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An easy and versatile method for the covalent functionalization
of graphene oxide (GO) is reported. The functionalized GO is
synthesized by a polyphosphoric acid-catalyzed cyclization reac-
tion of the carboxylic groups on GO with the hydroxyl and amino
groups on o-aminophenol and o-phenylenediamine, resulting in it
being well dispersed in many organic solvents. The results may
provide a way to extend the use of GO as a functional material in
electronic devices and high performance structural materials.

Graphene and its derivatives, as ideal candidates for future
functional and structural materials, have attracted great interest
due to their outstanding mechanical, remarkable electrical, optical
and stable thermal properties.' Generally, pristine graphene with
free defects is poorly soluble in water and most organic solvents
because of its hydrophobic nature.*® To increase the solubility of
graphene, two main approaches, covalent functionalization and
non-covalent functionalization, have been developed.’® For non-
covalent functionalization, it is usually achieved through the
interaction of the delocalized m-bonds of graphene with the
n-bonds of a molecule or polymer. However, n-n non-covalent
binding is much weaker than the covalent one, and thus there is
an inefficiency of the load transfer when graphene is used as an
enhancement in structural materials. Furthermore, the electrical
structure of graphene will not change too much after non-covalent
functionalization, alternatively, it is hard to significantly tailor the
electrical properties of graphene by non-covalent functionaliza-
tion, which may limit the applications of graphene in electronics.
Compared to non-covalent functionalization, covalent functiona-
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lization is particularly attractive because the chemical and physical
properties of graphene can be tuned,” ™ for example by oxidizing
graphene (abbreviated as GO), to attach carbonyl and carboxyl,
hydroxyl, or epoxy groups to the edge and plane of graphene,"'*>
and subsequently grafting additional specific functional groups
onto GO.

GO is usually synthesized by oxidizing graphite, it is highly
soluble in water and a few organic solvents, such as N-methyl
pyrrolidone (NMP) and ethanol. Notably, the good solubility of GO
in organic solvents is extremely desirable for device fabrication
through the solution process.”>'* Nevertheless, the strong
hydrophilic groups also make GO incompatible with most organic
materials, especially as the filler for polymer nanocomposites,
because most polymers are only soluble in organic solvents. This
results in inevitable aggregation or the restacking of graphene
sheets in the nanocomposites.''® To address those problems,
several approaches have been explored to covalently functionalize
GO and enable the functionalized GO to be soluble in most
organic solvents,"” such as diazonium salts coupling with the sp”
area of GO,"® esterification reactions with the hydroxyl groups on
GO,"?° nucleophilic addition to the epoxy groups on GO,*"** and
the esterification and amidation of the carboxylic groups on
GO.”*** However, these reactions are usually carried out in organic
solvents through a complex and non-environmentally friendly
process.”” Hence, it is critical to explore alternative approaches to
covalently functionalize GO with an easy and environmentally
friendly process.

Herein, we present a novel and easy method for the covalent
functionalization of GO through a one-step reaction in aqueous
solvent. By using o-aminophenol (OAP) and o-phenylenediamine
(OPD) as functionalizing reagents and polyphosphoric acid (PPA)
as a catalyst, the carboxylic groups of GO were converted to
benzoxazole and benzimidazole at room temperature (abbreviated
as BO-GO and BI-GO, respectively). The obtained functionalized
GO shows high solubility in most organic solvents, no aggregation
or visible restacking is observed.

The one-pot, aqueous-phase synthesis of BO-GO and BI-GO is
schematically shown in Fig. 1 (also refer to the Experimental
Section for details). Briefly, BO-GO and BI-GO were achieved
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Fig. 1 Schematic representation of the synthesis of BO-GO and BI-GO.

through cyclization between the carboxylic groups on GO and the
hydroxyl and amino groups on OAP and OPD, which is similar to
the reported mechanism in conventional synthetic organic
chemistry.”® Since the reaction mechanisms of BO-GO and BI-
GO are similar, BO-GO is used as a model to study the
mechanism of benzoxazole formation. At the initial step, GO is
activated by PPA through the formation of GO-phosphoric
anhydride and has reached a state of dynamic equilibrium.
Then, the amino groups of OAP are protonated and some hydroxyl
groups are converted to phosphate ester, which are also in
dynamic equilibrium. The free hydroxyl portion reacts with the
GO-phosphoric anhydride to generate an ester. It then undergoes
rapid acyl migration, along with ring closure to form benzoxazole
on GO with the aid of acid.

Both BO-GO and BI-GO exhibit a high solubility in most
organic solvents (Fig. 2), such as acetonitrile, acetone, NMP and
N,N-dimethylformamide (DMF) for BO-GO, and NMP, DMF and
tetrahydrofuran (THF) for BI-GO.

Fig. 3 shows the FT-IR spectra of GO, BO-GO and BI-GO. The
most characteristic feature in the FT-IR spectrum of GO is the
adsorption band corresponding to the carboxyl stretching at 1730
1% In the spectrum of BO-GO, a weaker absorption band
appears at 1728 cm ™", indicating a reduced content of the carboxyl
groups after functionalization. Furthermore, another two typical
peaks at 1544 and 1359 cm ™" are also observed in BO-GO, which
can be assigned to the stretching of C=N and C-N, respectively.*®
In comparison to BO-GO, the peak at 1730 cm™ " has disappeared
in the spectrum of BI-GO, indicating the complete functionaliza-
tion of the carboxyl groups. The new peak at 1520 cm ' is
attributed to the skeletal vibration of the benzene ring.*
Moreover, the two peaks at 1574 and 1362 cm™ ' can be attributed
to the stretching of C=N and C-N, respectively.*® These results
suggest that GO has been successfully functionalized through the
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Fig. 2 Photographs of BO-GO (a) and BI-GO (b) dispersed in different organic
solvents (1 mg ml™") three days after preparation.
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Fig. 3 FT-IR spectra of GO (a), BO-GO (b) and BI-GO (c).
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Fig. 4 XPS spectra of GO (a), BO-GO (b) and BI-GO (c).
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Fig. 5 XPS N 1s spectra of BO-GO (a) and BI-GO (b). The element content data of GO, BO-GO and BI-GO (c).
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Fig. 6 XRD patterns of GO (a), BO-GO (b) and BI-GO ().

formation of benzoxazole and benzimidazole by using OAP and
OPD as the functionalizing reagents, respectively.

Detailed elemental composition analysis in BO-GO and BI-GO
was carried out by XPS spectroscopy, and the results were
compared with that for GO, as shown in Fig. 4 (a). GO has four
peaks at 284.6, 286.7, 288 and 289 eV, which represent the carbon
bonds of C-C, C-O, C=0O and O-C=0, respectively. No nitrogen
signal is observed in the XPS spectrum of GO. For the C 1s spectra
of BO-GO and BI-GO (see Fig. 4 (b) and 4 (c)), there is no
difference in the binding energy of C-C, C-O, C=O and O-C=0,
which is similar to that of GO. Notably, a new peak at 285.6 €V,
corresponding to the C-N bonds, is observed in the spectra of
both BO-GO and BI-GO.*" Additionally, distinct C 1s, N 1s and O
1s peaks can be seen in the XPS spectra of BO-GO and BI-GO. The
amount of nitrogen in BO-GO and BI-GO is about 1.4 at% and 3.4
at%, respectively (Fig. 5 (c)).

Moreover, the bonding configurations of the nitrogen atoms in
BO-GO and BI-GO were further analyzed by N 1s spectra (Fig. 5 (a)
and 5 (b)). The N 1s peak of BO-GO at 399.1 eV corresponds to the
pyridine-like N from the benzoxazole rings.*> Whereas the N 1s
peak of BI-GO could be fitted in to two sets of peaks, 398.9 eV for
the pyridine-like N and 400.1 eV for the pyrrole-like N from the

Fig. 7 Tapping-mode AFM images of GO, BO-GO and BI-GO on Si/SiO, substrates.
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benzimidazole rings.**** These results confirm that the OAP and
OPD had been successfully grafted to GO through the formation of
benzoxazole and benzimidazole rings. Meanwhile, the structures
of the as-synthesized BO-GO and BI-GO were further confirmed
by Raman spectroscopy and TGA (Fig. S1 and Fig. S21).

The XRD patterns of GO, BO-GO, and BI-GO were used to
study the changes in the interlayer spacings of these graphene
derivatives. As shown in Fig. 6, the XRD profile of GO shows a
strong 20 peak at 9.98°, which corresponds to an interlayer
distance of 8.85 A, which is comparable with the value in a
previous report.*® In contrast, BO-GO and BI-GO show a slightly
higher angle of reflection at 10.7° and 10.8°, respectively, with a
reduced interlayer distance of 8.26 A for BO-GO and 8.18 A for BI-
GO. This decreased interlayer distance can be explained by the
formation of benzoxazole and benzimidazole rings on the edges of
GO after covalent functionalization, because the introduced
aromatic molecules will weaken the electrostatic repulsion
between the GO sheets and thus induce a smaller interlayer
distance. Additionally, a peak at 25.8° corresponding to the
chemically converted graphene,*® is observed in BI-GO, indicating
the partial reduction and re-stacking of GO occurring during the
functionalization process. This phenomenon is consistent with
our XPS data mentioned above and the previous results by Ma and
coworkers,” where p-phenylenediamine was used as a reducing
reagent to reduce GO.

The morphology of BO-GO and BI-GO was studied by tapping-
mode AFM. Fig. 7 shows the AFM images and the cross-section
analyses of a single-layer GO, BO-GO and BI-GO deposited on Si/
SiO, substrates. The measured thickness of a single-layer GO sheet
was about 1.1 nm, which is comparable with values in previous
studies.*** In contrast, single-layer functionalized GO shows a
larger thickness, which is 1.6 nm for BO-GO and 1.4 nm for BI-
GO, respectively. The increased thickness is attributed to the
functional groups grafted on the GO sheets.”>*" Notably, the
surface morphology of both BO-GO and BI-GO are relatively
coarse, indicating many defects has been induced by the covalent
modification of OAP and OPD, which is also confirmed by the
Raman spectra results (Fig. S1f).

In summary, we have developed a one-pot and aqueous-phase
method for the synthesis of covalently functionalized GO with the
aid of PPA at room temperature. The resulting functionalized GO
exhibits good solubility in many organic solvents. This strategy
provides a new avenue for the covalent functionalization of GO,
with the features of one-pot and aqueous-phase synthesis,
possessing the advantage of being simple and environmentally
friendly. The details of the effects of the covalent functionalization
of GO on its electrical properties in semiconductor devices and
interfacial properties in structural materials are under investiga-
tion.
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