopy 
(AFM) images were recorded using a NanoWizard 3 NanoScience atomic force microscope (JPK 
Instruments AG, Berlin, Germany) in tapping mode to identify the thickness of the GO sheets. 
Transmission electron microscopy (TEM) experiments were performed on a Tecnai G220 
transmission electron microscope (FET) with an accelerating voltage of 200 kV. GO sheets were 
dispersed in ethanol by sonication for 30 min, and some pieces were collected on micro-film for TEM 
observation. Differential scanning calorimetry (DSC) was carried out using a TA instruments DSC 
Q200. The samples were heated from room temperature to 350 °C at four different heating rates: 20 
°C/min, 15 °C/min, 10 °C/min, and 5 °C/min in N2 atmosphere. Thermogravimetric analysis (TGA) 
was carried out using a TA instruments TGA Q500 from room temperature to 900 °C at a heating rate 
of 10 °C/min in N2. Dynamic mechanical properties were determined using a TA instruments 
dynamic thermomechanical analysis (DMA) Q800 in the three-point bending mode at a frequency of 
1 Hz and a heating rate of 10 °C/min. The water absorption of the resin was determined by the 
ISO62:2008. This test was done by putting the cured resin at a temperature of 23.0 ± 1 °C, and 
weighting the resin once every 24 h. The dielectric constant was carried out by the Agilent 4294A at 
a frequency from 400 Hz to 100 MHz at room temperature. Before the test, resin spline should be 
copper plated. The flexural strength and tensile strength were determined by the Universal Testing 
Machine (UTM) at room temperature by the national standard they followed. 

 
Figure 1. Specimens for (a) thermogravimetric analysis (TGA), (b) mechanical, (c) dielectric, and (d) 
dynamic thermomechanical analysis (DMA) tests. 

3. Results and Discussion 

3.1. Characteristics of GO/AMT Nanohybrids 

The morphology of GO nanosheets was characterized by AFM and TEM (Figure 2). It can be 
seen from the AFM image that the thickness of the GO layer is about 1 nm, which is consistent with 
the previous results [18]. The TEM image further demonstrates the layered structure of GO. 

Figure 1. Specimens for (a) thermogravimetric analysis (TGA), (b) mechanical, (c) dielectric,
and (d) dynamic thermomechanical analysis (DMA) tests.



Appl. Sci. 2019, 9, 881 4 of 12

2.4. Characterization Techniques

Fourier transform infrared spectroscopy (FT-IR) spectra were recorded on a Perkin-Elmer
spectrum GXA model in a range of 4000–550 cm−1 with a resolution of 4 cm−1. Atomic force
microscopy (AFM) images were recorded using a NanoWizard 3 NanoScience atomic force microscope
(JPK Instruments AG, Berlin, Germany) in tapping mode to identify the thickness of the GO
sheets. Transmission electron microscopy (TEM) experiments were performed on a Tecnai G220
transmission electron microscope (FET) with an accelerating voltage of 200 kV. GO sheets were
dispersed in ethanol by sonication for 30 min, and some pieces were collected on micro-film for
TEM observation. Differential scanning calorimetry (DSC) was carried out using a TA instruments
DSC Q200. The samples were heated from room temperature to 350 ◦C at four different heating
rates: 20 ◦C/min, 15 ◦C/min, 10 ◦C/min, and 5 ◦C/min in N2 atmosphere. Thermogravimetric
analysis (TGA) was carried out using a TA instruments TGA Q500 from room temperature to 900 ◦C
at a heating rate of 10 ◦C/min in N2. Dynamic mechanical properties were determined using a TA
instruments dynamic thermomechanical analysis (DMA) Q800 in the three-point bending mode at a
frequency of 1 Hz and a heating rate of 10 ◦C/min. The water absorption of the resin was determined
by the ISO62:2008. This test was done by putting the cured resin at a temperature of 23.0 ± 1 ◦C,
and weighting the resin once every 24 h. The dielectric constant was carried out by the Agilent 4294A
at a frequency from 400 Hz to 100 MHz at room temperature. Before the test, resin spline should be
copper plated. The flexural strength and tensile strength were determined by the Universal Testing
Machine (UTM) at room temperature by the national standard they followed.

3. Results and Discussion

3.1. Characteristics of GO/AMT Nanohybrids

The morphology of GO nanosheets was characterized by AFM and TEM (Figure 2). It can be seen
from the AFM image that the thickness of the GO layer is about 1 nm, which is consistent with the
previous results [18]. The TEM image further demonstrates the layered structure of GO.Appl. Sci. 2019, 9 FOR PEER REVIEW  5 
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Subsequently, FT-IR and Raman spectroscopy were utilized to compare the difference between
GO and GO/AMT nanohybrids (Figure 3). Figure 3a shows the typical FT-IR spectra of GO, GO/AMT,
and AMT. In the spectrum of GO, the peak at 3420 cm−1 is related to the -OH vibration stretching.
The peaks at 1720, 1620, and 1142 cm−1 are corresponding to the carboxyl C=O stretching, C=C
stretching of the aromatic ring, epoxy C-O stretching, and epoxy/alkoxy C-O stretching vibration,
respectively [43,44]. The spectrum of GO shows a peak at 1720 cm−1 that is assigned to the carboxyl
C=O stretching, which nearly disappears in the spectrum of GO/AMT. In addition, the new peaks of
GO/AMT spectrum at 1580, 1101, and 803cm−1 correspond to N-H bending, C-N stretching vibrations,
and C-H vibrations, respectively [45]. It can be seen that the peaks related to AMT still exist in the
spectrum of GO/AMT.
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Figure 3. Spectral characterizations of GO and GO-AMT: (a) Fourier transform infrared spectroscopy
(FTIR) and (b) Raman Spectra.

Figure 3b shows the Raman spectra of GO and GO/AMT, in which a significant increase in the
ratio of ID to IG band intensity can be seen. We suggest that the ratio increase was due to the distortion
of the graphene structure caused by the special structure of AMT. Based on the above FT-IR and Raman
characterizations, it can be concluded that AMT was successfully attached onto the surface of GO
through the diimide-activated amidation reaction.

3.2. Curing Behavior of GO/AMT-CE Composites

The curing behavior of materials was investigated by the non-isothermal DSC characterization.
Figure 4 shows the curing behaviors of GO/AMT-CE composites by using different weight fractions
of GO/AMT nanohybrids. The curing exotherms in the formation of the triazine rings proved the
thermal curability of pure CE. It can be seen that the temperature of the curing reaction exothermic
peak decreased with the increase of GO/AMT in the composites. The exothermic peak temperature
of 1% GO/AMT-CE was about 100 ◦C lower than that of pure CE, which could be attributed to
the intensive promotion of the curing reaction of CE by -OH groups in the molecule of GO/AMT.
In addition, the abundance of active epoxy groups on the surface of GO/AMT also contributed to the
formation of rings with -OCN [46].

The initial exothermic peak temperature (Ti), the maximum exothermic peak temperature (Tp),
and the final exothermic peak temperature (Tf) of DSC thermograms with a heating rate (10 ◦C/min)
of different content of GO/AMT-modified CE were measured and shown in Table 1. It can be found
that the more GO/AMT added into CE, the lower the exothermic heat (∆H) of the reaction occurred at
first. When the content of GO/AMT was increased to 1 wt%, the exothermic heat (∆H) began to rise up,
which was probably due to the increased reaction between GO/AMT and CE resin. The appearance of
double peaks may be attributed to the increase of GO/AMT, which complicates the curing mechanism.
The curing exothermic peaks of multiple groups ringing become more apparent.
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Figure 4. Differential scanning calorimetry (DSC) curves of GO/AMT-CE composites with different
GO-AMT contents.

Table 1. Sample formulation and Differential scanning calorimetry (DSC) date of various graphene
oxide/adamantane-cyanate ester (GO/AMT-CE) composites at the heating rate of 10 ◦C/min.

Samples Ti(◦C) Tp(◦C) Tf(◦C) ∆H(J/g)

Pure CE 267.34 310.09 332.35 828.5
0.3% GO/AMT 233.31 281.49 321.88 794.9
0.5% GO/AMT 207.95 250.46 272.37 669.1
0.7% GO/AMT 176.91 229.96 264.45 600.1
1.0% GO/AMT 163.67 189.48 258.85 671.7

Ti-The initial exothermic peak temperature; Tp-The maximum exothermic peak temperature; Tf-The final exothermic
peak temperature.

3.3. Thermal Properties of GO/AMT-CE Composites

The thermal stability of the GO/AMT-CE composites was estimated through the TGA
measurement. Typical traces with different contents of GO/AMT-CE were performed under nitrogen,
as shown in Figure 5, which exhibited a major mass loss from 400 to 550 ◦C. Td5% represented the
corresponding temperature when the weight loss was 5%, while Td10% referred to 10%. With the
increase of GO/AMT in CE resin systems, the temperature of Td5% increased from 403 to 431 ◦C,
and the temperature of Td10% increased from 428 to 442 ◦C. The char yield at 800 ◦C of pure CE was
34%, while that of GO/AMT-CE composites was 38–42%. The enhancement of the thermal stability
could be mainly ascribed to the excellent thermal stability of GO/AMT and the increasing cross-linking
degree of the GO/AMT-CE system under the catalytic effect of GO/AMT in CE resin. Therefore,
the mobility of polymer segments at the interface between the GO/AMT and CE matrices was inhibited
by strong interactions.
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3.4. Mechanical Properties of GO/AMT-CE Composites

The mechanical properties of GO/AMT-CE composites were determined by the UTM at room
temperature. Figure 6a shows that the addition of GO/AMT can improve the tensile strength of CE
from 30 to 62 Mpa, and Figure 6b indicates that the elongation at break increases from 2.4% to 4.8%.
In addition, the tensile modulus increased from 1400 to 1600 Mpa (Figure 6c), indicating that the
addition of GO/AMT significantly improved the strength and toughness of CE resin.
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The mechanical properties of GO/AMT-CE composites under wet-heat conditions were also
carried out by putting the resin samples into 23 ◦C water for 240 h (Table 2). From this table, it can
be seen that GO/AMT-CE composites had higher wet-heat resistant property compared to pure CE.
The significant improvement of mechanical properties was mainly ascribed to the excellent mechanical
properties of GO and the interface combination between GO and resin. The epoxy group on the surface
of GO formed an oxazolidinone ring with the -NCO of CE resin, thereby forming a more obscure
network structure and improving the bonding strength. Moreover, a stronger steric effect resulted in
improved dispersibility of GO in the resin matrix in the presence of the AMT structure.

Table 2. The mechanical properties of the dried and wet (upper and lower row, respectively for each
material) CE resins modified by GO/AMT.

Content Tensile Strength (Mpa) Elongation at Break (%) Tensile Modulus (Mpa)

Pure CE
36.3 ± 5.0 2.38 ± 0.32 1390 ± 80
32.7 ± 4.6 2.18 ± 0.27 1320 ± 70

0.3% GO/AMT
44.9 ± 5.8 3.37 ± 0.28 1430 ± 90
40.2 ± 5.3 2.80 ± 0.32 1440 ± 100

0.5% GO/AMT
53.8 ± 6.7 3.90 ± 0.34 1540 ± 80
49.1 ± 5.8 3.22 ± 0.29 1520 ± 80

0.7% GO/AMT
58.2 ± 5.9 4.30 ± 0.31 1610 ± 100
55.7 ± 5.2 4.13 ± 0.30 1690 ± 110

1.0% GO/AMT
63.1 ± 6.1 4.86 ± 0.26 1650 ± 70
58.2 ± 5.6 4.65 ± 0.28 1620 ± 90

3.5. Dielectric Properties of GO/AMT-CE Composites

The dielectric test was carried out by the Agilent 4294A at a frequency of 400 HZ to 20 MHz
under room temperature. The results are shown in Figure 7 and Table 3. It can be observed from
Figure 7 that the dielectric constant of GO/AMT modified CE resin was smaller than that of pure
CE resin. At the same time, the dielectric constant decreased with the increase of GO/AMT in CE
resin. GO is an insulator, with oxygen atoms randomly attached on graphene sites, which undergo
conversion from sp2-hybridized carbon atoms in graphene to sp3-hybridized carbon in GO. In addition
to exhibiting low Dk values for these materials, GO sheets are used as interlayers in the polymer matrix
because the GO homogeneity is not as great as that of grapheme, hence, there is much less electron
mobility. This process reduces conjugation and confines p-electrons [47], resulting in very low-dielectric
constant values of GO. For example, Wang et al. proposed an effective approach that used in situ
polymerization to fabricate large-area GO/polyimide (PI) composite films. The results showed the bulk
dielectric constant decreased from 3.3, for the neat PI film, to just 2.0 for the PI–ODA-GO composite
film [48]. Zhang et al. reported an efficient and novel method to functionalize GO with hyperbranched
polysiloxane and successfully compounded them with CE resin to prepare nanocomposites. The study
showed a lower and more stable dielectric constant and loss than pure CE resin over the testing
frequency from 10 to 60 MHz [41]. In addition, the adamantyl group that possessed a cage structure
of the whole aliphatic had a lower polarization, which effectively increased the large free volume of
polymer. We suggest that both polarization and free volume of polymer are crucial for the dielectric
constant. For instance, the increase of the free volume and the reduction of the polarization will reduce
the dielectric constant of polymer.

Table 3. Dielectric properties of GO/AMT-CE composites with different GO/AMT contents.

Sample Dielectric Constant (at 1 MHz) Dielectric Constant Decrease Dielectric Loss (at 1 MHz)

Pure CE 3.9465 - 0.0122
0.3% GO/AMT 3.7472 −0.1993 0.0105
0.5% GO/AMT 3.1843 −0.5629 0.0098
0.7% GO/AMT 2.8837 −0.3006 0.0072
1.0% GO/AMT 2.5437 −0.3400 0.0063
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In addition, good adhesion between GO/AMT and CE resin will reduce interfacial polarization
and limit the mobility of the segments, resulting in the decrease of the dielectric constant. As a result,
we suggest that the obtained composites be equipped with excellent dielectric property.

3.6. Water Absorption of GO/AMT-CE Composites

The water absorption of the GO/AMT-CE composites was determined by putting the cured
composites into water and heating to 23.0 ± 1 ◦C, and weighting the resin every 24 h. Figure 8 shows
the water absorption of GO/AMT-CE composites with different GO/AMT contents. It can be seen
that the water absorption of pure CE is the strongest, and the water absorption was reduced with
the increase of GO/AMT content in the CE resin. We suggest that one possible reason is the above
mentioned improved curing degree. A large number of functional groups on the surface of GO can
increase the compatibilization at the organic/inorganic interface, which can also effectively prevent
water from entering the network structure of the composites. Another reason might be attributed to
the increase of the high polar sites of the adamantyl group of the system. It is possible that the addition
of adamantyl groups can effectively decrease the water absorption of the systems.
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4. Conclusions

In summary, we successfully obtained novel GO/AMT nanohybrids by attaching AMT onto
GO nanosheets by the amidation reaction. Subsequently, GO/AMT nanohybrids were utilized to
modify the CE resin to create functional GO/AMT-CE composites. The thermal, mechanical, dielectric,
and water resistant properties of the fabricated GO/AMT-CE composites were studied. It was found
that GO/AMT greatly improved the properties of CE resin. The exothermic peak temperature of 1%
GO/AMT-CE was around 100 ◦C lower than the pure CE. The char yield at 800 ◦C of pure CE was
34%, while that of GO/AMT-CE composites increased to 38–42%. GO/AMT can improve the tensile
strength of CE from 30 to 62 Mpa, increase the elongation at break from 2.4% to 4.8%, and increase
the tensile modulus from 1400 to 1600 Mpa. In addition, the dielectric constant decreased from 3.94
to 2.99 under 1 MHz. This study provides a potential way to fabricate novel CE resins by using
polymer-functionalized graphene materials.
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