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Abstract: Graphene quantum dots were covalently cross-
linked forming ensembles of a few hundred nanometers
in size by McMurry deoxygenation coupling reactions of
peripheral carbonyl functional moieties catalyzed by TiCl,
and Zn powders in refluxing THF, as evidenced by TEM,
AFM, FTIR, Raman and XPS measurements. Photolumines-
cence measurements showed that after chemical cou-
pling, the excitation and emission peaks blue-shifted
somewhat and the emission intensity increased markedly,
likely due to the removal of oxygenated species where
quinone-like species are known to be effective electron
acceptors and emission quenchers.

- /

Graphene oxide (GO) nanosheets have been attracting exten-
sive research interest due to their unique optical and electronic
properties and potential applications in diverse areas such as
optoelectronics, catalysis, energy generation and storage."’ GO
is generally prepared by chemical (oxidative) exfoliation of
bulk graphite and carries a number of oxygenated functional
groups such as carboxyl, carbonyl, hydroxyl, etc,"? which
render GO readily dispersible in water and polar organic media
and may be exploited for the anchored deposition of metal
and metal oxide nanoparticles forming functional nanocompo-
sites.”” Towards this end, it is critical to develop effective proce-
dures for the controlled, “bottom-up” assembly of graphene
derivatives into large, complicated architectures. In fact, en-
sembles of GO nanosheets have been prepared by employing
molecular or metal templates, interfacial condensation driven
by solvent evaporation at separated phases, and Langmuir-
based techniques.”’ For instance, DNA molecules have been
used for the controlled assembly of GO, and 3D GO networks
have been formed on the metal surfaces (Zn, Fe, Cu, etc.) by
a substrate-assisted reduction and assembly method.**? GO
thin films have also been prepared at the dimethyl formamide/
air interface, while a honeycomb film is formed on a glass slide
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by the self-assembly of dimethyldioctadecylammonium bro-
mide-modified GO.*®* Large transparent conducting films
have also been produced by Langmuir-Blodgett assembly of
small graphene sheets in a layer-by-layer manner.®? In these
earlier studies, GO nanosheets were assembled into different
architectures mostly through noncovalent interactions such as
electrostatic or van der Waals interactions. One immediate
question arises. Is it possible to covalently crosslink GO nano-
sheets such that mechanically robust ensembles may be pro-
duced? This is the primary motivation of the present study,
where controlled assembly of graphene quantum dots (GQDs)
is achieved by exploiting the unique chemical reactivity of the
GQD peripheral oxygenated species.”! Specifically, GQDs are
covalently crosslinked by C=C bonds formed by McMurry de-
oxygenation coupling of the GQD peripheral carbonyl
groups.”

In the McMurry reaction, aldehydes and ketones are reduced
by low-valence titanium compounds in THF or 1,4-dioxane to
afford pinacols and/or olefins in high yields; and refluxing at
elevated temperatures leads to effective deoxygenation of the
reactant molecules to produce olefins (up to 98% yield).” For
instance, two 2-methyl-2,3-dihydro-1H-cyclopentala]lnaphtha-
len-1-one molecules have been coupled to produce the corre-
sponding alkene by thermal refluxing in THF in the presence
of TiCl, and Zn powders.®

Notably, GQDs prepared by acid exfoliation of graphite pre-
cursors are rich of oxygen-containing functional groups at the
surfaces and edges,'? where the carbonyl groups may be ex-
ploited as the active sites for McMurry coupling between
GQDs. Herein, 3D networks of GQDs were obtained via cova-
lent coupling by thermal refluxing in THF with TiCl, and Zn
powders as the catalysts (Scheme 1). The structures of the re-
sulting GQD ensembles were carefully examined by various mi-
croscopic and spectroscopic measurements.

Experimentally, GQDs were prepared by acid exfoliation of
the nanometer-sized sp? domains in pitch carbon fibers (see
the Supporting Information for details).'? The obtained GQDs
were decorated with various oxygenated species, such as
epoxy and carbonyl groups, and are readily dispersible in
water and polar organic media (Figure S1).! Figure 1A depicts
a representative TEM image of the as-prepared GQDs, where
individual GQDs can be easily recognized, consistent with the
good dispersity of the GQDs in water. Statistical analysis based
on more than 100 GQDs showed that the GQDs exhibited
a narrow size distribution, with the majority of the GQDs
within the size range of 3.0 to 5.0 nm and an average diameter
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Coupling of GQDs

Scheme 1. Schematic of (A) covalent crosslinking of GQDs by (B) McMurry
deoxygenation coupling reaction.

Figure 1. (A) TEM images of GQDs as synthesized from carbon fibers. Inset:
size distribution of GQDs. (B) HRTEM of GQDs. TEM images of (C) GQDs-CL
and (D) GQDs-CH.

of 43+1.2 nm, as depicted in the inset. Figure 1B shows the
corresponding high-resolution TEM image where well-defined
lattice fringes can be seen with a lattice spacing of 0.21 nm, in
good agreement with the interplanar distance of carbon
(1100).1”

Remarkably, after McMurry deoxygenation coupling cata-
lyzed by TiCl, and zinc in refluxing THF® significant crosslink-
ing of GQDs occurred. Two samples were prepared, GQDs-CH
and GQDs-CL, where the amount of TiCl, and zinc added was
twice as much in the former as in the latter (see the Support-
ing Information for details). Both samples remained dispersible
in water, but barely in THF. From Figure 1C, one can see that
the GQDs-CL sample exhibited the formation of ensembles up
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to 300 nm across, and even larger agglomerates can be found
with the GQDs-CH sample (ca. 600 nm in size, Figure 1D).
These observations suggest effective covalent crosslinking of
GQDs by the McMurry deoxygenation coupling reaction (Sche-
me 1A)." In this reaction, Ti" was reduced by metallic Zn to
produce low-valence titanium (Ti" or Ti") which served as cata-
lysts to facilitate the deoxygenation of the GQD carbonyl
groups and subsequent covalent coupling between the GQDs
(Scheme 1B).

AFM and dynamic light scattering (DLS) measurements fur-
ther confirmed the coupling of GQDs by McMurry deoxygena-
tion. Figure 2 depicts the representative AFM topographs of
the (A,) as-prepared GQDs, (B;,) GQDs-CL, and (C;) GQDs-CH,
where individual GQDs and crosslinked ensembles can be
readily resolved. Again, this is consistent with the good disper-
sity of the samples in water. The corresponding line scan pro-
files were included in panels (A,), (B,), and (C,). One can see
that the thickness of the samples increased markedly in the
order of as-prepared GQDs < GQDs-CL < GQDs-CH. In fact, from
the height histogram (Figure 2A;), the height of the as-pre-
pared GQDs was mostly in the range of 0.6 to 1.2 nm, with an
average of 1.04+0.4 nm, corresponding to 1 to 4 graphene
layers."” In contrast, the heights of both GQDs-CL and GQDs-
CH were markedly greater at 5.0+2.8 nm (Figure 2B;) and
17.2+£10.5 nm (Figure 2G,), respectively. That is, with the addi-
tion of an increasing amount of coupling reagents, the size of
the GQD ensembles increased accordingly, consistent with the
TEM results in Figure 1. A similar variation was observed in DLS
measurements, where the average hydrodynamic radius (R,) in
water of the as-prepared GQDs was estimated to be 20.7 nm,
which increased drastically to 57.8 nm for GQDs-CL and
237.2 nm for GQDs-CH.

The chemical structures of the GQDs before and after
McMurry coupling were further examined by FTIR measure-
ments. From Figure S2, one can see that the as-prepared GQDs
(black curve) exhibited multiple characteristic peaks at
3428 cm ™' (O—H stretch), 1738 cm™' (C=0 stretch), 1620 cm™'
(aromatic C=C stretch), 1405 cm™' (symmetrical stretch of O-H
in COOH), and 1197 and 1046 cm™' (C-O-C vibrations)."" This
strongly indicates the formation of oxygen-containing func-
tional groups such as hydroxyl, carbonyl, carboxyl and epoxy
groups in GQDs."'¥ After deoxygenation coupling, whereas
these vibrational bands remained visible, the intensity of the
oxygenated moieties decreased significantly with respect to
that of the C=C vibration. For instance, the relative intensity of
the C=0 vibrational band at 1738 cm™' to that of aromatic C=
C vibration at 1620 cm™' was reduced by 40% for GQDs-CL
and 74 % for GQDs-CH, as compared to that of the as-prepared
GQDs. This is consistent with the effective removal of the C=0
groups in McMurry deoxygenation coupling which was facili-
tated by increasing loading of the coupling catalysts.

More quantitative analysis was carried out with XPS meas-
urements. From the survey spectra in Figure S3, one can see
that the as-prepared GQDs, GQDs-CL and GQDs-CH samples all
exhibited only two major peaks at around 285 and 532 eV, cor-
responding to the binding energies of C 1s and O 1s electrons,
respectively. The high-resolution scans of the C 1s electrons

© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Representative AFM topographs, line scans and height distributions of (A,-A;) GQDs, (B,-B;) GQDs-CL, and (C,-C;) GQDs-CH.

are depicted in Figure 3. From Figure 3A, it can be seen that
the C 1s spectrum of the as-prepared GQDs can be deconvo-
luted into three subpeaks at 284.5 eV, 285.5 eV, and 287.7 eV,
which may be assigned to sp>-hybridized carbon (C=C), sp>-hy-
bridized C (C—0) and carbon in C=0, respectively."? This indi-
cates that the GQDs were indeed functionalized with
a number of oxygenated species, as suggested by FTIR meas-
urements (Figure S2). For the GQDs-CL (Figure 3B) and GQDs-
CH (Figure 3C) samples, deconvolution of the C 1s spectra also
yielded three subpeaks at similar binding energies. However,
the concentration of the oxidized carbon (C=0) varied marked-
ly from GQDs to GQDs-CL and GQDs-CH, based on the inte-
grated peak areas. For instance, C=0 accounted for 15.3% of
the carbon atoms in the as-prepared GQDs, but only 9.8% in
GQDs-CL and 6.2% in GQDs-CH; and concurrently, the fraction
of sp? C increased from 61.3% in GQDs to 64.3% in GQDs-CL
and 71.9% in GQDs-CH (whereas the contents of sp? carbons
remained almost invariant at 23.5% for GQDs, 25.8% for
GQDs-CL, and 21.8% for GQDs-CH). Moreover, the C:O mole
ratio increased from 6.5 for as-prepared GQDs to 10.2 for
GQDs-CL and 16.1 for GQDs-CH. These results are highly con-
sistent with McMurry deoxygenation of the carbonyl moieties
and the subsequent formation of C=C covalent linkages that
crosslinked GQDs.®
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Consistent results were obtained in Raman measurements.
As shown in Figure S4, the three GQDs samples all exhibited
a D band at 1351 cm ™' and a G band at 1578 cm~',["@'2"3 and
the ratio of the two band intensities (Iy/l;) was found to de-
crease from 1.44 for GQDs to 1.26 for GQDs-CL and 0.94 for
GQDs-CH, due to the removal of the oxidized carbons (defects)
from the GQD molecular skeletons.

Interestingly, the photoluminescence properties of the GQDs
also varied after chemical coupling. For instance, as depicted
in Figure 4, whereas both the as-produced GQDs and GQDs-CL
exhibited a major excitation peak (4.,) at 368 nm and a corre-
sponding emission peak (4.,) at 550 nm, ., and 1., blue-shift-
ed to 360 and 518 nm, respectively, for GQDs-CH. In addition,
the photoluminescence intensity (normalized to respective ab-
sorbance at the excitation wavelength, Figure S5) was marked-
ly enhanced with GQDs-CH as compared to those of as-pro-
duced GQDs and GQDs-CL. This, again, is consistent with the
removal of oxygenated species on the GQD surface where qui-
none-like species are known to be effective electron acceptors
and emission quenchers." A similar blue-shift of the peak po-
sition of photoluminescence emission and enhanced emission
intensity has also been observed with GQDs reduced by
sodium borohydride, which is ascribed to the removal of car-
bonyl and epoxy groups from the GQD surface."'*™
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Figure 3. High-resolution XPS scans of the C 1s electrons in (A) as-prepared
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Figure 4. Excitation and emission of spectra of as-produced GQDs, GQDs-CL,
and GQDs-CH in water. The photoluminescence intensity has been normal-
ized to the respective absorbance (Figure S5) at the excitation position.

In summary, a facile method was developed to covalently
crosslink small GQDs of less than 10 nm into large superstruc-
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tures of hundreds of nanometers in size by taking advantage
of the McMurry deoxygenation reaction for the conversion of
ketones or aldehydes to olefins. Specifically, GQDs prepared by
acid exfoliation of carbon fibers were readily dispersed both in
water and THF, and the peripheral carbonyl moieties provide
the active sites for GQD covalent crosslinking catalyzed by
TiCl, and Zn, as manifested in various microscopic and spectro-
scopic measurements. The results may be exploited as a gener-
ic, effective strategy for controllable assembly of graphene
oxide and derivatives into more complicated functional archi-
tectures.
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