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Polarized optical conductivity spectra in the IR and visible range and variable-temperature photolumines-
cence spectra of the CgF;g single crystals in the 4-300 K temperature range are reported. Density-functional
theory (DFT) calculations of vibrational spectra and time-dependent DFT calculations of the excitation ener-
gies of the Cg4yF ;g molecule are performed to interpret experimentally observed phenomena. Orientation of the
Cs,-symmetric CgyF g molecules in the single crystal is revealed by comparison of the experimental polarized
IR spectra and vibrational DFT calculations. A, symmetry is assigned to the lowest energy singlet excited state
of CgoFi5, and hence pure electronic Sy— S; excitation is found to be dipole forbidden. Fine vibronic structure
found at low temperature is interpreted in terms of Herzberg-Teller and Franck-Condon mechanisms. Consid-
erable similarity with vibronic spectra of Cgy is found and explained by presumable localization of the lowest

energy electronic excitation of CgqyF;g on the fullerenelike part of the molecule.
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I. INTRODUCTION

Fullerenes and other carbon nanostructures remain in the
focus of current research activity due to their unique struc-
tures and unusual fundamental physical properties, also
growing interest in the practical applications in various areas
is well documented.!? One of the attractive features in the
fullerene research is the possibility to modify carbon cages
of fullerenes so that their properties can be tuned in a con-
trolled manner. For example, substitutional doping approach
may allow tuning of optical gaps of fullerene derivatives
from the near infrared up to the ultraviolet.> This type of
doping involves substitution of one or more C atoms in the
cage with heteroatom, and known examples from experiment
include azafullerenes* and CsgBN.>

Exohedral derivatization of fullerenes is more common
and more extensively developed type of chemical modifica-
tion, and possibilities for obtaining functionalized fullerenes
with tunable optical gaps have recently been explored.®
Among the products of polyadditions to fullerenes, fluorine-
containing derivatives stand out due to the their highly en-
hanced electron-accepting properties (CgoF4g has a record-
high electron affinity of 4 eV among fluoro-organic
compounds’), high thermal stability, and wide range of avail-
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able compositions and diversity of molecular structures.®

Spectroscopic and theoretical studies of fluorinated
fullerenes have been published since early 1990s when the
first samples of fluorinated Cg, were prepared, but this early
work was complicated due to the fact that fluorofullerenes
formed in those reactions represented mixtures of com-
pounds, which compositions and structures were not known.
Only in the last decade, progress in selective fluorination
techniques with the use of F, (Refs. 9 and 10) or metal
fluorides'! resulted in the preparation and structural charac-
terization of several fluorofullerenes which represent single
isomers.

CyoF 15 1s one of the three fluorofullerenes that was ob-
tained with high yield and purity (two others are CgoF3¢ and
CyoF4g). In the latter two compounds F atoms are distributed
evenly on the fullerene cage, transforming conjugated 7 sys-
tem of underivatized Cg, into the structures with only few
remaining isolated fragments of 7 system, either as isolated
double bonds (as in CgF,g) or benzenoid fragments (as in
CyoF36). In contrast, Cy4oF g has a structure which contains
half of the carbon cage retaining conjugated 7 system of the
fullerene and half of the molecule with attached 18 F atoms
forming an isolated benzene ring on the pole [Fig. 1(a)].
Such a peculiar molecular structure originally was proposed
on the basis of ’F NMR spectroscopy,'? and now is known
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FIG. 1. (Color online) (a) Molecule of CgF g showing direction
of the dipolar moment; (b) photo of the crystal face used in the
polarized spectroscopic measurements; one of the possible orienta-
tions of individual C¢yF;g molecules with respect to the crystal face
is shown in (b) (opposite direction of dipolar moment is also pos-
sible; these two direction are indistinguishable with current experi-
mental data).

with high precision from the single-crystal x-ray diffraction
studies.'313

As a result, C¢F 3 has very different properties from
other polyfluorinated Cgy compounds. For example, the di-
pole moment of CgyF54 is close to zero, while CgyF g is es-
timated to have a large dipole moment of 10-12 D due to
compact arrangement of fluorine atoms on one pole of the
carbon sphere.!? Electronic structures of CgF,g (Ref. 16) and
to a lesser extent CyyFs4 (Ref. 17) have been studied both
theoretically and experimentally, which demonstrated that
these highly fluorinated fullerenes exhibit electronic proper-
ties typical for dielectrics with the large band gap.

In this work, we performed selected experimental spectro-
scopic studies on the high-purity samples of CgF;g, includ-
ing solvent-free single crystals grown via gas phase. Combi-
nation of the extensive theoretical calculations of the
vibrational and excitation spectra with the experimental re-
sults obtained in this work and reported in the literature'3-22
allowed to propose in-depth interpretation and theoretical un-
derstanding of electronic structure of this fascinating mol-
ecule.

II. EXPERIMENTAL DETAILS

A crude sample of Cy F 3 was prepared in a reaction be-
tween Cg, and K,PtF taken in 1:4 molar ratio at 450 °C for
6 h under dynamic vacuum. Details of the reaction condi-
tions can be found in Ref. 14 The sublimed crude material
contained CgqoF;g as a main product and some other fluorides
CyoF, (n=2-8,20,36). A two-stage chromatographic proce-
dure was used for isolation of the pure CyyF5 sample. At the
first separation stage, a Cosmosil Buckyprep column
(20 mm i.d. X250 mm, Nacalai Tesque, Inc.) (1.8 ml injec-
tions, 18 ml/min flow rate, toluene eluent) was used, afford-
ing initial isolation of the main fraction eluting between 35
and 40 min. This fraction was further processed using a sec-
ond HPLC purification stage on a Regis BuckyClutcher col-
umn (20 mm i.d. X250 mm, Regis Chemical Co.; 0.6 ml
injections, 12 ml/min flow rate, toluene eluent). As a result, a
very high-purity sample of Cq)F;3 was prepared, and 99%+
purity was confirmed by HPLC, mass spectrometry, and '°F
NMR analyses. HPLC solvent (toluene) was evaporated to
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dryness in vacuum. Another sample of CgyF;g, a solvent-free
single crystal, was also used in this work. This sample was
prepared during the reaction between Cg, and K,PtFg under
the conditions analogous to those described above. A solid
sublimed material deposited on the coldest part of the glass
reactor was carefully removed from the surface. Analysis by
mass spectrometry, HPLC, and microscopy revealed that this
material represented an aggregation of brownish-yellow
rectangular plates—single crystals of CgoFg of very high
purity, so the HPLC purification was not necessary for this
sample. X-ray diffraction analysis of the single crystal at T
=180 K gave the following cell parameters: monoclinic,
space group Ce, z=4, a=19.577(14) A, b=11.008(7) A,
c=19.315(20) A, a=y=90°, B=120.917(6)°, 1%
=3571(5) A>. These values are very close to the data ob-
tained in our earlier crystallographic work on the solvent-free
single crystal of CeF,g,'* allowing a suggestion on the close
similarity of the molecular packing to be made. The single
crystal chosen for the spectroscopic measurements had a
rectangular shape with the size of rectangular planes of 60
X100 wm? [Fig. 1(b)].

IR spectra of the powder samples of the HPLC-purified
CgoF 13 were measured on the Equinox 55S Fourier-transform
spectrometer (Bruker, Germany). Raman spectra were mea-
sured with the use of FT-Raman module FRA106 attached to
Equinox 55. The spectra were excited by 1064 nm line of Nd
doped yttrium aluminum garnet laser (laser power 150 mW,
200 scans, resolution 1 ¢cm™'). Absorption spectra were mea-
sured on the Specord-200 spectrophotometer (Analytik Jena,
Germany) under resolution 1 nm. Photoluminescence (PL)
spectra of CgoF;g in toluene solution were measured on Shi-
madzu RF-5301PC Spectrofluorometer (resolution 3 nm, ex-
citation in the visible and near UV range).

Fourier transform infrared Nicolet Magna 760
(600—12 000 cm™') and multichannel detection system
Atago Macs 320 (11 000-33 000 cm™!) combined with an
IR microscope were used for reflectivity measurements in IR
and visible (Vis hereafter) ranges. These measurements were
carried out with two polarizations of the incoming radiation
with respect to the long edge of the crystal plane. The crystal
was mounted on the goniometric head and could be rotated
relative to the orientation of a polarization vector of the in-
coming radiation so that parallel and perpendicular to the
long side of the crystal orientations could be realized.

Variable temperature luminescence spectra of the crystal-
line CqyF;3 were measured with the use of microscopic de-
tecting system in Wakayama University (Japan). The mea-
surements were performed with the spatial resolution of
~5 um and He—Cd laser excitation (325 nm).

III. COMPUTATIONAL DETAILS

All density-functional theory (DFT) (for ground state) and
time-dependent (TD) DFT (for excited states) calculations
were performed using PRIRODA program®>?* employing
Perdew-Burke-Ernzerhof (PBE) functional®® and imple-
mented triple-zeta basis set with two sets of polarization d
functions (i.e., TZ2P-quality basis set). The quantum-
chemical code employed expansion of the electron density in
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an auxiliary basis set to accelerate evaluation of the Coulomb
and exchange-correlation terms.”> Raman intensities were
computed numerically using PC GAMESS (Ref. 26) at the
PBEO level with 6-31G basis set. Our previous vibrational
DFT studies of C60F20,27 C6()F36,28 and C6()F43 (Ref 28) re-
vealed that PBE/TZ2P approach reliably predicts force con-
stants of the carbon cage, while the force constants of the
stretching and bending C-F coordinates are systematically
underestimated. Hence, DFT-computed force constant matrix
of C¢yF g was transferred into an internal coordinate system
including all covalent bonds and valence angles and then
scaled using Pulay procedure®® so that the force constants of
the carbon cage were kept unchanged, while for the stretch-
ing and bending C-F coordinates the scaling factors opti-
mized for CyF,o (Ref. 27) were used (see Refs. 27 and 28
for further details of the scaling procedure).

Herzberg-Teller (HT) vibronic intensity of ith normal
mode in the jth excited state was modeled by the numeric
differentiation of the transition dipolar moment, i.e., distort-
ing molecule along L; vibrational vector and computing tran-
sition dipolar moment p;; induced in the distorted configu-
ration with the use of TD-DFT. HT vibronic intensity is
proportional to the squared p;.

Franck-Condon (FC) and Jahn-Teller (JT) activity was
modeled using the method reported by Negri et al.>® Namely,
if no normal mode rotation and frequency change in the ex-
cited states are assumed, vibronic activity of ith vibrational
mode in the §; excited state is determined by displacement
parameter B;;,

B, =0. 172w?‘5AX0’jM0‘5L1, (1)

where w; is the frequency of the ith vibrational mode, AX;
is the vector defying the change in the Cartesian coordinates
between the ground and § ) excited states, M is diagonal ma-
trix of atomic masses, and L; is vibrational eigenvector (in
mass-weight Cartesian coordinates). Thus, modeling FC and
JT activity requires geometry optimization for the excited
states which meets severe difficulties for polyatomic mol-
ecules due to high computational demands and, more impor-
tantly, root flipping problem. Namely, while optimization of
the geometry parameters of the first excited states was suc-
cessfully fulfilled for Cy(F 5, it was found impractical for Cg
due to the high density of electronic states in the range of the
lowest energy electronic transitions. A simplified approach
proposed in Ref. 30 and tested in this work for Cg, was to
evaluate B;; from the single-point computations of the ex-
cited state gradients at the ground-state geometry,

B;=2.41 X 10°%; "E;M L, (2)

where EJ’ is the gradient of the excited state S; computed at
the S, geometry. Intensity of a nth member of progression in
the ith mode is defined by the equation,

[ij(n)/l(),j: (y)"in !, (3)

where [, ; is intensity of the pure electronic transition or HT
false origin, while Yij is,
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FIG. 2. (a) IR and (b) Raman spectra of C¢F,;g powder: experi-
mental (upper curves) and computed (lower curves).

IV. RESULTS AND DISCUSSION

A. Vibrational spectra

Experimental IR and Raman spectra of the powder C¢F g
are compared to the calculated spectra in Fig. 2.
Cs,-symmetric CqyF;g molecule has 117 IR and Raman ac-
tive vibrations (41A,+76E) and such a high number of al-
lowed vibrations inevitably results in rather complicated
spectra. Nevertheless, theoretical computations provide al-
most peak-to-peak agreement with the measured data and
enable us to propose tentative assignment of the spectra (a
more detailed analysis of the vibrational spectra will be re-
ported elsewhere). Significantly, such a good agreement
points to the reliability of the computed vibrational eigenvec-
tors and justifies their use in further calculations of vibronic
intensities (see below).

As in the other fluorofullerenes,?®3!32 IR spectrum of
CgoF1g is dominated by a group of strong absorptions in the
1000-1250 cm™' range, which are assigned to the C-F
stretching vibrations partially mixed with the C(F)-C(F)
stretching. Strong absorptions are also observed at 833 c¢cm™!
and in the 550—600 cm™' range. The line at 833 cm™' is
assigned to the complex A;-symmetric vibration with the
comparable contributions from C-C stretch and C-F bend,
while the groups of lines at 550—600 cm™' are due to CCC
deformations, especially those in the fluorinated belt of the
molecule. A lot of weak far-IR bands are due to the carbon
cage vibrations mixed with the CCF angle deformations.

Raman spectrum of CgyFig has the strongest lines at
200-300 cm™!, a group of medium-to-strong lines in the
300-500 cm™! range, several weak bands in the
1000—1300 cm™' range, a strong line at 1493 cm™', and
weaker features around 1600—1620 cm™!. C—F stretching vi-
brations have low Raman intensity, while the spectrum is
dominated by the low-frequency radial cage modes analo-
gous to the squashing cage mode of Cgy [H,(1) at 270 cm™']

045413-3



POPOV et al.

n perpendicular

7 b 833 f\‘/i\}/\»
calc., A; A N \ A

700 860 9(’)0 10’00 11‘00 A 12’00 13’00 1400
Wavenumber (cm™)

Optical conductivity

parallel

FIG. 3. (Color online) Experimental polarized conductivity
spectra measured in (a) perpendicular and (b) parallel orientations
of the polarization plane of the incident light with respect to the
longer side of the crystal face as compared to the DFT-calculated IR
spectra [(a) only E modes and (b) only A; modes].

mixed with the CCF deformations. A strong line at 377 cm™!

has a significant contribution of the breathing cage mode,
while stand-alone medium intensity line at 1493 cm™ is as-
signed to the pentagon pinch mode in the bare fullerenelike
hemisphere similar to the A,(2) mode of Cg.

Availability of the high-quality single crystal of C4yF;g for
reflectance measurements enabled us to study polarization
dependence of the IR spectra. Rotation of the polarization
vector of the incident radiation resulted in the substantial
difference in the optical conductivity in the IR range. Figure
3 shows the spectra measured in two different orientations
with respect to vector E of linear-polarized incident light,
referred hereafter to as parallel and perpendicular, which ex-
hibited the most pronounced differences. For example, the
band at 833 cm™! is one of the most intense bands in the
parallel orientation but it is almost absent for the perpendicu-
lar orientation; other intense bands are observed at 763,
1058, 1100, 1126, 1167, and 1209 cm™! for parallel orienta-
tion and at 941, 1050, 1067, 1092, 1109, 1134, 1167, and
1201 cm™' in perpendicular orientation. The spectra for all
other orientations did not show any new bands and could be
modeled by a superposition of the spectra shown in Fig. 3.
Pronounced differences in the spectra measured with two
perpendicular orientations of the polarization plane may help
in evaluation of the orientations of the individual fluorof-
ullerene molecules with respect to the crystal face. IR active
vibrations of C¢F g are transformed as A; and E symmetry
types. In the totally symmetric A; modes, dipolar momentum
vector oscillates along the C5; symmetry axis of the molecule,
while E modes correspond to the oscillations in the plane
perpendicular to the symmetry axis. Figure 3 compares com-
ponents of the DFT computed spectra, corresponding to A,
and E modes. As can be seen, A;-symmetry vibrations are in
perfect agreement with the spectrum measured in parallel
orientation, while E-symmetry modes match the spectrum
measured for the perpendicular orientation. Thus, based on
the polarized IR spectra and DFT calculations one may con-
clude that CqyF;g molecules are oriented so that their sym-
metry axis is aligned parallel to the crystal face and along its
longer side [Fig. 1(b)]. However, some misalignment of the
molecules in the lattice is possible since, for example,
A,-symmetry mode at 833 cm™! is not completely vanished
in the perpendicular orientation of the polarization vector.
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FIG. 4. (a) Optical conductivity in parallel orientation; calcu-
lated spectrum shows only Sq—n 'A | excitations. (b) Optical con-
ductivity in perpendicular orientation; calculated spectrum shows
only Sy—n 'E excitations. (c) Superposition of optical conductivity
in parallel and perpendicular orientations with the weight factor 2
for the latter (dotted line) and the spectrum of CgyF;g measured in
toluene solution (solid line). Calculated spectrum (dashed line) and
So—n 'A, contributions (thin dashed-dotted line) are shown for
comparison. For the sake of comparison, calculated spectra in (a)—
(c) are broadened with Gaussian peaks (half with 0.2 eV) and
shifted in the energy scale by 0.36 eV.

This observation is in line with the x-ray single-crystal struc-
ture of CgF;g, in which symmetry axes of individual CgyF g
molecules are not exactly parallel to each other with the
maximum misalignment angle reaching 26°.'4

B. Optical spectra in the visible range

The optical conductivity spectra of the single crystal in
the visible and UV ranges measured for parallel and perpen-
dicular orientations are shown in Figs. 4(a) and 4(b). Selec-
tion rules for the electron excitation are the same as in the IR
spectra, hence the optical conductivity spectra for the parallel
and perpendicular orientations of the crystal correspond to
So—n 'A; and Sy—n 'E excitations, respectively. In Fig.
4(c), superposition of the single-crystal spectra is compared
to the absorption spectrum of the toluene solution of CgyF g
in the same energy range. Optical conductivity spectra of the
crystalline fluorofullerene correspond well to the solution
spectrum thus showing that intermolecular interactions do
not play significant role in the optical conductivity of the
material in the visible range and that the spectra may be
conceived as originating from the noninteracting individual
molecules. Likewise, the onset at 2.57 eV (toluene solution)
and 2.64 eV (single crystal) may be assigned to the lowest
energy excitation in the individual CgyF;3 molecules. The
band-gap value of CyFg is significantly higher than that of
Ceo (1.9 €V) which may be explained by substantial reduc-
tion in the fullerene 7 system in this fluorofullerene.
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FIG. 5. (Color online) Photoluminescence spectra of toluene

solution (300 K, dotted line) and variable-temperature spectra of
single crystal.

Optical conductivity for the perpendicular orientation is
noticeably lower than for the parallel orientation. Taking into
account the weight factor of 2 applied in the superposition
due to the twofold degeneracy of E states, one may conclude
that transitions to the 'E excited states are dominating in
the unpolarized absorption spectra of CyF,5. Thus, polarized
optical conductivity spectra for the parallel orientation pro-
vide unique information about excitation to 'A,-symmetry
states, which are otherwise masked by much more intense
Sy—n 'E transitions.

Room temperature photoluminescence spectra of CgoFg
in the crystalline state and in the toluene solution show a
broad band peaked around 2.4 eV with the features at 2.66,
2.40, and 2.24 eV (crystal) and 2.51 and 2.35 eV (toluene
solution) (Fig. 5). The spectrum of the solution did not show
noticeable changes in the spectral pattern over the 430-530
nm (2.88-2.34 eV) excitation wavelengths. The onset ob-
served at 2.7 eV in both spectra confirms the value of the
band gap as 2.6 eV evaluated from the absorption spectra,
and partial overlap of the absorption and emission spectra
may be ascribed to the anti-Stokes components of the vibra-
tional structure of Sy« S; transitions. Upon lowering the
temperature, the spectrum of the crystalline CyyF ¢ exhibited
drastic line narrowing, and fine vibronic structure developed
starting from 150 down to 4.2 K (Fig. 4), though still super-
imposed on the broad-band background. Interestingly, the
highest energy line at 2.655 eV, which is assigned to the pure
electronic transition (0-0 hereafter), has low intensity com-
pared to other vibronic lines. If Sy« S transition is dipole
allowed, this may suggest strong Franck-Condon activity,
that is, significant changes in the molecular geometry in the
first excited state. Alternatively, such a vibronic pattern may
be explained by the dipole-forbidden 0-0 transition and vi-
bronic activations of Sy« S; transition by the Herzberg-
Teller mechanism.

C. Time-dependent DFT calculations and assignment of the
spectra

As in the parent fullerene, excitations of CgyF g in the
visible and near-UV range may be ascribed to -7 transi-
tions. To get a deeper insight into the nature of electron ex-
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citations in CyyFg3, we have computed electronic structure,
excitation energies, and oscillator strengths of CgyF 3 mol-
ecule by TD-DFT (see Table I). DFT calculations of the
ground state have shown that the frontier molecular orbitals
of CyoF,g are localized presumably on the bare fullerenelike
fragment of the molecule [for instance, both highest occu-
pied molecular orbital (HOMO) and lowest unoccupied mo-
lecular orbital (LUMO)] and on the benzene ring (for in-
stance, LUMO+2). HOMO and LUMO of C¢,F5 both have
E symmetry (see Fig. 6 for the symmetry and energy of MO
levels), and hence HOMO— LUMO excitations result in
A+A,+E excited states. Of these, the lowest energy is pre-
dicted for the dipole-forbidden 'A, state (see discussion be-
low).

In Fig. 4 experimental optical conductivity spectra are
compared to the calculated spectra for the S,—n 'A; excita-
tions [Fig. 4(a)], Sy—n 'E excitations [Fig. 3(b)], and over-
all spectrum [Fig. 4(c)]. Since TD-DFT systematically under-
estimates excitation energies in fullerenes (for instance, an
underestimation by 0.3-0.4 eV were reported by Bauern-
schmitt et al.3}), computed spectra were upshifted in the
energy scale by 0.36 eV for a better comparison to the ex-
perimental data. As can be seen, results of TD-DFT calcula-
tions are in reasonable agreement with the experimental
spectra, especially for the Sy—n 'E excitations, and the
strong band at 3.5 eV is readily assigned to the quasidegen-
erated Sy— 6 'E and S,— 7 'E excitations. The energy of the
So— 1 A, excitation is still significantly underestimated, but
assignment of this transition to the band at 3.2 eV is unam-
biguous as there are no other intense excitations of A; sym-
metry expected in this energy range. For a better understand-
ing of the nature of the most intense transitions, we have
visualized their difference electron density (that is, the dif-
ference of the electron density of the excited state and the
ground state) on Fig. 7. S,— 1 'A, excitation is mainly lo-
calized on the nonfluorinated half of the molecule, while in
So—6 'E and S,— 7 'E excitations the electron is promoted
from the fullerenelike fragment of CyF g to the 7" orbitals
of benzene ring. The major configuration describing transi-
tion to 1 'A; state is HOMO —LUMO (92%), while transi-
tions to 6 'E and 7 'E states are more complex with the
largest contributions found for HOMO-2—LUMO (57%
and 20%, respectively) and HOMO-1—LUMO+2 (27%
and 70%, respectively) (Table I).

Let us now turn to the interpretation of the photolumines-
cence spectra of CgoFg shown in Fig. 5. As the lowest en-
ergy excitation of CyF,g is assigned to the optically forbid-
den Sy— 1 'A, transition, PL spectra of CgF,5 should be
interpreted as a system of vibronic transitions from 'A, state
activated via HT mechanism. However, only HT activity is
not sufficient to explain vibronic pattern of CgyF;g as the
experimental spectrum is extended for at least 5500 cm™!
(0.68 eV) from 0-0 origin, while intramolecular vibrations of
CeoF;s span the range of 100—1700 cm™' (Fig. 2). Thus,
Franck-Condon progressions of HT false origins should be
taken into account as well. This situation is reminiscent of
Cgp» Wwhose HOMO-LUMO excitations are also dipole for-
bidden, and transitions to and from these states are activated
by HT mechanism.** Likewise, PL spectrum of Cg, crystals
shows similar temperature behavior as found for CyF g, with
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TABLE I. Lowest energy excited states of CgyFg (with major configurations) as predicted by
TD-DFT.
E Shifted £ Leading configuration

So— S, (V) (eV)? f (%)°

HOMO— LUMO (73), HOMO-1—LUMO+1
So—1'A, 2.455 2.815 0.0000 (21)
So—1'E 2.466 2.826 0.0071 HOMO — LUMO (66), HOMO — LUMO+1 (30)

HOMO-1—LUMO+1 (78), HOMO — LUMO
So—2 14, 2.507 2.867 0.0000 (21

HOMO-1—LUMO (51), HOMO—LUMO+1
So—2'E 2.534 2.894 0.0008 (28),

HOMO— LUMO (18)

HOMO-1—LUMO (46), HOMO—LUMO+1

So—3'E 2.594 2.954 0.0051 (34),
HOMO— LUMO (14)
So—1'4, 2.603 2.963 0.0167 HOMO— LUMO (92)
So—2 A, 2.847 3.207 0.0004 HOMO-2—LUMO (97)
So—3 A, 2.909 3.269 0.0000 HOMO-2—LUMO (97)
So—4 'E 2.926 3.286 0.0017 HOMO-2—LUMO+1 (94)
Sg—4 14, 3.057 3.417 0.0000 HOMO — LUMO+2 (100)
So—5'E 3.066 3.426 0.0022 HOMO — LUMO(+2) (98)
HOMO-2—LUMO (57), HOMO-1—LUMO+2
So—6 'E 3.075 3.435 0.0877 (27)
So—3 A, 3.082 3.442 0.0007 HOMO — LUMO+2 (97)
HOMO-1—LUMO+2 (70), HOMO-2—LUMO

So—7'E 3.125 3.485 0.0437 (20)

#Calculated excitation energies shifted to the higher energy by 0.36 eV for a better comparison to experi-

mental data.
bContributions of less than 10% are omitted.
fine vibronic structure developed at low temperatures.’>3
Fine structure of the vibronic emission spectrum of Cg, was
also studied in the inert gas matrices,’” and its theoretical
interpretation was given based on CNDO/S calculations.>*38
To get further theoretical support for the proposed inter-
pretation of the low-temperature PL spectrum of CgFig, vi-
bronic intensities were computed with the use of TD-DFT.
Group theory analysis shows that excitation to the
A,-symmetry states can be activated via A, and E normal
modes. HT intensity of a given normal mode was estimated
by distorting DFT-optimized ground-state molecule geom-

LUMO+4 Féz -3.510)

— —— — [UMO+3 (E*-3.654)
A |UMO+2 (E, -4.102)
LUMO+1 (A,, -4.740)
3 5 LUMO (E, -4.751)
2
>
<)
2 -6-
(0]
o
=

-7 HOMO (E, -7.152)
— HOMO-1 (A,, -7.190)

——— ———— HOMO-2 (E, -7.545)

-84

————— ———— HOMO-3 (E, -8.224)

FIG. 6. MO energy levels and orbital symmetries in CgyF g
molecule in the range of frontier orbitals as predicted by DFT.

etry along this normal coordinate and calculating induced
transition moment by TD-DFT. These calculations have
shown that HT activity of A,-symmetric modes is very low
compared to that of £ modes. The highest HT activity was
predicted for the E mode at 1462 cm™! (in the ground-state
vibrational spectra of CgyFg this mode is assigned to the
weak Raman band at 1456 cm™'). Table II lists all vibrations
of CgoFig which HT activity exceeds 10% of the activity of

FIG. 7. (Color online) Difference electronic densities for the
excitations: (a) So— 1 'A,, (b) So—1'A;, (¢) So—6 'E, and (c)
So—7 E. Blue (dark) lobes correspond to the positive value of
difference density, green (light) lobes—to the negative difference
density.
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TABLE II. Calculated vibrational frequencies (v), HT intensity (Iy), and relative IR and Raman inten-
sities (I|r, Raman) Of E-symmetry modes of CgoFg with high HT activity (Igr>10%) and corresponding
bands in the experimental PL, IR, and Raman spectra.

Calc. Expt.
v Tyr Iir TRaman VIR VRaman
(cm™) (%) (%) (%) PL band (cm™) Iig (cm™) TRaman
172.9 36.7 0.02 3.40 A
175.3 21.5 0.24 25.78 A 179 w 177 m, sh
186.3 18.3 0.01 23.67 A 181 s
208.6 34.3 0.00 100.00 A 212 vw 212 vs
237.8 10.6 0.50 11.79 A 240 w 239 m
358.9 12.7 0.00 0.34 362 vw 360 vw
409.6 233 0.39 2.35 B 411 w 411 w
446.0 21.5 1.36 0.97 B 448 m 447 ow
474.1 20.6 0.13 0.73 B 475 w 475 w
511.9 40.5 0.20 0.88 B 510 w 509 vw
526.9 28.2 0.01 0.53 B 522 vw
552.7 16.5 1.28 0.04 B 555 m 554 ow
567.8 11.3 2.45 0.53 B 569 s
621.6 27.7 1.49 0.29 C 619 m
635.3 26.5 0.14 1.55 C 633 w 631 w
687.4 32.3 0.41 0.25 C 688 m 685 vw
699.3 65.4 0.06 0.85 C 699 vw
718.4 36.6 0.02 5.45 C 715 vw
738.2 153 0.64 0.30 C 741 w
749.8 10.1 0.01 3.09 C 749 vw
758.7 36.5 0.17 0.70 C
776.3 20.3 0.34 0.71 C 772 w 771 vw
850.3 10.3 0.05 0.57 843 vw
916.7 33.3 0.31 1.82 D 914 w 913 vw
1014.2 11.6 4.42 9.75 1012 vw
1092.4 524 5.39 2.57 1107 1105 w
11422 12.3 18.87 5.45 1149 vs
1160.1 15.8 33.26 3.33 E 1162 vus 1166 sh
1193.8 24.6 18.33 1.19 E 1196 s
1199.5 22.2 3.52 10.87 E
1219.6 12.5 0.54 1.38 E
1237.1 24.5 0.25 11.95 E 1247 w
1250.3 11.2 0.28 1.03 E 1260 vw
1293.1 14.4 1.52 7.41 1296 w 1298 vw
1341.2 24.1 0.29 0.68 F 1343 w 1345 vw
1371.3 35.9 0.01 0.60 F 1367 ow
1392.6 22.9 0.00 0.08 F 1378 vw
1455.9 70.9 0.65 421 F 1459 w
1462.3 100.0 0.00 13.66 F 1456 w
1532.8 60.0 0.01 0.30 G
1579.6 29.6 0.33 23.29 G 1584 w, sh 1581 w
1594.9 15.7 1.67 15.15 G 1598 m 1597 w
1689.5 15.3 0.06 1.61 G 1702 w 1708 vw
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TABLE III. CC bond lengths (A) in CgF,5 in the ground and the first excited state.

Expt. Calc.

X ray Sy @ S b s sy
a 1.375 1.382 1.381 1.383
b 1.382 1.380 1.381 1.378
c 1.484 1.483 1.482 1.481 1.482
d 1.634 1.639 1.639 1.640 1.637
e 1.562 1.569 1.568 1.567 1.569
f 1.544 1.578 1.578 1.578
g 1.682 1.688 1.687 1.691
h 1.528 1.527 1.527 1.532 1.528
i 1.485 1.507 1.506 1.505 1.506
j 1.368 1.373 1.369 1.401 1.375
k 1.421 1.440 1.446 1.415 1.436
1 1.430 1.433 1.439 1.412 1.431
m 1.372 1.400 1.414 1.403
n 1.451 1.443 1.419 1.453
0 1.387 1.398 1.420 1.414 1.395
p 1.439 1.438 1.412 1.460 1.437
q 1.454 1.453 1.462 1.421 1.458
r 1.396 1.403 1.387 1.429
s 1.453 1.447 1.464 1.424

2DFT-optimized bond lengths in ground state (C3, symmetry).

5§}, S}, and S| denote DFT optimized bond lengths in the first singlet excited state (C; symmetry). S| and S|
mark columns with the bonds marked by one and two primes in Fig. 6. (e.g., ¢’, ¢”, etc). In the ground state
all three types of bonds (e.g., ¢, ¢/, and ¢”) are equivalent.

1462 c¢cm™' mode along with the list of corresponding fea-
tures observed in the ground-state IR and Raman spectra.
FC activity of the totally symmetric modes was estimated
by calculating the scalar multiplication of the normal mode
vector and the vector, defining the change in the atomic co-
ordinates upon excitation of the molecule [Eq. (1)]. Thus,
analysis of the FC activity required optimization of the
CgoF s geometry parameters in 'A, excited state, which was
also fulfilled with the use of TD-DFT. Table III compares
optimized bond lengths of CgyF 5 in the ground and excited
states, while Schlegel diagram of CgF;g with notation of
C—C bonds is shown in Fig. 8. In the ground state, C¢(F5 has
C5, molecular symmetry and DFT-predicted interatomic dis-
tances agree with the available single-crystal x-ray diffrac-
tion data.'* In the excited state, the symmetry of the mol-
ecule is reduced to C,. While fluorinated half of the molecule
retains its geometric parameters in the excited state, the bare
fullerenelike part of CgyF;3 molecule exhibits noticeable
changes in the interatomic distances. For instance, the
changes in the bond lengths of C4Fg in the excited state
compared to the bond lengths in the ground state reach
0.032 A. Moreover, in C,-symmetric 1 'A, excited state the
alteration of the bond lengths, which are equivalent in
C5,-symmetric ground state, can be as high as 0.04 A (Table
IIT). However, these changes are still comparably small, re-
sulting in the low FC activity. The vy values of the vast ma-
jority of CgoF g vibrational modes are less than 0.10 [note

that vy determines intensity ratio of the false-origin and the
first member of its FC progression; see Eq. (4)], and only
two vibrations of the molecule has their y values exceeding
0.10, namely, A; modes with DFT-calculated frequency of
120 cm™ (y=0.12) and 1495 cm™' (y=0.24). The list of
totally symmetric vibrational modes of CgF;3 with 7y
>0.01 is given in Table IV.

FIG. 8. Schlegel diagram of CgyFg with notation of the bonds.
The bonds labeled by the same letter with different number of
primes (e.g., ¢, ¢’, and ¢”) are equivalent in the ground state (Cs,
symmetry) but become different in the first excited state (C;
symmetry).

045413-8



VIBRATIONAL, ELECTRONIC, AND VIBRONIC...

PHYSICAL REVIEW B 79, 045413 (2009)

TABLE 1V. Calculated vibrational frequencies (v), y values and relative IR, and Raman intensities
(IR, Raman) Of Aj-symmetry modes of CqoF ;g with noticeable FC activity (> 0.01) and corresponding bands

in the experimental IR and Raman spectra.

Calc. Expt.
v Iir TRaman VIR VRaman
(em™) Y (%) (%) (em™) Iig (em™) ITRaman
119.7 0.12 0.24 0.74 117 w 116 w
249.3 0.10 0.14 29.89 251 vw, sh 257 s
255.7 0.03 0.93 4.64 256 w 260 s, br
326.2 0.03 0.03 44.07 329 s
411.4 0.09 0.07 13.88 415 m
456.2 0.10 0.07 3.68 459 w 455 w
497.6 0.04 0.13 3.10 500 w 499 w
1155.3 0.02 40.40 13.32 1162 vus 1160 w
1429.8 0.02 1.02 18.68 1430 w 1429 w
1489.6 0.04 0.16 1.42
1495.1 0.24 0.40 94.29 1496 vw 1493 s
1624.8 0.02 0.31 12.31 1626 w 1624 w

In summary, TD-DFT predicts that luminescence spec-
trum of CgyF,g is dominated by HT false origins, while FC
progressions are limited to their second members. Figure
9(b) shows that the computed spectrum provides a good
match to the low-temperature experimental data, however,
FC activity is somewhat underestimated by theory. Note that
lowering of the molecular symmetry in the 1 'A, excited
state suggests that 0-O transition should actually become
weakly allowed and is indeed observed as a low-intensity
feature at 2.655 eV. Due to the comparably low molecular
symmetry of CgyFyg, it is hardly possible to interpret experi-
mentally observed peaks in the PL spectra as originating
from some specific vibronic transitions of CgyF;g. Rather,
each band in the experimental spectrum is the result of the
overlap of several FT false origins and their FC progressions.
The tentative assignment of the prominent experimental
bands [labeled as A-G in Fig. 9(b)] to E-symmetry vibra-
tions of CgoFig is given in Table II. For the two strongest PL
bands C and F, shifted from the 0-0 transition by 715 and
1450 cm™' (2.566 and 2.475 eV in the absolute scale, re-
spectively) the first members of FC progressions based on
the totally symmetric mode at 1495 cm™' can be clearly
identified as the bands marked C’ and F’ in Fig. 9(b).

It is instructive to compare vibronic spectrum of CgyFg to
vibronically resolved PL spectrum of Cgy measured in Ne
matrix?’ and for the single crystal®® to the spectra computed
in this work for both molecules with the use TD-DFT (Fig.
9). Modeling of the fluorescence spectrum of Cg is addition-
ally complicated by the quasidegeneracy of its three lowest
excited states (1 IGg, 1'F 1o 1 lFzg), all comparably contrib-
uting to the spectrum. Thus, in our calculations we suggested
that the lowest energy state is 1 'F, ¢ followed by 1 leg and
1 G with the energy difference of 10 and 50 cm™' follow-
ing their assignment by Orlandi et al.’* TD-DFT calculat1ons
also reproduce the quasidegeneracy of these three states,*”
but as correct energy difference between the state is crucial

for reasonable modeling of the experimental spectra, we pre-
ferred to use experimentally determined values from Ref. 34
in the modeling. Note also that due to the quasidegeneracy of
these states, optimization of their geometry parameters by
TD-DFT appears impossible at this moment, and in the com-

exp. cryst

exp. Ne

calc.
Litkeds, b b il ll Jll JJ. JHJ.L

3500 3000 2500 2000 1500 1000 500 0

Photoluminescence intensity (arb. units)

calc.
il O /) I |Il,|

35I00 30100 25I00 20I00 15IOO 10I00 560 0
Wavenumber (cm™)

FIG. 9. (a) Experimental PL spectrum of crystalline Cq at 4 K
from Ref. 39 and of Cg; in Ne matrix at 4 K from Ref. 33 and
TD-DFT calculated spectrum. In calculated PL spectra of Cg, Zero
corresponds to the energy of 1 G state, while 0-0 origins of 1 T
and 1 T2é are assumed to be 10 and 40 cm™! lower in energy (Ref
30). (b) Experimental (single crystal, 4 K) and calculated PL spectra
of CgFg. Broadband background in the experimental spectrum is

subtracted for clarity. Calculated spectra are broadened with Gauss-
ian peaks (half with 0.2 eV).
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putation of FC and JT intensities we used simplified scheme
based on the calculations of the gradients of the excited
states in the ground-state geometry [Eq. (2)]. Just like for
the fluorofullerene, computed spectrum of Cg, reasonably
matches experimental data. To our knowledge, all calcula-
tions of the vibronic structure of fullerene and its derivatives
reported before were performed by semiempirical methods.
Results of our work demonstrate that TD-DFT method, even
when such a simple assumption as Eq. (2) is made, provides
good agreement to the experimental data and hence can be
used for detailed understanding of electronic excitation pro-
cesses in fullerenes and their derivatives as was already dem-
onstrated for medium-size molecules.*!

Compared to the fluorescence spectrum of CgyF;g, the
spectrum of Cgj is better resolved, but overall similarity with
the data for the fluorofullerene is clear: the most intense
bands in both spectra are found around 700-750 and
1400—1450 cm™!. The spectra demonstrate similar degree of
FC (and JT for Cgp) activity, which is manifested in the com-
parable extension of the spectra beyond the range of the nor-
mal intramolecular modes of Cgy and CgyF 5. The lines
around 700—750 cm™! are assigned to radial vibrations of
Cyo or nonfluorinated part of C¢yF;3 molecule, while the lines
near 1400—1450 cm™! are presumably due to C=C stretch-
ing vibrations of Cg, and CgFg. Likewise, in both mol-
ecules the highest FC activity is predicted for the pentagon
pinch mode, which in Cg occurs at 1465 cm™ [A,(2)],
while in CqFg its frequency is upshifted to 1493 cm™' (note
that for both molecules the theory somewhat underestimates
FC activity).

V. CONCLUSIONS

This work reports an in-depth analysis of the lowest en-
ergy excitations of the fluorofullerene CyyF g by the use of
comprehensive experimental and theoretical methods, in-
cluding but not limiting to the measurements of polarized
optical conductivity of CyyFg single crystal in the IR and
visible-ultraviolet range, variable-temperature photolumines-
cence spectroscopy in the 4-300 K, and time-dependent DFT
calculations. Analysis of the experimental data combined
with calculations can be summarized as follows.

A combination of polarized optical conductivity of CgoF g
single crystal in the IR range with vibrational DFT calcula-
tions enabled us to determine orientation of the individual
Ce¢oF13 molecules with respect to the crystal plane used in
present measurements. CyoF 3 molecules are oriented so that
their Cs,-symmetry axes (corresponding to orientation of
electrical dipole moment) are aligned parallel to plane, which
is thus shown to be [101]. However, some misalignment of
molecules in the lattice is possible since the modes of A
symmetry, which should be active only in the parallel orien-

PHYSICAL REVIEW B 79, 045413 (2009)

tation of the polarization vector with respect to the molecular
axes, do not completely vanished for the perpendicular ori-
entation. This agrees with the earlier single-crystal x-ray dif-
fractions study of solvent-free CqoF;g.'

Sy—n 'E electronic excitations are shown to be more in-
tense than the S,—n 'A; excitations. Normally, the latter
could not be observed experimentally by conventional spec-
troscopic techniques, being masked by the S;—n 'E transi-
tions, and only the use the single-crystal polarized measure-
ments made the present observations possible. Both
polarized UV-vis optical conductivity and PL spectra of the
CgoF 15 single crystal have shown the band gap of 2.6 eV. PL
data and TD-DFT calculations have demonstrated that the
lowest excited state of CgF g at 2.64 eV has the A, symme-
try, and therefore a pure electronic Sy— S| excitation is di-
pole forbidden. However, vibronic structure of a S;—S,
transition can be activated via Herzberg-Teller and Franck-
Condon mechanisms, and fine vibronic structure was ob-
served at low temperatures in the luminescence spectrum of
CgoF g single crystal.

Low temperature experimental and calculated vibronic
spectra of CgyF ;g single crystals are found to be similar to
those of Cgy molecules in Ne matrix. In both molecules the
highest FC activity is predicted for the pentagon pinch mode,
which in Cg occurs at 1465 cm™ [A,(2)], while in CgoF g
its frequency is upshifted to 1493 cm~'. The vibronic struc-
ture of the lowest energy excitation of both Cgy and Cy(F 5 is
reliably reproduced with the use of TD-DFT calculations,
which explain the similar vibronic nature for both molecules
by the localization of the lowest energy excitation of CgyF g
on the nonfluorinated part of the molecule.

To our knowledge, all calculations of the vibronic struc-
ture of fullerene and its derivatives reported before were per-
formed by semiempirical methods. Results of this work dem-
onstrate that computations of vibronic structure by TD-DFT
method provide a good agreement to the experimental data,
and hence this can be used for detailed understanding of
electronic excitation processes in fullerenes and their deriva-
tives.
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