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Abstract
The benzyne functionalization of chemical vapor deposition grown large area graphene and
graphite was performed using a mixture of o-trimethylsilylphenyl triflate and cesium fluoride that
react with the carbon surface. The reaction requires at least 2 days of treatment before the
appearance of Raman and energy-dispersive X-ray spectral signatures that verify modification.
Raman spectra of modified graphene and graphite show a rich structure of lines corresponding to
C=C-C, C-H, and low frequency modes of surface-attached benzyne rings.

1.Introduction
Graphene is a two-dimensional atomic-thin layer of carbon, in which the carbon atoms have
sp2 hybridization and form a hexagonal lattice in perfect crystalline order having two carbon
atoms per unit cell. Starting from the first publications [1-4], this remarkable material is in
the focus of scientific interest because of unique properties and promising potential
applications. Many applications of graphene became possible after chemical modification of
this material [5-16]. The most common methods for graphene functionalization utilize
graphene oxide (GO) [17]. GO can be produced from graphite by using a strong acids and
oxidation agents. This material, compared to graphene, has a rather good solubility in water
and contains hydroxyl, carboxyl and epoxy groups available for chemical modifications. At
the same time, GO usually has a high level of disorder, is poorly conductive, and has
difficulties with reduction to an original graphene state [18]. To overcome these limitations,
graphene films having well defined and controllable surface and interface properties, will be
important for both fundamental investigations and for practical applications of this material.
The chemical stabilization and modification of electronic properties of large-scale graphene
structures are critical points for graphene-based electron device fabrication.

Benzyne cycloaddition is one of many variants of graphene functionalization. It could be,
for example, an efficient method for the modification of graphene towards composite
materials with improved mechanical properties. There are the reports about previous
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successful incorporation of aromatic rings on surfaces of fullerenes and carbon nanotubes
[19-21]. The only existing publication on the previous attempt of benzyne-based graphene
modification [22] was focused on GO-based technique.

Our work details the investigation of benzyne [2+2] or [2+4] cycloaddition modification of
epitaxial graphene and bulk graphite. The conditions of the reaction were simple and mild.
The success of the reaction was confirmed by Raman spectroscopy and energy-dispersive X-
ray (EDX) spectroscopy.

2. Chemical vapor deposition grown graphene
Our chemical vapor deposition (CVD) growth procedure was similar to the technique
described in Refs. 23-25. As a catalytic substrate, we used 25 μm-thick Cu foil (Alfa Aesar
#10950). Before growth, substrates were cleaned in acetic or nitric acid, and then rinsed in
deionized water. After that, the substrates were loaded into a 1.5 in. quartz tube furnace
(Thermo Blue Ray). Cu foils were heated to approximately 1050 0C under atmospheric
pressure in the flow of Ar (1000 cubic centimeters per minute (SCCM)), and then were
annealed for 30 min in Ar:H2 flow (Ar:H2=1000:500 SCCM). After annealing, graphene
was grown at the same temperature and pressure in the flow of CH4:H2:Ar=100:500:1000
SCCM (growth time 15 min), then the foils were rapidly cooled to room temperature in
about 1500 SCCM Ar flow.

For testing purposes, we used chemically treated and untreated graphene-coated Cu foils,
highly ordered pyrolythic graphite (HOPG) of SPI-I type (Structure Probe Inc.), and
transferred graphene from Cu to Si/SiO2 substrates. For the latter samples, we used a
procedure similar to that of Refs. 23,26. For transfer to Si/SiO2 substrates, polymethyl
methacrylate (PMMA) was spun-cast on the foils and then baked at 170 0C. Foils then were
immersed in water solution of iron (III) chloride until Cu was completely etched out. Then
we transferred the PMMA films with attached graphene on Si substrates having 300 nm
CVD-grown SiO2 on top. Samples were then dried and the PMMA was dissolved in
acetone. The graphene transferred to Si/SiO2 was rinsed in acetone, isopropanol, and in
deionized water.

The transfer of graphene to Si/SiO2 substrate allows us to perform optical and atomic force
microscopy testing of CVD-grown graphene. Figure 1(a) shows the typical optical image of
CVD-grown graphene transferred to Si/SiO2 substrate. The image clearly shows the regions
with a lower thickness, and the darker/greener “islands” where the growth of the next
graphene layers has been started. In this respect, our results are consistent with those
reported in the Ref.18 where it was reported that atmospheric-pressure CVD growth of
graphene on Cu may lead to the formation of turbostratic graphene overlayers.

We used the transferred graphene for determination of the thickness of our material. Figure
1(b) shows the results of atomic force microscopy (AFM) measurements of one of the flake
edges of the Si/SiO2 transferred graphene. The surface of the CVD-grown SiO2 layer on Si
is not uniform and has approximately 1 nm roughness that complicates thickness
measurements. Despite this, we were able to measure the vertical profile of our samples near
the flake edges. Our result (see Fig.1(c)) shows that the thickness of the major part of our
CVD-grown graphene samples was about 2 nm corresponding to 2-3 monolayers.

3. Chemical reaction
3.1. The functionalization reaction: synthesis of benzyne-graphene and benzyne-graphite

Using standard procedures for the generation of benzyne species in reaction of carbon with
o-trimethylsilylphenyl triflate (TMST) and cesium fluoride (CsF) [19-21], we mixed 0.131
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mM of TMST and 0.393 mM of CsF in 1 ml of dry acetonitrile in Ar atmosphere. Then, the
CVD-grown graphene sheets of about 1×1 cm2 on Cu substrates were added to the reaction
mixture, and left for 1, 2, 4, 6, and 8 days. After these periods of time, the sheets were
removed and washed thoroughly by deionized water, ethanol, acetonitrile and acetone, and
then dried in gentle flow of Ar. The same procedure was performed on a 1×1 cm2 piece of
highly oriented pyrolytic graphite (HOPG), which was left in the solution for 8 days. The
possible structures of benzyne-graphene are shown in Fig.2. It is known from the literature
[19-22, 27-29], that benzyne reactions with different forms of carbon (for example with
fullerenes, carbon nanotubes, and graphene flakes obtained from graphene oxide) produce
[2+2] or [2+4] cycloadditions. In fact, in our work we use the experiment of the work [22],
using CVD-grown graphene instead of GO-made graphene.

3.2. Selection of substrate for graphene samples
To investigate the properties of the fuctionalization reaction of CVD-graphene , we chose to
explore graphene samples on Cu substrates in order to avoid transfer issues and improve
accuracy in our subsequent testing. The additional operations required for graphene transfer
to conventional Si/SiO2 substrates, combined with the use of more chemical agents and the
risk of a longer exposition of graphene to ambient air (instead of pure Ar atmosphere),
increases the risk of sample contamination. Working with as-grown graphene on Cu
completely eliminates these issues.

4. Characterization techniques: Raman microscopy and energy-dispersive
X-ray spectroscopy

We used Raman spectroscopy and Energy-Dispersive X-ray micro analysis (EDX)
fluorescence spectroscopy for characterization of CVD-grown graphene and to characterize
modifications introduced to graphene after chemical treatment.. In Raman measurements,
we used the Horiba Jobin-Yvon Aramis grating micro-Raman spectrometer with a cooled
CCD detector. For excitation, we used the second harmonic of Nd:YAG diode pumped laser
(emission wavelength 532 nm, radiation power ~5 mW). Spatial resolution of Raman
measurements in our experiments was about 2 μm.

We used EDX technique for monitoring of residual impurities, and for the verification of
chemical modification of our graphene samples before and after chemical treatment. For this
purpose we used the FEI Nova NanoSEM scanning electron microscope equipped with
Genesis X-ray microanalysis system (EDAX/Ametek) with 10 keV electron beam energy.

5. Results of functionalization
5.1. Optical images of graphene before and after the treatment

The optical images of the graphene sample before and after chemical modification using
TMST with CsF are shown in Figure 3. After modification, the major part of sample
appeared very similar to that before reactions, except at some points one can see the
appearance of dark agglomerates of deposited material. In our Raman analyses, we selected
the uniform areas away of these dark regions. The area from which the Raman spectra of the
Figure 4 were taken, is indicated in Fig.2 by the yellow dashed circle.

5.2. Raman spectra of benzyne-graphene
The Raman spectra for the selected area on graphene before and after treatment are shown in
the Fig.4(a) after numerical removal of the background Raman spectrum of Cu substrate
(see supporting information for details). The example of a raw as-measured spectrum of
chemically-treated graphene with Cu background is shown in the Fig.4(c). The Raman
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spectra of untreated graphene (see the bottom curve in Fig. 4(a) ) show the typical set of
lines: the G-line at 1582 cm−1, the 2D line at about 2680 cm−1, and 2D’ line at 3239
cm−1[30]. The 2D/G intensity ratio is about 1.3. It is worth noting that the position and the
symmetric single-Lorentzian shape of 2D line (Fig.4(b)) as expected for monolayer
graphene. At the same time, our AFM measurements show that the real thickness of
graphene is ~2-3 monolayers (see supporting information for details). This result confirms
the observations reported in the Ref.23, and indicates that we are most likely dealing with
few-layer turbostratic graphene.

After chemical treatment of our sample, and after following cleaning of sample, the Raman
spectra demonstrated significant modifications. The new lines occur at different frequency
regions: the line at 1595 cm−1 (see the upper curve in Fig. 4(a)), the doublet at 3060 cm−1,
the lines at 1492 cm−1, 1300 cm−1, 1230 cm−1, 1155cm−1, 1046cm−1, 996 cm−1, 673 cm−1,
386 cm−1, and at 187 cm−1 , and the graphene D line at 1340 cm−1[30]. It is important to
mention, that our results are different from the results reported in Ref.22, where the only
change actually observed in Raman spectra was just the increase of intensity in the defects-
related D-line. In our case the Raman spectra shows the direct signatures of benzyne
attached to graphene. In particular, the new narrow line at 1595 cm−1 (see Fig.4(d))
corresponds to the vibration of carbon atoms in the attached benzyne ring [31]. The line at
1492cm−1 (Fig.4(a)) also corresponds to attached benzyne, and represent a C=C-C aromatic
ring stretching mode [31]. The mode at 1300 cm−1 corresponds to C-C vibrations (Fig.4(a)).
The large number of the new lines in the Raman spectrum of benzyne-modified graphene
represents the C-H modes. The doublet at 3060 cm−1 (Fig.1(e)) corresponds to the stretch C-
H vibrations [31]. The lines at 1230, 1155, 1046, 996, and 673 cm−1 correspond to C-H in-
plane and out-of-plane bending modes [31] (shown in Fig.4(a)). Finally, the very interesting
region of low frequencies in benzyne-functionalized graphene, with the new lines at 190 and
378 cm−1 (see the upper curve of Fig.4(a)), should represent the vibrations of the whole
(rather heavy) attached complex (including benzyne ring with additional hydrogen bonds)
about its equilibrium position at the graphene surface. The lines at 190 and 378 cm−1 appear
to be the first and second harmonics of the same mode. It is worth noting that the lines at
190 cm−1 and 378 cm−1 have significantly larger linewidths compared to the higher
frequency “neighbor” at 673 cm−1.

5.3. EDX spectra of benzyne-graphene
Using EDX microanalysis, we monitored the changes of stoichiometry of our samples
introduced during chemical treatment of graphene. We were not able to separate signals
from regions with different graphene thicknesses, but had sufficient sensitivity to observe
major changes in our samples due to chemical treatment and to assess the purity of
chemically modified graphene.

The energy-dispersive X-ray spectroscopy (EDX) spectra collected from the same lateral
size (~3000 μm2) area of graphene on Cu substrate before and after the chemical treatment
(in TMST and CsF), taken with the electron beam energy of 10 keV, are shown in the Figure
5. Fig. 5(a) shows the EDX spectrum of a graphene sample before chemical treatment. This
is the the same sample which was investigated by Raman spectroscopy, and discussed in the
Fig. 4. The EDX spectrum of our CVD-grown graphene sample before treatment (Fig. 5(a))
is practically identical to typical EDX spectra of (fully prepared for graphene growth)
cleaned and annealed Cu substrates. The Cu substrates demonstrated similar EDX spectra
with dominant Cu L peak, and small “tail” in the region between 0.9 and 0.2 keV,
corresponding to remaining impurities in Cu, including oxygen (O K-line at 0.515 keV [32])
and carbon (C K-line at 0.246 keV, [32]). The CVD-deposited graphene layer itself is barely
detectable by EDX. At the same time, the EDX spectra of the same graphene sample after
chemical treatment (Fig. 5(b)) are distinctively different: the EDX signal corresponding to
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carbon K-line increased significantly. Therefore, EDX spectra (Figure 5(b)) confirm the
successful result of chemical treatment via the increase of carbon contents in our samples.

EDX spectra also confirm the purity of our chemical treatment. We did not observe any
visible changes in EDX signal from our samples after treatment at any emission energies
other than the carbon K-line. Careful monitoring of EDX signal at the positions of oxygen
(O K-line at 0.515 keV), nitrogen (N K-line at 0.384 keV,[32] may potentially occur from
acetonitrile solvent during treatment), fluorine (F K-lin e [32] at about 0.68 keV) and Cs
( Cs L-line at 4.29 keV,[32] M-line at 0.565 keV,[32] may occur from CsF component of
reaction), Si and S (Si K-line at 1.739 keV, S L-line near 0.16 keV and K-line near 0.23
keV ,[32] both may occur from TMST) does not show any increase of signal indicating that
we do not see any detectable contamination of our treated graphene samples by compounds
containing these elements at the level of sensitivity of EDX spectroscopy. This confirms the
efficiency of our post-reaction cleaning procedure and supports the reliability of Raman
results and its relation to functionalization, but not on a contamination, of our samples.

Figure 6 shows the details of the EDX spectra of as-grown graphene sample (Fig.6(a)), and
the spectra of the part of the same sample after 8 days of reaction with the TMST and CsF
(Fig.6(b)). As one can see, the functionalization reaction goes efficiently, and leads to the
additional increase of the number of carbon atoms at the surface. This can be seen by
comparing the intensity of C K-line in as-grown graphene (inset of the Fig.6(a) with the
same after the first (inset of the Fig.6(b)).

5.4. Reaction details: difference in interaction with oxidized and annealed non-oxidized Cu
substrates

To further support our conclusions, we tested if the attachment of benzyne to the sample
surface may happen to the surfaces not coated by carbon. We performed the reaction of
TMST with CsF at the surface of uncoated Cu substrates including both fully oxidized Cu
and Cu that had undergone typical pre-CVD growth annealing treatment. In the case of
untreated/ insufficiently cleaned Cu substrates, we have seen addition of benzyne to
oxidized, CuO-covered areas of substrates. At the same time, when our samples were
properly etched (in nitric acid or in acetic acid) and annealed in the same way we used for
growth of graphene (Cu foils were heated to approximately 1050 0C under atmospheric
pressure in the flow of Ar (1000 cubic centimeters per minute (SCCM)), and then were
annealed for 30 min in Ar:H2 flow (Ar:H2=1000:500 SCCM)), we did not observe products
of reaction at the clean non-oxydized surfaces (See.Fig. 7). This test indicates that the
observed changes in graphene samples were due to attachment of benzyne to graphene, and
not to the Cu substrate.

5.5. Duration of treatment
The attachment of benzyne to graphite or graphene surface in the mixture of TMST with
CsF requires long reaction times. The Raman spectra of benzyne-graphene, obtained after
different durations of treatment (Figure 8), show that the visible functionalization of
graphene occured after 2 days of reaction. After a shorter time (24 hours) of reaction we did
not observe any changes in Raman spectra of treated graphene. Larger amounts of attached
benzyne required about a week-long treatments. This result, as well as the clear observation
of signatures of the presence of attached benzyne, is different from to the results about
reported in the Ref.22 benzyne functionalization of graphene after just 24 hours of treatment
(with result samples having no C-H, C-C, and C=C-C lines in Raman spectra [31, 33-36]).
In our case the intensity of defects-related D-line did not raise dramatically after chemical
treatment (see Fig.4(a) and Fig.8). The possible reason of this rather unusual behavior of D-
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line is that the attachment of benzyne “heals” the defects, and “patches” the
functionalization-broken bonds of graphene.

Another important result of benzyne attachment to graphene is the appearance of broad
fluorescence background in Raman spectra (see Fig.4(a) and Fig.8). We must emphasize that
this result, as well as all other changes in Raman spectra discussed above, is not due to
contamination of samples by byproducts or other components of reaction. We reproduced
the same result after aggressive sequential cleaning of benzyne-graphene in deionized water,
ethanol, acetone, and acetonitrile, rinsing benzyne-graphene samples twice for 2 minutes in
each solvent, and repeating the whole procedure 3 times. In our experiments, the longer
duration of treatment led to increase of intensities of benzyne-related Raman lines, and to
the increase of fluorescent signal from benzyne-graphene

Figure 8 also illustrates the technique of numerical removal of Cu substrate background,
showing the spectra of Cu substrate and the raw spectra of as-grown graphene and modified
graphene (benzyne-graphene) on Cu. The appearance of fluorescence signal in Raman
spectra of benzyne-graphene may indicate functionalization induced changes of graphene
band structure [37], and/or participation of aromatic ring-localized electron states in the
processes of radiative electron recombination.

5.6. Benzyne-functionalized graphite
The robustness of the reaction of TMST with CsF at the carbon surface has been also tested
at the surface of bulk highly oriented pyrolytic graphite (HOPG), using similar temperature,
concentrations, and duration of reaction. As a result, we successfully fabricated benzyne-
graphite. Figure 9 shows an optical image of the surface of HOPG after 8 days of treatment
in the mixture of TMST and CsF. In order to rule out any possible role of layer edges or
defects, we measured Raman spectra of benzyne-graphite selecting the most uniform and
smooth areas of the sample surface away of cracks, defects, or irregularities on the surface.
Figure 10 demonstrates the typical Raman spectrum of benzyne-graphite. The changes of the
Raman spectrum due to functionalization are similar to what has been observed in benzyne-
graphene: after addition on benzyne, one can see the C-H bending and stretching bands,
attached aromatic ring-related C-C and C=C-C lines (correspondingly at 1300 cm−1 and
1492 cm−1) [31], the low frequency lines at 190 and 380 cm−1, and the appearance of
spectrally-broad fluorescence signal. The attached ring-related line at 1595 cm−1 is hardly
distinguishable near the strong G line of graphite.

It is worth to point that the cleaning procedure of benzyne-graphite after functionalization
reaction was similar to that described above for benzyne-graphene.

The modification of HOPG confirms that the functionalization reaction with TMST and CsF
is successful on a flat carbon surface. It rules out the possible explanations of observed
modification as results of involvement of substrate (for example, Cu) or defects of carbon
layer.

6. Summary
We have performed the benzyne functionalization of epitaxial graphene and graphite. The
functionalization of CVD-grown graphene and HOPG utilized the reaction of these materials
with TMST and CsF under the mild conditions, reasonably low (below 100 0C) temperature
and atmospheric pressure. The Raman spectra of the products of this reaction (benzyne-
graphene and benzyne-graphite) show the direct signatures of attached benzyne: the ring line
at 1595 cm−1,the lines at 1492 cm−1 (C=C-C vibrations) and 1300 cm−1 (C-C vibration), the
C-H stretching and bending lines at different frequencies, the lines at 190 cm−1 and 380
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cm−1, and the appearance of fluorescence from benzyne-graphene and benzyne-graphite.
The success of graphene functionalization was confirmed by EDX spectroscopy. The
demonstrated functionalization scheme may be important for creation of graphene-utilizing
composite materials, and for graphene-based optoelectronic devices for the visible part of
electromagnetic spectrum.
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Figure 1.
Optical and AFM images of CVD-grown graphene used in our work. (a) Optical image of an
edge of graphene layer transferred to Si/ 300 nm SiO2 substrate. The purple color
corresponds to uncovered substrate, the light green-blue color corresponds to the thinner,
major part of graphene, and the darker green “islands” show the areas where the next layer
of graphene started to grow. (b) AFM image of one of edges of CVD-grown graphene
transferred to Si/SiO2. Bright yellow line shows the direction of profile “cut” show in (c). (c)
The AFM thickness profile of the edge of graphene shown in (b). Despite of the ocsillations
caused the inherent roughness of the CVD-grown SiO2 layer, we see the thickness of
graphene of about 2 nm.
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Figure 2.
The possible structures of benzyne-graphene for (Left) [2+4] cycloaddition and (Right)
[2+2] cycloaddition.. The gray color represents carbon atoms, the white color corresponds to
H.
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Figure 3.
Optical images of the selected area of CVD-grown graphene on Cu substrate (a) before and
(b) after 8 days of chemical treatment with TMST and CsF. The yellow dashed line
encircled area shows the place from which we collected the Raman spectra shown in the
Figure 4.
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Figure 4.
(Color online) Raman spectra of graphene and benzyne-graphene. (a) The spectra of a CVD-
grown graphene sample taken from the same point before and after the 8 days-long
functionalization treatment (the reaction of graphene with o-trimethylsilylphenyl triflate and
CsF), with numerically extracted background from Cu substrate. For the discussion of new
lines appearing in the spectrum after treatment see the text. (b): The shape of 2D line in our
graphene sample before treatment: single Lorentzian at 2680 cm−1. (c):The raw spectrum of
8 days-treated graphene layer on Cu. (d):The part of the Raman spectrum of treated sample
showing the result of benzyne attachment in the G-band region (encircled by the maroon
dashed frame in (a)). The G-line of graphene (red dashed line, peak at ~1582 cm−1) overlaps
with the C=C-C vibration of the attached benzyne ring (olive dotted line, peak at ~1595
cm−1). (e): The C-H stretching doublet near 3060 cm−1 appeared in the spectrum of treated
sample (encircled by olive dashed frame in (a)). Excitation wavelength λexc=532 nm.
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Figure 5.
EDX spectrum (X-ray intensity in kilocounts (KCnt) vs. photon energy) taken from ~3000
μm2 area of the sample discussed in Figure S1, and in the Figure 1 of the main text, (a)-
before, and (b)-after 8 days of chemical treatment in TMST and CsF. In EDX spectra the
result of graphene functionalization is the increase of signal from carbon atoms (C K line),
with no visible changes at any other photon energies. As soon as (a) and (b) shown in this
fugure were not obtained in one experiment, one should look on the changes of the ratio of
line intensities, ICK/ICuL.

Magedov et al. Page 13

Carbon N Y. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
(a):The low energy part of EDX spectrum (X-ray intensity in counts or kilocounts (Cnt,
KCnt) vs. photon energy) of the as-grown CVD graphene layer on Cu substrate around C K
and Cu L X-ray emission lines [32], the inset represents the details of this spectrum near C
K-line. Here the peak intensity of C K-line ICK~80 counts, the ratio of peak intensities of C
K and Cu L lines ICK/ICuL~0.014. (b)-the EDX spectrum of the part of the same sample after
8 days of reaction in the mixture of o-trimethylsilylphenyl triflate with cesium fluoride;
ICK~140 counts, ICK/ICuL~0.028. Both parts of the sample (the as-grown part, and the part
after the reaction) were placed to the sample holder and measured in one experiment under
the same electron beam focusing conditions; the same size/shape area of 4000 μm2 has been
used for signal collection.
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Figure 7.
(Color online). The Raman spectrum from non-oxidized area of a clean etched and annealed
surface of Cu substrate before (bottom, black curve) and after (top, red curve) 8 days of
treatment in the mixture of TMST with CsF. No new lines or extra features in Raman
spectra after the treatment. Excitation wavelength λexc=532 nm.
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Figure 8.
(Color online) Raman spectra of pure cleaned annealed Cu substrate (a) and raw Raman
spectra (without numerical removal of Cu background) of the CVD-grown few-layer
graphene: (b) as-grown, (c) after 2 days of functionalization in the mixture of TMST with
CsF, (d) after 6 days of functionalization. Increase of the duration of treatment leads to the
increase of intensities of C-H and C=C-C lines, and to the increase of fluorescence signal,
what indicates on the higher concentrations of attached benzyne rings after longer treatment
durations. Excitation wavelength for Raman measurements λexc=532 nm.
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Figure 9.
Optical image of benzyne-graphite surface after 8 days of treatment in the mixture of TMST
and CsF.
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Figure 10.
(Color online) Raman spectra of graphite (HOPG) before (black, bottom curve) and after 8
days-long treatment (blue, upper curve) in TMST and CsF. In the spectrum of treated
material we see the same already discussed lines appearing as a result of reaction, and the
visible fluorescence background increasing at the Stokes side of Raman spectrum.
Excitation wavelength λexc=532 nm.
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