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Fully 3C-enriched Cg has been investigated by pulsed elec-
tron-nuclear double-resonance (ENDOR) spectroscopy at W-
band frequency at 1.2 K. For molecular Cg the ENDOR spectra
reflect the distortion of the molecule upon triplet excitation, and
the fine-structure parameter D is found to be negative. For a
single crystal of Cq, the ENDOR spectra characterize the triplet
excitation as delocalized over a pair of neighboring C¢, molecules.
© 1998 Academic Press

INTRODUCTION

As long as fullerenes have been around, studies using
magnetic resonance methods have contributed to our knowl-
edge of this new form of carbon (1). Nuclear magnetic
resonance (NMR) has been decisive in proving the highly
symmetric, icosahedral structure of ground-state Cg,. The
observation of asingle *Cg, NMR line revealed the equiva
lence of all carbon atoms of Cg, and in combination with the
five resonances observed for C,, proved the cage structure of
the fullerenes (2) . On the other hand, electron paramagnetic
resonance (EPR) showed the distortion and symmetry low-
ering of Cg upon electronic excitation through the observa-
tion of a zero-field splitting in the low-temperature EPR
spectrum of the triplet state (3).

While the distortion of Cg, upon excitation into the lowest
triplet state T, is expected theoretically and has been ob-
served, a description of the structure is not yet within reach
and even the symmetry of Cg in T, is still under debate.
The T,q character of this triple state under 1, symmetry (4)
impliesthat Cg is subject to a Jahn—Teller instability. Quan-
tum-chemical calculations by Surjan et al. (5), using an
extended Hubbard Hamiltonian in combination with CNDO/
S, predicted that molecular Cg, upon excitation into the low-
est triplet state distorts to a structure of Dsy symmetry. The
next-lowest triplet state, calculated only 0.065 €V higher in
energy, corresponded to a structure of Dy, symmetry. The
structure of Cg in the lowest triplet state probably depends
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on the environment. For the simple-cubic phase of the crystal
at low temperature, the site symmetry is only S which is
compatible with a D, but not with a Dsy symmetry of Cs,.

The zero-field splitting between the triplet sublevels of
molecular Cg was initially derived from EPR spectra under
irradiation (3) and has amply been confirmed, among others
by zero-field optically detected magnetic resonance leading
tovaluesof | X| =100 = 3, |Y| =129 + 3,and |Z]| =
229 + 3MHz (|D| = 3435 * 3, |E| = 145 + 3 MHz)
for Cg in frozen toluene solution (6). The inequality of
X, Y, and Z would be compatible with a symmetry reduction
upon excitation toward D,,. In view of the fact that the
difference between X and Y is only small, an interpretation
in terms of a symmetry lowering toward Dsy, which would
actually require X =Y, has been put forward (7). The sign
of the zero-field parameters cannot be derived from EPR.
Closs et al. (8) concluded to a negative sign of the zero-
field parameter D for Cg, assuming an analogy with C;, for
which they argued for a negative D value (recent W-band
experiments reveal that D is positive for triplet C, (9)).
Regev et al. (10) assumed D to be negative aswell in their
analysis of time-resolved EPR data. Electron-spin-echo-
envelope-modulation (ESEEM ) experiments for Cq in tol-
uene by Grupp et al. (7) were interpreted in terms of a
spin-density distribution from which the authors concluded
to a positive value of D, while later theoretical work (11)
suggested a negative value of D. The lineshape of time-
resolved (10) and pulsed (12) EPR spectra of frozen solu-
tions of Cg and its variation with temperature down even
to 4 K has been described in terms of pseudorotation, i.e.,
tunneling between symmetry-equivalent Jahn—Teller dis-
tortions. From simulations of this lineshape, Grupp et al.
concluded that Cg, in toluene adopts Dsy Symmetry upon
excitation into T, (12).

For crystalline Cg, W-band electron-spin-echo-detected
EPR (13) and photoluminescence spectroscopy (14) have
revealed that upon optical excitation below 80 K a triplet
exciton state is populated. The observed orientation of the
principal axes of the fine-structure tensor of this triplet state
with respect to the crystal axes showed that Cg, in the crystal
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distorts to a structure of D, symmetry upon excitation. The
extension of the exciton could not be established as the EPR
data are compatible with an excitation delocalized over a
pair as well as over a chain of Cg, molecules.

To get moreinformation on the triplet-state wavefunction,
hyperfine studies should be most helpful. Because **C has
no nuclear spin, one must rely on **C (I = 3) in natural
abundance (1.1%) or on **C-enriched Cg,. From asimulation
of the variation of the triplet EPR linewidth for Cg, in meth-
ylcyclohexane at 200 K as a function of *C enrichment,
Zhang et al. (15) derived a **C hyperfine coupling constant
of 0.06 G. Grupp et al. (7) investigated ESEEM spectra of
a frozen solution of 10% *C-enriched Cg, in toluene at 4
K. They obtained the best description of their data through
modeling of the spin-density distribution by a sin® function,
where 6 represents the angle between the fivefold rotation
axis and the radius vector of a particular carbon atom for a
Ceo molecule distorted to Dsy Symmetry.

We have set up a program that comprises both 95-GHz
pulsed ENDOR and 9-GHz ESEEM studies of Cg, and fully
enriched **Cy, in a decaline/ cyclohexane glass and as single
crystals. In principle, this allows a detailed investigation of
the distortion of Cg, upon triplet excitation and of the exten-
sion of the triplet exciton in the Cg, crystal. While for icosa-
hedral Cq, all carbons are equivalent, each carrying a spin
density of 1/60, symmetry lowering results, for example, in
four and nine distinct carbon sites for Cg, molecules of Dsy
and Dy, symmetry, respectively. As regards the extension of
the exciton, a delocalization over two or an ‘‘infinite’” num-
ber of Cg, molecules leads to distinctly different spin densi-
ties and, correspondingly, hyperfine interactions.

Here we report 95-GHz pulsed ENDOR spectra and pre-
sent a preliminary discussion. We show that (i) for Cg in
decaline/cyclohexane the triplet sublevel T, is highest in
energy (D is negative) and (ii) the crystal triplet concerns
a miniexciton; i.e., the excitation is delocalized over two
neighboring molecules that form a deep trap in the crystal.

EXPERIMENTAL

The method used to produce 99.1% enriched *C4, was
described previoudy (17) and crystals were grown through
sublimation. The W-band pulsed EPR/ENDOR experiments
were performed on a homebuilt spectrometer at 1.2 K (18).
Either a *3Cq, solution in decaline/cyclohexane (3:1, v/v)
or a®®Cq single crystal (~0.3 x 0.3 x 0.2 mm) were trans-
ferred into a capillary tube which was mounted in a cylindri-
cal cavity.

For the EPR/ENDOR experiments the solution wasirradi-
ated at 530 nm with 10-mJ pulses at a repetition rate of 10
Hz using a GWU-OPO-C355 laser which was pumped by
the third harmonic of a Continuum Surelite 1-10 Nd:YAG
laser. For the crystal 5-mJ pulses of 680 nm were applied
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at arepetition rate of 10 Hz using a Quanta Ray PDL-1 dye
laser pumped by the second harmonic of a Quanta Ray DCR-
2 Nd:YAG laser. We estimate that in both cases less than
10% of the light reached the sample. In the ESE-detected
EPR experiments the laser flash was followed by a two-
pulse sequence p,—7—p, with microwave pulses p, and p,
of 70 ns and a delay time 7 of 430 ns. The first microwave
pulse followed 50 us after the laser flash. Spectra were ob-
tained by monitoring the echo height as a function of the
applied magnetic field. Pulsed ENDOR experiments were
performed using a three-pulse sequence p;—7—pP.—T—pPs
with microwave pulses p;, p., and p; of 100 ns each and
delay times 7 and T of 200 ns and 120 us, respectively.
During the time T an intense radiofrequency pulse of 100
us was applied to the sample via a coil near the cavity.
Spectra were obtained by monitoring the echo height while
scanning the radiofrequency. The ENDOR effect amounted
to a 15 and 5% decrease in the echo intensity at maximum
for the crystal and the solution, respectively.

RESULTS

Figure 1a shows the 95-GHz ESE-detected EPR spectrum
of afrozen solution of *Cg, in decaline/cyclohexane at 1.2
K upon excitation at 530 nm. The asymmetrical shape of
the spectrum as regards the low- and high-field sides, not
visible at 9 GHz, derives from the anisotropy of the g tensor
and corresponds t0 g, — gw(0yy) = 0.00116 = 0.00006.

Pulsed ENDOR spectra have been measured at various
positions in the EPR spectrum. Figure 1b illustrates four of
these, taken at the magnetic fields corresponding to maxi-
mum absorption and emission and low- and high-field edges.
The arrows indicate the *C Zeeman frequencies v, at the
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FIG. 1. ESE-detected EPR (a) and **C-pulsed ENDOR (b) spectra of
13Cq in decaline/cyclohexane at 95 GHz and 1.2 K. The EPR signa is
absorptive at low fields and emissive at high fields. The ENDOR spectra
correspond to four different magnetic field settings and the arrows indicate
the corresponding **C Zeeman frequencies.
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FIG. 2. ESE-detected EPR (a) and **C-pulsed ENDOR (b) spectra at
95 GHz and 1.2 K of asingle crystal of **Cq, for the magnetic field parallel
to [110]. The ENDOR spectra are taken at fields of resonance of triplet y.
The arrows indicate the *C Zeeman frequencies.

magnetic field settings of the respective ENDOR experi-
ments. The intensity distribution is determined not only by
the hyperfine interaction but also to a considerable extent
by the frequency dependence of the efficiency function F of
pulsed ENDOR: F(v) = ss§in[2r(v — vz)7] for S = 1,
where 7 represents the time between the first two microwave
pulses (19). This efficiency function particularly explains
the dip in the pulsed ENDOR spectra around vz. The EN-
DOR spectrum spans a range of about 2 MHz on both sides
of the Zeeman frequency. The intensity is distributed asym-
metrically around v, in particular in the spectra correspond-
ing to the lowest and highest magnetic fields. At these edges
in the EPR spectrum, where only one of the triplet transitions
contributes, ENDOR intensity is still observed on both sides
of the Zeeman frequency. This implies that the hyperfine
tensor must be largely anisotropic because otherwise the
ENDOR shift would have the same sign for al atoms.
The 95-GHz ESE-detected EPR spectrum of asingle crys-
tal of 3Cg, for an orientation of the magnetic field parallel
to a[110] axis upon excitation at 680 nm is shown in Fig.
2a. The narrow low- and high-field resonances correspond
to stationary fields for this orientation of the magnetic field
with respect to the crystal. Pulsed ENDOR spectra taken at
these fields are represented in Fig. 2b. These spectra have
not been recorded in a single radiofrequency scan. Each
spectrum has been composed of about 10 spectra correspond-
ing to frequency ranges of lessthan 1 MHz, which introduces
some uncertainty as regards the intensity variation over the
spectrum. For each part, the value of = was adapted for
maximum ENDOR efficiency. The ENDOR spectra reveal
narrow lines close to the Zeeman frequency and broader
lines further out, while the ENDOR intensity is distributed
asymmetrically around the Zeeman frequency. At fields of

about 3.4 T the high-field approximation applies, i.e., the
13C Zeeman frequency is much larger than the hyperfine
interaction, and the ENDOR spectra corresponding to the
low- and high-field EPR transition are expected to be mirror
images around the Zeeman frequency. The central part of
the spectra fulfills this expectation, but in the outer parts
some deviations occur.

DISCUSSION

The use of fully enriched **C4, and W-band pulsed EPR
in combination with laser excitation has enabled ENDOR
spectroscopy of the triplet state of molecular and crystalline
Ceso. The ENDOR spectrareflect the spin-density distribution
over the fullerene and thereby represent fingerprints of the
distortion upon optical excitation. A full analysis of these
spectra based on quantum-chemical predictions of the triplet
spin-density distribution for various geometrical structures
is underway in our laboratory but is beyond the scope of
the present paper. Here we will discuss the ENDOR spectra
semiquantitatively in relation to two questions. First, what
is the order of the triplet sublevels for molecular Cq in
decaline/ cyclohexane (i.e., the sign of D) and, second, how
far does the triplet exciton extend for crystalline Ceg,?

The ENDOR frequencies are determined by the hyperfine
interaction of the triplet electron spin with the **C nuclear
spins of *Cg. Because of the symmetry lowering of Cg
upon excitation into the triplet state, the carbons are no
longer equivalent which resultsin complex ENDOR spectra.
As mentioned before, the spectra show that the hyperfine
interaction is largely anisotropic. We therefore consider the
contribution of the magnetic dipole—dipole interaction be-
tween the triplet electron spin, distributed over a Cg mole-
cule, and a **C nuclear spin on atom i to the anisotropic
hyperfine tensor which is given by

o el 3rr - 1
A = ﬁﬁ Oetts I N JZ Pi<‘PJ‘T o). [1]

Heret =1, — T, r = |F],and f = t/r, and we assume
the spin density p to be distributed over atomic orbitals ¢;.
Two-center contributions (between the nuclear spin on atom
i and the electron-spin density in ¢; on atom k, k # i) to
the hyperfine interaction have been calculated (in a point-
spin approximation) and found negligible compared to the
one-center contributions for any reasonable spin-density dis-
tribution, which is understandable in view of the r ~* depen-
dence of A. The one-center integrals have been calculated
as follows. In order to model the spatia distribution of the
electron-spin density on atom i we have constructed four
orthogonal hybrid orbitals out of the 2s and 2p atomic orbit-
als on atom i in such a way that three of these point along
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the bonds toward neighboring atoms. In doing so we have
adopted the icosahedral geometry of Cg. The fourth hybrid
@i becomes an amost pure 2p orbital that makes an angle
of 4.1° with the radial direction,

@i = 0.2840(2s); + 0.9564(2p;); — 0.0681(2p,) [2]
in the local orthogonal axes system &, n,  on atom i defined
by ¢ along the radial direction, 7 in the plane of ¢ and the
interpentagon bond, and { perpendicular to ¢ and /. We
make the plausible assumption that all spin density on atom
i isinorbital ¢; . Evaluation of the integral in Eq. [1] for ¢,
taking Slater-type 2s and 2p atomic orbitals with effective
nuclear charge Z = 3.45, yields for spin density 1 in ¢; the
following values for the elements of the anisotropic hyper-
fine tensor (20):

A = 167.6 MHz

A, = —83.2 MHz
A = —84.4 MHz
A, = —17.9 MHz
A = Ay = 0 MHz. [3]

This calculated tensor is consistent with the anisotropic
hyperfine interaction observed for **C-containing radicals
(21, 22).

From the sign of the tensor elements in Eq. [ 3] we con-
clude that the order of the triplet sublevels corresponds to
Z> X, Y.Only anegative vaue of D reproducesthe distribu-
tion of the ENDOR intensity above and below the **C nu-
clear Zeeman frequency observed in the spectra of Fig. 1b.
The highest and lowest fields of resonance in the EPR spec-
trum of Fig. 1a derive from molecules for which the mag-
netic field is paralel to the principa z axis of the fine-
structure tensor. For D < 0, the low-field transition corre-
sponds to the mg = 0 © my; = —1 transition and the ENDOR
frequency for nucleus i is given by v, + A,. Because for
most nuclei Zis closer to 7, { than to & and because A,,, and
A are negative, most nuclei will contribute to the ENDOR
spectrum for frequencies smaller than v,. This qualitative
argument is corroborated by actual ssimulations for various
spin-density distributions. In these simulations we had to
add a small isotropic hyperfine interaction. We took the
isotropic hyperfine interaction for each nucleus proportional
to p; and treated the proportionality constant (as,) as an
adjustable parameter. In Fig. 3, we show a calculated EN-
DOR spectrum for atriplet molecule of icosahedral symme-
try, i.e,, with uniform spin-density distribution p; = &, | =
1, ..., 60. Of course this distribution does not reflect the
true spin densities and is inadequate for reproducing the

experimental ENDOR spectrum. However, the ratio of the
integrated intensities bel ow and above the Zeeman frequency
as calculated agrees with that in the experimental spectrum.
Changing the order of the triplet sublevels would invert the
spectrum with respect to the Zeeman fregquency.

The second question we address concerns the extension
of the triplet excitation of the crystal. Previously we have
reported that optical excitation of a pure single crysta of
Ceo at helium temperatures popul ates triplet states not molec-
ularly localized (13). Analysis of the ESE-detected EPR
spectra at W band revealed the fine-structure tensor of these
triplets and showed that the participating Cs molecules dis-
tort to D,, symmetry, but did not alow a conclusion as
regards the extension of the exciton over two neighboring
molecules or over alinear chain of molecules. Photolumines-
cence experiments in combination with optical detection of
magnetic resonance in zero field showed that these particular
triplets are also responsible for ared phosphorescence of the
crystal and according to their energy concern deep excitation
traps (14). Initially we observed two distinct triplets, re-
ferredto asa and 3, corresponding to different mutual orien-
tations of the Cg molecules that form the exciton. Such
orientations, the interpentagon bond facing a pentagon or
a hexagon, respectively, were known to exist in the low-
temperature simple-cubic Cg, | attice. Later on additional ESE
experiments showed the existence of athird triplet, v, distin-
guishable from triplet 5 only in a magnetic field owing to
the different orientation of the fine-structure principal axes
of triplets 8 and y with respect to the crystal axes. For the
EPR spectrum in Fig. 2a, obtained for excitation of a single
crystal at 680 nm and with the magnetic field parallel to
[110], the relatively narrow low- and high-field bands corre-

13C ENDOR intensity (arb. un.)

] ] 1 1 ] 1 1
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FIG. 3. Calculated **C-pulsed ENDOR spectrum at a magnetic field of
3.389 T for a hypothetical triplet **Cy, molecule with uniform spin-density
distribution. The isotropic hyperfine interaction parameter a, has been
taken as —30 MHz (see text). For comparison the experimental spectrum
at the same magnetic field (cf. Fig. 1) is reproduced in gray.
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FIG. 4. *H-pulsed ENDOR spectrum at 1.2 K of a solution of **C in
decaline/ cyclohexane at 95 GHz and a magnetic field of 3.39 T.

spond to stationary fields of resonance of triplet v. We will
show that the pulsed ENDOR spectra taken at these fields,
represented in Fig. 2b, allow a conclusion as regards the
extension of the triplet excitons in the Cq, crystal.

First, consider the narrow lines around v, in the ENDOR
spectra in Fig. 2b which may originate from **C nuclei of
buckyballs neighboring the excited one(s). To check this
hypothesis, we have measured the '"H ENDOR spectrum of a
frozen solution of Cg, in a hydrocarbon solvent upon optical
excitation (Fig. 4). The ENDOR intensity derives from sol-
vent protons interacting with the triplet electron spin on C,.
The overall width of the *H spectrum amounts to about 2
MHz which, correcting for the difference in gyromagnetic
ratio, limits the **C hyperfine interaction between neigh-
boring buckyballs in the crystal to at most 0.5 MHz. Conse-
quently, the narrow lines around v, in the crystal spectra
may partly derive from nuclei on neighboring Cs, molecules,
i.e, may concern matrix lines.

In the calculation of the pulsed ENDOR spectra for the
Ceo Crystal, we consider Cg, molecules of D,, symmetry
because ESE-detected EPR studies (13) have shown that
the Cg, molecules in the crystal distort in accordance with
this symmetry upon excitation into the triplet exciton states
a, B, or y. We have adopted the molecular structure of Dy,
symmetry as optimized by Surjan et al. (5). The first step
in the cal culation concerns the spin-density distribution for
a Cg molecule of this structure. A Hartree—Fock calcula-
tion has been performed in the MINDO approximation with
the MOPAC 93 program (23), followed by aconfiguration-
interaction calculation in the basis of the 15 singly excited
triplet configurations constructed from the 5 degenerate
highest occupied and 3 degenerate lowest unoccupied mo-
lecular orbitals. The calculated triplet state of lowest en-
ergy belongs to B4 as found previously. For this state the

calculated electron-spin densities on the atoms, i.e., the
sum of the spin densities in the atomic orbitals, are listed
in Table 1 and visualized in Fig. 5. The labels 1 to 9 refer
to the inequivalent carbon positions in the buckyballs of
D,, symmetry. A rather uniform spin-density distribution
has been obtained in which 85% of the spin density is
spread over 56 atoms that have at most 2.3% spin density
each. Only four atoms in one specific site carry a higher
spin density of 3.7%.

Comparison of the width of the **C-pulsed ENDOR spec-
tra of the crystal and the solution, Figs. 2b and 1b, respec-
tively, suggests that the triplet spin densities on the C, car-
bons in the crystal might well be half those on the Cg
carbons in the solution. Consequently one is tempted to con-
clude that the triplet exciton concerns two buckyballs and
we have calculated the *C ENDOR frequencies expected
for atriplet excitation delocalized over two neighboring Ce,
molecules with a mutual orientation as for triplet v and, as
in the experiment, for a magnetic field parallel to the fine-
structure x axis of this triplet. We attributed half of the spin
densities given in Table 1 to the respective carbons of each
Ce and calculated the ENDOR frequency of each **C from
this p and the elements of A in Eq. [3] to which we added
an isotropic hyperfine interaction a;s, Which was treated as
an adjustable parameter. The resulting ENDOR frequencies
are represented as a stick spectrum in Fig. 6. With the mag-
netic field paralel to the x axis of triplet v, the pair of
Cso molecules contains 16 inequivalent atomic positions: 14
groups of 8 equivalent atoms and 2 groups of 4, hence 16
distinct ENDOR frequencies. The calculated ENDOR fre-
guencies are spread over about 2.8 MHz, and this width
depends only dightly on the value of a;s, (—30 MHz for the
spectrum in Fig. 6) . The calculated stick spectrum represents
just afirst step toward the simulation of the ENDOR spec-
trum. Nevertheless, the fact that the cal culated spread of the

TABLE 1

Calculated Spin Densities on the Inequivalent Carbon Atoms of
Ceo in the Lowest Triplet State for a Distortion to Dy, Symmetry

Dan

Atom label Spin density (%)

3.67
1.98
212
0.94
0.78
2.27
192
0.62
0.85

O©CoO~NOOULDd WNPE

Note. The labels refer to the atom numbering in Fig. 5.
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frequencies closely corresponds to that observed experimen-
tally impliesthat the triplet excitation of the crystal isindeed
delocalized over a pair of neighboring Cs, molecules.

In summary, we have obtained 95-GHz pulsed ENDOR
spectra of fully enriched *Cy, in its triplet state at 1.2 K.
The spectra for molecular **Cg, in a decaline/ cyclohexane
glass show that the fine-structure parameter D is negative.
The spectra for crystalline **Cy, reveal that the triplet states
of the crystal concern miniexcitons in which the excitation
is delocalized over two neighboring Ce, molecules. The EN-
DOR spectra represent fingerprints of the triplet-state wave-
function and the distortion of molecular and crystalline Cgp.
A full analysis requires the quantum-chemical study of the
triplet spin-density distribution as afunction of the molecul ar
geometry and the calculation of the corresponding ENDOR

b
15
10 ~
N
S
c
5 -
0 T T T
0 1 2 3 4 S
p(%)
FIG. 5. (a) Schlegel representation of distorted Cg, of Dy, Symmetry.

The numbers label the nine inequivalent carbon atoms. The central interpen-
tagon bond corresponds to the bond labelled ‘&’ in Ref. (5). (b) Stick
diagram representing the number n(p) of atoms with spin density p in the
lowest triplet state of Dy.,-distorted Cg, according to MINDO calculations.
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FIG. 6. Stick spectrum representing the **Cs, ENDOR frequencies cal-
culated for a triplet delocalized over a pair of **Cg molecules mutually
oriented as in triplet y at a field of 3.3776 T parallel to the fine-structure
x axis. The isotropic hyperfine interaction parameter a;s, has been taken as
—30 MHz (seetext). For comparison the experimental *C-pulsed ENDOR
spectrum of asingle crystal at the same magnetic field strength and orienta-
tion (cf. Fig. 2) is reproduced in gray.

frequencies. Preliminary results for a Cg, molecule of Dy,
symmetry, corresponding to the symmetry observed in the
crystal, have been obtained and further work along these
linesisin progress.
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