ELSEVIER

Available online at www.sciencedirect.com
ScienceDirect

Polymer 48 (2007) 1972—1980

polymer

www.elsevier.com/locate/polymer

Grafting of poly(ethylene oxide) onto Cg, fullerene
using macroazo initiators

Hiroyuki Wakai ®, Tomohisa Shinno *, Takeshi Yamauchi *°, Norio Tsubokawa >*

% Graduate School of Science and Technology, Niigata University, 8050, Ikarashi 2-nocho, Niigata 950-2181, Japan
b Center for Transdisciplinary Research, Niigata University, 8050, Ikarashi 2-nocho, Niigata 950-2181, Japan
¢ Department of Material Science and Technology, Faculty of Engineering, Niigata University, 8050, Ikarashi 2-nocho, Niigata 950-2181, Japan

Received 30 October 2006; received in revised form 5 February 2007; accepted 6 February 2007
Available online 12 February 2007

Abstract

In order to improve the solubility of Cg, fullerene in conventional solvents, grafting of hydrophilic poly(ethylene oxide) (PEO) by utilizing
the radical-trapping nature of Cgq fullerene was investigated. Macroazo initiators containing a poly(ethylene oxide) unit, known as Azo-PEO,
were prepared at various molecular weights by the reaction of 4,4’-azobis(4-cyanopentanoyl chloride) with poly(ethylene glycol) methyl ether.
PEO radicals formed by thermal decomposition of Azo-PEO were successfully trapped by Cg, fullerene to give PEO-grafted Cg fullerene. Their
structures were confirmed by FT-IR spectroscopy, size exclusion chromatography, UV—vis spectroscopy, and differential scanning calorimetry.
When Azo-PEO with low-molecular weight was reacted with Cg( fullerene, a bis-adduct, Cg-(PEO),, and a tetrakis-adduct, Cgo-(PEO),4, were
formed. In contrast, in reactions with Azo-PEO of higher molecular weight, only the bis-adduct was formed, and no formation of the tetrakis-
adduct was observed. The structure of bis-adduct was found to be 1,4-type. The solubility of Cgq fullerene in water, THF, methanol, and other
conventional organic solvents was remarkably improved by grafting of PEO. In addition, the thermal stability of PEO was dramatically increased

by grafting onto Cgq fullerene.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Since 1990, the fundamental physical properties of fuller-
ene have been investigated extensively, and a variety of inter-
esting properties, such as the ability to accept and release
electrons [1], free-radical trapping [2], physiological activity
[3], photoactivity [4], biocompatibility, and relatively high
chemical reactivity allowing structural modification [5] have
been reported. Moreover, derivatives of Cg, fullerene have
also been found to show interesting properties. For example,
K3Cgo exhibits superconductivity at 18 K [6], and TDAE-Cg
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[TDAE: tetrakis(dimethylamino) ethylene] shows ferromag-
netic properties [7]. Cgo fullerene has recently begun produc-
tion on a commercial scale at Frontier Carbon Corporation,
a Japanese venture company, which is planning to expand its
fullerene production capacity from 300 tons/year in 2005 to
1500 tons/year in 2007 [8]. It is expected that the introduction
of large-scale production will lead to mass applications.
However, Cg fullerene is only slightly soluble in most
solvents [9], which is a problem in terms of practical develop-
ment of mass applications. To improve solubility in conven-
tional solvents, various methods for chemical modification of
Cgo fullerene have been reported, not only in fundamental stud-
ies [5] but also for the practical applications [10]. Grafting of
polymer chains onto Cg fullerene is one available method for
overcoming this problem, and can provide polymeric materials
with interesting properties and technological applications.
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Ceo fullerene is known as a “‘radical sponge’ because of its
strong ability to trap free radicals. Theoretical calculations of
the molecular orbital levels of Cg, fullerene show that the
LUMO exhibits a comparatively low energy and is triply de-
generate. This is why Cg fullerene has an electron-accepting,
radical-trapping nature.

Many reactions of Cgo fullerene with low-molecular radi-
cals have been reported; for example, methyl [11], benzyl
[11], and fert-butylperoxy [12] radicals undergo multiple
additions to Cgo fullerene. Reactions of Cgo fullerene with
azo compounds have been also reported; for example, Ford
and co-workers reported that thermal decomposition of
2,2’-azobisisobutyronitrile (AIBN) in a o-dichlorobenzene
(0-DCB) solution of Cgq fullerene gave three regioisomeric
Cgo fullerene derivatives, two of which were assigned as the
1,4- and 1,2-regioismers [13].

Studies have been conducted on reactions of Cg fullerene
not only with low-molecular radicals but also with macromo-
lecular radicals. Three approaches to polymerization in the
presence of Cg( fullerene have been reported so far. The first
is the use of free-radical initiators for copolymerization
of Cgo fullerene with vinyl monomers such as styrene (St)
[14] and methyl methacrylate (MMA) [15], the second is
nitroxyl-mediated “living” radical polymerization (NMRP)
[16], and the third is atom transfer radical polymerization
(ATRP) [17]. The first method, in many cases, resulted in
a mixture of poorly defined multi-adducts, but the second
and third, employing the principle of equilibrium between
a low concentration of active species and a large number of
dormant compounds, produced polymers with well-defined
and narrow molecular weight distributions.

Ederlé and co-workers reported the grafting of poly(ethyl-
ene oxide) (PEO) onto Cgq fullerene by reacting the fullerene
with living PEO anions formed by the reaction of poly(ethyl-
ene glycol) methyl ether with diphenyl methyl potassium
[20]. In addition, Manolova et al. reported the reaction of
amino-capped PEO with Cg, fullerene [21].
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In addition, we reported that polymer radicals formed by
thermal decomposition of macroazo initiators were effectively
trapped on the surface of multi-walled carbon nanotubes
(MW-CNT) [18], cup-stacked carbon nanotubes (CS-CNT)
[18], and carbon black (CB) [19] to give the corresponding
polymer-grafted MW-CNT, CS-CNT, and CB.

In this paper, we report the reaction of Cg, fullerene with
poly(ethylene oxide) (PEO) radicals formed by thermal de-
composition of the corresponding PEO-containing macroazo
initiator (Scheme 1). In addition, the solubility and thermal
stability of the PEO-grafted Cg fullerene is discussed. This
is a new approach to the preparation of polymer-grafted Ceg
fullerene, which exploits the radical-trapping nature of the
fullerene.

2. Experimental
2.1. Materials and reagents

The Cgq fullerene used was ‘‘nanom purple N60-S”, ob-
tained from Frontier Carbon Co., Ltd., Japan, which was
used without further purification. The purity and average
particle size were >96% and 30—70 pm, respectively. The
product was dried in vacuo at 50 °C before use.

4,4'-Azobis(4-cyanopentanoic acid) (ACPA) was obtained
from Wako Pure Chemical Ind. Co., Ltd., Japan, and was re-
crystallized from methanol and dried in vacuo at room temper-
ature. Poly(ethylene oxide) methyl ether (PEO-Me) (M,, = 550
and 2000), obtained from Aldrich Chemical Company, Inc.,
was dried in vacuo at 50 °C before use.

o-Dichlorobenzene (0-DCB) was dried over calcium hy-
dride and then distilled under reduced pressure. Toluene and
n-hexane were refluxed over sodium and distilled. Chloroform
and trichloroethylene were dried over calcium chloride and
distilled. Tetrahydrofuran (THF) and n-pentane, used for
fractionation of the products, were used without further
purification.
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2.2. Preparation of Azo-PEO550 and Azo-PEO2000

Azo-PEOs were prepared by reaction of 4,4'-azobis(4-
cyanopentanoyl chloride) (ACPC) with PEO-Me (M, =550
and 2000), according to a literature method [22]. ACPC was
prepared by reaction of ACPA with phosphorous pentachloride.

2.3. Reaction of Azo-PEO with Cg fullerene

A typical experiment is as follows: 0.20 mmol of Cg, fuller-
ene, 0.20 mmol of Azo-PEO550 (Azo-PEO2000) containing
a small amount of PEO-Me, and 15.0 ml (20.0 ml when
Azo0-PEO2000 was used) of o-DCB were placed in a glass
tube, degassed with several freeze-thaw cycles, and sealed
off under high vacuum. The sealed tube was heated at 70 °C
for 24 h with stirring. After the reaction, o-DCB was removed
from the reaction mixture at 50 °C and a pressure of 6.7 kPa
by use of a centrifugal evaporator.

2.4. Isolation of Csp-PEOS550 from reaction product

After the reaction, the product mixture contained PEO550-
grafted Cgg fullerene (Cgo-PEOS550), unreacted Cgq fullerene,
and ungrafted PEO. The mixture was separated and purified
by the method shown in Fig. 1. A large excess of THF was
added to the product mixture (@) and unreacted Cg, (b) was
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Fig. 1. Fractionation and purification of Cgo-PEOS550.

removed as a precipitate (Cgy fullerene is insoluble in THF).
A mixture of Cg-PEO550 and ungrafted PEO (c) was then ob-
tained from the supernatant solution by evaporation of THF
and fractionated using a toluene/n-pentane solvent mixture
as follows: 0.20 g of (¢) was completely dissolved in 20 ml
of toluene, and then 12 ml of n-pentane was added dropwise
to the solution. The resulting precipitate (Cgo-(PEO550)4)
(d) was recovered by decantation. Next, 20 ml of n-pentane
was once again added to the supernatant solution, and the
resulting precipitate (a mixture of the bis-adduct and the tetra-
kis-adduct) (e) was recovered by decantation. Another 5 ml of
n-pentane was added to the supernatant solution, and the
resulting precipitate (Cgo-(PEO550),) (f) was recovered by
decantation. Thus, the bis-adduct and the tetrakis-adduct
were fractionated and purified. Yields: bis-adduct 53 mg,
tetrakis-adduct 52 mg.

2.5. Isolation of Csp-PEO2000 from the reaction
products

The mixture was separated and purified by the method
shown in Fig. 2. A large excess of THF was added to the prod-
uct mixture (a’), and unreacted Cg, (b’') was removed as a pre-
cipitate. A mixture of Cg-PEO2000 and ungrafted PEO (¢)
was obtained from the supernatant solution by evaporation
of THF and fractionated using a toluene/n-pentane mixed
solvent as follows: 0.30 g of the product mixture (¢’) was
completely dissolved in 20 ml of toluene, and 12 ml of n-
pentane was added dropwise. The resulting precipitate (Cgo-
(PEO2000),) (d') was recovered by decantation. Yield: 0.19 g.

2.6. Measurements

Thermogravimetric analysis (TGA) was performed under
a nitrogen flow using a thermogravimetric analyzer (Shimadzu
Manufacturing Co., Ltd., TGA-50) at a heating rate of
10 °C/min. Differential thermal analysis was performed under
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Fig. 2. Fractionation and purification of Cg,-PEO2000.
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a nitrogen flow using a differential scanning calorimeter
(DSC) (Shimadzu Manufacturing Co., Ltd., DSC-50) at a heat-
ing rate of 10 °C/min. From the results, calorific values were
determined.

UV—vis spectra were recorded on a UV-1600 spectrometer
(Shimadzu Manufacturing Co., Ltd.). Infrared spectra were
recorded on an FT-IR spectrophotometer (Shimadzu Manu-
facturing Co., Ltd., 8200A).

Size exclusion chromatograms (SEC) were recorded on a
Tosoh chromatograph system equipped with gel columns
(TSKgel G3000Hx; ) and refractive index (RI-8010)/ultravio-
let (UV-8010) dual-mode detectors using chloroform as an
eluent at 40 °C. The system was calibrated using Shodex stan-
dard polystyrenes. From the SEC results, the number-average
molecular weight (M,) and polydispersity (M/M,) of the
polymers were determined.

Thermal decomposition gas chromatograms and mass spec-
tra (GC—MS) were recorded on a gas chromatograph mass
spectrometer (Shimadzu Manufacturing Co., Ltd., GPMS-
QP2010) equipped with a double-shot pyrolyzer (Frontier
Laboratories, Ltd., PY-2020).

3. Results and discussion
3.1. Synthesis of Azo-PEO

Az0-PEO550 and Azo-PEO2000 were prepared via the
reaction of ACPC with PEO-Me550 and PEO-Me2000,
respectively [22]. Characterization of Azo-PEO was per-
formed by FT-IR, SEC, and DSC.

Fig. 3 shows the SEC curves of Azo-PEO550 and Azo-
PEO2000 using refractive index detection. It can be seen
that the SEC curve of Azo-PEOS550 is bimodal; the larger
and smaller peaks corresponded to those of Azo-PEO550
and unreacted PEO-Me550, respectively. The M,, and M/M,,
of Azo-PEOS550 were determined as 1427 (caled. 1344) and
1.06, respectively.

The SEC curve of Azo-PEO2000 also shows two peaks, as
shown in Fig. 3, with the larger and smaller peaks correspond-
ing to Azo-PEO2000 and unreacted PEO-Me2000, respec-
tively. The M, and M/M, of the resulting Azo-PEO2000
were determined to be 3670 (calcd. 4244) and 1.05,
respectively.

The Azo-PEOS550 and Azo-PEO2000 thus obtained were
used without further purification for the reaction with Cgq
fullerene, because unreacted PEO can be removed after the
reaction.

3.2. Grafting reaction of Azo-PEOS550 with Cg fullerene

Grafting of Azo-PEO onto Cg fullerene was carried out via
trapping of PEO radicals formed by thermal decomposition, as
shown in Scheme 1. The structures of PEO-grafted C¢q species
(C60-PEOs) were confirmed by SEC and by FT-IR and UV-vis
spectroscopy.

Fig. 4 shows SEC curves for the products (Fig. 1(a)) of
the reaction of Cgy fullerene with Azo-PEO550 before

Azo-PEOS550

Azo-PEO2000

l l
0 5 10 15

Elution volume (ml)

Fig. 3. SEC of Azo-PEO550 and Azo-PEO2000, detected by refractive index.

fractionation, detected by UV at 440 nm. Azo-PEO550 was
not detected at this wavelength. SEC curves of products A—
C show three peaks (h, m, 1), as shown in Fig. 4. When the
molar ratio of Azo-PEO550 to Cgq fullerene in the feed was
changed from 1.0 to 5.0, the third peak (/), which corresponds
to unreacted Cg fullerene, decreased (Fig. 4).

The reaction product of Cgq fullerene with Azo-PEO550
was fractionated to give two fractions, fraction-A (Fig. 1(d))
and fraction-B (Fig. 1(f)). Fig. 5 shows SEC curves of frac-
tion-A and fraction-B detected by refractive index; this con-
firms that fraction-A corresponds to peak . and fraction-B
corresponds to peak m in Fig. 4. These results indicate that
the reaction mixture was almost completely purified by
fractionation using a toluene/n-pentane mixture.

The M, values of fraction-A and fraction-B were deter-
mined to be 2900 and 1700, respectively, and the M/M,
values of fraction-A and fraction-B were determined to be
1.16 and 1.07, respectively, by SEC. The formula weights of
Ceo-(PEO550), (tetrakis-adduct) and Cgy-(PEO550), (bis-
adduct) were calculated to be 3352 and 2036, respectively.
These results show that fraction-A and fraction-B correspond
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Fig. 4. SEC of reaction products of Cer/Azo-PEO550, detected by UV at
440 nm.

to the tetrakis-adduct and the bis-adduct, respectively. More-
over, Fig. 4 indicates that formation of the tetrakis-adduct
proceeded preferentially with an increase in the molar ratio
of Azo-PEO550 in the feed.

Fig. 6 shows FT-IR spectra of untreated Cg( fullerene and
Cgo-PEO550. The same spectra were obtained for the bis-
adduct and the tetrakis-adduct. FT-IR spectra of Cgy-PEO
show the characteristic adsorptions of PEO. Although un-
treated Cg fullerene shows four characteristic absorptions at
528, 577, 1183, and 1429 cm™ ', these signals disappeared
completely after the grafting reaction. This shows that grafting
of the PEO550 radicals altered the Cg, fullerene cage.

Fig. 7 shows UV—vis spectra of (A) Cgo-(PEO550),, (B)
Ceo-(PEO550)4, and (C) untreated Cgy. Some obvious changes
were observed in the visible region of the Cgp-(PEO550),
spectrum in comparison with that of Cgq fullerene; a new
characteristic broad peak appeared at approximately 443 nm.

It is well known that di-substituted Cgq derivatives show
characteristic UV—vis spectral features depending on the rela-
tive position of substitution—a sharp absorption at 430 nm
for a 1,2-bis-adduct and a broad peak at 443 nm for a

Fraction-A

Fraction-B

I |
0 5 10 15

Elution volume (ml)

Fig. 5. SEC of fraction-A and fraction-B obtained from the reaction products
of Cgo/Az0-PEOS550, detected by refractive index.
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Absorbance

Wavelength (nm)

Fig. 7. UV—vis spectra of (A) Cgo-(PEO550), (solid line), (B) Cg-(PEO550),4
(broken line), and (C) untreated Cgq (dotted line) in CHCl;.

1,4-bis-adduct [13,16,23,24]. The spectrum of Cgo-(PEO550),
(Fig. 7(A)) indicates that it may be the 1,4-type.

When the spectrum of Cgo-(PEO550), (Fig. 7(B)) was
compared with that of Cgy-(PEO550), (A), the broad peak at
approximately 443 nm had disappeared. This result shows
that further PEO chains were added to Cgy-(PEO550),.

Fig. 8(A) shows the effect on conversion of the molar ratio
of Azo-PEO550 to Cgq fullerene in the feed. Conversion
values were calculated using the following equation:

Conversion (%) = [(A — B) /A] x 100,

where A is the amount of Cgq (g) used in the reaction, and
B is unreacted Cg. Fig. 8 clearly shows that, as expected,

Conversion (%)

. | | | | |
0 1 2 3 4 5

Azo-PEO / Cg

Fig. 8. Effect on conversion of molar ratio of (A) Azo-PEO550 and (B)
Azo-PEO2000 to Cg fullerene in feed.

the conversion increased with an increasing molar ratio of
Azo0-PEOS550.

Based on the above results, it is concluded that PEO550
radicals formed by thermal decomposition of Azo-PEO550
were successfully trapped by Cgo fullerene to give two
types of PEO550-grafted Cgo fullerene, the bis-adduct Cgp-
(PEO550),, and the tetrakis-adduct Cgo-(PEO550),4. In addi-
tion, it is likely that the structure of the bis-adduct is of the
1,4-type. Moreover, formation of the tetrakis-adduct increased
with an increase in the molar ratio of Azo-PEOS550 in the feed.

3.3. Grafting reaction of Azo-PEO2000 with Cg
fullerene

Fig. 9 shows the SEC curve of fractionated Cgo-PEO2000
(Fig. 2(d")) detected by refractive index. Fig. 9 shows that frac-
tionated Cgo-PEO2000 was purified to a considerable extent
but still contained slight amounts of ungrafted PEO2000.
The molecular weight of the fractionated Cgy-PEO2000
was determined to be 4600, and the formula weight of
Ceo-(PEO2000), (bis-adduct) was calculated to be 4936.
These results show that the large peak in the SEC curve
corresponds to bis-adduct.

In contrast to the reaction with Azo-PEO550, formation of
the tetrakis-adduct was not observed in this case even when
the molar ratio of Azo-PEO2000 in the feed was increased.
It is considered that the formation of tetrakis-adduct was in-
hibited due to steric hindrance of the high-molecular-weight
PEO2000 species.

Fig. 10 shows UV—vis spectra of (A) Cgo-(PEO2000), and
(B) untreated Cgo. The spectrum of Cgo-(PEO2000), (A) is
similar to that of Cgy-(PEO550),, as shown in Fig. 7. Hence,
the structure of Cgo-(PEO2000), may also be 1,4-type.

Fig. 8(B) shows the effect on conversion of the molar ratio
of Azo-PEO2000 to Cg, fullerene in the feed. It is clear that,

| |
0 5 10 15

Elution volume (ml)

Fig. 9. SEC of fractionated products of Cgo with Azo-PEO2000, detected by
refractive index.
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Fig. 10. UV—vis spectra of (A) Cg-PEO2000 (solid line) and (B) untreated
Cgo (dotted line) in CHCls.

as expected, conversion increased with an increase in Azo-
PEO2000.

Based on the above results, it was concluded that PEO2000
radicals formed by thermal decomposition of Azo-PEO2000
were successfully trapped by Cg, fullerene to give
PEO2000-grafted Cgo fullerene in the form of the bis-adduct
Ceo-(PEO2000), only. In addition, the structure of the bis-
adduct may be 1,4-type.

Ederlé et al. reported that in the reaction of Cg, fullerene
with PEO anions, the number of PEO chains (M, = 5000)
grafted onto Cgq fullerene was more than six [20]. The differ-
ence between this result and the current results may be due to
the fact that PEO anions, rather than PEO radicals, were used.

3.4. Solubility of PEO-grafted Cgp

Fig. 11 shows the solubility of C¢,-PEO in water, methanol,
and THF. Each solution contained about 30 mg of Cgo-
(PEO550), per 1 ml of solvent. It was found that more than
100 mg of Cgp-(PEO550), could be dissolved in 1 ml of water,
which equates to at least 35 mg of Cg, fullerene. Cgp-
(PEO550)4 and Cgo-(PEO2000), were also highly soluble in
these polar solvents.

Untreated Cg
in Water

Water Methanol THF

Fig. 11. Solubility of Cgo-PEO in various polar solvents.

It was found that the solubility of Cgq in these solvents in-
creased significantly due to grafting of PEO onto Cg fuller-
ene. In addition, solubility in conventional organic solvents
such as acetone, chloroform, and toluene was also consider-
ably improved. There was no appreciable difference in the
solubilities of Cgy-(PEO550), and Cgo-(PEO550), in these
polar solvents.

3.5. Thermal stability of PEO-grafted Csp (Cso-PEO)

Fig. 12 shows TGA curves of Cgo-(PEO550),, Cgo-
(PEO550),4, and Azo-PEO550. The intersection with the tan-
gent line represents the thermal decomposition temperature
(Tq) of each Cgy-PEO species. The Ty of bis- and tetrakis-
adduct Cgo-PEOS550 were increased by about 100 °C in com-
parison with that of Azo-PEOS550. The T4 of Cgy-PEO2000
was also increased by over 100 °C compared with that of
Azo-PEO2000.

Ceo fullerene has been reported to show retarding and in-
hibiting effects on the thermal decomposition of poly(methyl
methacrylate) (PMMA), PSt [25,26], acrylic polymers [27],
and poly(N-vinylcarbazole) [28]. Zuev et al. reported that
the T4 of mixture of acrylic polymer such as poly-n-alkyl
methacrylates (PAA-n) and poly-n-alkyl acrylates (PMA-n)
with Cg fullerene was raised by about 20—30 °C compared
with those of acrylic polymers [27]. Chen et al. also reported
that the Ty of Cgo-poly(N-vinylcarbazole) copolymer was
raised by about 13 °C compared with that of poly(N-vinyl-
carbazole) [28].

The T4 of each Cgy-PEO species seems to be dramatically
increased in comparison with those of acrylic polymers,
poly(N-vinylcarbazole). It is assumed that this is due to the
ability of Cgq fullerene to trap radicals formed by thermal
decomposition of PEO to a greater extent than radicals of
PMMA, PSt, acrylic polymers, and poly(N-vinylcarbazole),
as the latter types are stabilized by conjugation.

100
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40

Weight residue (%)

20

0= | | e it

100 200 300 400 450 500
Temperature (°C)

Fig. 12. TGA curves of various Cgy-PEO. (A) Cgo-(PEO550), (solid line),
(B) Cgo-(PEO550), (broken line) and (C) Azo-PEOS550 (dotted line).
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Fig. 13. Gas chromatograms of decomposed (A) Azo-PEO2000 and (B)
Ce0-(PEO2000), gas.

The gas chromatogram (GC) of decomposed Cgo-
(PEO2000), gas was clearly the same as that of Azo-
PEO2000, as shown in Fig. 13. In addition, the mass spectrum
of decomposed Cgy-(PEO2000), gas at retention time 9.3 min
was the same as that of Azo-PEO2000, as shown in Fig. 14. It
can be seen from Fig. 14 that Cg-(PEO2000), produces ethyl-
ene oxide monomers, dimers, trimers, etc., on decomposition.
It is well known that Cg, fullerene reacts easily with low-
molecular weight alkyl radicals [11]. It is thought that the
Ceo moiety of Cgo-PEO actively trapped small radical species
(monomers to trimers) on initial decomposition, and the trap-
ping of Cgp moiety suppressed weight loss to raise the T4 of
each Cg-PEO species.
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Fig. 14. Mass spectra of decomposed (A) Azo-PEO2000 and (B) Cgo-
(PEO2000), gas shown in Fig. 13 at retention time 9.3 min.

Table 1
Cgo content in Cgy-PEO determined from TGA and molecular formula

Measured by TGA (wt.%) Calcd. (wt.%)

Ce0-(PEO550), 30 354
Ce0-(PEO550)4 20 21.5
Ce0-(PEO2000), 17 14.6

Based on the above results, it is concluded that the thermal
stability of PEO is dramatically increased by grafting onto
Ceo fullerene.

Fig. 12 and Table 1 show further information on Cg, fuller-
ene content in PEO-grafted Cg(, determined based on weight
residue at 450 °C. At this temperature, Azo-PEO is fully
decomposed, while Cgq fullerene has not yet undergone
much decomposition. Cg fullerene content in Cgy-PEO can
also be calculated based on formula weights. Table 1 shows
that the Cgg fullerene content determined from TGA was in
agreement with that calculated from the molecular formula
of PEO-grafted Cg fullerene.

4. Conclusions

1. PEO550 radicals formed by thermal decomposition of
Az0-PEOS550 were successfully trapped by Cgq fullerene
to give two types of PEOS550-grafted Cgo fullerene,
a bis-adduct Cgy-(PEO550), and a tetrakis-adduct Cgp-
(PEO550),.

2. PEO2000 radicals formed by thermal decomposition of
Az0-PEO2000 were also successfully trapped by Cgq ful-
lerene to give PEO2000-grafted Cg, fullerene, bis-adduct
CGO-(PEOSSO)z Only.

3. The structure of the bis-adducts (Cgy-(PEO550), and
Ceo-(PEO2000),) was concluded to be 1,4-type.

4. The solubility of Cg, fullerene in water, THF, methanol,
and other conventional organic solvents was remarkably
improved by grafting of PEO.

5. The thermal stability of PEO was dramatically increased
by grafting onto Cgq fullerene.
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