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Cg; dissolved in toluene, benzene and carbon disulfide respectively, yielded a brown precipitate upon ex-
posure to ultraviolet radiation. A thin film was deposited on a silicon substrate when dipped in each of the so-
lutions. Further examination of this deposit revealed: (1) the substance to be amorphous by TEM observa-
tion; (2) No oxygen was detected by Auger electron spectroscopy; (3) Absorption peaks produced by FT-IR
differed from those of pristine Cg, solid-state photopolymerized Cq and high-pressure polymerized Cg; (4)
The same substance was obtained for each of the three solvents; (5) The substance obtained is presumably a

new photopolymerized Cg, solid.
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1. Introduction

Rao et al. were first to report on the polymerization of Cgg
by irradiation.? Iwasa et al. synthesized bulk polymerized
Ceo using a high-pressure technique.? The existence of Cg
polymer is well documented.?-® These studies were car-
ried out using solid specimens. However, very few attempts
have been made to polymerize Cg in solution.?

In this study, Cgo solutions were irradiated with ultravio-
let (UV) light following after the study of Rao et al. In each
case a solid powder or film precipitated. We propose that
this substance was photopolymerized. Transmission elec-
tron microscopy (TEM), Fourier transform infrared spec-
troscopy (FT-IR) and Auger electron spectroscopy (AES)
measurements were taken for the precipitate from each so-
lution. Results were compared with pristine Cgo as well as
other Cg polymers synthesized by solid-state photoreac-
tion, and high-pressure techniques.

2. Experimental procedure

(1) Cgo powder (>99.98%) was dissolved in the three
solvents toluene (>99.7%), benzene (>99.7%) and CS,
(>99.9%), to a concentration of 0.5 g/l. A mercury-dis-
charge lamp (100 W) was used as the UV-light source. Ir-
radiation was carried out for 20 h, maintaining the tempera-
ture of the solutions between 26 and 29°C. The color of each
solution was initially purple, later turning to wine red
(Fig. 1(a)). Pieces of Si wafer were suspended in each solu-
tion, to provide a surface for the precipitation of the pho-
toreacted products (Fig. 1(b)). The deposited films in tol-
uene, benzene and CS; will be referred to as TF, BF and
CF, respectively. Solid products were filtered from the ir-
radiated solutions. The resultant brown powder obtained
from each of the solutions will likewise be referred to as
TP, BP and CP.

(2) TP and TF were alternately washed with pure tol-
uene and acetone several times to remove unreacted Cg.
BP/BF and CP/CF were similarly washed with benzene/
acetone, and CSy/acetone, respectively. It should be noted
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that a considerable amount of solid was produced from the
photoreaction in CS,, and that this solid was soluble in alka-
li solution.’® Hence, CP and CF were additionally washed
with KOH (500 g/1) and pure water to remove as much of
the CS, solid as possible. The preparation of purified CF
was not successful because most of deposited film exfoliat-

Fig. 1. (a) Change of color in Cg solution (solvent: toluene).
Left-side: initial. solution, right-side: after the irradiation for 20
hours. (b) Resulting powder obtained by filtration (right-side) and
a thin film precipitated on Si surface (left-side).
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ed from the substrate during washing. (a) B

(3) TEM observations were taken for all the specimens
that were mounted on commercially available microgrids
with a Hitachi H-9000 electron microscope accelerated at
300 kV. AES was performed for TF, using a Perkin Elmer
PHI-650 operated at 3 kV and 50 nA, where argon sputter-
ing before measurement was not employed so as to prevent
the deterioration or decomposition of the deposited films by
ion bombardment. Infrared spectra were measured by a Per-
kin Elmer SPECTRA2000 for TP, BP and CP incorporated
in KBr disks.

3. Results

3.1 Transmission electron microscopy

Figures 2(a) and (b) show low-magnification images of
TP and TF, respectively. The former shows the aggrega- (b) - .
tion of many round particles, and the latter, film containing
the particles. While the film is being deposited, particles
may be taken up by the film.

The morphology of BP and BF were found to be essential-
ly the same as TP and TF, respectively. CP was also an ag-
gregation, but the shape of the particles was quite irregular.

The transmission electron diffraction (TED) pattern and
a high-resolution image of TP are shown in Figs. 3(a) and
(b).

(1) The halo pattern in Fig. 3(a) indicates the lack of
long range order molecules, or the amorphous structure in
the substance. A broad ring, R; exists about at 2 nm—!
= (0.5 nm) ~1. We believe that there is a ring inside of it
(marked Ry), but it is not clear whether the R, is a diffract-
ed halo ring from the specimen or only the tail of the main
beam spot. i &

(2) TF, BP, BF and CP also showed halo patterns, TR A Tk
where two rings R; and R were observed. Although the ex- Fig. 3. (a) TED pattern and (b) high-resolution image of
istence of the latter rings was similarly in doubt, the former
was certainly located at ~ (0.5 nm) —1. Therefore, the TED . —
patterns of the five specimens were identical. This suggests 528 1183 |
that the aggregation of the particles and also the film were 577 1429 23
of the same substance and that the synthesis of the sub-
stance was not solvent dependent.
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Fig. 4. FT-IR absorption spectra of TP, BP and CP.
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(3) One of the high-resolution images is shown in Fig.
3(b). No lattice fringes were detected even across a region
approximately 3 nm wide. The images for all the specimens
are highly granular in pattern.

3.2 Fourier transform infrared spectroscopy

FT-IR spectra of TP, BP and CP are shown in Fig. 4.
Their peaks are compared with other Cg polymers in

- Table 1.
Fig. 2. TEM bright-field images of (a) TP and (b) TF. Speci- (1) While the peak positions were almost identical for
mens are supported on organic films full of holes. TP, BP and CP, the magnitudes of the peaks were not. This
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Table 1. IR Absorption Peaks of Cgs. Values of Pristine, Solid- g
state Photopolymerized and High-Pressure Polymerized Cg s are <
Taken from Refs. 11), 1) and 8), Respectively. The Suffixes vs, s, 0
m, w and b Characterize the Intensity of the Peaks as Very Strong, §
Strong, Medium, Week and Broad, Respectively ﬁ
Present study Pristine| Ce0 polymers v ]
photo- high- b= ! ! !
™ BP cP polymerized|pressure g J\/SOO 1000 1500
o
484m -1
1. 506 508 Wave number, k/cm
2. 527| 2. 526{2. 526 528vs 528VS gggs Fig. 5. FT-IR absorption spectra of an amorphous carbon film
Z" g?g 2: g?g 3. 582 5776 329$ s deposited by arc-discharge on Si substrate.
5. 621| 5. 623 616w 607m
6. 674 _ N _
7. 700 7. 698} 7. 710 Zggm 717 ized as amorphous and composed of carbon. Initially, it
o 78l e msls. w3 743\,";’ 74155 might be con‘sider'ed. that Cgo molecules were decomposed
761w 761s by the UV irradiation and that amorphous carbon was
769w produced by this photolysis.
779w 776w .
796m However, for comparison, we prepared an amorphous car-
9. 1049| 9. 1062] 9. 1046 bon film by conventional arc-discharge method and ob-
10. 1156]10. 1156 101156 o | 1183w tained the following: (a) TED showed halo patterning, but
12. 1209 12. 1215 1205w there was no ring at ~ (0.5 nm) —1. Halo rings of the amor-
13. 1233/13. 1228 1229w phous carbon were much larger (about (0.21 nm)~! and
. . 1382 !
;é ng 4. 1385)14. 1385 v (0.11 nm) —1). (b) Two strong peaks were found at 612 and
16. 1427 1429s | 1424m 1108 cm~! in the FT-IR measurement of the amorphous
%g }Zgg 1460w carbon (Fig. 5). The absorption peaks could not be as-
1 8' %ggz %8’ }%5 19. 1629 1621w signed, but were clearly distinct from those of the present
2 . . '] N . .
21. 2852(21. 2851(21. 2851 substance as shown in Fig. 4. .
22 2923|22° 2921122, 2921 From these comparisons, we consider it to be phototran-
23. 3432|23. 3400{23. 3423 3438b sformed Cgo rather than the photolysis product of decom-

indicates that the same substance was obtained with tol-
uene, benzene and CS,.

(2) Absorption peaks were reported to be at 528, 577,
1183 and 1429 cm~! in pristine Cgo.1Y A very sharp peak
was found at 526-527 cm~! in TP, BP and CP. Peaks at
577, 1183 and 1429 cm—1, however, were almost undetecta-
ble in TP and CP, and weak in BP. Hence, the peak at 526-
527 cm~1 can be attributed not to unreacted Cgo but to the
amorphous substance.

(3) For Cgy polymers prepared by solid-state photoreac-
tion and high-pressure methods, it is characteristic that
many new peaks appear in the range 700-800 cm~1.1.2)
This is in contrast to the above substance, for which new
‘peaks appeared at 1000-1700 cm 1.

From the results of FT-IR, we can assert the following:
(a) The four peaks in pristine Cg correspond to in-
tramolecular vibration modes. Many more peaks were ex-
hibited by the substance. This indicates a lowering in the
degree of icosahedron symmetry in the Cgy molecule, and
that new intramolecular bonding (or most likely pho-
topolymerization) occurred. (b) The nature of the inter-
molecular bonding differed from that of the other Cg poly-
mers.

3.3 Auger electron spectroscopy

The AES measurement of TF identified the three ele-
ments C, Siand O. The Si signal can be attributed to the sili-
con substrate. The very weak signal of O may be due to the
contamination by Oy or CO, gases adsorbed on the film sur-
face. The film itself was pure carbon. It should be noted
that interaction between Cgp and O is much enhanced under
exposure to light,®-12) and that oxygen diffusion occurs in
the solid state.®5 In the present case, however, since oxyg-
en is almost insoluble in toluene, an oxygen-free film could
be obtained.

4, Discussion
(1) From TEM and AES, the substance was character-

posed fragments of Cep.

(2) To show how solutions were more reactive for the
phototransformation than solid-state, we prepared a Cgo
solid film on Si substrate by evaporation, and irradiated it
for 40 hours in air. No trace of phototransformation was evi-
dent in X-ray diffraction and FT-IR measurements.

When the Cgg solutions were exposed for several hours,
however, readily apparent transformations were found as
previously described. Two factors may account for the
difference between solid and solution; (a) The pho-
topolymerization of Cg is disturbed by the presence of oxyg-
en in the solid state.?) This influence is greatly reduced in
solution, because oxygen is almost insoluble in the three
chosen solvents. (b) The interaction between Cgo and sol-
vent molecules enhances the reactivity of Cg.13 Thus, the
reaction between Cgy molecules in solution is significantly
promoted by the assistance of UV light.1%

(3) It has been reported that the bonding is of the
[2+2] cyclo-additive type for all Cgy polymerization.D»?
The FT-IR measurements, however, suggest a different
case for the present substance.

This observation is corroborated by other experimental
evidence. Polymeric Cgos synthesized by solid-state pho-
toreaction and high-pressure techniques are not very stable
and revert to the pristine Cg phase during heat
treatment.? 5.8 The present substance, however, remained
unchanged even after annealing at 1000°C for 3h in a vacu-
um of ~1073 Pa.

These results indicate that the linkage between Cgy molec-
ules in this substance is different from that of the other Cg
polymers, and that it is chemically very strong. It is,
however, hard to classify the bonding from the present FT-
IR measurements only. Further investigation is in progress
to exploit techniques in X-ray photoelectron spectroscopy
and nuclear magnetic resonance.
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