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Electronic Structure of the Fluorinated Fullerene CgoFas
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The electronic structure of the fluorinated fullerengas has been studied by X-ray fluorescence spectroscopy.
The C Ka spectrum of the compound has the double-humped profile with the well-defined high-energy
shoulder. To interpret the Cd<{spectrum and investigate the chemical bonding @f%s, a chiral structure

of D3 symmetry was calculated at the ab initio Hartré®ck (HF) level using the 6-31G basis set. The
electron density from the highest occupied molecular orbitals (HOMOSs) dbilisomer is mainly localized

on the carbon double bonds, and the contribution of 2p electrons of the fluorinated carbon atoms to these
orbitals is also noticeable. The high-energy shoulder on thexGpectrum was shown to correspond to the
electron transitions from HOMOs ofggF4s to 1s orbital vacancies of the carbon atoms attached to the fluorine
atoms, and therefore the occurrence of this shoulder does not relate to the numbetecfrons in the
molecule. The molecular orbital structure ofdEis was schematized as a set of blocks; the MOs were
distinguished by the type of the chemical bonding between the atoms. Such orbital separation allowed a
successful interpretation of the main features of the ultraviolet photoelectron spectrum of the fluorinated
fullerene GoFas.

high-energy part in the UPS spectrum ofoEs was not
reproduced in the calculated electron density of stdtedyich

Fluorination of the solid € with fluorine gas has been  may pe due to the experimental peculiarities or the limitations
reported to result in a mixture of gy, wherex < 48173 of the calculation scheme.

Predominant formation of §gF4s was reported for the reaction
of F, with Cgo in the NaF matrixt A systematic study of the
effect of the reaction time and temperature in the direct
fluorination on the fluorine content in the product was carried

The goal of the present contribution is to study the electronic
structure of the fluorinated fullerene gfF4s using X-ray
fluorescence spectroscopy. In contrast to UPS, this method gives
information on the partial electron density distribution of an

out and optimal conditions for the preparation of the individual ,qividual element in the valence band of the chemical
compound @oFas were found Furthermore, application of the  compound. The results of the ab initio calculation of De
transition metal fluorides (PtFs, MnF3) as fluorinating agents  isomer of GgFas were used for the interpretation of the high-
has led to the selective preparation afof with x = 18, 36, resolution C K spectrum of the gF4s Sample and investigation

respectivelyt.”

of the chemical bonding.

To date, GoF4s is the fluorinated fullerene with the highest
number of fluorine atoms attached to the carbon cage.!fhe Experimental Details
NMR studies of GgF4g have provided the structure dbs

symmetry existing as an enantiomer gairhe semiempirical The sample of GFss was prepared using the synthetic
AM1 calculation of all possible isomers okgF4s with a 3-fold procedure described elsewhér&.Cgo sample was fluorinated
axis has revealed two most stable structuresDgfand & by the fluorine gas at 625 K in the flow tube reactor. The product
symmetrie$. Using the MNDO Hamiltonian, th®; and & had no traces of the unreacted fullerene as it followed from the
structures were also chosen among the nine isomers whosdR and electron impact mass spectra. The stoichiometry derived
structures satisfy the observed number of peaks iRh&IMR from the chemical analysis corresponded to €/60/48+ 1,
spectrum and their integral intensities. while the careful examination of the molecular composition by

The electronic structure ofFss has been studied by X-ray ~ Mmeans of the Knudsen cell and electrospray mass spectrometry

photoelectron, ultraviolet photoelectron, and X-ray absorption
spectroscopy methods (XPS, UPS, XANESJhe spectra were

techniques showed the presence of ca. 3%egffg and traces
of oxygenated fluorofullerene ¢gF450.

interpreted with the use of the discrete-variational éélculation The X-ray fluorescence spectrum ofgEss was recorded with

of the Dz isomer!! The sharp peak in the low-energy region of @ “Stearat” spectrometer using an ammonium biphthalate (NAP)
the XANES spectrum was shown to correspond to the  Single crystal as a crystal analyzer. This crystal has nonlinear
antibonding states ofd@Fsg, with thesr ando unoccupied bands ~ reflection efficiency, which is corrected by the procedure
of the compound being energetically separdfadowever, the described elsewhef@ The sample was deposited on the copper

supports and cooled to liquid nitrogen temperature in the vacuum

T Institute of Inorganic Chemistry.

chamber of the X-ray tube with the copper anode= 6 kV,

* Novosibirsk State University. | = 0.5 A). The accuracy of determination of the X-ray band
8 Moscow State University. energy wast0.15 eV with the spectral resolution of 0.4 eV.
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Figure 2. C Ko spectra of GoF4s; experimental (1) and calculated by
the ab initio method (2). The top scale corresponds to the measured
photon energy; the bottom scale corresponds to the difference of ab

Figure 1. Molecular structure of th®; isomer of GoFss relaxed by initio eigenvalues
the semiempirical PM3 method. The double bonds are indicated by g '
bold lines. 25 20 15 10 5 E (eV)

Calculations

The molecular structure of tHez isomer, optimized by the
semiempirical PM3 methot?, is shown in Figure 1. For this
method, the geometry optimization of thgo@nolecule gives
bond lengths equal to 1.384 and 1.457 A, which agree
satisfactorily with the measured values of 1.401 and 1.438 A.
Therefore, we expect to obtain the correct geometric parameters
for the fluorinated derivative of the fullerene. The electronic
structure of GoFss was calculated in the framework of a
Hartree-Fock self-consistent field (HF-SCF) using the 6-31G
basis set within GAMESS packade.

Two kinds of carbon atoms, i.e., the fluorinated atoms and
the bare ones, are separated in thg-¢ molecule. As it follows
from our calculations, the binding energy of 1s electrons of the
former kind is higher than that of the latter kind by 1.8 eV (the
experimentally measured values are!24nd 2.2 eW). As a -30 -25 20 15
result, the transitions from the same valence orbtah IC 1s Figure 3. The reproduced from ref 10 ultraviolet photoelectron
vacancy in the X-ray spectrum differ in the energy of the emitted spectrum of GFss (1) and the calculated valence electron density of
photon. Nonequivalency in these energies was taken into accounﬁtates for theDs isomer (2). The top scale is the binding energy; the
in the theoretical spectrum by a separate calculation of transition ottom scale indicates the one-electron energies of the valence levels.

intensities and energies for chemically different carbon atoms. A’ in the th tical ¢ . ticeably | than that in th
The X-ray transition energy was computed as the difference In the theoretical spectrum IS noticeably 1ess than that in the
experimental one. The appearance of this shoulder in the

between the eigenvalues of the valence and the core C 1s .
orbitals. The X-ray transition intensity was obtained by summing experimental C K spectrum .Of GoFag may be caused by at
the squared coefficients of the carbon 2p atomic orbitals (AOs) least two processes. The main process is the X-ray transitions
participating in the construction of the concrete molecular orbital from upper valence levels to core levels of the molecule.

(MO). Such an approach for the simulation of an X-ray spectrum Furthermore, during the experiment the inner electrons may be
was previously shown to be useful for the @ Ispectra of the resonantly excited to the unoccupied levels of the molecule and

fullerenes Go and G, 618 The total theoretical C i spectrum then ones return (so-called “reemission” process). Actually, from

of CedFag is the sum of the partial spectra for the fluorinated the XANES measurements of the highly fluorinated fullerenes,

and nonfluorinated carbon atoms. The calculated intensities werethe excitation energy of the C 1s electrons to the lowest

normalized by the maximal value and broadened by convolution unoccup|_ed _orbltals is equal to 284'1 E\Due to the relaxation,
of the Lorenzian functions with a half-width at half-maximum the reemission of these electrons is at a somewhat lower energy.

(HWHM) of 0.3 eV. The observed difference.petween the galculated and measgred
values of the X-ray transition energies is caused by neglecting

the relaxation processes in the ionized states of the compound.

To check whether the reduced intensity of the linerAthe

The C Ko spectrum of the fluorinated fullerenes¢E4s and theoretical spectrum is connected with the multielectron pro-
the calculated spectrum of tiis isomer are given in Figure 2.  cesses rather than with the restriction of the used quantum-
The experimental spectrum has two main maxima B and C and chemical method, we compared the calculated valence electron
two less intense features A and D. Comparison of the theoreticaldensity of states (DOS) for dgFss with the UPS spectrum
spectrum with the experimental one reveals a reasonably goodreproduced from ref 10 (Figure 3). The DOS exhibits an
agreement. However, the intensity of the short-wave shoulder excellent agreement with the experimental spectrum for the

-10 § (eV)

Results and Discussion
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Figure 4. Correlation between levels ofsF45 and fluorine 2p-AOs.
The numbers indicate the contribution of fluorine orbitals to the MO.

position and intensity of the peaks, with the exception of the
high-energy spectral region. The DOS derived from the HO-
MOs, which occupy the energy interval frornl4.97 to—15.78

eV, forms the peak A. This peak is missing from the UPS
spectrum of GoF4g at photon energyen, = 40 eV. Lowering
the photon energy to 11.7 eV indicated that the ionization
threshold energy of the compound was 8.4%hd the absence
of the contribution from the HOMOs of dgFsg in the UPS
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TABLE 1: Energy Intervals of Short-Wave Features of the
Calculated CsoF45 Spectrum and Assigned to These Features
X-ray Transitions from Upper Valence MOs to 1s Carbon
Levelst

feature energy interval (eV) MOs
A’ 298.27-298.01 132e, 131e
A 297.73-297.45 67a 130e, 653 129¢, 66a
B' 297.00-296.86 128e, 65a127e
B 296.51-295.35 132¢ 64a, 126e, 643 131¢ 125e,

63a, 633, 67a, 130e 124e,65a,
129¢ 664, 62a, 62a, 123e, 122¢,
6l1a, 121e

aMO marked off by bold indicates transition to 1s levels of
nonfluorinated carbon atoms other MO presents transition to 1s levels
of fluorinated carbon atoms.

and 2p-AOs of the fluorinated carbon atoms are also involved
in the formation of these MGsca. 17 and 22%, respectively.
The electrons of the system are the major contributors to
maximum A of the calculated DOS of the isomer (Figure 3).
The MOs composing block B occupy the energy interval from
—15.5t0—18.8 eV and form the high-energy structure of the
UPS spectrum of gFss. The carbon and fluorine 2p-AOs
involved in these MOs are tangentially directed to tigdage,
thus providingo interactions of the carbon atomgC—C) set,
and the negative overlapping between the orbitals of different
kinds of atomsz*(C—F) set. The contribution of the fluorine
electrons to the MOs of block B increases from 20 to 40% as
the MO energy is decreased.

Block C includes MOs that consist of the tangential fluorine
2p-AOs to over 90%. These MOs are practically lone electron
pairs of the fluorine atoms and they form the main peak in the
UPS spectrum of gsF4s. The orbitals, bonding with respect to
C—F interactions, are divided by a gap of 0.6 eV from the
nonbonding MOs. The MOs of block D provide bonding
between the carbon and fluorine atoms; the carhmarbon
interactions are very weak. The MOs responsiblesfbonding
in the CF groups and between the neighboring carbon atoms
compose block E. Finally, the MOs of block F consist of the
7-type carbon and fluorine AOs, providing “multicentral” bonds
in the molecule.

The peculiarity of the electronic structure of¢Eas prohibits
experimental indication of the valenaeband in this compound.
First, 7-like MOs composing the system of the molecule are
distributed in the narrow energy interval of about 1 eV. Second,
block A including these MOs is considerably overlapped with
the next block of the occupied orbitals. Therefore,Aharbitals

spectrum was due to the low photoionization cross section of cannot appear as a separate maximum in the UPS spectrum of
the loosely bound electrons. Therefore, the comparison betweenc,,; even at low ionization energies. One would expect that

the calculation on th®3 isomer and the C & and UPS spectra

maxima A and A of the C Ko spectrum of GoF4g are formed

of CeoFag reveals that the accuracy of the quantum-chemical py the X-ray transition ofr electrons and indicate the preserva-

method applied in this work is sufficient for the investigation
of the electronic structure of the fluorinated fullerene.

Carbon and fluorine 2p-AOs may be divided into two types:

tion of thesr system areas on the carbon cage. The comparison
between the C K spectrum and the theoretical one shows this
is not true. Table 1 presents the correlation between the short-

radial p-orbitals directed toward the center of the carbon cage wave features of the spectrum and X-ray transitions of 2p

and tangentiat-orbitals aligned with the local normal of the
cage surface. The analysis of the valence MOsggffgin these

electrons of fluorinated or bare carbon atoms. MaximunisA
ascribed to the electron transitions from 131e and 132e orbitals

terms permits us to present schematically the electronic structure(HOMO and HOMO+ 1) to the vacancies in 1s levels of carbon
of the molecule as a set of blocks (Figure 4). A number near atoms attached to fluorine ones. Maximum A on the @ K

the thin line corresponds to the percent contribution of the
fluorine 2p-AOs to the MOs. Block A includes four MOs (65a
67a, 131e, 132e), the electron density from which is sufficiently
localized on the double €C bonds. The carbons 2p-AOs,
composing these MOs, are radially directed, forming phe
system of the molecule. The MOs of block A providéonding

spectrum of GoF4g indicates the participation of 2p-AOs of the
fluorinated carbon atoms in the formation of MOs in the energy
interval from—15.51 to—15.78 eV (peak A in the DOS of the
D3 isomer). The X-ray transition energies of electrons
correspond to maximum B of the CoKspectrum.

Thes* states of GoF4g mainly form four lowest unoccupied

between the carbon atoms of the double bonds. The F2p-AOsMOs (LUMOSs) also distributed in the energy interval of 1 eV,
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but they are divided from the* states by a gap of 2.4 eV. (2) Tuinman, A. A.; Mukherjee, P.; Adcock, J. L.; Hettich, R. L;
This permits observation of the* states in the XANES ~ Compton, R.NJ. Phys. Cheml992 96, 7584.
spectrum of GoFas 10 (3) Kniaz, K.; Fisher, K.; Selig, H.; Vaughan, G. B. M.; Romanow,

W. J.; Cox, D. M.; Chowdhury, S. K.; McCauiey, J. P.; Strongin, R. M.;
Smith, A. B., lll. J. Am. Chem. Sod993 115, 6060.

Conclusion (4) Gakh, A. A; Tuinman, A. A;; Adcock, J. LJ. Am. Chem. Soc

The electronic structure of the highly fluorinated fullerene 1994 116 819. :
(5) Boltalina, O. V.; Sidorov, L. N.; Bagryantsev, V. F.; Seredenko,

C§0F4swas probed by X-ra_y ﬂuorescen_ce SpeCUOSCpr togethery,, A.; Zapol'skii, A. S.; Street, J. M.; Taylor, RJ. Chem. Soc., Perkin
with the quantum-chemical calculation of tHe; isomer. Trans. 21996 2275.
Reasonably good agreement between theoretical and experi- (6) Boltalina, O. V.; Markov, V. Yu.; Taylor, R.; Waugh, M. Ehem.
mental data provided an extended study of chemical bonding Commun 199§ 2549. ) _
in the molecule. The electron density from the frontier orbitals ,, (7) Boltalina, O.V.; Borschevskii, A. Ya.; Sidorov, L. N.; Street, J.
is mainly localized on the double=€C bonds conserved in the M.; Taylor, R. Chem. CommurL.99§ 529.

. L . (8) Clare, B. W.; Kepert, D. LJ. Mol. Struct. (THEOCHEM)L997,
molecular structure. The valenaelike states distributed inthe 359 97,
narrow interval are energetically overlapped wittike states (9) Austin, S. J.; Fowler, P. W.; Sandall, J. P. B.; Zerbettd],. Ehem.
of CsoF4s, Which prevents their separation in the experimental Soc., Perkin Trans. 2995 155.
UPS spectrum. The electronic structure of the considered ~(10) Mitsumoto, R.; Araki, T.; Ito, E.; Ouchi, Y.; Seki, K., Kikuchi, -
molecule is characterized by the occurrence of the practically K Achiba, Y., Kurosaki, H.; Sonoda, T.; Kobayashi, H.; Boltalina, O. V.;

. . ] L Pavlovich, V. K.; Sidorov, L. N.; Hattori, Y.; Liu, N.; Yajima, S.; Kawasaki,
lone electron pairs of the fluorine atoms, which divide the MOs  s: okino, F.; Touhara, H. Phys. Chem1998 102, 552.

that are bonding and antibonding relative to carbinorine (11) Kawasaki, S.; Okino, F.; Touhara, H.; SonodaPhys. Re. B
interaction. These peculiarities of thepEag electronic structure 1996 53, 16652.
give rise to the double-humped profile of the @ kpectrum 19é%2)26Ytégnat0v, V. D.; Okotrub, A. V.; Mazalov, L. NZh. Strukt. Khim.

and the strong main maximum in the UPS spectrum.
(13) Steward, J. J. B. Comput. Chenil989 10, 209.

: (14) Hedberg, K.; Hedberg, L.; Bethune, D. S.; Brown, C. A.; Dorn, H.
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