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Tunable thermoresponsive water-dispersed multiwalled carbon nanotubes
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Polymers containing poly(ethylene glycol) methacrylate and
2-(2-methoxyethoxy)ethyl methacrylate have been synthesized
by Cu(0)-mediated radical polymerisation for use as thermo-
responsive water-dispersants for carbon nanotubes.

Poly(ethylene glycol) (PEG) is an inexpensive, non-charged,
water-soluble, biocompatible polymer and has recently raised
interest in terms of being both thermo-responsive and water-
soluble.!® Lutz et al. reported that copolymers with tunable
lower critical solution temperature LCST (26-90 °C) could be
obtained by changing the ratio of the long chain-length
poly(monomethoxy-ethylene glycol) methacrylate (PEGMA)
and shorter chain-length 2-(2-methoxyethoxy)ethyl methacry-
late (DEGMA).!3

Copper(1) medicated living radical polymerisation is an
excellent method to prepare well-defined polymers.*> This
has been extended to the use of Cu(i) salts in combination
with reducing agents.®’” Recently, Percec et al. have reported
on the use of Cu(0) in a “‘single-electron transfer (SET)” living
polymerization”.%? This uses zero-valent copper powder/wire
as the catalyst, in polar solvents and in the presence of certain
N-ligands under very mild reaction conditions, at ambient
temperature. This can use a small amount of catalyst and
generate polymers with high molecular weight with ultra-fast
rates.

We rationalized that polymerisation of PEGMA should be
favourable in non polar/coordinating solvents without addi-
tional polar solvent due to the excellent coordination attri-
butes of the oxyethylene groups from PEG. Thus, we report
on the homo(co)polymerization of PEGMA and DEGMA
using a pyrene containing initiator in conjunction with a
Cu(0)/MegTren catalytic system. Pyrene-containing polymers
are often used for non-covalent modification of carbon nano-
tubes in a nondestructive strategy,'®'* we might then make
water-dispersible carbon nanotubes.!>2! Through this non-
covalent side-wall functionalization strategy, the pyrene-func-
tionalised polymers synthesised were used to modify carbon
nanotubes and thus thermosensitive water-dispersible carbon
nanotubes were prepared. (Scheme 1). Surface-grafted
Poly(NIPAM) has also been demonstrated to form thermo-
responsive MWNT dispersions.?>

Homopolymers and copolymers of PEGMA,;s (PEGMA
with M, = 475 g mol~!) and DEGMA with pyrene-terminal
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functionality were obtained using a copper(0) powder/
MegTren catalytic system at 25 °C, Table 1. This form of
controlled radical polymerisation enables a-functional poly-
mers to be prepared from easily prepared functional initiators.
The polydispersity index and the control of molecular weight
is less important in the current case.*>

The first-order kinetic plots for the copolymerisation of
PEGMA and DEGMA is linear and as the conversion in-
creases the M, of the copolymer increases, although the PDi is
relatively high (~1.5) (Fig. 1).

Within 6 h at 25 °C, a conversion of >90% was obtained. A
similar behavior was observed for the homopolymerisation of
both monomers. 'H NMR of the polymers confirmed the
presence of the pyrene end-functionality. The pyrene group
also facilitates measurement of M, by NMR, which are all
close to the theoretical values, although the value from SEC is
higher (Table 1). Integrations were carried out three times in
each case with errors of less than 3% observed, in all cases,
between measured values (see ESIT). All of the data indicated
that both ethylene glycol-containing monomers favour poly-
merisation mediated by Cu(0) without the addition of polar
solvents with a fast polymerisation rate obtained at ambient
temperature. Lower critical solution temperatures (cloud
points, LCSTs) of the polymers were measured (Table 1),
allowing a tunable LCST between 29 and 91 °C by modifica-
tion of the copolymer composition. If we assume LCST would
follow the same relationship as T, for copolymers then for this
composition we would predict an LCST of approximately
41 °C. All three polymers showed reversible noncovalent
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Scheme 1 Synthesis of pyrene-terminal polymers by using Cu(0) as
the source of metal catalyst and preparation of thermosensitive water-
soluble carbon nanotube conjugates.
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Table 1 Summary of molecular characteristics of the polymers synthesized in this work

Composition® (PEGMA : DEGMA) M, sec” M, MRS M, 0! PDi? LCST¢/°C
1 0:100 32300 20700 19200 1.21 29
2 10: 90 32600 21500 22100 1.53 45
3 100: 0 60100 49100 47900 1.75 91

“ Initial molar ratio of monomers. ° Measured by SEC in THF, with PMMA standards. ¢ Determined by 'H NMR in CDCls. ¢ Calculated using
equation My i, = (DP x Mw ) + Mw,, where DPis 100, My _ is the (average) molecular weight of (co)momomer and My, is the molecular weight
of initiator. ¢ Measured on a Varian Cary 100 UV-Vis spectrophotometer with temperature control.

dispersion of multi-walled carbon nanotubes (MWNT) in
water via side-wall functionalization. In the case of polymer
2 an Riniia1 = 5 was used for stabilization following reports
that the ratio of polymer to CNTs wt (R;piia;) must be >2 for
stable dispersions using pyrene-containing polymers.'' After a
short sonication period, a stable dispersion of MWNTSs was
observed, (Fig. 2(B)), when this solution was heated above the
LCST of the polymer (60 °C), the solution became cloudy and
the MWNTs aggregated and precipitated (Fig. 2(C)). After
cooling the vial to a temperature < LCST of polymer 2, the
MWNTs were redispersed with additional agitation, this was
typical for all polymers. However, it is noted that in the case of
polymer 3 the LCST was close enough to the boiling point to
render the experiment difficult. The modified MWNTs were
recovered by centrifugation and washed with water several
times in order to eliminate the excess of pyrene-containing
copolymer. The recovered polymer-modified MWNTs formed
stable dispersions in water at ambient temperature confirming
that m—r stacking results in the strong adsorption of pyrene
moiety with MWNT. The grafting ratio (GR), defined as the
mass ratio of grafted polymer to nanotubes, was estimated by
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Fig. 1 (a) Conversion vs. time and semilogarithmic kinetic curves and
(b) M, PDi vs. conv. curves for copolymerisation of PEGMA and
DEGMA. [PEGMA], : [initiator]y : [Cu(0) powder], : [ligand], =
100 : 1 : 1 : 1 in toluene (50 wt%), conversion measured relative
to mesitylene internal standard by '"H NMR.
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Fig. 2 (A) Absorbance (670 nm) as a function of temperature for
aqueous dispersions (3 mg mL™') of polymer 2 (solid line) and
polymer 2-modified MWNTs (dashed line); (B) Polymer 2-modified
MWNTs dispersed in water at ambient temperature and (C) after
heating at 60 °C; (D) TEM of the polymer 2-MWNTs conjugate.
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TGA and found to be in the range = 0.35-0.45. The
MWNT=-2 solution was also examined by UV-Vis spectro-
photometry (670 nm) after dilution to 0.05 mg mL~' (Fig.
2(A)) and the same pattern was observed as for the neat
polymer 2 solution with a slight shift to higher temperature.
In addition, the absorbance of MWNT-2 was >0 even at the
start of the measurement due to the presence of MWNTSs in
the solution, as the polymer solution was set with Abs = 0.
TEM further confirmed the successful adsorption of the
pyrene-functional polymers onto carbon nanotubes, as a
clear polymer layer could be observed around the MWNT
(Fig. 2(D)).

In summary, polymerisation of PEGMA and DEGMA has
been successfully carried out using a Cu(0)/MegTren catalyst
system and a pyrene initiator at 25 °C in toluene. Pyrene-
terminal polymers with tunable LCSTs have been prepared
and used to for the thermosensitive water-dispersion of
MWNTs.
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