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We demonstrate that MWCNTs can be dispersed in common
organic solvents as single tubes using a single hexabenzocoronene
(HBC) unit at the end of a poly(methyl methacrylate) (PMMA)
chain. The concentration of the HBC-based additive needed to
disperse MWCNTSs is substantially lower than the concentration
needed for existing additives.

Carbon nanotubes (CNTs) have generated considerable interest as
components in many composite materials due to their excellent
mechanical,” 2 electrical,g’4 and thermal properties.5 To fabricate
these materials, CNTs need to be dispersed in common solvents and
that is not easy. CNTs have strong -1t intertube interactions, which
make them insoluble in common solvents. CNTs can be dispersed in
solvents without any treatment using ultrasonication but these
dispersions typically contain large aggregates, and thus make the
fabrication of CNT-based composite materials difficult.® 7 In order
to render CNTs processable, the surfaces of the nanotubes need to
be modified either covalently8 or non-covalently.9 Covalent
functionalization of the CNT’s surface through quorination,10 radical
chemistry,11 or other methods® does improve their solubility. For
example, CNT/PMMA compositeslz'16 have previously been
prepared by grafting PMMA from MWCNT," or by surface
functionalization method such as diazonium salt' or UV/0; and
acid treatment.”” ?° But the surface modification can disturb or
break the m-conjugation that is essential for the properties of CNTs.
Therefore, non-covalent functionalization of the surface through n-
stacking interactions s preferred.n'27 However, this method
generally requires a large concentration of the additives (either
polycyclic aromatic hydrocarbons (PAHs) such as pyrene or
polymers bearing several PAHs as side-chain units) to interact with
the surface because interaction between each PAH unit and the
CNT surface is weak.”® *® The use of large quantities of additives
isolates CNTs from other components in materials, thus prevents us
from exploiting the full potential of CNTs.
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We are interested in using multi-walled carbon nanotubes
(MWCNTs) for fabricating composite electronic materials. Since
metallic behaviour is prevalent in MWCNTS,BO’31 incorporating them
in electronic materials allows us to efficiently transport electronic
charges in the active layers of composites. For example,
incorporation of CNTs in active layers of perovskite solar cells is
known in boost open circuit voItages.32 Incorporation of CNTs with
conjugated polymers is also known to enhance thermolectric
properties in organic thermoelectric devices.?® It has also been
shown that the surfactants and additives used to disperse CNTs,
which are typically insulating, act as barriers for charge transport.34
Since these systems are fabricated typically from organic solvents,
we need a method that can disperse CNTs in these solvents with
minimum amount of additives.

We hypothesized that if the non-covalent interaction between
CNT’s surface and PAH unit can be strengthened, then the
concentration of the aromatic units needed to solubilize CNTs can
be greatly reduced. We also reasoned that since MWCNTs have a
larger diameter compared to SWCNTs, larger PAHs should be
needed for stronger interactions with MWCNT surface than other
smaller PAHs such as anthracene or pyrene. Herein we demonstrate
that MWCNTSs can be dispersed in common organic solvents using a
single hexabenzocoronene (HBC) unit, one of the largest plane
structures among PAHs, at the end of a polymer chain such as
PMMA. We also show that the concentration of the HBC-based
additive needed to disperse MWCNTs is substantially lower than
the concentration needed for existing additives.

We first attempted to synthesize PMMA end-functionalized
with HBC using an ATRP initiator or RAFT agent attached to an HBC
unit. However, the poor solubility of HBC in typical organic solvents
precluded both their structural characterization and solution
processing. We therefore switched the strategy to first form the
polymer by using a precursor to HBC as the initiator and then form
the HBC unit. This strategy is outlined in Scheme 1.
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Scheme 1 Synthetic route of PMMA end-functionalized with either HBC
or pyrene.

The syntheses and characterizations of molecules 1-6 were
accomplished using established protocols and methods (ESIt for
details). When 6 was subjected to Scholl oxidation, upon workup, a
light brown colored solid, presumably 7, was obtained that was
soluble in common organic solvents. In 'H NMR of this compound in
CDCl;, the peaks around 6.8 ppm attributable to protons on
hexaphenylbenzene (HPB) in 6 were absent (Fig. 1a), which is
consistent with the oxidation of the HPB unit. The 'H NMR in
tetrachloroethane—d, showed peaks at around 8.76, and 7.9 ppm
attributable to the HBC end-group (ESI Fig. S7-2%). Moreover, new
peaks of 13C NMR after the conversion of HPB to HBC appear in the
aromatic region around 120 ppm (ESI Fig. S7-3%), which are
different from the peaks of HPB, indicating the oxidation of HPB to
HBC.

To obtain further proof for the formation of HBC unit, we used
UV-visible absorption spectra. E. Clar et al. had studied the UV-
visible spectra of unsubstituted HBC in trichlorobenzene®® and
showed that there are three distinctive electronic absorption
bands: (1) a peak around 440 nm with low extinction efficient
termed as the a-band, (2) a peak with moderate extinction
coefficient around 387 nm termed as the p-band, and (3) a peak
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Fig. 1 (a) "H NMR spectra of (i) HBC-PMMA and (ii) HPB-PMMA. (b)
Normalized UV-vis absorption spectra of HPB-PMMA and HBC-PMMA.
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PMMA/MWCNTSs composite. (b) TGA curves of pristine MWCNTs, HBC-
PMMA, and HBC-PMMA/MWCNTSs composites. (c¢) Fluorescence spectra
of HBC-PMMA (0.05 mg/mL) and dispersion of MWCNT (0.05 mg/mL)
with HBC-PMMA (0.05 mg/mL) in acetone. (d) UV-Vis absorbance spectra
of dispersion of MWCNTs in the different concentration ratio of MWCNTs
(0.01, 0.02, 0.03, 0.04, and 0.05 mg/mL) and HBC-PMMA (0.05 mg/mL) in
acetone.

around 360 nm with a large extinction absorption coefficient
termed as the f-band. Although the exact location of these peaks
change as a result of functionalization,®® ¥ the shape of the
spectrum and the peak intensity ratios do not significantly change.
The UV-vis spectra for 6 and 7 are shown in Fig. 1b. For 6, we
observed a peak around 290 nm, attributable to the HPB moiety,38
and a peak at 255 nm attributable to PMMA (ESI S10%). In 7, the
peak around 290 nm is absent but new absorption bands appear
from 340 nm to 450 nm. The new absorption bands are at 439 nm
with low extinction coefficient, 388 nm with moderate extinction
coefficient and 360 nm with a large extinction coefficient,
attributable to the a, p and S bands of the HBC moiety. Moreover,
the peaks attributable to the semi-fused HBC were not detected in
the UV-vis spectra.39 The 'H NMR combined with UV-vis data
strongly suggests the successful conversion of HPB to HBC, and are
consistent with the expected chemical structure of 7.

All the peaks attributable to PMMA in 6 in the "4 NMR were
also present in 7 and no additional peaks were observed indicating
that the PMMA chain remains unaltered during the Scholl oxidation
step. This conclusion is consistent with the observation that the M,
of 6 was found to be 15.0 kDa/mol and M, for 7 was found to be
14.6 kDa/mol (ESI Fig. S7-5t).

Next, to probe the effectiveness of 7 (HBC-PMMA) to bind to
MWCNTSs, we suspended commercial S-purified MWCNTs grown by
CVD (outer diameters of 40-60 nm and lengths of 1-2 pm) in
acetone containing 6.8 uM of 7 (Fig. 3e). As a test solvent, acetone
was selected due to no ability of dispersion of CNTs. The suspension
was sonicated in an ultrasonic bath for 1 min. The dispersion was
left undisturbed for 1 day and was centrifuged. The residue was
then collected, washed with acetone, and centrifuged. This process
was repeated twice to remove any unbound 7. The solid was dried
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Fig. 3  Dispersion test of (a) MWCNTs (0.1 mg/mL) in acetone, (b)
MWCNTs (0.1 mg/mL) with PMMA (1 mg/mL) in acetone, (c) MWCNTs
(0.1 mg/mL) with HPB-PMMA (1 mg/mL) in acetone , (d) MWCNTs (0.1
mg/mL) with pyrene-PMMA (0.1 mg/mL) in acetone, (¢) MWCNTs (0.1
mg/mL) with HBC-PMMA (0.1 mg/mL) in acetone, (f) MWCNTs (0.1
mg/mL) with HBC-PMMA (0.1 mg/mL) in toluene, and (g) The solution
of ‘f" after heating at 60 °C for 10 days. (h) SEM image of air dried
sample on silicon wafer after the drop of solution of MWCNTs (0.1
mg/mL) in acetone, and (i) TEM image of air dried sample on Cu grid after
the drop of solution of MWCNTSs (0.01 mg/mL) with HBC-PMMA (0.05
mg/mL) in acetone.

under vacuum overnight and the FT-IR spectra of the solid showed
peaks attributable to PMMA, such as at 1734 em?and 1147 cm™
(Fig. 2a).4°' ! These peaks are absent in pristine MWCNT. We
therefore concluded that 7 was strongly bound to MWCNTSs. From
comparing the thermogravimetric traces of pristine MWCNT, 7 and
MWCNT:7 (Fig. 2b), we calculated that the amount of 7 in the
MWCNT:7 composite was around 11 wt% (~8 x 10 mol of 7 perlg
of the composite). Sonication of MWCNT, MWCNT with PMMA, or
MWCNT with 6 in acetone did not result in stable dispersions
indicating that the HBC unit in 7 was necessary to disperse
MWCNTs. Moreover, the absorbance of MWCNT:7 is increased by
increasing the concentration of MWCNTSs at the same concentration
of 7. (Fig. 2d, ESI S11%) More importantly, the fluorescence of HBC
(Fig. 2c) was quenched after the addition of MWCNTs, strongly
indicating that there is an interaction of HBC and the surface of
MWCNTs.

To compare the effectiveness of HBC versus pyrene, a
commonly used additive, to bind to MWCNTs, we synthesized
PMMA end-functionalized with pyrene (pyrene-PMMA, 9) (M,:
12,772, M,,: 15,090, D: 1.18). Sonicating MWCNT with 7.8 uM of 9
in acetone did not result in stable dispersions (Fig. 3d). This
observation is consistent with the expectation that the larger
aromatic core of HBC can bind strongly to MWCNTs compared to
smaller PAHs such as pyrene.zs' 2

We found that MWCNT can be dispersed in any solvent in which
7 is soluble. For example, we are able to make stable dispersions of
MWCNT in toluene (ESI S12t). We also found that these dispersions
are stable for more than 6 months at ambient temperature.
Moreover, heating the dispersions at 60 °C for 10 days did not
result in any aggregation, indicating that the interaction between
HBC and MWCNT surface is strong. We confirmed by SEM and TEM

This journal is © The Royal Society of Chemistry 2015
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(Fig. 3i, ESI Fig. S15 and Fig. S16) that MWCNTs were well separated
from each otherand each MWCNT had a width of less than 100 nm
(ESI Fig. S15t).

Conclusion

We have demonstrated that MWCNTs can be dispersed in organic
solvents using PMMA end-functionalized with HBC. These
dispersions are stable for over six months under ambient
conditions. They are also stable at elevated temperatures,
indicating strong binding between the HBC unit and MWCNT. In our
direct comparison of pyrene-PMMA to HBC-PMMA as MWCNT
dispersants, pyrene-PMMA was unable to stabilize MWCNT
dispersions under the same conditions that HBC-PMMA forms
stable dispersions, highlighting the important role of the type of
PAH in stabilizing these dispersions. We anticipate that this strategy
will not only be useful for compatibilizing MWCNT with PMMA to
improve the already remarkable properties of MWCNT/PMMA
blends, but can easily be modified to substitute PMMA for another
polymer during polymerization to obtain any desired
MWCNT/polymer blend or MWCNT dispersion in any solvent for the
selected polymer. Our strategy of using HBC as a binding unit to
disperse MWCNTs therefore opens up new opportunities for
fabricating composite materials containing CNTs.
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MWCNTs

We demonstrate that single MWCNTs can be dispersed in organic solvents using a
poly(methyl methacrylate) (PMMA) end-functionalized with hexabenzocoronene.



