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INTRODUCTION

Kroto et al.! discovered that buckminster fullerene Cy has
a soccer-ball like structure, which is symmetrical and consists
of 12 pentagons and 20 hexagons. This discovery led to an
entirely new branch of chemistry. Ce, has received extensive
attention due to its unique chemical and physical properties®.
The hydrophobic nature of Cg and its unique shape render
this molecule very interesting for its potential use in super-
conductors, ferromagnets, lubricants, photoconductors, catalysts,
medical materials, efc. Despite the discovery of potential appli-
cations of fullerenes in biological systems, the insolubility of
fullerenes in water and organic solvents has hindered the
progress in this field of research. The solubility of fullerenes
can be enhanced by functionalizing the fullerenes with
hydrophilic compounds, such as alcohols®, carboxylic acids®,
amines’, or long-chain hydrophilic polymers®’. These amphiphilic
fullerene derivatives self-assemble into nanoscale structures
in water, which have a variety of potential applications®. Because
of the wide range of interesting features of the Ce) molecule,
many Cg polymeric derivatives have been prepared in recent
years”'!. Methodologies used range from free-radical'?,
anionic'® or step-growth' polymerization. In addition, func-
tionalized Cs can be copolymerized with other monomers'
or grafted onto polymers'®. Cg has been incorporated into a
number of polymers, for example, polystyrene'” poly(alkyl
methacrylate)s'® poly(N-vinylcarbazole)' and poly(ethylene
oxide)®.

To date, monosubstituted fullerenes with well-defined
polymers have been synthesized and their solution behaviour
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In this report, we prepared a new type of [60] fullerene grafted poly(2-bromomethyl)acrylic acid. First step was the free-radical polymeriza- |
tion of 2-(bromomethyl)acrylic acid by using 2,2'-azobisisobutyronitrile. Then a nucleophilic substitution reaction was performed to substitute
the bromine atoms present in the polymer with azide groups. Finally, the Cq grafted polymer was prepared by the reaction of azido functionalized |
polymer with Cg. Results of Fourier transform infrared spectroscopy and ultraviolet-visible spectroscopy indicated that the C¢ was chemically |
bonded to the polymer. The aggregation behavior of the resulting polymer in polar solvents was studied by transmission electron microscopy. |
The resultant polymer retained both electronic property of the Cq moiety and processability property of the polymer. |
|
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examined since these polymers retain the unique fullerene
properties and may have potential biological applications. For
example, core-shell-like micelles from PMMA-b-Ce and
PnBMA-b-Cgsystems in THF*' and large spherical aggregates
from single and two-arm fullerene-containing poly(ethylene
oxide)s in THF and aqueous solution®** have been reported.
Recently, Zhou et al.** employed ATRP to synthesize well-
defined fullerene-containing polystyrene and poly(methyl
methacrylate). Water-soluble Cg-containing poly(acrylic
acid)(PAA-b-Cs)) synthesized by Yang et al.” formed core-
shell micelles in aqueous solution, which enhanced the
photoconductivity of the film. Tam et al. synthesized a series
of well-defined Ceo-containing water-soluble polymeric
systemsusing ATRP, such as poly(methacrylic acid)-b-Cq
(PMAA-b-Cq) and poly(2-(dimethylamino)ethyl methacry-
late)-b-Ceo (PDMAEMA-b-Cg), and their self-assembly
behaviour in aqueous solution was studied as a function of pH
and temperature®®?’. However, to our best of knowledge there
has been no attempt to graft Ce onto poly(2-bromomethyl)
acrylic acid. In this paper, we report the preparation and self-
assembly behaviour of Ce grafted poly(2-bromomethyl)
acrylic acid.The Cq grafted polymer is confirmed by FT-IR
and UV-visible. The self-assembly behaviour of Ce grafted
polymer in polar solvents is studied by TEM.

EXPERIMENTAL

2-(Bromomethyl)acrylic acid (Aldrich), fullerene (Ceo,
TCI), dichloro benzene (Aldrich), N,N'-dimethylformamide
(DMF, Aldrich), sodium azide (NaNj;, Merck), tetraethyl-
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ammonium iodide (TCI) were purchased and used as received.
2,2'-Azobisisobutyronitrile (AIBN, Aldrich) was recrystallized
in methanol before use. All other reagents were of analytical
grade and used as received.

Synthesis of precursor polymer: In a typical polymeri-
zation, a mixture of monomer, 2-(bromomethyl)acrylic acid
(1 g) and AIBN (1 wt. % to monomer) in DMF was heated at
60 °C under nitrogen atmosphere. After the reaction was carried
out for 8 h, the product was suspended in diethyl ether. The
resulting precipitate was isolated and dried under vacuum at
50 °C for 24 h. Then the obtained pure polymer was dissolved
in DMF (5 % w/v), and the bromine atoms were allowed to
react with 2 equiv amounts of NaNj in the presence of a small
amount of phase-transfer agent, tetraethyl ammonium iodide.
The reaction was carried out at 75 °C for 24 h under nitrogen.
The resulting polymer solution was precipitated in diethyl
ether. The crude product was washed with water to remove
unreacted NaNj; and other salts. Then it was dried in a vacuum
for 24 h.

Preparation of fullerene (Cg) containing polymer: The
precursor polymer was dissolved in DMF and added drop wise
to a hot refluxing solution of Cs in dichlorobenzene under
nitrogen. The reaction was allowed to proceed for another 24 h
before most of the solvent was removed under a reduced
pressure. The crude product was then isolated by precipitation
in diethyl ether and dried in a vacuum for 24 h.

Characterization: Fourier transform infrared spectro-
scopy (FT-IR) was performed using a BOMEM Hartman and
Braun spectrometer. Microscopic images were obtained using
a JEOL JEM-2010 transmission electron microscope. Gel
permeation chromatography (GPC) was carried out using a
HP1100 apparatus with THF as the eluent and polystyrene as
standards. Ultraviolet-visible (UV-visible) spectra in the 200-

800 nm range were obtained using a Perkin Elmer instrument.
Thermogravimetric analysis (TGA) was performed on a
Setaram thermal analyzer (TGA-DSC EVO, France) from 30
to 800 °C at a heating rate of 10 °C/min under nitrogen atmos-
phere.

RESULTS AND DISCUSSION

The schematic representation of the synthesis of Ce
grafted polymer is shown in Scheme-I. First, poly(2-
bromomethyl)acrylic acid was synthesized by free-radical
polymerization. From GPC traces, the number average
molecular weight was found to be 22,800 g/mol (Fig. 1). The
polymer was then treated with excessive sodium azide in DMF
at 75 °C to prepare the azide terminated precursor polymer,
poly(2-azidomethyl)acrylic acid. Because of the high concen-
tration of bromine atoms, a high mole ratio of NaNs/polymer
(2/1) was supplied to expedite the reaction and to ensure the
complete substitution of bromine atoms with azide group. It
is difficult to identify the precursor polymer by 'H NMR
spectrum. Therefore characterization of the product precursor
by infrared spectroscopy at ambient temperature is shown in
Fig. 2a. The small peak at around 3400 cm™ was due to the
stretching vibration of -OH group. The peak at 2936 cm™ was
attributed to the stretching vibration of -CH, group in the
polymer, 1710 cm™ indicated the stretching vibration of C=0,
1381 cm™ was attributed to the COO- group and the peak at
2110 cm™ was assigned to the stretching vibration of azide
(N=N=N) group. Such spectroscopic evidence coupled with
the absence of bromine in the polymer suggested that all the
bromine atoms were converted into azide groups®.

Ceo grafted polymer has been successfully prepared by
refluxing the precursor polymer (azide functionalized polymer)
with Cg. The Ce grafted polymer is a brown powder and is
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Scheme 1: Schematic representation of the synthesis of Cq grafted polymer



Vol. 26, No. 2 (2014)

Fabrication of [60] Fullerene Grafted Polymer: Self-Assembly Behavior in Polar Solvents 619

My, = 22800

g/mol T

12.14

7.14
9.94

Retention time
Fig. 1. GPC traces of poly(2-bromomethyl)acrylic acid

insoluble in common organic solvents. But Ce can dissolve
in hexane. It is sure that the unreacted Ce can be separated by
the process of precipitation. Characterization of the Ce grafted
polymer product by infrared spectroscopy clearly showed that
the disappearance of peak at 2110 cm™ confirmed that all the
azide groups have completely reacted (Fig. 2b).
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Fig. 2. FT-IR spectra of (a) azide functionalized polymer and (b) Cg grafted
polymer

Fig. 3 shows the UV-visible spectra of pure Cqin cyclo-
hexane and Cq grafted polymer in toluene. From the Fig. 3, it
is evident that the C grafted polymer has three characteristic
absorption peaks at 214, 255, and 335 nm, and these peaks
were identical with the absorption peaks of Cg. The Ce
absorption peak at 335 nm was known to be sensitive to the

chemical reaction, and its intensity weakened upon the
chemical modification of C¢o molecules. Hence, the reduction
in the absorption peak (335 nm) intensity may be attributed to
the conjugation of Cy to the polymer®, This is also reinforced
by the change in the color of the solution from purple (Ce) to
yellow (Cg grafted polymer).
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Fig. 3. UV-visible spectra of (a) Ce and (b) Ceo graftedpolymer

The amount of Cg grafted to polymer was determined by
TGA under nitrogen flow. Fig. 4 shows the TGA curves of Cg
grafted polymer and pure Ce. It can be seen that the polymer
showed two main stages of degradation with maximal decom-
position rates at around 200-250 and 475-550 °C. The first
stage of decomposition was mainly due to the formation of
anhydride and release of CO,, whereas the second stage was
attributed to the degradation of anhydride ring structure with
evolution of CO,, CO, alkenes, etc. But the pure Cg was still
stable until 600 °C. The residual mass left at 800 °C was found
to be 40 % for the Ce grafted polymer.
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Fig. 4. TGA curves of (a) Cg and (b) Cg grafted polymer

TEM has been used as a reliable technique to determine
the micelle formation of polymers in solution, and to demons-
trate the aggregation behaviour of Ce or Cgo derivatives. The
aggregation of Cg derivative of polymer in DMF and THF
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was confirmed by TEM using dried sample obtained from
dilute solutions. The TEM micrographs of Cegrafted polymer
aggregates are shown in Fig. 5. It can be clearly observed that
the samples consist of isolated spherical clusters and secondary
aggregates consisting of large compound micelles. The average
diameters of the micelles were found to be 80 and 90 nm, for
the samples obtained from DMF and THF solution, respec-
tively.

Fig. 5. TEM micrographs of Cg graftedpolymer aggregates in (a) DMF
and (b) THF

Conclusion

We have successfully synthesized Cqy grafted poly(2-
bromomethyl)acrylic acid. FT-IR and UV-visible characteri-
zations showed that the Ce was chemically grafted to the
polymer. TGA analysis confirmed the amount of Cg, grafted
on the polymer. The aggregation behaviour of Cg, grafted
polymer in polar solvents was investigated by TEM. In polar
solvents, spherical isolated micelles clusters and secondary
aggregates consisting of large compound micelles were
observed. The presence of Ce, causes the polymer more hydro-
phobic and to form aggregates in polar solvents. This type of
polymeric Csy derivatives can be used as photoconductive
materials.

REFERENCES

10.

11.

12.
13.

14.
15.

16.
17.

18.
19.

20.
21.

22.
23.
24.
25.
26.

217.
28.

H.W. Kroto, J.R. Heath, S.C. O'Brien, R.F. Curl and R.E. Smalley,
Nature, 318, 162 (1985).

F. Diederich and C. Thilgen, Science, 271, 317 (1996).

E. Mignard, R.C. Hiorns and B. Francois, Macromolecules, 35, 6132
(2002).

T. Song, S.H. Goh and S.Y. Lee, Macromolecules, 35, 4133 (2002).
K.E. Geckeler and S. Samal, Polym. Int., 48, 743 (1999).

L.Y. Chiang, J.B. Bhonsle, L. Wang, S.F. Shu, T.M. Chang and J.R.
Hwu, Tetrahedron, 52, 4963 (1996).

M. Brettreich and A. Hirsch, Tetrahedron Lett., 39, 2731 (1998).
K.E. Geckeler, Trends Polym. Sci. (Regul. Ed.), 2, 355 (1994).

S. Yamago, H. Tokuyama, E. Nakamura, K. Kikuchi, S. Kananishi, K.
Sueki, H. Nakahara, S. Enomoto and F. Ambe, Chem. Biol., 2,385 (1995).
Y.P. Sun, G.E. Lawson, W.J. Huang, A.D. Wright and D.K. Moton,
Macromolecules, 32, 8747 (1999).

S. Dai, P. Ravi, K.C. Tam, B.W. Mao and L.H. Gan, Langmuir, 19,
5175 (2003).

T. Cao and S.E. Webber, Macromolecules, 29, 3826 (1996).

Y. Chen, R.F. Cai, L.X. Xiao, Z.E. Huang and Y.U. Chen, J. Mater.
Sci., 33, 4633 (1998).

S. Samal, B.J. Choi and K.E. Geckeler, Chem. Commun., 1373 (2000).
S. Shi, K.C. Khemani, Q.C. Li and F. Wudl, J. Am. Chem. Soc., 114,
10656 (1992).

A. Kraus and K. Mullen, Macromolecules, 32, 4214 (1999).

W.T. Ford, T. Nishioka, S.C. McCleskey, T.H. Mourey and P. Kahol,
Macromolecules, 33, 2413 (2000).

J. Zheng, S.H. Goh and S.Y. Lee, Polym. Bull., 39, 79 (1997).

Z.E. Huang, Y. Chen, R.F. Cai, C.G. Rui and F.P. Zhang, J. Appl. Polym.
Sci., 60, 573 (1996).

X.D. Huang and S.H. Goh, Macromol., 33, 8894 (2000).

X. Wang, S.H. Goh, Z.H. Lu, S.Y. Lee and C. Wu, Macromol., 32,
2786 (1999).

T. Song, S. Dai, K.C. Tam, S.Y. Lee and S.H. Goh, Polymer, 44, 2529
(2003).

T. Song, S. Dai, K.C. Tam, S.Y. Lee and S.H. Goh, Langmuir, 19, 4798
(2003).

P. Zhou, G.Q. Chen, H. Hong and E.S. Du, Macromolecules, 33, 948
(2000).

J. Yang, L. Li and C. Wang, Macromolecules, 36, 6060 (2003).

C.H. Tan, P. Ravi, S. Dai and K.C. Tam, Langmuir, 20, 9901 (2004).
S. Dai, P. Ravi, C.H. Tan and K.C. Tam, Langmuir, 20, 8569 (2004).
L.H. Gan, R. Ravi, B.W. Mao and K.C. Tam, J. Polym. Sci. A Polym.
Chem., 41, 2688 (2003).



