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ABSTRACT:

[60]Fullerene bisphenol 1 was allowed to react with equimolar amounts of dibasic acid dichlorides at room

temperature, to afford linear polyesters 3 and 4 containing the [60]fullerene moiety in the main chain. These polyesters were
characterized by micro ATR-IR spectroscopy and TG analysis. They were soluble in N,N-dimethylformamide (DMF) and

weight-average molecular weight (M,,) was determined by GPC.
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[60]Fullerene has unique properties, such as marvel-
ous electron affinity, originated from its special non-
graphite 7n-systems. Many researchers have focused on
the materials science of [60]fullerene."'? Fullerene po-
lymerization has been investigated for this reason, but
many difficulties still remain to be solved. For instance,
a [2+42] cyclization between adjacent [60]fullerenes,
having many reactive sites, affords highly cross-linked,
insoluble homopolymer which cannot be molded or even
handled conveniently.® 7 To avoid such difficulties and
prepare soluble fullerene polymers, copolymerization is
used.

There are two general fullerene-containing copoly-
mers?: 1) Bracelet polymers to which fullerenes are at-
tached, but are not part of the backbone and 2) pearl-
necklace polymers whose fullerenes are part of the back-
bone.

Comparing these copolymers, pearl-necklace copoly-
mers may retain fullerene properties in the bulk state, be-
cause fullerene moieties line up densely and alternat-
ively on the backbone. However, most pearl-necklace
fullerene copolymers could not be dissolved in any
solvent at all because of their cross-linking, and mole-
cular weight was difficult to determine.® Moreover, the

conditions of polymerization in most cases require high
temperature and/or strong reagents.®*® Thus, few studies
have been reported on the synthesis and characterization
of copolymers.

Since we recently developed a reliable and selective
synthetic method for [60]fullerene derivative 1 possessing
two phenol moieties on the nanoparticle surface,!* we
were prompted to take the advantage of high reactivity
on the hydroxy groups, as a monomer, and make soluble
linear pearl-necklace type polyesters (Scheme 1). This
paper reports the polymerization of the soluble alter-
native pearl-necklace polyesters under mild conditions
and characterizes their properties.

EXPERIMENTAL

Materials

The most readily available monomer, (A,H)-regio-
isomer 1,'? was isolated and purified by the reported
method.!! Isophthaloyl chloride, terephthaloyl chloride,
and sebacoyl chloride were of highest grade, and other
chemicals were of reagent grade. They were obtained
commercially and used without further purification.
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Scheme 1.

* To whom correspondence should be addressed.
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Synthesis of [60]Fullerene Dianion Salt 2

A mixture of potassium terz-butoxide (22mg) and
18-crown-6 (53mg) in toluene (10mL) was added to
monomer 1 (10mg, 1.0 x 10~>mol, dissolved in 10mL
of toluene) at room temperature. Soon, a dark brown
salt precipitated. The precipitate was collected by
filtration, washed with toluene (50mL x2), and dried
completely under reduced pressure to remove toluene.
The obtained dark brown fullerene salt 2 (10 mg) was
subjected to the following reactions without further
purification.

Polycondensation Reaction

To asolution (10 mL) of dibasic acid dichloride (20 mg)
containing benzyl triethylammonium chloride (trace) as
a phase transfer catalyst was added [60]fullerene salt 2
(10 mg) dissolved in water (5mL) at room temperature.
The reaction mixture was stirred vigorously at room
temperature for 30 min. The crude reaction mixture was
poured into ethanol (50mL) and the product was
collected by filtration. It was washed with water, ethanol,
and then tetrahydrofuran (THF), and dried in vacuo at
room temperature, affording fullerene-containing homo-
polymer 3 (7mg, 60% yield) or copolymer 4 (6 mg, 60%
yield). Without 2, no polymeric material was obtained
from the reaction mixture. Sebacoyl chloride was used
as a pure monomer, but isophthaloyl chloride and ter-
ephthaloyl chloride were mixed at 1:1 and used as a
monomer mixture, because pure phthaloyl chlorides of-
ten give insoluble, highly crystalline homopolymers.

Fourier Transform Infrared (FT-IR) Spectroscopy

IR spectra were measured using a Nicolet Magna 750
FT-IR spectrophotometer equipped with an infrared
microscope. The fullerene polyesters were analyzed by
ATR method. A ZnSe polarizer was used in the case of
high refractive index material.

Molecular Weight Measurement

Weight-average molecular weights (M,,) of polymers
were determined by high performance liquid chromatog-
raphy (Tosoh HLC-8120GPC) using a column (Tosoh
TSKgel a-M, 7.8 mm i.d. x 30 cm X 2). The mobile phase
was 10 mM-LiBr in dimethylformamide. Measurement
was carried out using a UV detector (333 nm) at 40°C
and flow rate of 1.0mLmin~!. The column was cali-
brated using polystyrene standard samples of defined
molecular weights.

Thermogravimetry

Thermal decomposition behavior of homopolymer 3
and copolymer 4 was analyzed by a Perkin-Elmer TGA-7
balance. The samples (ca. 1 mg) were heated from room
temperature to 800°C at 10°Cmin~" under a nitrogen
atmosphere.

RESULTS AND DISCUSSION

[60]Fullerene bisphenol 1 itself could hardly be
dissolved in water because of its strong hydrophobicity.
When 1 was converted into salt 2 by the treatment with
potassium zert-butoxide in the presence of 18-crown-6,*?
solubility in water dramatically increased. The strong
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Figure 1. FT-IR spectra of monomer (a) 1, (b) homopolymer 3, and
(c) copolymer 4.

hydrophilicity of salt 2 allows us to obtain desirable
polyesters 3 and 4 by surface condensation polymeriza-
tion under mild conditions (Scheme 1).

The reaction mixture was separated into water and
organic phases at the early stage of polycondensation.
The interface between phases suspended gradually with-
in 10 min. Finally, decoloration of the water phase oc-
curred with consumption of the fullerene monomer,
giving aggregated thread-like brown product 3 or 4.

Figure 1 shows FT-IR spectra of products 3 and 4.
The OH-stretching broad band, characteristic of bis-
phenol-type monomer 1, disappeared and new C-O-C
typical bands were observed in the finger region from
1000 to 1500cm™!. The intense bands which appeared
around 1700—1800cm ™! are characteristic of the car-
bonyl stretching vibration. Condensation occurred and
polyesters formed under such mild conditions.

Figure 2 shows the GPC chromatogram of product 3
with the elution times. A strong peak was observed at
18 min with several small peaks appearing at longer
retention times. The small peaks of less-than-1000
molecular weights were considered to be due to by-
products, and thus neglected. Figure 3 shows the GPC
chromatogram with the molecular weights from 14.5 to
19.3 min. The starting point of peak was 200000 and the
peak top was 4000. The weight-average molecular weight
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Figure 2. GPC chromatogram of homopolymer 3 with the elution
times as the horizontal axis.
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Figure 3. GPC chromatogram of homopolymer 3 with the molecular
weights as the horizontal axis.

(M,,) of product 3 was determined to be 6000 and the
polydispersity (M,,/M,) was 2.6. Although most of the
products were oligomers, such polyesters with high
molecular weights were also synthesized even at room
temperature.

Figure 4 shows the TG curves for 3 and 4. A
double-stage decomposition reaction was observed in
the case of homopolymer 3. The mass loss at the first
stage was 65%, which was observed from 160 to 420°C.
This is attributable to the ring opening reaction of
the cyclohexene moiety or retro-Diels-Alder reaction,
followed by the sublimation or vaporization of frag-
ments. The second stage was observed from 460 to
540°C and no residue was found over 540°C. This means
that polyester 3 fully decomposed and fragments were
wholly sublimated or vaporized. An overlapping multi-
stage decomposition was observed in the case of co-
polymer 4. A more complicated decomposition thus
occurred for this copolymer. Aromatic polyesters have
higher thermostability than aliphatic, and this general
behavior is coincidence with the present experimental
results. Therefore, these obvious differences between
polyesters 3 and 4 are due to the structures of the poly-
mers originated from the monomer units.

We established a methodology for preparing linear and
soluble polyesters containing [60]fullerene moieties
alternatively in the main chain. Polymerization efficiently
occurred under very mild conditions, thus avoiding any
complicated side reactions causing troublesome cross-
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Figure 4. TG curves for homopolymer 3 and copolymer 4.

linking etc. According to GPC experiments, some prod-
ucts were found to have quite high molecular weights,
although most were oligomers. Micro ATR-IR measure-
ments and TG analysis were useful for the characteriza-
tion of fullerene polymers. We are now investigating
other properties of fullerene polyesters.
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