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A review of the most relevant aspects of fullerene
electronic structure and spectroscopy is presented.
Experimental data and their interpretation based on
computational results are discussed both for fullerene Cq,
and C,,, with particular attention to the properties of the
isolated molecule. Concerning singlet state spectroscopy,
it is shown that because of its high symmetry, only dipole-
forbidden electronic states are found in the low excitation
energy region of Cg,. Conversely, the lowering of symmetry
in C,, leads to several complications in its electronic
structure and spectroscopy, due to the presence of weakly
allowed transitions in the low excitation energy region.
A slightly less congested distribution of low lying excited
states characterizes the triplet manifold of the fullerenes.
It is concluded that while Cg, is important in aiding
understanding of the main features in electronic
spectroscopy of fullerenes, such as the presence of strong
absorptions in the high energy range, its spectra are deeply
influenced by its high symmetry and are very peculiar. On
the other hand, C,,, with its lower symmetry and more
complex spectra, represents a more realistic model for the
intricate details of the electronic structure and electronic
spectroscopy of larger and smaller fullerenes and their
derivatives, which are generally characterized by lower
symmetry compared to C,.

1 Introduction

Since their discovery in the middle 1980s! fullerenes have
attracted a great deal of interest because of their unique
structure and properties. It was soon realized that C,, because
of its high symmetry and stability, was also unique among the
experimentally available fullerenes. Indeed, moving from Cg, to
C,, the second most abundant fullerene, the symmetry
decreases from [, to Ds,, and much lower symmetry charac-
terizes most fullerene derivatives. Among the properties of
fullerenes that can be related to their electronic structure
and their symmetry, the optical properties are of particular
relevance in view of the potential applications that might be
based on them, such as the production of fullerene-based
optical limiters.?

In this contribution we review the optical properties of
the two most abundant fullerenes, Cy, and C,, (see Fig. 1), by
focussing on electronic spectroscopy studies carried out in
solution, noble gas matrices or in the gas phase, in other words
in conditions where the properties of approximately isolated
molecules can be monitored. These spectroscopic studies
represent an important source of information about the effect
of intra-molecular couplings, although the interactions with the
solvent will also cause significant perturbations that appear
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Fig. 1 The two most abundant fullerenes C, (right) and C,, (left)
in the spectra. On the other hand, these spectroscopic data
are (the only data) directly comparable with the results
of quantum-chemical computational studies carried out on
isolated fullerene molecules.

An important aspect that we wish to emphasize is the fact
that the constant feedback between experiment and theory has
been fundamental in obtaining a convincing identification of
the lowest excited states of fullerenes.

Indeed, the main problem with these carbon clusters is the
extremely high density of electronic states already found at the
onset of the absorption spectrum. From an experiemental point
of view this implies that high resolution spectra are required to
properly distinguish the electronic and vibronic structure. On
the other hand, such high density of electronic states pushes
to their limit the prediction capabilities of quantum-chemical
calculations, since electronic states cannot be predicted with the
accuracy of tens of cm™', for systems as large as fullerenes. It
follows that simple lists of predicted electronic excited states are
of little use in interpreting the observed vibronic and electronic
structure, whilst the fundamental contribution is provided
by the modeling of vibronic intensities associated with the
predicted electronic states that fall in the energy region explored
experimentally. It is only the combination of the two sources
of information, detailed experimental vibronic structure and
accurate modeling of vibronic intensities, that has led to a
satisfactory assignment of the electronic spectra of fullerenes.

In the following we will start, first, with an account of the
spectroscopy of Cg, the most abundant fullerene, and we will
review the excited states and spectroscopic charecteristics of Cs,
in the second part of the paper. All the computational details
and the principles governing allowed and induced vibronic
transitions are summarized in the following section.

2 Computational methods and modeling of vibronic
intensities

From the computational point of view, these large systems still
represent a challenge, especially when considering the study of
excited electronic states and their properties. A knowledge, as
precise as possible, of their energy order is necessary to analyse
and model the vibronic structure observed in the electronic
spectra of fullerenes. In this sense, quantum-chemical calcu-
lations based on semiempirical hamiltonians have offered the
only accessible way to predict a large number of electronic
excited states along with the vibronic and spin—orbit inter-
actions required to model the vibronic structure associated with
the electronic transitions.

To analyze the vibronic structure of the electronic spectra
of fullerenes, quantum chemical calculations of equilibrium
structures and vibrational force fields were carried out with
the help of the QCFF/PI (quantum consistent force field for ©
electrons) semiempirical method.’

Electronic excitation energies and transition dipole moments
were computed with the CNDO/S (complete neglect of differ-
ential overlap for spectroscopy) hamiltonian,* combined with
configuration interaction (CI) calculations that included single
excited configurations (SECs) or single and double excited
configurations (DECs).
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2.1 Herzberg—Teller intensity borrowing

Vibronically induced intensities can be obtained by differ-
entiating transition dipole-moments with respect to vibrational
normal coordinates, as described in detail in ref. 5

2.2 Franck—Condon and Jahn-Teller activity

The activity of Franck—Condon (FC) active vibrations (totally-
symmetric (TS) vibrations) can be estimated by computing
the associated y parameters along the lines described in ref. 6.
The y parameters were generally computed with the QCFF/PI
method.® The same procedure can be followed to estimate the
Jahn-Teller (JT) activity of JT active vibrations (a specific
set of non-totally-symmetric (NTS) vibrations), in the limit of
strong coupling which leads to a static JT deformation.®’

The intensity ratio between the vibronic band corresponding
to the fundamental of the i-th mode, and the origin band,
is proportional to the y, parameter.

2.3 Intensity borrowing in phosphorescence spectra

The calculation of the T; — S, transition dipole moment (M)
requires the inclusion of the spin—orbit (SO) perturbation.

The spin—orbit couplings Hgo(S;,T,") between every singlet
state S, and the three components a = x, y, z of every triplet
state T, resulting from CI calculations, were evaluated in
the one- electron approximation, according to the approach of
ref. 8.

The spin—orbit induced transition dipole moment was com-
puted according to first order perturbation theory.

He,(S,. T)
M(S,, T)=) M(S,,S,)x k12
(S,. T)) ; (So» Sp) % (E—E,)
+ZM( . HSO(S(HT)

m ( ()_Em)

In the expression above, k and m run over the full space of
singlet and triplet states considered in the CI calculations.

Similarly to benzene, the T, — S, transition dipole moment is
zero by symmetry both for Cg, and C,,. This implies that the
vibronic structure of the phosphorescence spectra is dominated
by Herzberg-Teller (HT) induced false origins.

Thus, the estimate of the vibronically induced intensities in
the phosphorescence spectrum requires additional evaluation
of the numerical derivatives of the M(S,, T,) transition dipole
moment with respect to each normal coordinate which may be
active on the basis of symmetry selection rules.

3 Cq

The Cg, molecule contains 60 carbon atoms arranged in 20
six-membered and 12 five-membered rings. The most stable
of the 1812 possible isomers of Cg,, and the only one that is
actually observed, follows the isolated pentagons rule,’ that is,
each of its five-membered rings is completely surrounded by
hexagons. Consequently, the only form of Cg, that is observed
belongs to the icosahedral (7;)) symmetry group. The CC bonds
separating two hexagons are 1.40 A and have a substantial
double bond character while the pentagon CC bonds are 1.46
A" long and have a prevalent single bond character.

3.1 Orbitals

In a simple quantum-chemical description of the electronic
structure of Cg,, based on the molecular orbital approach, each
carbon atom contributes with 4 valence orbitals (2s, 2p,, 2p,,
2p.) and thus Cg has 120 occupied molecular orbitals (MOs)
and 120 unoccupied or virtual MOs. With some approxim-
ations (Cg, is not planar), 60 MOs (30 occupied and 30 virtual)
can be considered of 7 type and the remaining 180 orbitals of



Table 1 Character table of the I point group (I, =1 X i)

Irreducible

representation 1 12C, 12C4 20C, 15C,
A 1 1 1 1 1
T, 3 (1+5%92 (1-592 0 -1
T, 3 1=592  (1+52 0 -1
G 4 -1 -1 1 0
H 5 10 10 -1 1

Table 2 Cg, molecular orbitals energies (in eV), I, symmetry labelling
and angular momentum quantum number /

Symmetry Energy Type [-shell

2o bg 0.6/1.0¢ * 7-k, 8-1

g —0.2/0.0¢ n* 6-1

hy, hy, ty, -0.7/-1.2¢ * 7-k, 6-i, 5-h

tig -2.3¢ n* 6-1

thy —2.69° * 5-h LUMO
N —8.74¢ T 5-h HOMO

g hy —10.14¢ i 4-g

Zu» tous —10.74/—11.94¢ i 3-f
w Dy —10.74/—11.94¢ c 9-m, 10-n

“ From ref. 11. * From ref. 12. ¢ From ref. 13.

o type. In analogy with large aromatic compounds, the highest
occupied MOs (HOMOs) and the lowest unoccupied MOs
(LUMOs), which determine the lower electronically excited
states, are of 7 type.

The molecular orbitals of Cq, can be classified according
to the I, irreducible representations. In Table 1 we list the
character table for the / point group from which the characters
of the I, point group, I, = I X i, are easily derived. Furthermore,
if we consider the icosahedral symmetry as a perturbed spher-
ical symmetry, we can classify approximately the Cq MOs
according to the angular momentum quantum number / of the
spherical harmonics. The degeneracies of I, orbitals are 1 (a,,
a,), 3 (L, tig Loy tog), 4 (84, g) and 5 (hy, hy). The degeneracies
of spherical harmonics are 1 (s), 3 (p), 5 (d), 7 (f), 9 (g), 11 (h),
13 (i) and so on. In the I, symmetry, s, p and d orbitals
transform as a,, t;, and h,, respectively. However, f, g, h and
i orbitals, with degeneracies higher than 5, split in g, + t,, (f),
h, + g, (g), h, + t,, + t,, (h) and a, + t,, + g, + h, (i),
respectively.

The energies of MOs can be obtained by the Hartree—Fock
approach and by proper experiments. The energies of occupied
MOs were determined by the photoelectron spectroscopy (PES)
technique,'! while the energy of the LUMO was obtained by the
PES of the anion'* and the energies of virtual orbitals were
estimated from near-edge X-ray absorption fine structure
(NEXAFS)."® The experimental energies of the MOs relevant
to the visible and near UV electronic transitions are reported
in Table 2. The negative energies of the t,, LUMO account for
the large electron affinity shown by this molecule which can be
reduced to the hexa-anion form in solution and can exist in the
gas phase as the dianion.™

3.2 Electronic states

The electronic ground state of Cg, is a closed shell and has A,
symmetry. The five lowest excited configurations and the cor-
responding state symmetries are

HOMO  — LUMO hy =ty Tip Tag Gg Hg
HOMO - 1 - LUMO he = tiy  Tiw Tow Gu Hy
HOMO —LUMO+1  hy—t;, Ty, Toy Gy H,
HOMO -1 — LUMO+1  hy—t;, T Tag Gy, H,

HOMO -2 — LUMO gty To Gy, Hy

The states deriving from the HOMO-LUMO configuration
are expected to be the lowest excited states. In the I, symmetry
group, the translation components x, y, z transform according
to the T,, irreducible representation and so does the electric
dipole moment. Therefore, the electric dipole moment trans-
ition between the A, ground state and an excited state is allowed
only for T,, excited states. Transitions from the ground state
to states of other symmetries are forbidden and can occur only
by means of the activity of suitable non-totally-symmetric
vibrations, via the HT vibronic coupling mechanism.

The excited states of lower energy, which originate from the
HOMO-LUMO excitations, are symmetry forbidden and thus
the absorption spectrum is expected to begin on the low energy
side with very weak bands. Correspondingly, the emission
spectra are expected to show a very small radiative rate
constant and a very low emission quantum yield. This picture is
indeed confirmed by experiments (vide infra).

The electronic states in the visible and near UV can be both
of singlet and triplet spin multiplicity which we shall discuss
separately.

3.3 Singlet electronic states

A large molecule like Cg, has an enormous number of electronic
excited states. Even a calculation based only on singly
excited electronic configurations from 120 occupied and 120
unoccupied MOs leads to 14400 states. Calculations of energies
and oscillator strengths of the lower excited states have been
performed by several authors,>*'7 but in all of them some
approximations had to be made because of the size of the
molecule. These calculations were based on semiempirical
hamiltonians, QCFF/PI, CNDO/S and INDO/S, and on CI
treatments limited to about 1000 SECs. Calculations carried
out with time dependent density functional theory have also
been reported.”®* Comparing the results of the various authors,
it appears that calculations of this size can give a realistic
description of the lowest electronic states. In a simplified, but
meaningful analysis of the electronic spectra of Cg,, we need
to consider only a few of the ca. 1000 states that are actually
calculated. Accordingly, in Table 3, where CNDO/S results
for the lowest singlet states are shown, only a small number of
singlet states are listed. Up to the energy of 3 eV all the calcu-
lated excited singlet states are reported, while above this
energy threshold only the T, states are listed together with their
oscillator strengths. The high values of some oscillator
strengths, which include the contributions of the three T,
substates, are related to the large molecular size of fullerenes
and to the consequently large values that transition moments
can attain. The list ends at the energy of 7 eV, above which
experimental information is not available and theoretical results
become less reliable. The results presented in Table 3, obtained
by two different calculations, are quite similar: this exemplifies
the fact that the electronic state calculations provide a consist-
ent picture of singlet excited states of Cg,. The picture that
emerges fits with the experimental results and can be summar-
ized as follows.

(1) The lowest electronic states are the four T,,, T, G, and
H, states, which have also very similar energies. Actually,
the lowest three Ty, T,, and G, states, which are predicted at
2.3 eV, are found to be practically degenerate, within 0.05 eV
(400 cm ™) of one another, while the H, state is predicted to be
0.3 eV above G,. Slightly above, at 2.77 eV, a T,, state is com-
puted. For all these states the electric dipole moment transition
to the ground state is zero by symmetry.

(2) The lowest T}, state is calculated at 3.4 eV, that is, ca. 1 eV
above the lowest excited singlets. The T,, excited states with
larger oscillator strengths are found at 4.3, 5.2 and 5.7 eV. The
large energy gap between the lowest energy singlet states
and the intensity lending T,, states allows one to describe the
intensity borrowing by means of the HT perturbation
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Table 3 Cq, electronic excited state energies (in eV) and transition oscillator strengths (1)

EEL“ EEL’ Abs.© Abs.? 1 Assignment® E. f E; f*

1.55 1°T,,

1.72

1.92 1.82-1.97 1T, 1T, 2.29

2.20 2.24 2.0-2.21 1 ng 2.34

2.36 2.25-2.32 1 ng 2.66

2.58 2.36-2.50 1'T,, 2.77

2.74 2.7 2.9-2.93 1'H, 3.02

3.0 2.98 3.07 2.99-3.02 1'G, 3.12

3.3 3.04-3.26 0.005 1'T,, 3.4;0.08 3.4;0.12

34 34 3.29-3.46 2T, 4.06; 0.41 4.02; 0.54

3.7 3.77 3.77 3.78 0.37 31T, 4.38;2.37 4.28;2.70
44 4.06-4.35 0.1 4T, 4.7;0.3 4.64; 0.54

T, 5.07;— 5.03: 2.94

4.8 4.88 4.8 4.84 2.27 6T, 5.24;7.88 5.20; 5.79

5.5 5.46 0.22 7'T,, 5.54;1.18 5.51;0.81

5.8 5.8 5.88 3.09 8T, 5.78;10.7 5.62;3.21

6.3 6.43 6.36 9T, 6.28; — 6.31;0.42

@ From ref. 21.? From ref. 22. ¢ From ref. 19. ¢ From ref. 20. ¢ From ref. 20 and from calculations of columns 7 and 8./ From ref. 17. ¢ From ref. 5.

approach, despite the high density of electronic states. In
fullerenes of lower symmetry, like C,,, forbidden and allowed
states will be closer in energy and the interpretation of vibronic
spectra is more complicated (see section 4.1.2).

These theoretical results are now compared with the spectro-
scopic observations.

Information about the distribution of the excited electronic
states as a function of energy is provided by various spectro-
scopic techniques, in particular by absorption spectroscopy *2°
and by high resolution electron energy loss (HREEL) spectro-
scopy.?* The latter technique is not subject to the dipole
moment selection rule and thus, by tuning the electron beam
energy, it can reveal also the dipole forbidden states. However,
as discussed above, these states do also appear, albeit weakly, in
the conventional absorption spectra via the HT mechanism.

The distribution of the Cg, electronic states down to 200 nm
is well illustrated by the classical absorption spectrum observed
in n-hexane solution at room temperature by Leach and
co-workers.?® This spectrum, shown in Fig. 2, is very similar to

Optical Density

200

300

400 nm 500 600 700

Fig. 2 Room temperature absorption spectrum of Cg, in n-hexane
solutions (from ref. 20). A-H indicate bands or shoulders assigned to
T,, states (see text). Optical density (absorbance) is in arbitrary units.

the spectra recorded in other matrices (for example in Ar, H,)
and in HREEL spectra.?"*> The energies of band maxima and
of shoulders are reported in Table 3 where their assignment
proposed on the basis of quantum chemical calculations is
shown.

Considering only the dominant features of these spectra, we
can distinguish the following spectral regions.

(1) A strong band region between 200 and 350 nm, contain-
ing three intense bands with maxima at 211, 256 and 328 nm,
labelled C, E and G, respectively. These bands are associated
with the electronic states with the largest oscillator strengths
3T,,, 6Ty, and 8T, (see Table 3). Furthermore, shoulders can
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be identified at 195 (H), 227 (F), and 295 nm (D) associated
with the states 9T,,, 7T,, and 4T,,, and 5T,,, respectively. The
strong bands are about 2500 cm™" full width at half maximum
(FWHM) and are structureless. This property may be the result
of two factors: the first is the inhomogeneous broadening
due to the dilution of the oscillator strength of the intense state,
for example our 6T;, in the CI of approximately 1000 con-
figurations, among the several T, states that will result in the
same energy range with a larger CI treatment. The second is
the homogeneous broadening of each electronic state. With a
lifetime of 100 fs (plausible for the high energy excited states),
the homogeneous linewidth will be ca. 50 cm™'. Actually,
several T,, states have been observed with a linewidth of about
50 cm ™! or larger.”®?” The short lifetime of the excited states in
the energy range of 200-350 nm, required in order to explain
the homogeneous linewidth of 50 cm™', is compatible with a
high density of electronic states which is very likely to lead to
crossing of potential energy surfaces or conical intersections.

(2) A spectral region extending from 350 to 430 nm con-
taining weaker bands with most of the intensity generated by
transitions to the lowest T,, state. In this region it possible
to recognize some vibrational structure associated with each
electronic transition. This spectral region has been explored
accurately by excitation spectroscopy in a supersonic beam?
and, recently, in a Ne matrix at 4 K.?” Several vibrational bands
have been observed that can be assigned as JT vibronic bands
based on electronic transitions to the 1T, state and to other u
states.

(3) Above 430 nm up to 640 nm, one finds a series of very
weak bands associated with the low energy g states for which
the transition to or from S, is symmetry forbidden.>** The
observed weak bands are due to false origins induced by the HT
mechanism and to the combination bands of inducing modes
with a, and h, JT active modes. Actually, as will be discussed in
detail below, most of the vibrational structure in this region is
due to false origins.

3.4 Lowest singlet excited states

The fluorescence and visible absorption spectra of fullerene
have attracted considerable interest because they provide
information about the lowest excited electronic states. As
discussed above, the three lowest states of Cg,, which lie within
~0.05 eV, belong to the Ty, T,, and G, irreducible represent-
ations. This conclusion is supported by quantum chemical
calculations,>*'” and by the very weak intensity of the bands
appearing on the long wavelength side of the absorption spectra
in the n-hexane matrix®® and in the argon matrix.”® Thus,



Table 4 Computed oscillator strengths (f) of vibronically induced false origins for the Sy — 1Ty, Sy — 1T,,, Sy — 1G,, S, — 1H, transitions in

Cqo- The size of the CI matrix is 930¢

fFx10*
Symmetry n vexp/em™!? v calc./em™'¢ Ty Ty, G, H,
a, 1 976 1074 0.0 0.0 0.0 0.0
tia 1 525 504 0.0 0.0 0.0 18.9
2 578 605 0.0 0.0 0.0 0.0
3 1180 1186 4.1 0.0 0.0 2.0
4 1430 1429 78.5 0.0 0.0 45.1
tou 1 354 322 0.0 0.0 0.0 0.1
2 715 632 0.0 0.0 10.5 35.7
3 1037 985 0.0 0.0 0.0 0.0
4 1190 1235 0.0 0.0 2.9 0.0
5 1540 1496 0.0 0.0 0.4 39
8 1 345 333 0.0 6.0 5.2 12.9
2 757 748 0.0 5.2 8.1 1.8
3 776 755 0.0 2.4 34.7 0.4
4 963 992 0.0 18.1 0.0 0.0
5 1315 1348 0.0 0.4 16.1 7.7
6 1410 1478 0.0 87.3 0.0 28.0
h, 1 403 379 59 22.1 0.0 0.5
2 525 491 0.3 0.6 23.4 0.7
3 667 666 1.1 0.8 9.4 6.6
4 738 745 4.2 0.0 95.4 13.3
5 1215 1224 5.3 4.5 0.2 2.9
6 1342 1380 0.0 0.1 0.9 0.9
7 1566 1563 233 86.4 1.1 0.5

“ From ref. 6. * From ref. 31 with a few reassignments proposed in ref. 29. ¢ From ref. 30.

their transitions to and from the ground state are symmetry
forbidden and the observed vibronic bands reflect the effects of
the HT mechanism, of the FC activity and, possibly, of the
matrix perturbations. The dominant features of these spectra
are due to the ungerade modes of proper symmetry that mix the
electronic states involved in the forbidden transitions (A, and
G,, Ty, Ty, H,) with electronic states of different parity such as
to render the transition allowed.

The HT active modes for the transition to and from the
different g-type electronic states are:

Tlg: Ay, tlu’ hu
TZg: us hu

Gg: t2u9 Zu» hu
Hg: tlu’ tZu, 8u> hu

The relative HT activity of the observed modes in the spectra
is an indication of the electronic symmetry of the states par-
ticipating in a forbidden electronic transition and this is an
important criterion to be used in vibronic analyses of Cg,
spectra. In order to identify the vibrational modes responsible
for the observed false origin bands, mode activities have been
calculated for the three lowest excited electronic states, namely
T, Ty and G,>** and for the lowest T,, and H, states® that,
according to calculations, are 3420 and 2560 cm ™' above G,.
The computed oscillator strengths for each HT false origin are
presented in Table 4. The calculations have been made on the
basis of ground state vibrational modes and frequencies and
thus are strictly valid for fluorescence transitions. Since a one-
electron promotion in a large molecule like Cgq,, containing
240 valence electrons, causes small changes in the overall elec-
tronic density and, therefore, in the force field, the ground state
vibrational coordinates are a good basis also for the analysis of
absorption spectra. The ground state normal coordinates were
calculated by the QCFF/PI hamiltonian* and the experimental
vibrational frequencies have been taken from Schettino et al.,*!
with some further revisions by Negri and Orlandi*® and Sassara
et al®

The y; parameters that measure the ability of the a, and h,
modes to form combination bands and progressions, were also
estimated on the basis of QCFF/PI calculations.>® It was found

that the hy(1) mode, at 266 cm ™!, was the most active, followed
by the a,(2) mode, at 1468 cm ™.

3.4.1 Fluorescence spectra. Fluorescence spectra provide
important information about the nature of the lowest excited
singlet state that is responsible for the emission and the photo-
physical properties of Cg. The first fluorescence spectrum,
measured in a methylcyclohexane matrix at 77 K,*® had a
moderate resolution and showed the strongest band to be
shifted by 1455 cm™" from the origin. This led Negri et al.,’ on
the basis of the calculated vibronic intensities of Table 4, to
assign the state S; to the symmetry type T,,. Subsequently,
several high resolution fluorescence studies were performed in
very low temperature matrices. Van den Heuvel et al** meas-
ured the Cg, fluorescence in decalin (decahydronaphthalene)—
cyclohexane (DC) glassy matrices at low temperature (1.2 K),
and by analyzing the rich vibrational structure in terms of
the computed intensities of false origins concluded that the
emitting state, S;, is of dominant T, character, but appreciably
contaminated by the G, character of the nearby state. Hung
et al.** observed the fluorescence of Cy, in solid Ne at 5 K, as
well as the fluorescence excitation spectra and proposed that the
first excited singlet state is 1T,, and the second excited singlet
IT,,. Following a reanalysis of the above fluorescence spectra
and of the fluorescence excitation spectra of Groenen and co-
workers,** Negri et al.? supported the proposal that S; is of
dominant T,, character, but is appreciably contaminated by the
G, character and, furthermore, suggested that the state of
dominant G, character is ca. 110 cm™" above S,. Sassara
et al.** recorded the fluorescence and the excitation spectra of
Cq in Ne and Ar matrices at 4 K. Their spectral assignments,
based on the calculated vibronic transition intensities, obtained
satisfactory agreement between the experimental and simulated
spectra. Since the fluorescence spectrum contains false origins
that are characteristic of the three lowest quasi-degenerate
states and since at 4 K only the lowest state can emit, they
proposed that the emission occurs from a S, state of mixed T,
T, and G, character. Differences in the relative vibronic band
intensities between the Ne and Ar matrix spectra were attrib-
uted to differences in the relative contributions of the three
quasi-degenerate lowest excited states to the emitting level in
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the two matrices. This observation results from different matrix
perturbations acting on the Cg, solute molecule in Ne and Ar
matrices. This analysis is pictorially shown in Fig. 3 where the
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Fig. 3 (a) Fluorescence spectrum of Cg, in a Ne matrix at 4 K in the
0-1800 cm ™! region. (b) Simulation of the fluorescence spectrum based
on computed oscillator strengths (Table 4) and Franck-Condon
activities. The contributions of the T,,, T,, and G, states to the emitting
level is assumed to be respectively 37, 56, and 7%. (c) As for (a), but for
an Ar matrix. (d) The same as for (b), but the contributions of the T,
T, and G, states to the emitting level is assumed to be respectively 50,
25, and 25% (from ref. 6).

emission spectra in Ne and Ar, and the simulated spectra
obtained from the computed intensities for the T,,, T,, and G,
states are displayed.

From the simulated spectra the contributions of the T,,, T,,
and G, states to the emitting level were found to be, respectively,
37, 56 and 7% for neon and 50, 25 and 25% for argon
matrices.** These results suggest that in the neon matrix the Ty,
and T,, states are quasi-degenerate while the G, state is
somewhat higher, although less than 100 cm™'. The argon
matrix appears to mix the three states more extensively than
neon, in particular the percentage of G, character in S, is larger
than in neon. This agrees with the notion that argon matrix
perturbations are stronger than neon matrix perturbations.

In Table 5 we collect the vibronic bands observed in the
fluorescence spectra measured in a Ne matrix at 4 K by Sassara
et al.,>* in a Ne matrix at 5 K by Hung et al.,* in a DC matrix
at 1.2 K by van den Heuvel ef al.,* in toluene matrix at 5 K by
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Rice et al.*® and in a crystal at 1.2 K by van den Heuvel et al.¥’
Note that, for the fluorescence spectra recorded in a Ne matrix
by Hung er al.,** we prefer to attribute to the 0-0 band the
energy of 15633 cm™' rather than the value of 15648 cm™' as
proposed by the authors. As it is clear from Table 5, our choice
places the origin closer to the 0-0 band observed by Sassara
et al.® and renders the vibrational intervals more similar to the
usual values of vibrational frequencies.

The calculated vibronic intensities allow one to assign
practically all the vibronic bands appearing in the fluorescence
spectrum in terms of false origins and of combination bands
and to indicate which of three electronic state components of
S, namely T, T,, or G, is the main promoter of each vibronic
band.

The assignment of vibronic bands proposed in Table 5
follows mostly the assignment of refs. 6, 29 and 36. It emerges
clearly that the most intense false origins are associated with
the T, and T,, states and are found in the 1400-1600 cm™'
frequency range. The remarkable FC activity in combination
bands of the 266 cm ™' h, mode is notable among all the h, and
a, modes. It is worth noting that a weak origin band is observed
in all matrices. In the unperturbed Cg, molecule, the origin of
fluorescence should be missing. Its appearance indicates that
matrix interactions can mix to some extent the T,, or T, or G,,
states with T, states of Cg,, separated by at least 1 eV, inducing
an allowed component of fluorescence or, alternatively, that
some fullerene—solvent intermolecular motion acts as an
inducing mode.

The comparison of the high resolution fluorescence spectra
obtained in different matrices and summarized in Table 5 shows
a remarkable agreement among the vibrational frequencies
implied in the vibrational structure. Obviously, the different
matrices do influence the intensity distribution by changing the
character of S;, which results from the mixing of the three
quasi-degenerate symmetry states, and by adding their specific
interactions on the Cg, molecule.

Fluorescence spectra in Ne and Ar matrices at 4 K have been
extended by Sassara et al.® up to 3500 cm ' from the origin. The
region from 1600 to 3500 cm™' shows many combination bands
based on the false origins t,,(4), g,(6), hy(7), hy(5), g,(4), on
which progressions based on n quanta of the h,(1) mode are
built. It is possible to identify also the bands due to the series
t(4) + a,(2) + nhy(1), g,(6) + a,(2) + nhy(1), hy(7) + a,(2) +
nhy(1), hy(5) + ay(2) + nhy(1), and g,(4) + a,(2) + nhy(1). The
bands appearing in this region underscore the activity of
the higher frequency mode ay(2), at 1468 cm™', predicted by the
calculations.®

The energies of the 0-0 bands in the fluorescence spectrum
for various environments are the following: 15633 cm™' in Ne at
5K; 15627 cm™!in Ne at 4 K; 15487 cm™' in Ar at 4 K; 15200
cm 'in DC at 1.2 K; 15012 cm ™! in toluene at 5 K; 14629 cm ™!
in a single crystal at 1.2 K.

Since the matrix made of light noble gas atoms interacts very
weakly with the Cg, solute, the energy of 15630 cm ™', relative to
the Ne matrix, should approach the corresponding energy in
the gas phase. If, following Chergui,*® we estimate the gas-phase
to Ne matrix red shift to be 35 cm ™' and assume the Stokes shift
to be from 10 to 30 cm ™! for the different electronic states, we
can expect that the 0-0 band of the excitation spectra in the Ne
matrix is in the range 15638—15648 cm™'. For the same reason,
the lowest electronic origin in the gas phase is expected to be
between 15673 and 15683 cm ™.

The measured S, lifetime in different matrices ranges from
0.9 to 1.5 ns.?*%*4 The S, deactivation proceeds via inter-system
crossing (ISC) to T, with a quantum yield close to 1. The weak
dependence of the S, lifetime on the environment suggests that
the three quasi-degenerate states have a similar decay rate.

3.4.2 Absorption—excitation spectra. The low energy region
of the absorption spectrum, from 640 to 515 nm, was invest-



Table 5 Analysis of the fluorescence spectrum of Cg, in several matrices (frequencies in cm™")

Ne matrix, Ne matrix, Decalin—cyclohexane, Fundamental frequency Dominant
4K¢ 5K* 1.2K¢ Toluene, 5 K¢  Crystal, 1.2 K¢ and combination electronic
0-0: 15627 0-0: 15633  0-0: 15200 0-0: 15627 0-0: 15627 Assignment bands’ state
262 257 261 263 259 hy(1) 266 Ty,
352 352 343 g.(1) 345 Ty,
402 397 396 401 394 hy(1) 403 Ty,
437 hy(2) 431 Ty,
536 527 522 534 527 h,(2) 525 G,
616 g,(1) + hy(1) 611 Ty,
668 664 671 667 661 hy(1) + hy(1); hy(3) 667; 669 Gy Ty,
714 715 t5u(2) 715 o
743 749 738 732 h,(4) 738 o
754 761 2.(2) 757 Gy Ty,
776 776 2.(3) 776 G,
797 785 794 h,(2) + hy(1) 791 G,
832 834 hy(1) + hy(2) 834 2
881 g,(1) + 2hy(1) 887 2
936 937 hy(3) + hy(1) 933 A
961 956 963 961 956 2.(4) 963 Gy Ty,
1003 1006 1005 1000 hy(4) + hy(1) 1004 e
1021 2,2) + hy(1) 1023 Gy T
1042 1045 1042 2,3) + hy(1) 1042 G,
1063 1064 h,(2) + 2hy(1) 1057 G,
1185 1180 t,,(3) 1180 e
1204 1199 hy(1) + 3hy(1) 1201 2
1216 1219 1222 1216 h,(5); g,(4) + hy(1)  1215; 1222 Tyg T
1265 h,(4) + 2hy(1) 1270 .
1288 2,(2) + 2hy,(1) 1289 A
1310 1317 1310 2,(5):2,3) + 2hy(1)  1315; 1308 G,
1342 1344 4(6) 1342 G,
1380
1426 1413 2.(6) 1410 Ty,
1433 1437 1445 1433 () 1430 e
1442 t(3) + hy(1) 1446 e
1463 4,(2ith(4) + (1) 1456; 1468 T,g Tay
1477 1480 1488 hy(5) + hy(1) 1488 Ie
1525 h,(4) + 3hy(1) 1536 .
1549 2,(2) + 3hy(1) 1554 G Ty,
1567 1572 1563 1569 hy(7) 1566 2
1583 2,(5) + hy(1) 1581 G,
1606 1604 h,(6) + hy(1) 1608 G,
1672 2,(6) + hy(1) 1676 2
1701 1697 1692 t(4) + hy(1) 1696 2

“ From ref. 6. * From ref. 34. The origin was given at 15648 cm™". Our choice is closer to the origin reported in ref. 6 and gives frequency shifts closer
to vibrational frequencies. ¢ From ref. 33. ¢ From ref. 36. ¢ From ref. 37./ From refs. 31 and 6.

igated extensively with the purpose of assigning the vibrational
structure and of disentangling the three lowest electronic states.
Notable attention was given also to the spectral region 410-360
nm encompassing the first T;, absorption. We start by discuss-
ing the lowest energy spectral region.

Several absorption or excitation spectra of Cg in low
temperature inert matrices, giving a well resolved vibrational
structure, have been measured.

Smalley and co-workers* obtained the resonant two-photon
ionization spectrum (TPI) in the 635-595 nm range of cold,
isolated, Cq, molecules in a supersonic beam. Recently, Hansen
et al.*' repeated the same experiment obtaining a very similar
spectrum. The well detailed structure of this spectrum has,
so far, been assigned only partially,®*® and the origin(s) of
the electronic transition(s) have not been determined with
confidence. We shall discuss this spectrum presently. Groenen
and co-workers** measured the excitation spectrum of Cg, in a
DC matrix at 1.2 K. Subsequently, Hung et al.** and Sassara
et al® obtained fluorescence excitation spectra of Cq in Ne
matrices providing a wealth of vibronic details. More recently,
Close et al.* observed the Cq—He droplet beam depletion
spectrum (an excitation spectrum equivalent to an absorption
spectrum) showing a resolution and a wealth of details com-
parable to the spectrum taken in supersonic beams.?

In Fig. 4 we display the excitation spectrum observed in Ne
matrices at 4 K° together with its simulation on the basis of

computed HT and FC activities. In Table 6 we report the
energies of over 30 vibronic bands observed in the 0-1640 cm ™!
interval of this spectrum and in the Hung et al excitation
spectrum,** and we present their assignment.

The central problem for the assignment of these spectra is
the correct identification of the origin(s) of the three lowest
electronic states, which all contribute to this spectral region.
From the analysis of the fluorescence and the fluorescence—
excitation spectra of Cq in the DC matrix,*® Negri et al®
proposed that, in this matrix, the G, state was higher than
the T,, state by 110 cm~!. Later, Groenen and co-workers
determined this gap by temperature dependent studies to be
roughly 100 cm™".%

In their analysis of Cg, spectra in the Ne matrix, Sassara
et al.® noted that using a common origin (at 15659 cm™") for all
the vibronic bands in the excitation spectrum, the frequencies
of vibrations associated with the G, state were found to be
higher by about 40 cm™' than the corresponding vibrational
frequencies of the ground state. At the same time, the vibra-
tional frequencies associated with the T,, and T, states were
lower by about 20 cm™. Since there is no obvious reason for
such systematic differences between the vibrational frequencies
of similar (originating from the same electronic configuration)
states, it was concluded® that the G, state was higher than
T,, and T,, by about 60 cm™'. On this basis, the electronic
origins of the T}, and T,, states can be assumed to be roughly

Photochem. Photobiol. Sci., 2002, 1, 289-308 295



t, (4)nh (1)
1, (4150 (2)+nb (1) 1o s a)
g,(6)+nb (1)
-—r T T T 1
b (Tynb (1)
. 2 T T T T
r au(ﬁ)usl’)nh}i ]
L 4, (@b (1)

[ b Meag@enh(n)

b (Shah (1) 4

T 1 -
B (4)+nh (1) ]

Intensity (a.u.)

Calculated Intensity (a.u.)

520 540 560 580 600 620 640

Frequency Shift from Origin (cm'l}

Fig. 4 (a) Fluorescence excitation spectrum of Cgq, in a Ne matrix at
4 K. The assignments for the short wavelength part are given and the
remainder are discussed in the text. The band marked by an arrow
corresponds to the h,(3)/g,(3) modes of the state T,,. (b) Simulation of
the excitation spectrum based on computed oscillator strength and
Franck—Condon activities (from ref. 6).

degenerate, within 10 cm™!, and to be at the energy of 15644
cm!, a value compatible with the energy of the fluorescence
origin (see above). The electronic origin of the G, state is
chosen to be 55 cm ™" higher, at the energy of 15699 cm™". In this
way, the vibrational frequencies of the three excited states are
similar, with the notable exception of the mode t,,(4). Note that
the T,,/T,, electronic energy is only slightly above the origin of
fluorescence (15627/15633 cm™' see Table 6) implying a tiny
Stokes shift.

It may be surprising that T,, and T,, states are quasi-
degenerate, and that the t,,(4) frequency drops to 1370 cm ™' in
the excitation spectrum, by about 60 cm™' with respect to the
ground state. However, this choice appears to be without
obvious alternatives, since the lowest electronic origin has to
be above the fluorescence origin. Recently, Chergui and co-
workers,® by studies of the time-dependent fluorescence
spectropy in a Ne matrix, found that the bands associated
with the Ty, and T,, character show a short component rise
(ca. 170 ps) followed by a slower decay, with a decay constant of
900 ps. The time evolution of the vibronic bands associated
with the G, state are characterized by a bi-exponential decay,
with two decay constants of 130 and 900 ps. These experiments
indicate that the T,, and T,, states follow similar relaxation
dynamics based on the ISC to the triplet manifold, while the G,
state appears to decay faster through an internal conversion
(IC) channel leading to the two lower singlet states. Therefore,
these observations appear to support the picture that in the Ne
matrix the T,, and T,, states are roughly degenerate and well
separated from G,.
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Recently, Sassara et al.?® have proposed that the three lowest
excited singlet states (S;, S, and S;) in the Ne matrix are equally
separated in energy (Av about 50 cm ™) with the lowest state S,
(T, lying at 15644 cm™! followed by the T,, and G, levels,
respectively at ca. 15694 and 15744 cm™'. However, an explicit
and detailed reassignment on the basis of the excitation spectra
in the Ne matrix has not been given and only some of the bands
in the supersonic beam spectrum of Smalley et al.*® have been
assigned.

We now discuss the assignments, presented in Table 6, of the
excitation spectrum measured in a Ne matrix. For most of the
bands, we follow the assignment proposed in ref. 6 but for some,
alternative attributions are proposed. The intense band at 600.4
nm, 1011 cm™' above the lowest electronic origin, was inter-
preted in ref. 6 as a combination band, h,(4) + 215 cm™". The
latter frequency, not found in the ground state, was assumed to
be associated with a mode of h,(1) parentage, resulting from the
JT interaction occurring in the degenerate G, state. It is at least
as plausible to assign the 1011 cm™' band as the combination
h,(4) + hy(1) based on the T,, state, obtaining its intensity from
the pseudo-JT coupling between T,, and G, states, induced by
the hy(1) mode. It is attractive to consider a further alternative
assignment, that the 1011 cm™' band is the false origin
associated with another electronic state, namely the 1H, state,
calculated to be 0.4 eV above the G, state (see Table 3). If,
specifically, the band at 1011 cm™' is interpreted as the false
origin due to the t,,(2) mode of 715 cm™' (see Table 4), then the
origin of the H, state would be found 296 cm ™' above S,. As we
shall see below, this assignment is compatible also with the
analysis of the supersonic beam Cg, spectrum of Smalley and
co-workers.?*

Furthermore, we modify the assignments of the bands at
593.8 nm (16841 cm™"), 593 nm (16863 cm™!) and 580.1 nm
(17238 ¢cm™') which are now interpreted as the false origins
t1u(3), hy(5) and the combination band h,(4) + 3hy(1), respect-
ively, associated with the T,,/T,, electronic states. Note that the
band marked with an arrow in Fig. 4, observed at 573.4 nm,
that is 1796 cm ™! above S,, was attributed in ref. 6 to the false
origins g,(3) and hy(3), with frequencies 738 and 709 cm™!,
respectively, associated with the state T,,, which immediately
follows the state H,. The origin of this state would be about
1080cm ! above S,. With respect to the fluorecence spectrum,
only one frequency shows a notable change, namely the
frequency of the t,,(4) mode, associated to the state T,,, which
drops from 1430 to 1370 cm ™. As discussed in ref. 6 one source
of such decrease is the vibronic coupling between T,, and the
state 1H, calculated to be above T;, by 0.7 eV.

We consider now the classical Cg, excitation spectrum
in supersonic beams?* and the recent spectrum in He droplets?*
in the spectral range 630-595 nm, which are very rich in
vibrational structure. The He droplet is an ideal, very inert
medium for a solute to be studied, since it causes a negligible
red shift and is believed to induce no symmetry lowering. In
fact, the He droplet spectrum of Cg, is very similar in resolution
and band energies to the supersonic beam spectrum, as can be
seen in Table 7, where the energies of the observed bands are
given. Fig. 5 displays the spectrum in supersonic beams? in
which all the bands reported in Table 7 are numbered.

The determination of the electronic origin(s), unobserved in
the unperturbed molecule, is fundamental for the assignment
of these spectra. Since in the Ne matrix the lowest electronic
origins in the fluorescence and in the excitation spectra are at
15630 and 15644 cm™', respectively, the S, origin in the isolated
molecule is expected to be at 15673/15683 cm™' (vide supra).
The intense vibronic bands at 16228, 16436 and 16477 cm™! are
naturally assigned to the modes h,(2), h,(4) and g,(3), respect-
ively, based on the G, state. The energy of the electronic origin
of this state is then fixed at 15740 cm™', in agreement with
Chergui®® and Negri et al?’ The vibronic bands observed at
16035 and 16085 cm ™', assigned to the modes g (1) and h,(1),



Table 6 Vibronic assignment of excitation spectra of the Cy, molecule isolated in a low temperature Ne matrix (energies in cm™")

Neon matrix, 4 K¢ Neon matrix, 5 K* Assignment*
Shift Shift Shift Shift Shift from
Band from Ty, T,  from G, from T,g, Ty, from G, On Ty, Ty, On G, Vibronic H, state
energies 0-0: 15644 0-0: 15699  0-0: 15644 0-0: 15694  states state frequencies 0-0: 15940
15869 225 222 hy(1) 266
282 hy(1) 266
15992 348 g.(1) 345
16046 402 347 399 349 h,(1) g.(1) 403, 345
16228 529 528 h,(2) 525
16257 613 605 g,(1) + hy(1) 611
16311 667 612 663 613 hy(1) + hy(1); hy(3) 2.(1) + hy(1) 669, 697, 611
16369 670 667 h,(3) 667
16409 765 710 780 730 2.2), 2.03) t5(2) 757,776,715
16436 737 737 h,(4) 738
16477 778 785 2.3) 776
16499 800 h,(2) +h(l) 791
16515 871 gu(1) + 2h,(1) 877
16576 932 871 667 + hy(1) 611 + hy(1) 933,877
16609 965 953 2.(4) 963
16631 932 934 667 + hy(1) 933
16655 1011 956 1005 955 h,(4) + hy(1) h,(4) + 215 953 715 t,,(2)
16708 1009 1006 h,(4) + hy(1) 1004
16742 1043 1045 2/2) + h(l) 1023
16841 1197 t1,(3) 1180
16863 1219 1229 h,(5) 1215
16904 1205 1205 thu(4) 1190
16932 1233 1225 hy(5) 1215
16969 1270 h,(4) + 2h,(1) 1270
17016 1372 1317 1362 1307 t(4) 2.5 1430, 1315
17062 1418 1409 24(6) 1410
17100 1456 t4(3) + hy(1) 1446
17159 1460 (@) + hy(1) 1456
17197 1553 h,(7) 1567
17238 1539 h,(4) + 3hy(1) 1537
17268 1634 t(4) + hy(1) 1638
“ From ref. 6. ® From ref. 34. ¢ From ref. 6 with some modifications, see text.
Table 7 Vibronic assignment of excitation spectra in a supersonic beam and in He-droplets of the Cg, molecule (energies in cm™")
Gas phase TPI spectrum* He-droplet spectrum” Assignment
Shift from Shift Shift Shift Shift from
Band Tig T from G, from T, T, from G, On Ty, Ty, On G, Vibronic. H, state
energies 0-0: 15691 0-0: 15740 0-0: 15690 0-0: 15738 states state frequencies 0-0: 15987
1-16035 344 345 g.(D) 345
2-16085 394 345 394 346 h,(1) g.(1) 403, 345
3-16207 516 533* h,(2) 525
4-16263 523 525 h,(2) 525
5-16299 608 608* 2,(1) + hy(1) 611
6-16333 642 345 g.(1)
7-16353 662 613 654 606 hy(1) + hy(1) G,(1) + hy(1) 667, 611
8-16409 669 666 h,(3) 667
9-16434 743 742% h,(4) 738
10-16444 753 757 2.2) 757
11-16458 718 726 t2a(2) 715
12-16474 783 734 780 732 2.(3) h,(4) 776, 738
13-16496 756 2.(2) 757
14-16520 780 773 2.3) 776
15-16538 798 796 Hy(2) + hy(1) 791
16-16563 872 2.(1) + 2hy(1) 877
17-16616 925 920 h,(3) + hy(1) 933
18-16643 952 946* 667 h,(3)
19-16657 966 957 2.4 963
20-16677 937 935 H,(3) + hy(1) 933
21-16702 1011 1002 h,(4) + hy(1) 1004 715 t,,(2)
2216734 994 982 t,0(2) + hy(1) 981
23-16750 1010 1002 H,(4) + hy(1) 1004

“ From the spectrum of ref. 23. ® From ref. 24; asterisks mark frequencies read on the spectrum. ¢ From the calculated intensities and frequencies of

ref. 6.

respectively, of the T,, state, imply the energy of 15691 cm ™' for
the electronic origin of this state. The contribution of the T,,
state to the vibrational structure of this frequency range comes

from the h,(1) and h,(4) false origins, shifted from the electronic
origin by 403 and 738 cm ™!, respectively. The h,(1) band can be
associated with the 16085 or with the 16035 cm™! band. The
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Fig. 5 Resonant two-photon ionization spectrum (from ref. 23) with
bands assigned in Table 6 indicated.

electronic origin of the T,, state would be in the latter case at
15632 cm™'and in the former at 15690 cm ™', the same energy of
the T, state. Since it appears unlikely that the lowest electronic
origin in the isolated molecule drops below the electronic origin
in the absorption recorded in Ne matrix (15644 cm™'), and that
this matrix causes such a markedly different red shift for the T,,
and T,, states, it is preferable to attribute roughly the same
energy to the T,, and T,, electronic origins also in supersonic
beams.

The spectrum of Cg, in He droplets shows a wide band in the
region of the forbidden electronic origins, implying a droplet
induced intensity. This observation is surprising since He
droplets are a most inert medium and, in fact, do not cause a
red shift with respect to the spectrum in the supersonic beam.

In Table 7 we list 23, practically all, vibronic bands which
correspond to the bands marked in Fig. 4. Most of them are
assigned to false origins or combination bands associated with
the G, state. Some are associated with the T,, state and only one
exclusively with the T, state. Three bands, shifted by 642, 952
and 1011 cm™' with respect to the lowest electronic origin, are
tentatively assigned to false origins of the H, state having its
electronic origin at 15987 cm™'. Hence, the supersonic beam
spectrum also lends some support to the identification
of vibronic bands of the H, state in the low energy region of
absorption—excitation spectra of Cg,.

In conclusion, the available high resolution excitation
spectra, assigned on the basis of the results of quantum
chemical calculations, have allowed clarification in a consistent
way of the ordering of the lowest three electronic states and
their contributions to the rich vibronic structure observed in the
Ne matrix, He-droplets and in supersonic beams. An extension
of the spectral range of highly resolved spectra taken in super-
sonic beams, which could comprise all the vibrational structure
of the lowest three electronic states, including the intense false
origins of the T,, state, would provide a precious test for the
present analysis. In particular, it would allow testing of the still
tentative proposal that the H, and T,, states are found within
1100 cm™! of the state S,. Finally, it is worth noting that the
available spectra do not provide clear evidence of splittings
of the degenerate vibrational modes due to Jahn-Teller effects
or to matrix perturbations.

We consider now the 350410 nm region of the C,
fluorescence—excitation spectrum which has been intensely
investigated because it shows the contribution of the lowest
ungerade states and specifically of the lowest T, state. Accord-
ingly, this region has been studied in an Ar matrix,”® in a
methylcyclohexane-isopentane solid solution at 77 K,* in
supersonic beams,” and recently in a Ne matrix.”” This last
spectrum is shown in Fig. 6.

This spectrum shows a large number of vibronic bands
belonging to more than one electronic state. Two bands at
24839 and at 25113 cm™', separated by one hy(1) vibrational
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Fig. 6 Fluorescence excitation spectrum of Cg, in a Ne matrix at 4 K
in the 360-410 nm region with the assignment of three electronic states
(from ref. 27).

quantum, are very intense: these two bands have been assigned
to the first allowed transition of Cg,. The analysis of the entire
vibronic structure observed in this region has led to the recog-
nition of the contribution of two additional states, 1G, and
2T,,. The analysis of the vibrational structure associated with
these states has been discussed by Chergui and co-workers.*?

3.5 Triplet state spectroscopy

Cq 1s a very promising candidate as a material for optical
limiting devices*** because of the sufficiently long lifetime of
its lowest triplet state, T, (about 400 ps** in hydrocarbon
matrices below 10 K), of the high efficiency (¢ = 0.974%) for
the S; — T, ISC and thanks to the fairly high transient molar
absorption coefficient in the visible spectral region.**7 In
fact, C, is almost transparent in the visible region under low
optical intensities, when Cg, molecules are virtually all in the
ground state, but becomes increasingly absorbing when it is
exposed to light of increasing intensity and a larger number of
molecules are brought to the T, state.

According to calculations>'>' the lowest triplet state is of
g-type, as are the lowest singlet states, and specifically it belongs
to the T,, irreducible representation. The second triplet is found
0.4 eV above T,,*® a gap relatively large compared with the
virtual degeneracy of the lowest excited singlets. Since the spin
wavefunctions transform according T,,, the phosphorescence
process is symmetry and spin-multiplicity forbidden in Cg, and
it is induced by spin-orbit and vibronic interactions. As a
consequence, this transition is extremely weak and can be
enhanced by the external heavy-atom effect, which is obtained
by dispersion of Cg, in matrices containing heavy atoms.
Furthermore, if the symmetry remains I,,, the 0-0 band will not
be observed and, in analogy with the fluorescence spectrum,
most of the vibrational structure will consist of false origins
associated with HT inducing modes, together with a few com-
bination bands. The latter involve totally-symmetric (TS) a,
modes and JT active h, modes that, thanks to the displacement
of the T,, triplet equilibrium geometry with respect to the
ground state structure, can form Franck—Condon progressions.

Several groups have studied the phosphorescence spectra of
Cgo. ! The most recent spectra, taken in matrices at low
temperature, by Sassara et al.*® and by Groenen and others *+!
show a sufficiently well resolved vibrational structure.

The first spectrum, displayed in Fig. 7, was measured in a
Xe matrix at 30 K, and shows a highly resolved vibrational
structure. It shows a strong 0-0 band, at 12714 cm™', followed
by a progression of the h,(1) mode, on top of which one can
recognize the weak bands due to u-type inducing modes. It does
not provide information on the vibrational structure of the
isolated molecule in the 0-700 cm™' spectral range where the
h,(1) progression accounts for most of the intensity. In the 700
2000 cm™' frequency region, several bands are identified that
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Fig. 7 Simulated and observed phosphorescence spectra of Cg,. (a)
The experimental spectrum obtained in the Xe matrix at 30 K (from
ref. 50). (b) The simulated spectrum with a bandwidth of 5 cm™.
A strong 0-0 band was added to the computed intensities for
comparison with the observed spectrum (from ref. 48).
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can be due to the HT inducing modes, combination bands and
to fundamentals of FC active modes. The observation of a
strong 0-0 band indicates that one important side effect of Xe
matrices is to lower effectively the symmetry of Cg and
consequently to render the phosphorescence spectrum
symmetry-allowed. As discussed by Sassara et al.* the observed
spectrum is the superposition of the spectra of two sites, the
second of which has a broader emission, approximately
100 cm ™' red-shifted, which can be easily distinguished from the
former.

It is worth noting that a phosphorescence spectrum taken
in an Ne matrix with 1.25 % of Xe* has qualitatively the
same structure, albeit with lower resolution, as the spectrum
measured in the Xe matrix, and shows a strong 0-0 band at
12773 cm ™. Apparently, this small amount of Xe is sufficient to
produce a significant heavy atom effect on the solute Cg,
molecules.

The phosphorescence spectrum measured in a DC matrix at
1.5 K, reported by van den Heuvel et al,*® was extended
recently over a larger spectral range.*® This spectrum is weaker
and less resolved than the spectrum in the Xe matrix, pre-
sumably because it is emitted from a collection of molecules
that experience many slightly different environments. However,
it has the advantage that its 0-0 band is weak and thus all the
observed vibronic bands can be assigned to HT active modes or
to combination bands based on them. Thus, the two spectra are
complementary and together they present a reasonable number
of spectral features. The spectrum observed in the DC matrix,
with the 0-0 band at 12530 cm™, is shown at the top of Fig. 8.

All the vibronic bands observed in the two spectra are
collected in Table 8 and are assigned on the basis of calculated
intensities of the false origins* and of the experimental vibra-
tional frequencies of Schettino et al.®' The calculations indicate
that the largest vibronic activity is associated with the h, modes
with experimental frequencies of 403, 525, 738 and 1566 cm ™',
the g, modes of 776, 963 and 1315 cm™" and the t,, mode of 525
cm~'. The total oscillator strength of the unperturbed Cg,
phosphorescence, which is the sum of the oscillator strength of
all the false origins, is very small (5.7 x 107'%). This explains the
very low quantum yield of the phosphorescence (<107*) and the
difficulty encountered in detecting it without heavy-atom
enhancement.

The calculations of the y distortion parameters indicate that
the FC mechanism is reasonably efficient only for the hy(1),
hy(4), hy(7), hy(8) and a,(2) modes.”

In Figs. 7 and 8 the spectra simulated on the basis of cal-
culated parameters are compared with the observed spectra.
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Fig. 8 Simulated and observed phosphorescence spectra of Cg,.
(a) The experimental spectrum obtained in the DC matrix at 1.5 K
(from ref. 51). (b) The simulated spectrum with a bandwidth of 50 cm™".
(c) The phosphorescence spectrum simulated with a bandwidth of
5 cm™'. The solid line bands are HT induced false origins discussed
in the text. The remaining bands are progressions and combinations of
FC bands built on false origins.

The simulation is performed by using two Lorentzian band-
widths of 50 and 5 cm™', respectively, to account for the differ-
ent linewidth of the two experimental spectra. The comparison
shows the following: (i) the agreement with the spectrum in the
Xe matrix appears quite satisfactory; (ii) the agreement with the
spectrum in the DC matrix is also satisfactory, but the bands of
the simulated spectrum above 1200 cm™' do not overlap exactly
with the bands of this observed spectrum, while preserving
the same intensity trend. A similar discrepancy also appears
comparing the two experimental spectra.

The vibrational structure of the phosphorescence spectra
of Cq, in the DC matrix is dominated by false origins. A number
of observed bands can be attributed to combination bands of
inducing modes with FC active modes. Among the latter,
important contributions to the vibrational structure are
provided by the h,(1) mode and, to a lesser extent, to the a,(2)
mode. The spectrum in the Xe matrix shows an intense true
origin and thus the role of FC active modes is obviously more
pronounced. In fact, progressions of TS and JT active modes,
built on the 0-0 band, appear with strong intensity in the
spectrum.

With respect to the assignment proposed by Sassara et al.,*
based only on vibrational frequencies, some modifications are
introduced in Table 8 concerning the bands at 771, 841, 1037
and 1468 cm ™.

The properties of the state T, were also investigated by
measuring the EEL spectrum of the triplet exciton of the (111)
surface of solid Cy, at 105 K.” The EEL spectroscopy, in which
the molecule is excited by absorbing part of the kinetic energy
of colliding electrons, is much less limited by symmetry and
spin-multiplicity selection rules than conventional optical
spectroscopy induced by interaction with the radiation’s
electromagnetic field.*> By tuning the electron kinetic energy,
one can also observe weak electronic transitions. In particular,
near-threshold EEL spectra, in which the electron residual
kinetic energy is close to zero, are dominated by singlet-triplet
transitions which appear as allowed. The Cg ST, EEL
spectrum, measured in conditions of exchange scattering,
shows a prominent 0-0 band and a vibrational structure based
on Franck-Condon progressions of h, and a, modes.” The false
origins, induced by the HT mechanism, are not observed in
this spectrum because they are comparatively very weak. The
vibrational structure is built mainly on the contributions of the
modes h,(1), hy(4), hy(7), hy(8) and a,(2) which are also found
to be active in phosphorescence (vide supra). Interestingly, the
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Table 8 Analysis of phosphorescence spectra of Cq, (frequencies in cm™")

HT active modes

FC active modes

Xe, 30 K DC,1.2K* Fundamental frequency Fundamental frequency
0-0: 12714 0-0: 12530 Assignment ¢ and combination Assignment and combination
345 g.(1), hy(1), t,,(1) 345, 354, 403
520 h,(2), t;u(1) 525, 525 2hy(1) 532
710 t5u(2) 715
737 745 h,(4) 738
771 2(3) 776 hy(4) m
959 2.4) 963
1007 995 h,(4) + hy(1) 1004
1037 1030 2,(3) + hy(1), t,,(3) 1042, 1037
1172 1190 t1u(3), t2u(4) 1180, 1190
1312 2,(3) + 2h,(1), g.(5) 1315, 1308
1338 h,(6) 1342
1425 1435 24(6), t1,(4) 1410, 1430 hy(7) 1421
1468 t,(4) + hy(1) 1456 a,(2) 1468
1573 1531 2,(5) + hy(1), hy(7) 1566, 1581 h,(8) 1574
1686 2,(6) + hy(1), t,,(4) + hy(1) 1696, 1676
1734 1710 t5u(4) + 2 hy(1) 1722 a,(2) + hy(1) 1734
1839 1840 24(5) + 2hy(1), hy(7) + hy(1) 1847, 1832 hy(8) + hy(1) 1840
1960 1935 2,(6) + 2 hy(1), t;,(4) + 2 hy(1) 1942, 1962
2185 h,(4) + a,(2) 2206

“ From ref. 46. ® From ref. 47. ¢ From ref. 44.

same values of the y parameters used to simulate the contri-
bution of the a, and h, modes in the phosphorescence spectrum
allow assignment and simulation of the vibrational structure of
the EEL spectrum.” These results reveal that the perturbations
due to the crystal field do not affect the structure of vibronic
levels.

In conclusion, the vibrational structure of the phosphores-
cence and of the EEL spectra of Cg can be analyzed in
a consistent way by making use of quantum-chemical simula-
tions. Both analyses are based on the assignment of T, to the
symmetry species T,,. Since this state is well separated in energy
from higher triplet states, its has a well defined character, at
variance with the S, state, which results from the mixing of
the T,,, T,, and G, quasi-degenerate states. However, the Cq,
phosphorescence, because of its intrinsic weakness, is strongly
influenced by the matrix perturbations.

In this section we summarize the most relevant results that have
emerged from experimental and computational studies on the
electronic structure and spectroscopy of the second most
abundant fullerene, C,,. Although very similar in size to Cg, Cs,
shows rather different spectroscopic features, most of which
can be rationalized in terms of its lower symmetry. In this sense,
the effect of symmetry lowering manifested in C,, spectroscopy
can be considered as a reference starting point for what can be
expected for larger, and generally less symmetric, fullerenes and
fullerene-derivatives.

Indeed, a fundamental difference, compared to Cg,, appears
clearly by considering the results of simple molecular orbital
calculations: regardless of the energy order, the symmetries of
the lowest two unoccupied MOs (e,” and a,”) and highest two
occupied MOs (e,” and a,”) indicate that low energy one
electron excitations in C,, give rise to dipole-allowed excited
states of E,” symmetry. Electronic transitions from the ground
state to states belonging to the E," irreducible representation
are dipole-allowed in Dy, symmetry. The presence of low
lying allowed excited states in C,, is expected to add complexity
to the electronic spectroscopy of this fullerene. Indeed, the
absorption spectrum of C,, shows a much stronger intensity in
the low energy region as compared to Cg,.'**

To unravel the order and the nature of the lowest excited
states of C,,, both of singlet and triplet multiplicity, the
availability of well resolved electronic spectra (absorption,
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fluorescence, phosphorescence) was of fundamental import-
ance. However, nicely resolved spectra have become available
only relatively recently. This, combined with the computational
difficulties in predicting the exact order of the lowest excited
states of C,, with a precision of few tens of cm™', resulted
in a delay in the assignment of its lowest excited singlet
states which was accomplished with satisfactory accuracy only
recently,?%+%6

4.1 Singlet state spectroscopy

The identification of the nature of the lowest emitting singlet
state of C,,, for the reasons outlined above, followed a difficult
and controversial sequence of attributions. In the following we
will start with a chronological description of fluorescence
measurements, and compare the experimental data with the
results of simulations in the end. We will close this section
with a brief discussion of the high resolution absorption and
excitation spectra measured in the visible region.

4.1.1 Fluorescence. In early studies®*’ the fluorescence
spectrum of C,, was measured at 77 K, in methylcyclohexane,
and the origin of the fluorescence was assigned to the first band
observed in the spectrum. With this assignment, the first
vibronic band appeared at 164 cm™"' and most of the intensity
was located at ca. 700-800 cm™'. With the above assignment,
the frequency of the first vibronic band was very far from the
lowest predicted and observed vibrational frequencies of C,,*
which fall around 200-220 cm™". Later studies**> showed that
the intensity of the band assigned as the origin in early studies,
was indeed strongly dependent on temperature. A multiple state
emission was suggested, and the origin of the lowest emission
was reassigned to the second observed band (15207 cm ™). With
this assignment, most of the activity observed in fluorescence
was concentrated at about 500-600 cm ™' from the origin. Such
emission was assigned to the 1E,” — 1A/’ transition and the
vibronic structure was assigned to e, false origins.® In more
recent studies®>® highly resolved fluorescence spectra were
obtained in Shpol’skii matrices (n-pentane) at the temperature
of liquid helium. These spectra provide a more precise assign-
ment for the main vibronic peaks, although the structures of
the spectra are complicated by the presence of multiplets due to
emission from C,, molecules in different sites. The analysis
carried out in ref. 55 of the multiplets observed for the origin



and the vibronic bands, provided strong evidence for the
symmetry forbidden character of the S; — S, transition. The
emitting state was assigned to A,’ symmetry and most vibronic
peaks were assigned to infra-red active fundamentals of e,
symmetry. The same authors*®® presented preliminary temper-
ature dependent measurements in which emission from a higher
excited state was observed. The temperature dependent emis-
sion was attributed to a dipole allowed S, — S, transition since
most of the intensity was located on the origin band, consistent
with the earlier observations of Argentine and co-workers.**>

More recently, the fluorescence spectrum of C,, has been
obtained in solid neon at 4 K.*® The vibronic structure observed
is very similar to the fluorescence spectra measured in n-
pentane and a weak origin is identified at 15524 cm™'. This
origin is assigned to the A,’ — A’ forbidden transition.%
A second, prominent origin is observed at 15691 cm™', and
assigned to the E,” — A’ transition.>® To support the assign-
ment of the forbidden transition, a second emission spectrum
was reported by the authors, obtained by direct excitation
into the 15524 cm™' band. As expected, in this second emission
spectrum the E," — A/’ transition and its associated vibronic
structure disappears.>® Thus, C,, reveals a very unusual spectro-
scopic characteristic: emission from S; and from an excited state
above S,. There are few molecules for which such behaviour has
been observed, among which is the very well known azulene.®!
In the case of C,, the energy separation between the two emit-
ting states is very small: 167 cm™' in solid neon. This energy
spacing is smaller than the smallest vibrational frequency of C,,
in the lowest excited state, thus electronic energy cannot be
converted intramolecularly into vibrational energy. Further-
more, electronic to vibrational energy conversion is also very
inefficient through coupling with low frequency phonons of the
neon matrix.?

More recent measurements? of the C,, fluorescence spectra
in decalin—cyclohexane as a function of the temperature, and
of the excitation spectra of C,, in n-pentane matrices have
confirmed the presence of a second emitting singlet state, whose
separation from S, is site dependent in an n-pentane matrix and
ranges between 160 and 220 cm™". In decalin—cyclohexane the
energy difference was reported to be 130 cm™'. The intensity of
the origin of the second emission was found to be temperature
dependent, and increased with temperature as an effect of the
thermally induced population redistribution between S, and the
higher E,’ state. Fluorescence from the E,’ state was observed
at 1.5 K, which, similarly to the conclusions drawn in ref. 56
indicated that radiationless deactivation of E,’ is a bottleneck
and radiative decay can compete with it.

4.1.2 Singlet electronic states of C,, and modeling of vibronic
intensities. With such a complex vibronic structure, it is obvious
that the quantum-chemically predicted energy order of excited
states is not sufficient, and conversely, modeling of vibronic
intensities is fundamental.

Excited states of C,, were computed'®%* both with semi-
empirical and with time-dependent density functional theory,
but since in the following we will concentrate on the modeling
of vibronic intensities associated with them, we will discuss the
calculations of excited states at semiempirical level reported in
ref. 54.

To obtain more reliable indications of the symmetry and
nature of the lowest excited states of C,,, CI calculations were
carried out using the CNDO/S hamiltonian and the Mataga
parametrization.* The structure of C,, employed in these cal-
culations was obtained with the QCFF/PI hamiltonian® as
described in ref. 63. Initially the CI method selected included
only single excitations (CIS), and several orbital spaces for
the CI calculations were investigated. All these calculations
suggested that the lowest excited state of C,, belongs to A,’
symmetry and is relatively well separated in energy from the
second lowest excited state, in agreement with earlier excited

state calcualtions carried out with the INDO/S + CIS semi-
empirical method.®* In summary, at the CIS level of theory, the
lowest singlet state of C,, is predicted to be a dipole-forbidden
state, as in Cg,. At variance with Cg,, however, the lowest dipole-
allowed excited states of C,, are predicted to be much closer
to S;, though not as close as the experimental evidence
indicates.®>¢ The satisfactory description of electronic states
and transition dipole moments is evident from the simulation
of the absorption spectrum depicted in Fig. 9. The latter was
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Fig. 9 The predicted electronic absorption spectrum of C,, from
CNDO/S + CIS calculations (41 x 40 orbital space).

simulated on the basis of 41 x 40 CIS calculations, but similar
results are obtained with smaller or larger CIS sizes.** The simu-
lated spectrum shows two groups of strong bands, located at
about 150 and 250 nm, respectively. These two strong clusters
of bands are assigned to the strong absorption bands observed
at 214 and 236 nm, respectively.” Interestingly, beside the two
strongest bands observed at high energy, the simulated absorp-
tion spectrum of C,, reproduces closely the observed spectrum
also in the lower energy region. The first four bands observed in
hexane at ca. 468, 377, 359 and 330 nm** are easily identified
with the first four prominent bands, labeled A, B, C and D in
the simulation in Fig. 9. The latter are computed at ca. 523, 413,
352 and 320 nm, respectively. A more careful comparison
between observed and simulated spectra shows that the energy
of band A is underestimated by the calculations, a result
unexpected since the method is known to overestimate singlet
excitation energies.>® Indeed, the excitation energies for the
remaining three bands (B, C and D) are overestimated, as is the
energy of the highest energy absorption in the spectrum (150
nm computed, versus 214 nm observed).

To improve the description of the lowest excited states of C,,
CI calculations were carried out with the inclusion of double
excitations, beside single excitations (CISD). The inclusion of
doubly excited configurations dramatically affects the order
of the lowest excited states of C,,, as can be seen from a
comparison of CIS and CISD results collected in Table 9. The
lowest excited state of C, is still predicted to belong to A,’
symmetry, but four additional states are computed within 0.14
eV. The energy decrease of the 2A," and 2A,’ states is par-
ticularly remarkable. Furthermore, the lowest two E,’ excited
states are inverted compared to CIS results. The weakest of the
two is predicted to be the lowest, almost degenerate with
the 1A,’, 2A," and 2A,’ states. Interestingly, the prediction of
the lowest energy portion of the absorption spectrum improves
considerably: band B is assigned to an A,” state, (see Table 9)
in agreement with polarization measurements,® and the energy
of band A increases.
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Table 9 Effect of inclusion of doubly excitated configurations on excitation energies (E) and state ordering of the lowest singlet excited states of C,,

CNDO/S + CIS (14 x 14)*

CNDO/S +CISD (14 x 14)°

State Symmetry EleV Assignment” Symmetry EleV Assignment”

S, 1A, 0.00 1A, 0.00

S, 1A, 2.13 1A, 2.44

S, 1E, 243 2A, 247

S, 1E,’ 2.47(0.23)¢ Band A 1E,’ 2.48 (0.002)

S, 1A," 2.48 (0.001) 24, 2.58

S, 2A, 2.49 1E, 2.58

S, 1E," 2.57 IE," 271

S, 2E,’ 2.65 (0.004) 2E, 2.74 (0.13) Band A

S, 2E,” 2.69 1A, 2.75(0.001)

S, 2A, 2.70 2E," 2.97
2A," 3.11(0.22) Band B 2A, 3.27 (0.064) Band B
3E, 3.17 (0.42) Band B 3E, 3.27 (0.005)

196 singly excited configurations included. ® Bands are labelled according to Fig. 9, see the text for discussion. ¢ 1800 energy selected singly and

doubly excited configurations. ¢ Oscillator strength.

The above discussion on the prediction of electronic excited
states of C,, makes evident, in analogy with Cg,, an important
intrinsic limit of molecular quantum chemical calculations,
which is difficult to overcome: when several electronic states are
predicted to be quasi-degenerate, as is the case for C¢, and C,,
their energy order can be affected by changing the parameters
employed in the calculations (geometrical structure, CI dimen-
sion, etc.). In this case the identification of the ‘true’ lowest
excited state is critical and must be based on the simulation
of its properties, among which, of crucial importance are the
spectroscopic characteristics.

Thus, for C,,, the relevant result of CISD calculations shows
that in the region of S; there is a congestion of electronic states,
composed of several dipole-forbidden states and a dipole-
allowed E,’ state. In order to assign the ‘true’ lowest singlet
state, the vibronic activity was simulated for each of the low-
lying excited states of C,, and compared with the observed
spectra. In particular, three states were considered as possible
candidates for S;, beside the 1A,’state, namely the 2A," and
2A, states whose excitation energy is considerably lowered by
inclusion of double excitations. Conversely, the predicted 1E,’
state was considered to be the only state responsible for the S,
— S, emission. The small energy difference among these states
and the presence of a dipole-allowed excited state separated
from them by a few hundred cm™', makes impossible the use of
the weak-coupling approach employed to investigate Cg, singlet
spectroscopy. A suitable model, in this case, must take into
account electronic along with vibrational contributions to the
energy gaps which separate vibronically coupled states. Thus,
a perturbative approach that makes use of vibronic wave-
functions was adopted in this case to model the fluorescence
spectrum of C,,. This approach was employed successfully to
simulate the vibronic structure in the electronic and ZEKE
spectra of naphthalene®® and details on the method can be
found in refs. 66 and 67.

Emission from the dipole-forbidden states of C,, occurs
through the HT mechanism of intensity borrowing while emis-
sion from the E,’ state can be due to a combination of HT
along with FC mechanisms. Thus the two possible mechanisms,
depicted in Fig. 10 have to be considered. In the figure, for
simplicity, we label with S; each of the three possible candidates
for the lowest emitting state of Cs,.

The required vibronic interactions were computed with the
CNDO/S+CISD method. The simulated fluorescence spectra
of the 1A,’, 2A,’ and 2A,’ states of C,, are presented in Fig.
11-13 where they are compared with the fluorescence spectrum
observed in solid neon at 4 K.* All the spectra show a rich
vibronic structure due to e, modes, but the intensity distribu-
tion is quite different for the three states. The simulation of
the emission spectrum due to the 2A,’ state is particularly inter-
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Fig. 10 Mechanisms of intensity borrowing for the Sy«>S, transition
of C,,. Electronic levels are indicated by horizontal solid lines; allowed
(forbidden) transitions are represented by vertical solid (dashed) lines;
vibronic interactions V(sym) mediated by vibrations of ‘sym’ symmetry,
are represented by dotted vertical lines. Mechanism 1 for emission from
the 1A,’, 2A,’ and 2A,’ states. Intensity is stolen from S, — E,’
transitions. Mechanism 2 for emission from the 1E,’ state.

esting, since most of the activity is predicted in the observed
frequency region. Indeed, the strongest bands in the simulated
spectrum, centered at 344, 388, 545, 766, 1114, and 1243 cm™',
are readily assigned to the bands observed at 358, 412, 579, 793,
1082 and 1250 cm™ 1.6 It is interesting to note that this state is
not predicted to be the lowest, but its energy is strongly affected
by the inclusion of double excitations.

In summary, the simulations show that the emission from the
2A,’ state accounts for most of the observed S; — S, vibronic
activity. The emission predicted for the remaining two dipole-
forbidden states agrees with the observed emission only in
selected frequency regions. Nevertheless, the role of the 2A,’
state is more intriguing, since it is predicted to be very close to
the 2A,’ state and its simulated emission shows some vibronic
features very similar to the emission of the 2A," state and,
consequently, very close to the observed vibronic structure. This
is especially true in the lowest frequency region. For instance,
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Fig. 11 (Top) computed 1A,” — S, emission and (bottom)
fluorescence spectrum of C,, observed in solid neon.
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Fig. 12 (Top) computed 2A,” — S, emission and (bottom)
fluorescence spectrum of C,, observed in solid neon.%

notice that most of the activity is computed at 344, 388, 545,
614 and 766 cm™', and these bands can be readily assigned
to the bands observed at 358, 412, 579, 671 and 793 cm .
Conversely, the intensity is underestimated in the highest
frequency region, above 1000 cm™'. Minor perturbations, due
to intra- or inter-molecular interactions might lower the sym-
metry of C,,, for instance to Cs,, and the two quasi-degenerate
states, 2A,’ and 2A," might mix, without removing their dipole-
forbidden character.

Concerning the second emitting state of C,,, the vibronically
induced intensity of the 1E;" — S, transition can be borrowed
from higher E;" states via the e,’, a," and a,’ vibrations. In
Fig. 14 the simulated spectrum is presented. It is seen that
the vibronically induced intensity is very weak, except for the
e,’ mode computed at 466 cm™' with QCFF/PI calculations *°).
In addition, the FC and JT activity is predicted to be very
weak>* except for the lowest a,’ and e, frequencies. In
summary, the simulations indicate that the 1E," — S, transition
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Fig. 13 (top) computed 2A,’ — S, emission and (bottom)
fluorescence spectrum of C,, observed in solid neon.

1E," emission

AA.

a8

14000 14500 15000 15500 16000

Fig. 14 Computed 1E,” — S, emission (top) and observed (bottom)
fluorescence spectrum of C,, in solid neon.*®

should be dominated by its origin, in agreement with the
observations from temperature dependent measurements 2*-555
and in solid neon.>

4.1.3 Absorption—excitation spectra. Beside low resolution
absorption spectra, more resolved spectra were obtained at low
temperature.>*%¢ The first measurement reported was the
resonance two photon ionization (R2PI) spectrum, in a super-
sonic molecular beam, by Haufler et al.* This spectrum shows
a dense structure of bands, some of which are clearly compar-
able to those observed in neon matrix, at 5 K, by Fulara e al.%®
The main difference between the two spectra is the presence of
a rather strong 0-0 band in the spectrum of ref. 68 which is not
seen in the R2PI spectrum since it is expected to appear at
wavelengths greater than 635 nm, a region outside the range
reported in ref. 23. The strong origin in the neon spectrum was
assigned, correctly, to the Sy— 1E,’ transition, and the vibronic
structure was attributed to e,” JT active fundamentals. Recently,
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Sassara et al*® reported highly structured fluorescence—
excitation spectra of C,, in solid neon and proposed an assign-
ment of all vibronic bands based on ground state vibrational
frequencies of C,, obtained from vibrational spectroscopy and
quantum-chemical calculations. The excitation spectrum (see
Fig. 15) was interpreted as a superposition of three electronic

T I 1
15000 15500 16000 16500 17000

Fig. 15 Fluorescence—excitation spectrum of C,, in solid neon, from
ref. 56. Energy in cm ™.

transitions: S, — A,’, S, — E,’ and S, — A,". More recenty,
Groenen and co-workers obtained highly resolved
phosphorescence—excitation spectra of C,, in n-pentane at
1.5 K. The vibronic structure observed in alkane matrices
is very similar to the structure observed in neon matrix in refs.
68 or 56. The vibronic structure was assigned in term of the
superposition of two electronic transitions: Sy — A,’, S,— E;’.

To assign the complex vibronic structure in terms of simu-
lated vibronic intensities, the perturbative approach based on
vibronic basis sets, used to simulate the fluorescence spectra
cannot be adopted. The only accurate approach must go
beyond the Born-Oppenheimer (BO) approximation because
of the closeness of interacting vibronic states.® Such modeling
is however much more demanding, since several modes
are vibronically acitive at the same time and several states are
involved, and satisfactory results have not yet been obtained.

Nevertheless, a tentative assignment of the absorption
spectrum can be made on the basis of simulated fluorescence
intensities.

As discussed above, the simulations of fluorescence spectra
confirm that the S, — A,’ transition must be associated with a
considerable vibronic structure, while the S, — E,’ transition
will be dominated by the origin. Thus, the bands observed in
excitation>® at 404 and 442 cm ™' are most probably related to
the 412 cm™" ¢,” mode observed in fluorescence. Similarly the
518 cm™' band observed in excitation is related to the 579 cm™
band (e,") observed as the strongest band in emission. The split-
ting of some of the stronger bands may be indicative of the
contribution from more than one dipole-forbidden state (calcu-
lations predict at least three forbidden states). In addition, the
apparent large frequency increase or decrease must be taken
with caution, since it may merely reflect the effect of vibronic
coupling which can depress (and mix) vibronic levels when
these are below the interacting state (for instance the 2E,’ state)
or push up vibronic levels when the interacting state is below
(such as the 1E,’ state) the unperturbed vibronic level.

4.2 Triplet state spectroscopy

Similarly to the lowest triplet state of C, the triplet state of C,,
has attracted a special interest in view of the optical limiting
properties? that might derive from its efficient population
combined with a triplet absorption cross-section which is
higher than that of the ground singlet state in selected wave-
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length regions. The absorption spectrum of the triplet state of
C,, shows indeed” a considerable cross-section at very low
excitation energies (900—1100 nm). This characteristic might be
used for some special applications of optical limiters in the near
infrared region.

The lifetime of the lowest triplet of C,, was reported to be
53 ms, in toluene, by Wasielewski** and more recent measure-
ments pointed to an averaged lifetime of the triplet substates of
51 ms in decalin—cyclohexane and in toluene.”! Electron-
spin-echo experiments enabled a complete description of the
population and decay of the triplet substates at 1.2 K, and
indicated that the decay to the ground state is about three times
faster for molecules in the T. sublevel than for molecules in
T, or T,: ca. 90 ms versus 30 ms.”" It is worth noting that such a
lifetime is about 100 times longer than that of the lowest triplet
of Cg.

Contrary to the lowest singlet state, the identification of the
nature of the lowest triplet state of C,, was less controversial.
Quantum-chemical CI calculations carried out with the
CNDO/S hamiltonian indicated that the lowest triplet state of
C,, belongs to the A,’ symmetry.”” According to calculations T,
is at least 0.2 eV from the next triplet state, but, more import-
antly, the simulation of the phosphorescence spectrum based
on the 1A,’ triplet state is in good agreement with the observed
spectrum.

For C,, the phosphorescence spectrum is easily observed,
in contrast with the phosphorescence of Cg,, and was measured
at 77 K in saturated hydrocarbons*** and more recently in
toluene® and in n-pentane® at low temperature. The latter
spectra show a well resolved structure that allowed a vibronic
analysis of the spectrum. The onset of phosphorescence was
measured at 12495 cm™' in n-pentane and the most intense
band in the spectrum appeared at 361 cm™'.** Finally, the
phosphorescence spectrum of C,, was recorded with very high
resolution in solid neon at 5 K by Chergui and co-workers.>
The main vibronic bands were assigned to e;” modes and the
lowest triplet state was assigned to the A," symmetry, in agree-
ment with the results of quantum-chemical calculations.”

In Fig. 16 we compare the phosphorescence spectrum
observed in solid neon>® with the results of intensity modeling
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Fig. 16 (Top) computed and (bottom) observed phosphorescence
spectrum of C,, in solid neon.*

based on quantum-chemical calculations. With T, belonging
to A,’ symmetry, the T, — S, transition is symmetry as well
spin-multiplicity forbidden. Indeed, in D, symmetry, triplet
spin wavefunctions transform as A, and E,” irreducible
representations, and dipole-moment Cartesian components
along x, y, z transform as A,” and E,’ irreducible represent-



ations. Thus the transition is induced by SO coupling combined
with vibronic perturbations mediated by modes that belong
to the a,”, a,", e, and e,” symmetry representations. Each of
the modes belonging to these symmetry species may give rise to
a false origin and thus contribute to the vibrational structure of
the phosphorescence spectrum. In C,, there are nine a,”, ten a,”,
twentyone e,’ and twenty e,” vibrations which need to be
considered as possible promoters of false origins. In general TS
vibrations too can contribute to the vibrational structure of
electronic transitions through the FC mechanism. In fullerenes
this mechanism, which is based on a displacement of the
equilibrium geometry of the excited state with respect to the
ground state, is rather inefficient. The FC activity was estimated
in ref. 72 by computing the S, and T, equilibrium structures
with the QCFF/PI hamiltonian® on the basis of ground state
MGOs. The resulting y parameters are 0.09, 0.06, 0.05 and 0.34
for the a," modes whose computed frequencies are 1633, 1220,
1187 and 251 cm™!, respectively. Thus, only the 251 c¢cm™!
vibration might contribute to form combination bands in the
observed spectrum.

The simulations presented in Fig. 16 were obtained by
performing larger CI calculations compared to those published
in ref. 72, namely an orbital space of 29 occupied and 29 virtual
MOs was employed.

A summary of the experimental data, computed vibrational
frequencies*®® and computed vibronically induced intensities is
reported in Table 10. Experimental data are also compared with
the vibrational frequencies of C,, recently computed with
density functional theory (DFT) and the B3LYP functional.”
The latter frequencies are very close to the fundamentals
observed in vibrational spectroscopy studies, and offer a reliable
guide for the assignment of the bands observed in phosphor-
escence. The agreement between observed and simulated
spectra presented in Fig. 16 is very satisfactory, and most of the
activity is due to el’ modes. A closer inspection of simulated
intensities shows some discrepancies in the intensity distri-
bution: for instance, the observed intensity is distributed over
several bands in the 550 cm™! and 800 cm ™! regions, while it is
concentrated on fewer bands in the simulations. In addition, the
intensity is overestimated in the high frequency region, whilst it
is underestimated in the low frequency region. Nevertheless, the
agreement must be considered remarkable, since computed
vibronic intensities result from the combinations of two
perturbations: vibronic and spin—orbit, and are obtained by
summing over a large nuber of small terms. The assignment
proposed in Table 10 is based on computed vibronic intensities
and makes use of the numerical values of DFT computed
frequencies.”® The main changes, compared to previous
assignments,® concern the assignment of the observed
459 cm™! band to a,” symmetry and the assignment of the
748 cm™! band to e,” symmetry.

The accuracy of computed vibronic intensities can be
checked by evaluating the average radiative rate constant for the
three triplet sublevels, from the cumulative oscillator strength
of all false origins. By employing the computed oscillator
strengths, a lifetime of 0.11 s™' was obtained in ref. 72. By
considering the phopshorescence quantum yield of 1.3 x 1073
and the triplet lifetime of 53 ms, measured in ref. 44 a radiative
lifetime of 0.025 s™! is obtained, which is of the same order of
magnitude as the calculated value. The agreement provides
support for the accuracy of the modeling and to the assignment
of the phosphorescence spectrum.

5 Conclusions

In this paper we have reviewed some of the most important
spectroscopic work aimed at clarifying the properties of the
lowest excited states of Cq, and C,,. We have stressed the role
played by quantum chemical calculations in performing a
sound analysis of the high quality spectra that are and will

become available. In this context we have dwelled on the work in
which we have been involved as well as on the spectroscopic
results of the groups with which we have been in contact.

‘We have tried to show that we have reached a firm assignment
of the ordering of the lowest excited states and of their inter-
actions along with a detailed understanding of the vibronic
structure of the phosphorescence, fluorescence and low energy
absorption—excitation spectra of these large molecules. This
analysis is based on some approximations, namely, the use of
ground state vibrational frequencies, of the HT perturbation
expansion and of the strong-coupling approach to account
for the contributions of the h, modes to combination band
intensities and energies.

In the case of Cg,, the three lowest excited singlet states,
of gerade symmetry species, namely T, T,, and G, are quasi-
degerate within 100 cm™'. Thus, they mix under the perturb-
ation of any matrix environment and this is reflected in
vibrational structure changes of the fluorescence measured in
different matrices. The high resolution excitation spectra,
through an educated analysis guided by theory and com-
putational results, reveal the size of the energy gaps existing
between the lowest excited states. It is found that in supersonic
beams, in He-droplets and in a Ne matrix, the states T,, and T,
are essentially degenerate, while the state G, is roughly 60 cm™
above. Most of the vibronic structure observed in emission and
in excitation spectra is due to false origins borrowing their
intensity from higher T, states and to combination bands with
one quantum of hy(1) and a,(2) modes. Almost all the bands of
the excitation spectrum taken in the supersonic beam have
been assigned in this review on the basis of calculated inten-
sities. For one of these bands, namely the band at 1011 cm™'
above the S, origin, a simple assignment to one of the three
lowest singlet states does not seems plausible. We propose
tentatively that it draws its intensity from the G,~T,, pseudo-JT
interaction induced by the h,(1) mode or, as an alternative, that
it is associated to a fourth state, H,, with the electronic origin
296 cm ™! above S,.

It is surprising that no clear evidence of splitting of the
JT-active modes and of pseudo-JT interactions has emerged in
the highly resolved spectra so far available.

Moving from Cg, to C,, the molecular symmetry is lowered
and the degeneracy of electronic states decreases. This fact
leads to an increase in the density of electronic states and in the
relative number of states with allowed spectroscopic transitions.
As a consequence, for C,, both symmetry forbidden and
allowed states are found among the lowest singlet states. In
particular, the S, state is forbidden, while S,, only 170 cm™
above, is allowed. This leads to the observation of multiple
emission, which is rather unusual for organic molecules. A
detailed analysis of the vibronic structure of the excitation
spectrum of C,, becomes very complicated and has not been
obtained so far.

The complications encountered in the spectral analysis of C,,
are expected also for the many other fullerenes that do not
possess the high symmetry of Cg,.

The lowest triplet state T, is well separated from T, both in
Cq and C,,. Correspondingly, the phosphorescence spectra of
both fullerenes have been assigned in detail. However, the
rationalization of the different triplet lifetimes of the two
fullerenes is still an open problem.

In summary, the combination of high resolution spectro-
scopic data along with the modeling of vibronic interactions
and intensities has led to a good understanding of the vibronic
structure associated with the lowest electronic states of Cqy and,
although to a lesser extent, of C,, Nevertheless, several
questions that would require additional experimental studies
(extension of the spectral range of high resolution excitation
spectra) along with additional and more accurate theoretical
calculations of spectroscopic parameters (energies and inter-
actions between the lowest excited states and between states in
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Table 10 Computed vibronically induced intensities for the T;— S, transition of C,,, from CNDO/S+CI(29 X 29) calculations, and comparison

with observed bands

Symmetry QCFF/P1¢ B3LYP/6-31G** I Observed? Observed*
e, 1641 1569 865 1565 1562
1569 1491 190 1492 1485
1499 1432 126 1433 1429
1424 1416 24
1384 1319 163 1323 1320
1369 1291 32
1245 1256 72 1248
1201 1178 592 1177 1176
1119 1088 604 1089 1088
961 751 5
931 906 30 902
819 828 394 798 800
748 730 12 710 717
711 666 90 676 681
650 639 170 622 649
585 573 518 580 583
560 533 20 537 542
498 508 28 513
412 416 4 419 421
361 359 533 361 361
327 325 40 330
e, 1643 1573 17
1551 1517 10
1531 1455 4
1460 1399 3
1418 1328 1
1358 1317 1
1245 1258 6
1142 1156 3
1107 1075 1
940 920 2 933
867 781 1
820 729 155 746 748
739 717 1
710 701 1
682 634 3
610 556 0
516 515 3
405 408 18 392
392 382 2
314 304 1
a,” 1556 1567 9
1389 1463 13
1270 1321 2
1217 1207 1
1169 1144 2
895 896 1
684 704 4
592 564 49
485 459 88 459 459
326 318 11
a,” 1658 1558 16
1455 1348 0
1342 1240 0
1041 892 0
899 781 1
774 734 0
722 613 0
544 530 1
335 336 3

“ Computed vibrational frequencies from ref. 30. * Computed frequencies from ref. 73. ¢ Relative values of vibronically induced intensities from

CNDO/S+CI calculations. ¢ From ref. 55. ¢ From ref. 56.

the spectral range of the lowest T,, singlet states) still remain
open.
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