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Photoinduced Polymerization of Solid C,, Films 

A. M. Rao, Ping Zhou, Kai-An Wang, G. T. Hager, J. M. Holden, 
Ying Wang, W.-T. Lee, Xiang-Xin Bi, P. C. Eklund,* 

D. S. Cornett, M. A. Duncan, I. J. Amster 
The irradiation of oxygen-free, face-centered-cubic C,, films with visible or ultraviolet light 
phototransformed C,, into a different solid phase. Results from laser desorption mass 
spectroscopy, scanning electron microscopy, Raman and infrared spectroscopy, optical 
absorption, and luminescence indicate that a photopolymerization of the fullerene mole- 
cules within the film occurred. 

T h e  discovery of stable fullerenes, or 
carbon-cage molecules C, (n = 60, 70, 
. . .), by Smalley, Kroto, and co-workers 
(1-3) has led to a new class of carbon- 
based solids with unusual properties (4, 5). 
At room temperature, the molecules in 
solid C60 are centered on lattice positions 
of a face-centered-cubic (fcc) structure (6, 
7) and are observed in nuclear magnetic 
resonance (NMR) experiments to be rap- 
idly rotating about these lattice positions 
(8. 9). This unusual behavior is consistent , ,  , 
with the weak intermolecular van der 
Waals bonding and the nearlv s~herical 
character of [he C60 molecule. '1n this 
report, we present results that indicate 
that the application of visible or ultravio- 
let (UV) light to solid C60 polymerizes the 
structure, in that the molecules link to- 
gether in a covalently bonded fcc struc- 
ture. After phototransformation, the film 

A. M. Rao, P. Zhou, K.-A. Wang, Y. Wang, P. C. 
Eklund, Department of Physics and Astronomy, Uni- 
versity of Kentucky, Lexington, KY 40506 and Center 
for A ~ ~ l i e d  Enerqv Research, Universitv of Kentuckv, 

is no longer soluble in toluene but can be 
dissolved in boiling isodurene. Recently, 
Loy and Assink (1 0) reported a polymer- 
ized C60 network. However, in their 
study, the C60 molecules were linked by a 
hydrocarbon bridge formed during the re- 
action of C60 in solution (toluene) with 
the diradical xylylene. In photoconductiv- 
ity studies of mixtures of C60 and polysty- 
rene, Wang (I I) concluded that.C60 at- 
taches to the polystyrene polymer. 

O n  the basis of Raman scatterine stud- - 
ies, we have reported (1 2) that Ar-ion laser 
radiation at 514.5 and 488.0 nm that ex- 
ceeded -50 mW/mm2 appeared to initiate 
an irreversible transformation of fcc C60 to 
a different solid phase with a richer Raman 
spectrum. In particular, the high-frequency 
A,-symmetry "pentagonal-pinch (PP) mode 
shifted at room temperature from 1469 to 
-1460 cm-' (12), while the polarization 
ratio for this mode deteriorated from 100% 
in pristine C60 to -80% in the phototrans- 
formed phase (1 3). There has been some 
disagreement about the value of the PP- 
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mode frequency (1 3). In our opinion, the 
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less than the absorption threshold in C60 
(1 7, 18), confirm the 1469-cm- ' PP-mode 
frequency for oxygen-free, pristine fcc C60 
obtained with a low-power Ar-ion laser 
beam (12, 13, 19). 

The data presented here were taken on 
thin solid films of C60 vacuum-deposited on 
either KBr, fused quartz, Si(100), or stain- 
less steel substrates from 99% pure C60 
(Bluegrass Fullerenes, Inc., Lexington, Ken- 
tucky) first degassed in a vacuum of 
torr for 3 to 6 hours at temperture (T) = 
300°C. For the laser desorption mass spec- 
troscopy (LDMS) studies, the C60 film sam- 
ples were deposited directly onto the end of 
stainless steel rods that could be transferred 
under a N2 atmosphere into the mass spec- 
trometer. The film-deposition apparatus re- 
sided in an He-atmosphere glove box (Vac- 
uum Atmospheres, Inc., O2 and H 2 0  < 1 
ppm), and the exposure of the films to 
oxygen was therefore minimized. Inside the 
glove box, the film-substrate samples were 
transferred to a gas-tight cell with a quartz 
window that allowed the samples to be 
removed from the glove box and pho- 
totransformed by light from a 300-W Hg arc 
lamp or an Ar-ion laser. All of the pho- 
totransformed C60 films studied received 
enough photon irradiation to shift the PP- 
mode frequency to 1460 cm-', and no trace 
of the initial 1469 cm-' peak remained. 
The film thickness (d) was typically in the 
range 1000 A < d < 5000 A. 

A scanning electron microscope (SEM) 
image was taken of a phototransformed film 
that had been boiled in isodurene for sev- 
eral minutes (boiling point 198°C) (Fig. 1). 
The film had broken loose from the sub- 
strate, tearing along the line AB and fold- 
ing over itself along line BC-that is, point 
A folded to point D. The area enclosed by 
ABC is associated with a residual film of 
phototransformed C60 that was still at- 
tached to the substrate. Striations in the 
C6, film that are evident in the image were 
not transferred from the glass substrate. The 
cracks in the film were also not transferred 
from the substrate and were not evident in 
the pristine film. They may be the result of 
heating during irradiation or a small con- 
traction in the lattice parameter. Films such 
as the one shown in Fig. 1 survived boiling 
toluene (boiling point 11 1°C) for several 
hours but eventually dissolved in boiling 
isodurene. 

We recorded LDMS spectra of photo- 
transformed films (12-hour exposure to a 
300-W Hg arc lamp) and pristine C60 films 
(Fig. 2) that spanned the mass range of 720 
atomic mass units (amu) (C60) to 15,120 
amu (21 x C60). We took the spectra in 
Fig. 2, A and B, under similar desorption 
conditions: vacuum at -lop7-torr, pulsed 
N, laser at wavelength of 337 nm focused to 
a spot 0.3 mm in diameter, pulse width of 5 
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Flg. 1. Scanning elec- 
tron microscope (SEM) 
image of phototrans- 
formed C, that has 
been boiled in isodurene 
for -1 min. The film has 
lifted off of the substrate, 
torn along the line AB, 
and folded over the line 
BC, so that point A trans- 
lated to point D. A resi- 
due of phototransformed 
C, remains on the sub- 
strate. Phototransformed 
films such as this one 
survived boiling toluene 
for several hours, in con- 
trast to pristine films, 
which dissolved com- 
pletely in seconds in toluene at room temperature. 

to 10 ns, pulse energy of 10 mJ/cmZ, and 
pulse repetition rate of 10 Hz. The Cz 
structure is clearly evident in an expanded- 
scale view of the data in the vicinity of C,,, 
(dimer) and C18, (trimer) (Fig. 2A, inset). 
As a result of the laser ablation, a succes- 
sion of 20 clear peaks is evident in the mass 
spectrum of the phototransformed sample 
(Fig. 2A). We identify these peaks with 
clusters of cross-linked fullerene molecules 
(C,),. The LDMS spectrum of a pristine 
film exhibits peaks out to N = 5 (Fig. 2B), 
which suggests that at high laser power, 
the Nz desorption laser itself is capable of 
producing polymerized C,. At a reduced 
laser power, an LDMS spectrum of the 
phototransformed film that was similar to 
Fig. 2A was obtained, but it terminated at 
N = 8 to 10 (20). For comparison, the 
spectrum of the pristine film under these 
desorption conditions exhibited only the 
N = 1 peak (20). 

Our LDMS conditions are much differ- 
ent from those of Yeretzian et al. (2 I), who 
reported the formation of large fullerene 
cages from plasma generated by the laser 
desorption of a C, film into an inert-gas 
(He) atmosphere. They used shorter wave- 
length UV radiation from a Nd-YAG laser 
(266 nm, 6 ns, 2 mJ/cmZ) and a pulsed-He 
nozzle source. They observed four broad 
patterns in the mass spectrum with maxima 
at CIl8, C1789 C234, and C,,, and identified 
them with large-cage fullerenes (rather 
than clusters of fullerenes) formed from 
combinations of C6, and C7, molecules. 
The patterns in their mass spectrum are 
much broader than the (C,,), cluster peaks 
in Fig. 2A. 

We also investigated the effect of the 
phototransformation (or polymerization) 
on the vibrational modes of solid C, with 
room-temperature infrared (IR) transmis- 
sion and Raman spectra (Fig. 3). The IR 
and Raman data for pristine C6, films are in 
good agreement with the results of Meijer 

and Bethune (22) and were confirmed more 
recently by other researchers (12, 13, 16, 
18, 19). The pristine spectra exhibit pri- 
marily intramolecular modes-that is, ten 
Raman-active (2 A, + 8 HJ and four 
IR-active (Flu) modes, which is consistent 
with a weak intermolecular interaction and 
the icosahedral symmetry of an isolated 
molecule (23). In contrast to the spectra of 
the pristine phase, the Raman and IR spec- 
tra of the phototransformed phase exhibit 
manv more lines. which indicates that the 
icosahedral symmetry of the C, molecule 
has been lowered, consistent with the pro- 
posed photopolymerization process. 

These observations can be compared 
with Raman scattering results from M6C,, 
where M = K, Rb, and Cs, and those from 
C6, modified by the attachment of metal 
complexes such as {[(C6H,)3P]zM'},,C,, 
where M' = Ni, Pt, and Pd (24, 25). The 
molecule M6C6, is an ionically bonded 
insulator whose Raman spectrum is quite 
similar to that of solid C6, (1 3, 26). Only a 
few new modes are activated by the ionic 
M-C, bonds, and most of the Raman- 
active modes in M6C, can be identified as 
frequency-shifted modes of pristine C6, (1 3, 
26). In the metalC6, complexes, covalent 
bonds form between the n metal complexes 
and the C6, ball, a structure that appears to 
effectively activate additional Raman lines 
associated with the fullerene cage (25). The 
vibrational spectra (Fig. 3) for the photo- 
transformed phase therefore suggest that 
the fullerenes have been linked together by 
carbon bonds. 

Optical absorption spectra have been col- 
lected on pristine and phototransformed C, 
films in the range of 0.5 to 5.5 eV (27). 
Phototransformation broadened the elec- 
tronic absorption bands of C, without al- 
terine their oositions. which indicates that " 
the molecular structure of the monomers was 
closely related to that of C,. Furthermore, 
luminescence spectra (T = 300 K) of pris- 

. . . -  
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Mass (amu) 

Fig. 2. (A) Laser desorption mass spectrum of 
a C,, film (d - 2000 A) phototransformed with 
UV-visible radiation from a 300-W Hg arc lamp 
for 12 hours. The material was desorbed from 
the film with a pulsed N, laser (337 nm, -8 ns, 
10 mJ per pulse). A series of 20 peaks are 
identified with Ncross-linked fullerenes of mass 
-720N atomic mass units (amu). Inset: LDMS 
spectrum shown on an expanded scale in the 
region of the dimer (C,,,) and trimer (C,,,) 
showing C, loss or gain in the desorption 
process. (B) Laser desorption mass spectrum 
of a C, film not previously exposed to light. The 
data were taken under conditions similar to 
those in (A). The peaks in the figure are identi- 
fied with cross-linked fullerenes produced by 
the desorption laser itself. 

Fig. 3. Raman scattering (lower plot on each 
graph, left axis) and Fourier transform infrared 
(FTIR) transmission (top plots; right axis) spec- 
tra of pristine C, (A) and phototransformed C, 
(B). The Raman spectra were taken at low laser 
power density ( ~ 5 0  mW/mm2) with the 488-nm 
Ar-ion line on samples deposited on Si(100) 
substrates. FTlR samples for spectra were de- 
posited on KBr substrates. 
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tine and phototransformed C6, films, which 
were obtained with 488-nm excitation, sug- 
gest a similar conclusion (27). The strongest 
peak in pristine C,,, which was at -725 
nm, redshifted -20 nm on phototransfor- 
mation. The small changes in these elec- 
tronic spectra are consistent with the poly- 
merization of fullerene molecules. 

Finally, the phototransformation of sol- 
id C,, altered x-ray diffraction of the films. 
Using Cu K, x-rays, we observed three 
clear peaks in -5000 A-thick pristine 
films that could be indexed according to 
the fcc lattice: (11 I) ,  (220), and (311). 
Phototransformation broadened these 
peaks by -20%, which indicates an in- 
crease in disorder in the film, and the 
peaks shifted slightly to higher scattering 
angles, which is expected for an average 
contraction of -0.1 A in the lattice con- 
stant. This contraction is much less than 
one might expect for a simple polymeriza- 
tion of C,, units in which the van der 
Waals bond between C6, molecules (-3.0 
A) is replaced by a covalent C-C bond 
(-1.5 A). This could occur, for example, 
if a 2 + 2 cyclo addition photochemical 
reaction (28) were to take place. In the 
case of adjacent C6, molecules, parallel dou- 
ble bonds (G--C), one from each molecule, 
are broken and reform as single bonds be- 
tween the molecules, that is 

which results in a 1.5 A contraction in the 
bond between the molecules, which would 
appear to be inconsistent with our prelim- 
inary x-ray results. However, the photo- 
transformation may involve the conver- 
sion of (C,,) (C6@) -+ C60=C=C=C58- 
that is, the formation of a L=c=c=' bridge, which preserves the - 10 center- 
to-center distance between adjacent 
fullerenes. Further work will be necessarv 
to determine the nature of the photoin- 
duced intermolecular coupling. 

Note added in proof: Our recent Raman 
scattering studies of C6, in the range 30 to 
200 cm-I clearly indicate that phototrans- 
formation introduces a new mode at o - 
116 cm-I. which we identifv with an 
intermolecular vibrational mode. Further- 
more. intercalated 0, has been found in 
other Raman scattering studies (12) to 
harden the C,, films against phototrans- 
formation. Because 0, also quenches the 
luminescence of the first excited triplet 
state of C6, (27), it appears that the nearly 
100% efficient transition from the singlet 
manifold to this triulet state and the reac- 
tivity of the molecule in this triplet state 
are both important to efficiently produce 
the polymerized form of C6,. 
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Electrochemical Processing of 
Conducting Polymer Fibers 

Shulong Li, Christopher W. Macosko, Henry S. White* 
An electrochemical method for growing macroscopic fibers of electrically conductive 
poly(3-methylthiophene) is described. Single fibers of uniform diameter (-0.1 to 0.7 mil- 
limeter) and length greater than 10 centimeters are grown in a capillary flow cell by 
electrochemical oxidation of the monomer, 3-methylthiophene. The shapes and diameters 
of the resulting fibers are determined by the fluid flow pattern in the cell. Straight fibers, 
sawtooth-shaped fibers, and fibers with tapered necks can be grown by varying the 
capillary shape. 

T h e  high electrical conductivity of het- 
eroaromatic polymers, such as poly- 
thiophene, polypyrrole, and polyaniline, has 
spurred interest in the use of these materials 
in novel electronic and chemical applica- 
tions (1, 2). Prototype designs of flexible 
light-emitting diodes (3), molecular tran- 
sistors (4), lightweight battery electrodes 
(5), electrochromic displays (6), and an- 
ticorrosion films (7) in which a conductive 
uolvmer is the active element have been 
L ! 

realized during the past decade. However, 
most electrically conductive polymers are 
insoluble or intractable or decompose be- 
fore melting, which prevents the use of 
conventional polymer-processing tech- 
niques in shaping these materials into 
desired structures. 

Department of Chemical Engineering and Materials 
Science, University of Minnesota, Minneapolis, MN 
55455. 
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Several methods for processing conductive 
polymer fibers require multistep chemical or 
mechanical procedures (8-1 2). In this report, 
we describe a one-step electrochemical pro- 
cess for synthesizing macroscopic electrically 
conductive fibers of poly(3-methylthiophene) 
[poly(3-MT)]. Conductive poly(3-MT) fibers 
were grown in a two-electrode flow cell, 
shown in Fig. 1. The main body of the cell 
consists of a glass capillary 3 mm in inner 
diameter, oriented vertically. The electrolyte 
solution containing the monomer, 3-methyl- 
thiophene (3-MT) (13 ) ,  is pumped through 
the cell with a centrifugal pump. Polymer 
fibers are grown from a Pt wire 127 1J.m in 
diameter. which is encausulated in glass with - 
-1 cm of the wire extending past the end of 
the glass insulation. This electrode is posi- 
tioned in the center of the capillary -5 cm 
from the entrance port to reduce the effects of 
entrance flow. A second Pt wire 1 mm in 
diameter and -2 cm long, is positioned at the 
bottom of the tube near the exit port. The 
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