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Abstract: The chemical functionalization of hydrogenated
graphene can modify its physical properties and lead to better
processability. Herein, we describe the chemical functionaliza-
tion of hydrogenated graphene through a dehydrogenative
cross-coupling reaction between an allylic C¢H bond and the
a-C¢H bond of tetrahydrothiophen-3-one using Cu(OTf)2 as
the catalyst and DDQ as the oxidant. The chemical function-
alization was confirmed by X-ray photoelectron spectroscopy
and Fourier transform infrared spectroscopy and visualized by
scanning electron microscopy. The functionalized hydrogen-
ated graphene material demonstrated improved dispersion
stability in water, bringing new quality to the elusive hydro-
genated graphene (graphane) materials. Hydrogenated gra-
phene provides broad possibilities for chemical modifications
owing to its reactivity.

Chemical functionalization offers a multitude of opportu-
nities to develop functional graphene materials. It is known
that the chemical functionalization of graphene can perma-
nently alter its electronic structure and electrical and physical
properties.[1] Numerous functionalization strategies, including
nucleophilic addition,[2] cycloaddition,[3] free radical addi-
tion,[4] substitution,[5] and rearrangement[6] reactions, have
been demonstrated over the last five years to improve the
processability and modify the band gap of graphene. In
addition, functionalization with heteroatoms such as boron,[7]

nitrogen,[8] and sulfur[9] directly onto the sp2 carbon atoms of
graphene has also improved the versatility of graphene.
Chemical functionalization has enabled the extensive usage
of graphene in various applications ranging from supercapa-
citors,[10] photovoltaic devices,[11] and energy production[9a] to
sensing devices.[12] Hydrogenation is a direct strategy to
engineer the band gap of graphene in a controllable and
reversible manner.[13] Hydrogenated graphene (graphane)
demonstrates a myriad of interesting properties, such as
fluorescence and ferromagnetism,[14] and would naturally find
its applications in two-dimensional electronics and as a hydro-
gen storage material.[13a]

Graphene hydrogenation produces predominantly
C(sp3)¢H bonds, which renders it chemically inert and limits
its usefulness in more complex applications. Chemical func-
tionalization could hence introduce active functional groups
onto hydrogenated graphene through C¢C bond formation,
as demonstrated by the grafting of a diazonium salt in a free
radical reaction.[15] It should be mentioned that experimen-
tally obtained hydrogenated graphene exhibits various
regions of different conformational isomers (i.e., chair, boat,
twist-boat, and twist-boat-chair)[16] as well as islands of sp2

bonded carbon atoms. Such a chemical structure suggests the
widespread presence of allylic C¢H bonds, which can function
as active precursors for chemical functionalization.[15]

We herein present an allylic C¢H bond functionalization
strategy for bulk hydrogenated graphene. The functionaliza-
tion is based on a dehydrogenative cross-coupling reaction
between allylic C¢H bonds of hydrogenated graphene and the
a-C¢H bonds of ketones using Cu(OTf)2 as the catalyst and
DDQ as the oxidant (Scheme 1).[17]

Hydrogenated graphene (HG) was obtained by the
simultaneous reduction and hydrogenation of graphene
oxide according to the Birch reduction method.[18] The
dehydrogenative cross-coupling reaction occurred between
an allylic C¢H bond of hydrogenated graphene and an a-C¢H
bond of tetrahydrothiophen-3-one (THT) to provide THT-
functionalized hydrogenated graphene (S-HG). A control
experiment (HG-C) was performed with hydrogenated gra-
phene in a mixture containing only THT to examine the
possible adsorption of THT onto the surface of hydrogenated
graphene. The hydrogenated graphene materials were sub-
sequently analyzed by X-ray photoelectron spectroscopy
(XPS), Fourier transform infrared (FTIR), and scanning
electron microscopy energy dispersive X-ray spectroscopy
(SEM-EDS).

The chemical functionalization was carefully examined
with XPS, a surface-sensitive analysis technique. Figure 1A
shows survey scans of HG, S-HG, and HG-C. HG consisted
primarily of the elements oxygen and carbon. Upon function-

Scheme 1. Cross-coupling reaction between hydrogenated graphene
and tetrahydrothiophen-3-one.

[*] Dr. C. K. Chua, Prof. M. Pumera
Division of Chemistry and Biological Chemistry
School of Physical and Mathematical Science
Nanyang Technological University
21 Nanyang Link, Singapore 637371 (Singapore)
E-mail: pumera.research@gmail.com

Prof. Z. Sofer
University of Chemistry and Technology Prague
Department of Inorganic Chemistry
Technick� 5, 166 28 Prague 6 (Czech Republic)

Supporting information for this article can be found under:
http://dx.doi.org/10.1002/anie.201605457.

Angewandte
ChemieZuschriften

10909Angew. Chem. 2016, 128, 10909 –10912 Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

http://dx.doi.org/10.1002/anie.201605457
http://dx.doi.org/10.1002/ange.201605457
http://dx.doi.org/10.1002/anie.201605457


alization, sulfur was detected in S-HG at up to 8.8 at%. On
the other hand, the 0.8 at% of sulfur that were detected for
HG-C suggest the possible adsorption of THT onto HG. The
amounts of copper, chlorine, and fluorine originating from
trace Cu(OTf)2 and DDQ were below the detection limit of
XPS.

To gain more insight into the functionalization, C 1s core-
level spectra were recorded (Figure 1B). The C 1s core-level
spectra were deconvoluted into five components at binding
energies of 284.5 (C=C), 285.7 (C¢C and C¢H), 286.9 (C¢O),
288.3 (C=O), and 289.6 eV (O¢C=O).[18,19] The intense C=C
peak in HG suggested that many allylic C¢H bonds would be
present for functionalization. This was further supported by
the peak at 285.7 eV, which indicated the presence of C¢C
and C¢H bonds (see below for the FTIR analysis). Following
the functionalization to afford S-HG, the peak intensities at
285.7 and 286.9 eV increased. The increase in the former peak
suggests an increased number of C¢C and C¢H bonds as
a result of the covalently attached THT molecules. On the
other hand, the increase in the intensity of the latter peak
could be attributed to the presence of C¢S bonds, although
their binding energies usually fall within the range of 285 to
287 eV.[9b, 20] Nevertheless, the higher number of C=O bonds
found in S-HG served as a strong indicator for the successful
functionalization of HG with THT. The increased peak
intensities of these components cannot be due to the
adsorption of THT on HG as the C 1s core-level spectrum
of HG-C closely resembled that of HG. Subsequently, the
S 2p core-level spectra of S-HG and HG-C, as shown in

Figure 1C, were split into spin–orbit doublets of S 2p3/2 and
S 2p1/2 at 164.3 and 165.6 eV, respectively, which represents
sulfur bonding of the R¢S¢C type. The differences in the S 2p
peak intensities of S-HG and HG-C further served as
evidence for the extent and success of the functionalization
of HG with THT.

Scanning electron spectroscopy/energy-dispersive X-ray
spectroscopy (SEM-EDS) analysis was subsequently per-
formed to support the findings from the XPS analysis. As
EDS analysis provides a higher depth of analysis and
detection limit, the bulk properties of S-HG can be deter-
mined. Based on the SEM images (see the Supporting
Information, Figure S1), HG displayed characteristic wrin-
kled surfaces owing to the expansion of the hydrogenated
sheets. In comparison, even though S-HG and HG-C
displayed wrinkled surfaces, stacked morphologies could be
observed. This finding suggested possible sheet aggregation
induced by the chemical treatment. Initial EDS analysis on
HG indicated the presence of only carbon and oxygen species
(see Figure S2). On the other hand, sulfur was detected at
4.9 at% on S-HG (Figure 2). Traces of copper, chlorine, and
fluorine were detected at comparatively low levels (ca.
0.3 at%) owing to possible adsorption. For HG-C, the
amount of sulfur detected (0.3 at%) was relatively low
compared to that in S-HG (Figure S3). This is consistent
with the findings from XPS analysis.

The functionalization of hydrogenated graphene with
THT will inevitably modify the amount of C¢H and C=O
functional groups, and these changes can be monitored by
FTIR spectroscopy. The FTIR spectra of HG, S-HG, and HG-
C are shown in Figure 3. At first glance, the spectrum of HG
was similar to that of HG-C, and a strong absorption at about
2900 cm¢1, which corresponds to C¢H stretching, was
observed. This result indicates that THT, in the absence of
Cu(OTf)2 and DDQ, did not undergo any chemical reaction
with the C¢H groups on hydrogenated graphene. However,
the spectrum of S-HG showed a decrease in the absorbance
for C¢H stretching. This suggested a depletion of C¢H groups
in S-HG, which would otherwise give rise to an intense C¢H

Figure 1. A) Survey and B) C 1s core-level XPS spectra for HG, S-HG,
and HG-C. C) S 2p core-level spectra for S-HG and HG-C.

Figure 2. SEM-EDS analysis of S-HG. Scale bar: 1 mm.
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stretching band as seen for HG and HG-C. In fact, the C¢H
stretching observed for S-HG could also be correlated with
the presence of covalently attached THT molecules. This was
further supported by the evolution of a C=O stretching band
(at ca. 1720 cm¢1), which was only present in S-HG (Figure 3,
inset).

Despite these structural and morphological characteriza-
tions, the effect of functionalization can best be demonstrated
by changes in the physical properties of the materials,
especially in terms of the dispersion stability. As hydro-
genated graphene is expected to consist predominantly of
C¢H groups, its dispersion stability in water should be very
poor. This was indeed the case, and HG appeared to float on
the surface of water (Figure 4). As anticipated from earlier
analyses, HG-C showed similar hydrophobic characteristics to
HG. On the other hand, S-HG dispersed well in water to form
a gray dispersion. The improved dispersion stability is most
likely due to the presence of moderately polar C=O func-
tional groups in S-HG, which promote hydrogen-bonding
interactions with water molecules.

In a separate investigation that utilized cyclohexanone as
the a-C¢H bond component for functionalization, the result-
ing cyclohexanone-functionalized hydrogenated graphene
(Cy-HG) showed low dispersion stability in water. Further

XPS and FTIR analyses did not provide any indications that
chemical functionalization had been successful (see Fig-
ure S4). More importantly, these observations with Cy-HG
also indicate the low likelihood of adsorbed Cu(OTf)2 and
DDQ promoting the dispersion of hydrogenated graphene in
water.

In summary, we have demonstrated that hydrogenated
graphene can be functionalized through allylic C¢H function-
alization. The feasibility of the functionalization was sup-
ported by XPS, SEM-EDS, and FTIR analysis. Future work
could investigate the installation of possible side-group
derivatives on THT or introduce other functional groups to
tune the optical and physical properties of hydrogenated
graphene.

Experimental Section
The method for the preparation of hydrogenated graphene has
already been reported.[18] Cu(OTf)2 (27 mg) was added into acetoni-
trile (5 mL) at 0 88C. Subsequently, hydrogenated graphene (3 mg),
tetrahydrothiophen-3-one (THT; 256 mL) or cyclohexanone (310 mL),
and H2O (40.5 mL) were added in this order. 2,3-Dichloro-5,6-
dicyano-1,4-benzoquinone (DDQ; 340 mg) was then added in three
portions over 1.5 h. The reaction mixture was left to stir for 24 h at
room temperature. It was then filtered and washed over a PTFE
membrane (0.2 mm pore size) with water and methanol. The filtered
black solid was withdrawn at three separate intervals, dispersed in
a mixture of methanol/water, and subjected to ultrasonication (180 W,
2 min). The filtered black solid was dried in a vacuum oven at 40 88C
for 5 days prior to usage.

X-ray photoelectron spectroscopy was performed with a Phoi-
bos 100 spectrometer and a Mg X-ray radiation source (SPECS,
Germany). Both survey and high-resolution spectra were collected
for C 1s and S 2p. Relative sensitivity factors were used for evaluating
the atomic percentages from the XPS survey spectra. XPS samples
were prepared by coating a carbon tape with a uniform layer of the
graphene material under study. A JEOL JSM-7600F semi-in-lens FE-
SEM was used to acquire the SEM images. The graphene materials
were transferred to a carbon tape held onto a SEM holder for analysis.
EDS data were obtained using an Oxford instrument and analyzed
using the Aztec software. ATR-FTIR measurements were carried out
on a PerkinElmer Spectrum 100 system with a universal ATR
accessory.
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