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A non-conventional modification of exfoliated few-layer graphene
(FLG) with different arynes under microwave (MW) irradiation and
solvent-free conditions is reported. The described approach allows
reaching fast, efficient and mild covalent functionalization of FLG.

Graphene is an allotrope of carbon with a unique set of
electronic, mechanical, and thermal properties," which make
graphene-based materials (GBMs)® potential candidates for
applications in sensing, energy storage, optoelectronic devices,
as catalyst supports, supercapacitors and composites.®
Chemical modification of GBMs is also a topic of great
interest, as it allows tuning the chemical and physical properties
of the materials," such as suspension stability, mechanical
properties, and electrical conductivity. At the same time, functiona-
lization permits the combination with other interesting moieties.
However, chemical transformations of GBMs frequently require
time consuming procedures and multiple additions of reagents.®
In addition, the lack of solubility of carbon-based materials and
their subsequent unstable suspensions hinder their manipulation.®
Nevertheless, in many cases, the use of non-conventional condition
reactions is able to save time, avoid unstable suspensions and
improve reaction efficiency.’” Among the different chemical
modifications, cycloaddition reactions are powerful tools in
carbon-based materials.>*® For instance, a Diels-Alder reaction
was reported to produce the exfoliation of graphite into functiona-
lized graphene layers under solventfree conditions in a one-step
process.” In particular, aryne cycloadditions have been reported for
CNTs," carbon nanohorns' and graphene derivatives via fluoride-
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induced decomposition of o-(trimethylsilyl)aryl triflates.'* However,
in many cases the synthesis of these aryne precursors is not easily
performed and their decomposition usually needs fluoride ions that
can interfere in the reaction and alter the functionalized carbon-
based material."® Thus, establishment of fast and scalable protocols
for GBM functionalization with accessible reagents is still needed.

Microwave-assisted (MW) chemistry is an important tool in
the field of carbon-based nanomaterials.”*” In particular, GBMs
and in general carbon-based materials are extensively used as MW
matrices because of their capacity to absorb MW with high
efficiency, rapidly generating high surface temperatures.'* In
addition, different methods for the preparation of graphene
derivatives have been recently reported by using MW irradiation."

In this work we report a new, facile, rapid and non-
conventional approach to efficiently and mildly functionalize
GBMs under MW irradiation and solvent-free conditions. We
focused on underexplored cycloaddition reactions of arynes
with exfoliated few-layer graphene (FLG).">*” In particular,
different arynes were generated by the thermal decomposition
of the corresponding arylene anhydrides at high temperatures.
Due to the good MW absorption, GBMs played two roles in the
reaction process: as a reagent and, at the same time, as a MW
absorbing matrix which allows high temperatures to be reached
in short times under solvent-free conditions.

The pristine graphene material used in this work was obtained
through exfoliation from graphite following Coleman’s protocol."®
Raman spectroscopy showed that the produced graphene con-
sisted of a few layers."” The 2D band of the pristine graphene
materials can be deconvoluted into four Lorentzian-shaped
peaks (Fig. S9, ESIt), which is a characteristic feature of few-layer
(less than five) graphene as previously reported. In addition, the
spectrum is also quite different from bulk graphite (Fig. S11, ESIT).

We initially investigated a controllable chemical functionalization
of FLG with benzyne generated by the thermal decomposition of the
commercially available phthalic anhydride (1).'® The benzyne
precursor 1 and the FLG were thoroughly mixed in a mortar,
then the homogeneous mixture was rapidly heated up under
MW irradiation and solvent-free conditions (Fig. 1).

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Functionalization of FLG with arynes by the thermal decomposition
of arylene anhydrides.

After considering different reaction parameters such as
number of equivalents, temperature, reaction time, and power
irradiation, we concluded that the irradiation power is the
key to modulate the functionalization degree. Thus, different
homogenous powder mixtures of FLG and 1 were carried out at
different cycles of MW irradiation. In each cycle, 200 watts
of MW power were applied until reaching 250 °C, in about
5 seconds (Fig. S12, ESI).

The reaction evolution on the microwave reactor was followed
by thermogravimetric analysis (TGA) and Raman spectroscopy,
clearly confirming the chemical modification of graphene with
benzyne (Fig. 2). TGA allows the estimation of the functionalization
degree (FD), defined as the number of micromole of functional
groups per gram of sample (eqn (S1), ESIT). The TGA results show
significant variations in the FD depending on the number of cycles,
while a slight increase in the I,/I; ratio using Raman was observed.
Both Ip/I; ratios and FDs are in accordance up to 5 cycles of MW
irradiation, where the corresponding functionalized graphene (f-G)
presented a FD of 122 pmol g~ " with a I/l ratio of 0.29 (Table S1,
ESIT). However, after 5 cycles, the functionalization degree observed
using TGA decreases while the defects still mildly increase, observed
using Raman. It is worth mentioning that this chemical process is
performed at high temperatures. Probably, the functional groups
are partially cleaved probably through the retro-cycloaddition of
benzyne under the reaction conditions.'®* In fact, theoretical
studies support this possibility as they have reported energy barriers
of 1.9 eV for the retro-cycloaddition reaction of the corresponding
adduct of benzyne with graphene, which can be overcome at
moderately high temperatures.'®® Accordingly, functionalized
graphene materials with more than 5 cycles showed smaller FD
with a high I,/I ratio. In addition, defects can be introduced in
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Fig. 2 Ip/lg ratio (red) and FD (blue) for f-G(7) at different cycles.
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the graphene lattice after a large number of cycles, independently of
the organic functionalization with benzyne. This last assessment is
supported by TGA profiles of functionalized graphene with arynes,
where a thermal decomposition is observed after around 200 °C (red
square in Fig. S13, ESIt). Therefore, the 5 cycle modification was
established as the standard method because it generates an
adequate FD in line with the Ip/I ratio. The morphology of the
functionalized materials was studied using transmission electron
microscopy (TEM, Fig. S15-S18, ESIt). The graphene derivative
f-G(7) (Fig. 3) keeps a similar structure and dimensions of the
pristine material after the described treatment at high tem-
peratures. Besides, it was not possible to observe organic layers
on the graphene surface from these images, thus supporting
our previous claim about the molecular functionalization.

To confirm the generation of aryne under the established
reaction conditions, the ‘“capture” of the generated benzyne
was tried by adding anthracene as a thermally stable diene into
the solid mixture, because it can yield the easily characterized
aromatic compound triptycene (15), derived from a [4+2]
cycloaddition (Fig. 4). The NMR analysis of the reaction mixture
led to 15 as the major product in approximately 33% conversion,
and 60 and 27% of recovered 1 and 13, respectively (Fig. S8,
ESIY). This result successfully proves the generation of 14 from 1
by thermal decomposition under the described conditions.

To date, aryne cycloaddition reactions with diverse carbon
nanomaterials have been reported. For example, benzyne cyclo-
addition with fullerene Cg, leads to [2+2] adducts.”® Nevertheless,
for reactions performed on carbon nanotubes,' carbon nano-
horns,"" and graphene derivatives,"> there is no experimental
evidence as yet about the exact structure of the adducts obtained.
Several theoretical studies suggest that the benzyne reaction with
carbon nanotubes presents periselectivity (i.e., either [4+2] or
[2+2]) depending on different parameters, such as the type of
carbon nanotube (i.e., number of walls, chirality, etc.) and its
diameter.'®**! In the case of graphene, theoretical studies argued
that the reaction with benzyne on a graphene fragment of 4 x 4,
6 x 6 and 8 x 8 unit cells is more energetically favorable through
[2+2] cycloaddition, but both can occur.'®”?'¢ Other theoretical
calculations suggest that cycloaddition reactions occur at edges
and defected areas.'****> However, cycloaddition reactions have
been also reported on defect-free epitaxial graphene.gb

The described graphene functionalization was extended to
structurally more complex arynes (Fig. 3) via thermal decom-
position of the corresponding anhydrides (2-6) under the standard
conditions described for phthalic anhydride. In particular, arylene
groups with heteroatoms, such as a fluorine-substituted phenylene
(f-G(8)), or aromatic moieties with a large number of fused benzene
rings (fG(9-12)) have been covalently linked to the graphene
structure. In the latter case, aromatic groups were introduced with
the same number of benzene rings but with different topologies
(f-G(10-11)). The new modified graphene derivatives were char-
acterized using Raman spectroscopy, TGA, TEM, as well as XPS
techniques, showing consistent functionalization yields in all
cases (Table S2, ESIY).

In addition, X-ray photoelectron spectroscopy (XPS) was
used to provide evidence for the formation of functionalized
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Fig. 3 Chemical representation of the arylene anhydrides 1-6 to obtain f-G (7-12), under MW irradiation and solvent-free conditions.
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Fig. 4 Trapping of benzyne (14) generated upon MW irradiation of 1
under solvent-free conditions with FLG as the MW absorbing matrix.

graphene derivatives by identifying and quantifying the functional
groups anchored to the surface. The binding energies and peak
assignments for different cores are summarized in Tables S3 and
S4 (ESIt). In particular, fluorine atoms from the aryne precursor 2
provided a diagnostic signal proving the functionalization of FLG.
The atomic percentages of C, O and F atoms for the FLG, f-G(8), a
FLG treated under optimized reaction conditions and a control
sample graphene material in the absence of any aryne precursor
(cs-G) are summarized in Table 1.

f-G(8) has 17.5% of F atoms due to the introduced tetrafluoro-
phenylene moieties. The presence of oxygen in the modified
graphene derivative is probably due to oxygenated groups,
generated during the exfoliation and the irradiation process (see
the compositions of FLG and cs-G, respectively). The deconvolution
of C1s and F1s core levels of f-G(8) (Fig. 4) showed peaks at 286.11
and 687.15 eV, respectively, corresponding to the C-F bonds.>® The
presence of fluorine and the energy of these peaks suggest the
presence of tetrafluorophenylene moieties in the graphene
structure, confirming the chemical modification.

The functionalization of graphene is expected to improve the
dispersibility of the graphene material in organic solvents, because
the introduced functional groups can preclude re-aggregation and
subsequent precipitation.’?”?* In order to explore the dispersion
stability of the functionalized few-layer graphene materials,
different solvents were tested. The f-Gs exhibited significantly
improved solubility in ethanol and DMF, after sonication for

2088 | Chem. Commun., 2018, 54, 2086-2089

Table 1 Atomic ratios of FLG, f-G(8) and cs-G determined from the XPS
survey spectra

GBM Core BE (eV) Atomic (%)
FLG Cls 284.40 98.1
Ols 531.6 1.9
£-G(8) Cls 284.31 79.7
Ols 532.76 2.8
Fi1s 687.01 17.5
cs-G* Cls 284.37 93.8
Ols 531.46 6.2

¢ FLG treated with 5 cycles of 200 W MW irradiation for 5 s each cycle in
the absence of aryne precursors.

FLG
-

£G(7) £-G(8)

Fig. 5 Suspensions of FLG, f-G(7) and f-G(8) (from left to right) in EtOH
(0.2 mg mL™Y) after 2 weeks.

5 min (Fig. S19, ESIt). The f-Gs showed an improved dispersibility
in ethanol after 15 days (Fig. 5), especially f-G(8).

In conclusion, we have developed a novel, fast, scalable and
simple entry to covalently modified graphene. This approach
shows further advantages than classical functionalization reactions,
since it allows avoiding unstable graphene suspensions at low
concentrations by the introduction of moieties of different nature.
It is worthy to note that such moieties must be thermally stable
due to the necessary high temperatures employed in the method.

This journal is © The Royal Society of Chemistry 2018
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The addition of a variety of functional groups will be considered
in a further work to study their influence in exfoliation and suspen-
sion stability. Therefore, the described solvent-free conditions pave
the way for green protocols, large-scale functionalization processes
of graphene materials and new methods to modulate electronic
properties of graphene derivatives. Besides, to the best of our
knowledge, it is the first chemical modification where GBMs
behave like unique MW absorbing matrixes and reagents at the
same time in covalent modification.
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Corel (no. 696656).
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