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Abstract The vibrational properties of oxygen-free Cegp films indicate the nearly ideal molecular
nature of solid Cgg. Numerous sharp Raman lines (~98) and infrared lines (~98) were observed and
assigned to first-order modes, or combination and overtone intramolecular mode frequencies of Cgg.
Analysis of these vibrational modes yields a complete, self-consistent set of the 46 fundamental
intramolecular mode frequencies of a Cgg molecule. Irradiation of oxygen-free Cgg films with visible
or uliraviolet light phototransformed Cep to a new polymeric phase. We present experimental
evidence which suggests the formation of covalent C-C bonds between Cgg molecules in the
polymeric phase. Furthermore, the rate for thermal dissociation of these intermolecular bonds is
found to follow an Arrhenius’ type bchavior with an activation energy E, = 1.25 eV. Our
experimental results will also be compared to recent theoretical calculations and connected with the
photophysical behavior of Cgg.

INTRODUCTION

The discovery by Smallecy, Kroto and co-workers{1] of new carbon cage molecules Cy referred 1o as
“fullerenes” has led to a new class of carbon-based solids which exhibit a wide variety of unusual
physical and chemical properties{2-41. In this paper, we review some of our recent work on the vibrational
properties of pristine Cgp and photopolymerized solid Cgg films. First, we will present the results
obtained from the first- and higher-order Raman scattering{5-7] and infrared (IR) studies(8] of pristine Cep

films. Next, we discuss results of our studies on the photopolymerization of solid Cgo[9-13].

1. VIBRATIONAL SPECTRUM OF Cgo FILMS

As is now well known, pristine solid Cgg is a van der Waals-bonded molecular solid whose electronic and
vibrational properties are strongly connccted to the properties of the molecule itself, which exhibits
icosahedral (I,,) symmetry. This symmetry, which can be identified with the pattern of periodically placed,
20 hexagonal and 12 pentagonal faces on a soccer ball (inset figure in Fig. 1), is quitc high, and this leads
10 a dramatic simplification of the vibrational and electronic states. Several experiments on pristine Cgg
indicate that below T, ~260 K, the Cgo molecules in the solid undergo an orientational ordering[4, 14-

17]. The data have been interpreted to indicate that (1) for T > Ty, the Cgo molecules spin freely about
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randomly oriented axes on fcc lattice positions, and (2) for T < T, two of the three rotational degrees of
frecdom in the high T phase are lost, and the molecules undergo a “ratchet-like” orientational hopping
about four specific (111) directions, as determined by x-ray[14, 18] and neutron[15, 19] studies. At
T=90K, a second transition to a merohedrally disordered glass phase (MDGP) occurs{14,15] lcading to an
estimate of the number of molecules oriented such that an electron-rich double bond on one molecule
faces the clectron-deficient opening in a pentagon (~83%) or hexagon (~17%) of the adjacent molecule.
For an isolated Ceo molecule, out of the 180-6 = 174 intramolecular vibrational modes, only 46
distinct mode frequencics are possiblc[20, 21]. Ten (8Hg + 2A ) of these 46 modes arc Raman-active and
four (4Fy,) are IR-active modes[21] and have been determined experimentally by the (irst-order Raman and
IR spectroscopies{20, 22, 23]. Figure 1 shows the IR and Raman spectra obtained at room temperaturc on
thin oxygen-free solid films of Cgp, vacuum deposited onto various substrates, e.g. Si(100), KBr and
fused quartz[20]. The IR spectrum (A) in Fig. 1, shows four prominent narrow lines at 526, 576, 1182
and 1428 cmil that are associated with the 4Fy, intramolecular modes and in spectrum (B), ten of the
twelve features are identificd with the Raman allowed 2A, (493 and 1469 cm-!) and 8H, vibrations[9]. All
the carbon atom displacements in the 493 em-l A, symmetric breathing mode are in the radial dircction
andt arc of cqual magnitude. The A, mode at 1469 cm-! corresponds to tangential displacements of the §
carbon atoms around cach of the 12 pentagons and, therefore, is also called the “pentagonal pinch” (PP)

mode.
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ie. 1: Fourier transform infrared (FTIR) transmission (spectrum A) and Raman spectra (spectrum
g;?slilnc 8201 film. The Raman spectra were taken at low laser power density (< mW/mm?) usin lgc
488 nm Ar 1on line on samples deposited on fused quartz substrates. FTIR samples were deposited on 5
substrates. Inset: Each carbon atom is at an equivalent position on the corners of a regular truncate

jcosahedron with 20 hexagonal and 12 pentagonal faces.

As will be discussed in section 11, solid Cgp is sensitive to visible and ultraviolet (UV) radiation,
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being casily phototransformed at room temperature from a weakly bonded van der Waals solid o a
polymeric (Cgo)n phase in which N Cgo molccules are cross-linked via covalent bonds[9-13). For T < T,
the relative orientation of adjacent Cgg molecules in the lattice does not satis{y the topochemical
requirements for the formation of the cross-linking covalent bonds[11] and thercfore, it is possible 10
exposc the Cgp films to sufficicntly high laser excitation intensitics to study numerous weaker featurcs
(overtones and combination modcs) in the Raman spectrum in detail, without polymerizing or inflicting
photoinduced damage to the Cgo films. Furthermore, above the range of significant thermal
decomposition temperature (T, ~450 K) for the photopolymerized Cygg films, the fullerenc molecules are
spinning rapidly about their fcc lattice positions and any photoinduced dimers [Cgp=Cgg] that might be
formed by the Raman lascr will immediatcly be thermally decomposed[13]. Group theoretical analysis of
thc combination and overtone mode {requencies provides an opportunity to determine the mode {requencics
and symmetrics of some of the optically “silent” vibrational modes (Ay, Fyg, F,, Gy, Gy and Hy).
Besides the 14 (4F+ 2A, +8 Hy) first-order allowed IR and Raman modes (Fig. 1), at Icast additional 98
weak Raman lincs (Fig. 2) and 98 weak IR lines (Fig. 3) can be observed in the spectra obtained from
thick (~1-4 um) Cgp films. Raman spectra at temperatures T = 20 K and 523 K for sotid Cgp films
(~7000 A) are shown in Fig. 2. We find that many of the strongest second-order Raman lines involve
only modes which arc also observed in first-order. These special second-order modes have been marked on

Fig. 2 and account well for most of the intense second-order Raman features above ~1000 cm-1.

T=523K
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Fig. 2: Raman s;lzecua for a solid Cgo film (d ~7000 A)_ taken at T= 523 K and 20 K using 488 nm Ar ion
laser radiation. The mode frequencies shown schematically in the figure are as follows: (upper, marked
first) gives the position of all 46 fundamental frequencies and the Raman-allowed modes are marked as
darker ticks, and (lower, marked second) gives the position of all overtone and combination modes.

Somewhat weaker features in the Raman spectra might be expected to arise from combination modes

where only one of the components relates to first-order Raman-active lines.
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In principle, the second-order IR spectrum could also provide a method for determining the
frequencies of the optically silent modes. The observation of additional second order IR lines in Fig. 3
suggests, on the basis of the group theoretical arguments[8], that certain modes (I'; ) which are silent in
first order are also playing a role in the second-order IR spectrum. Narrow structure associated with
various first and higher order vibrational modes are superimposed on a background exhibiting broad, large
amplitude oscillations (~500 ¢cm-! period). These oscillations are due to an interfcrence between beams
suffering various multiple internal reflections inside the Cgg film[24]. Since the A and Hy modes are
known from first-order Raman spectroscopy([20, 22], it is only the silent modes that are not as well
determined. By adjusting the frequencies of the silent modes together with the known frequencics for the
Ag, H, and F 1, modes, we have obtained the 46 distinct mode frequencies for a C¢p molecule and can be
found in Ref. [8]. Finally, it should be mentioned that the silent modes can also be activated by isotopic
substitution (i.e. 13C12Csq : cach of these molecules contains one 13C and 59 12C atoms), as was
previously reported in benzene[25). Several of the weaker features observed in Figs. 2 and 3 arc identificd

with isotopic activation of silent modces[8].
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Fig. 3: Infrared transmission spectrum of a Cep film (d~ 41tm) vacuum deposited on a KBr substrate. The
large periodic oscillations are due to a Fabry-Perot interference effect in the Cgp film.

IL. PHOTOINDUCED POLYMERIZATION QF Cgo

In this section, we present experimental results which indicate that the application of visible or uliraviolet
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light to solid Cgp polymerizes the structure, linking the molecules together in a covalently bonded
structure. Previously, on the basis of Raman scattering studies, we reported the obscrvation that Ar ion
laser radiation at 514.5 and 488.0 nm cxceeding ~50 mW/mm2 appeared to initiate a photoinduced
ransformation of an oxygen-free, fcc Cep to a different solid phase with a richer Raman spectrum[20, 26).
In particular, the high frequency A,-symmetry “pentagonal-pinch” (PP) mode was observed to broaden and
downshift at room temperature from 1469 cra-! 10 ~1460 cm-1, while the polarization ratio for this mode
deteriorated from 100% in pristine Cgp to ~80% in the phototransformed phase[20, 26]. Similar
downshifting of the PP mode was also observed when oxygen-free Cgp films were irradiated with
UV-visible light using a 300 W Hg arc source[9]. There has been some disagreement in the litcrature
about the value of the PP mode frequency. In our opinion, the value 1469 cm-1 has been incorrectly
associated with only oxygen-contaminated Cgol27-30]. Fourier transform Raman studies by Chase et
al.[31] using a YAG laser with photon energy (1.06 eV), less than the absorption threshold in Cgo[32,
33], confirm the 1469 cm-! PP mode frequency for oxygen-free, fcc Cgg obtained using a low power Ar
ion laser beam[20, 26]. Furthermore, unlike pristine Cgg, the phototransformed Cgq films were found to
be insoluble in tolucne, suggesting that the weak van der Waals bonding between the neighboring Ceg

molecules has been altered by the UV-visible irradiation{9].
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Fig. 4: Laser desorption mass spectrum of Cgg exposed to radiation from an unfiltered mercury arc of
ower 300 W. Each peak corresponds to a mass m = 12 X 60 X N a.m.u., where N =1,2, ..20. Insect:
DMS spectrum shown on an expanded scale in the region of the dimer (Cyp0) and trimer (Cigq),

indicating C loss and gain in the desorption process.

In Fig. 4, we display a laser desorption mass spectroscopy (LDMS) spectrum collected on a
phototransformed film (d=2000 A, 12 hr exposure 1o radiation from a 300 W Hg arc lamp). The mass
range cncompasses Cgg (720 amu) up 10 21 x Cgp (15120 amu). The spectrum in Fig. 4 was taken using
the following desorption conditions : ~10-7 Torr vacuum, puised Ny lascr at 337 nm  focused to a spot
size of 0.3 mm dia., 5 to 10 ns pulse width, pulse energy 10 mJ/cm?2, and 10 Hz pulse repetition rate. A

succession of 20 clear peaks is evident in the mass spectrum of Fig. 4, which were identified with
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clusters of cross-linked fullerene molecules (Cgo)n [9, 101. In the inset to Fig. 4, the data in the vicinity
of Cyyp (dimer) and Cygp (rimer) are displayed on an expanded scale,and the C, structure is clearly
cvident. On the other hand, the LDMS spectrum of a pristine film was observed to cxhibit a series of
mass peaks out to N=5[9, 10], This suggests that at high laser power, the Ny desorption lascr itself is
capable of producing polymerized Cgg. For comparison to this latter result, the pristine film under the
reduced (lascr power) desorption conditions exhibited only the N=1 peak in its LDMS spcctrum[10].
Other evidence subsequently found in support of a polymeric form of Cgo include photoelectron
spectroscopy of Cgp films that were irradiated ;vilh UV light[34], and IR spectroscopy of solid Cgg that
were subjected to high pressures[35].

In Fig. 5 we show the effcct of the phototransformation (or polymerization} on the vibrational modes
of solid Cgp. Room temperature IR transmission and Raman spectra for phototransfonmed Cgp films are
shown. In contrast to vibrational spectra of the pristine Cgp fcc phase (sce Fig. 1), the Raman and IR
spectra of the phototransformed phase cxhibit many more lines, indicating that the icosahedral symmetry
of the Cgo molecule has been lowered, consistent with the proposed photopolymecrization process.
Polymerization in Cgg can also be induced by pressure[35]. Using IR spectroscopy as a probe, Yamawaki
et al.[35) observed additional weak lines similar to those shown in Fig. 5 (spectrum C) when the sample
was subjected to high pressure (7 GPa). The origin of these weak additional lines was attributed to the
pressure-induced formation of the Cgg polymer[35]. Furthermore, in the polymerized Cgq films, a ncw
Raman-active mode was observed at ~118 ¢cm-! which is identified with the streiching of these
cross-linking bonds[9, 13] and molccular dynamics calculations for the Cgg dimer report this interball
mode at 104 cm-1[36).

Next, we discuss the photoinduccd mechanism we proposed for the formation of the covalent cross-

linking bonds in the phototransformed Cgg films. As shown in Fig. 6, Raman spectra of a Cgg film (d~
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Fig. 5: Fourier transform infrared (FTIR) transmission (spectrum C) and Raman spectr L §
phototransformed Cgg film. ) = ) R specira (spectrum ) of
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CgoCu, (d-3000A)
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Fig. 6: Raman spectra of a Ceg film (d~ 3000 g
on a Cu substrate as a function of temperature (T
collected after 20 min. pre-exposure (o 488 nm
laser wrradiation.
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3000 A) deposited on a polished Cu substrate were collected at various temperaturcs (190 K < T < 300 K)
using a {ixcd grating angle, a cooled, charge-coupled-array-detector, and 488 nm radiation from an Argon
ion laser. The Raman laser also scrved as the source (o promote the phototransformation of the Cgg film.
For T < 250 K, the existence of a dominant 1469 ¢m-1 Raman peak, indicative of pristine Cgo[20], is
obscrved despite the 20 min pre-exposure to high laser fluence. Little or no cvidence for
phototransformation is detected, i.e., the unpolarized, photo-induced ~1458 cm-! mode is weak or absent
altogether, indicating the film is effectively resisting photopolymerization in this temperature range{20].
With increasing T above a threshold near 250 K, the film photopolymerizes morc rapidly, evidenced by
the rapid growth of the 1458 cm! Raman structure. The threshold for the photopolymerization near ~250
K is clearly cvident, and this temperature is close to the orientational ordering temperature,

The “2+2 cycloaddition” mechanism is a well known photochemical reaction resulting in the
covalent attachment of adjacent molecules{37]. This mechanism is active in molecular solids when carbon
double bonds on each adjacent molecules are oriented parallel to one another and separated by less than
~4.2 A [37]. By photochemical assistance, an excited molecular state is formed, and as a result both these
double bonds arc broken and reform as a four sided ring (Fig. 7c). Two Cgp molecules might dimerize by
the *2+2 cycloaddition” mechanism as shown in Fig. 7d. Since a Cgo molecule contains 30 reactive
double bonds tangentiat to the ball surface, and these double bonds on adjacent molecules can be separated
by as little as 3.5 A in pristine solid Cgo[14], then solid Cep can be seen to satis{y the general
topochemical requirement for “2+2 cycloaddition” in a constrained medium [37], but only for T > Ty. At
low T, the double bands on adjacent molecules avoid each other (Fig. 7a and 7b), and according to the
topochemical requirement, the reaction should be suppressed. For T > Tg, however, the {reely spinning

molecules enjoy 30(30) = 900 favorable orientations to promote the “2+2 cycloaddition” reaction.
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Fig. 8: (a% Bimolecular photochemical rcaction in

which a Cgg monomer in the excited triplet state

3M*) reacts with a monomer in the ground state

gM) to form a dimer (D). (b) Schematic cnergy

level diagram for the Cgg monomer, showing the
@) principal levels involved. The k; are the

. . . respeclive rate constants, and the other symbols

Fig. 7: (a) and (b) : Two possible oricntations of arc described in the text.

adjacent Cgg molccules in the MDGP. (c):

Schematic ‘fi + 2 cycloaddition” reaction between

parallel carbon double bonds on adjacent

molecules. (d): A Cgg dimer produced by a

photoinduced “2 + 2 cycloaddition™ reaction.

Furthermore, the photophysics of Cgp also seems to favor the proposed “2+2 cycloaddition” reaction
mechanism. First, strong, dipole-allowed, singlet-singlet absorption is observed above ~2.3 ¢V[38];
sccond, a ~100% cfficient intersystem crossing[39, 40] is needed to populate significantly the first
excited triplet state (T 1); and third, a sufficiently long Ty lifetime (~40 psec[39]) is needed to maintain a
significant number of molecules in the rcactive triplet state. In kinetics studies which we discuss below,
we find that the rate limiting step in the photodimerization process is the photoexcitation of the monomer
1o excited singlet state S4[12], i.e., one dimer is found for very 488 nm photon absorbed. This result
follows dircctly from the ~100% c(licient intersystem crossing.

Another cxperimental result consistent with the importance of the T; state in the dimerization
pathway is the obscrvation that intercalated dioxygen “hardens” Cgp against phototransformation, i.c.,
high laser flux was not observed to produce phototransformation when dioxygen was present in the lattice
(20, 26, 41]. The stabilizing influcnce of dioxygen is undoubtedly connected with the reported quenching
of the Cgo (Typ) state via an interaction with the (03) 3 state [40], thereby  suppressing
photopolymerization.

Finally, we discuss the kinctics of the photoinduced polymerization of Cgg films deduced from the
time evolution of Raman spectrum in the vicinity of 1469 cm-! mode. The Cgp film was exposed at T =
300 K to photon flux &g ~ 8.3 mW/mm?2 at 488 nm from an Argon ion laser. This irradiation level was
chosen to both slowly phototransform the film, as well as to stimulate the Raman spectrum. A least-
squarcd Lorentzian lineshape analysis of the Raman spectra was used to determine the relative
concentration of the Cgp monomers M(1) (integrated area under the 1469 cm-! linc) and dimers D(1)

(in'egrated area under the ~1459 cm-! lin) as a function of time t. Details regarding the lincshape analysis
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and the experiment is reported in Ref. [12]. Initially, a single line is observed at 1469 cm-! which is

100% polarized[26] and identified with the “pentagonal pinch” mode (A,) of pristine Cgo. Early in this
phototransformation process dimers, and later, trimers, etc., form, eventually leading to the polymeric

phase (Ceo)N. The progression from the pristine film to one containing dimers can be monitored by the
shift in spectral weight from the 1469 cm-! line to the ~1459 c¢m-1 line. After ~600 minutes, the
phototransformation to the polymer is complete, and the 1469 cm-! line is absent from the Raman
spectrum[12] indicating the formation of cross linking C-C bonds between Cgg molecules via a “2+2”
cycloadditon mechanism discussed above[11].

Using the molecular energy level diagram presented in Fig. 8, the kinetics of the photoinduced

. polymerization in solid Cgp can be understood from a conventional triplet state photochemical

mechanism, where a monomer in the excited triplet state (3M*) reacts with a monomer in the ground state
(M) to yield the dimer (D), i.e., 3M* + M — D; this reaction is assumed to proceed as a normal
bimolecular reaction with rate constant ks (Fig. 8a). Rate constants k; (i = 1-4) are required to describe the
rate at which 3M* molecules can be produced per incident photon (Fig. 8b). First, the system must be
excited by optically pumping the monomer to excited singlet states S;, where the pumping rate constant
k; depends on the incident light flux ®q. The Sj states then usually decay very rapidly to $1{42], so we
ignore the internal conversion rate constants for S; — §;. Once the system is in §; (or IM*), it can
rcturn to the ground state Sg (or M) by radiative recombination (k). However, the singlet exciton
recombination has a low quantum yield ( ~ 0.07% (43)), therefore, the system decays to T (or 3M*) by
a nearly 100 % efficient intersystem crossing (k3 ~ 3 x 1010 s-1 [44)). Finally, 3M* can return either to
the monomeric ground state M via kg, or the 3M* state can undergo a bimolecular reaction with M (ks) to
form the dimer D. The coupled set of equations which describe the time evolution of this system arc[13] :
M(t) = (Mp) exp(-Zk1t) and D) = (1/2)(Mo) (1-exp(-2k;1)) , M
where My is the initial density of monomers. From the form of these solutions it can be secen that the
optical pumping (rate k1) must be the rate limiting step, and one absorbed photon produces onc dimer.
In-situ temperature dependence of the Raman spectrum for an initially photopolymerized Cgg film in
the vicinity of the symmetric “pentagonal pinch mode” shows that the Cgo polymer can be driven back
towards pristine, van der Waals bondcd Cgg solid. Details regarding the thermal decomposition of the Cgo
polymer arc available elsewherc{13]. A least squares Lorentzian lineshape analysis was carried out 10
determine values for the T-dependence of the integrated intensity (I), frequency () and linewidth (I") for
the 1469 c¢m-! (pristine Cgp) and 1459 cm-! (Cgp-polymer) lines. Below ~100 °C, the linear increase of
1459 was assigned to thermal broadening[13]. However, above ~100 °C, T'1459 exhibited an anomalous
decrease with increasing tempcerature, which is interpreted as evidence that the polymer has dissociated Lo a
solid containing primarily monomers and dimers (i.e., for T > 100 °C, the contribution to I" from
inhomogeneous broadening decreases). Assuming a fixed number density of C¢p shells (Mp), and under
steady state conditions, when the system is dominated by monomers and dimers, the intensity ratio

T1450/T1460 Was shown (o be proportional to the inverse thermal decomposition rate (k) L. Anticipating
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an cxponential temperature dependence (i.e. Arrhenius’ behavior) for kt (i.e., kT = A exp(-E,/kgT), where

kp is Boltzmann’s constant and A is a pre-cxponential constant with units 1/time), a plot of log;g
(T1459/11469) vs. 1/kgT, showed a nearly linear relationship over the entire temperature range where

reliable intensity information can be obtained [13)]. A linear fit to the data results in the activation cnergy

. = 1.25 eV [13]. We suggest that the observed linear behavior of the ratio 11450/1) 469, over the larger
T-range as evidence that the thermal energy required to dissociate a monomer from all other oligomers is
approximatcly the same as that needed to dissociate a dimer into two monomers. Therefore, we interpret
the 1.25 eV activation energy obtained from the fit to the data as the thermal energy required to dissociate

a monomer from any oligomer in Cgg-polymer.
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