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The chemical bonding and the electronic structures of C60Fx and C70Fx were investigated by near edge X-ray
absorption fine structure (NEXAFS) spectroscopy and UV photoemission spectroscopy (UPS), which are
useful methods for examining the unoccupied and the occupied states, respectively. With these results and
XPS measurements, we derived the electronic energy diagram of C60Fx and discussed the change of the
electronic structure from that of C60 by fluorination. The energies of the LUMO and the Fermi level of solid
C60F48 were estimated to be-5.0 and-5.4 eV below the vacuum level, indicating that highly doped C60Fx
is a strong electron acceptor. The electronic absorption spectra of C60Fx solutions deep into the vacuum-
ultraviolet region were also measured, and the isomerism of C60Fx was discussed by comparing the observed
results with theoretical simulations.

I. Introduction

Since the discovery of C60 in 1985,1 fluorinated fullerenes
such as C60Fx form a class of attractive compounds with potential
applications such as cathode materials of a high energy density
battery.2-4 Recent electrochemical studies4 showed that the
open-circuit voltage of C60Fx is higher than that of C60 by about
1 V. This indicates that the electronic structure of C60 is
significantly changed by fluorination. For further understanding
of such performance and other applications to electric and
electronic devices, information on the electronic structure is
essential.
There have been several studies of the electronic structure

of fluorinated fullerenes by using UV photoemission spectros-
copy (UPS),5 electron affinity estimation in gas-phase reaction,6

and UV-visible absorption spectroscopy.7,8 As for the core
level electronic structure, X-ray photoelectron spectroscopy
(XPS) measurements9,10have been performed. Although these
reports have offered important information, our understanding
about the electronic structures of fluorinated fullerenes is still
insufficient. For example, there has been no report of the work
function of the fluorinated fullerenes.
Also, there have been few studies about the effect of the

distribution of the degree of fluorination and the coexistence
of geometrical isomers. Fluorination under usual conditions has
been reported to result in the mixture of various compounds
with different fluorine numberx.11 Recently, there have been
two reports about the preparation of the fluorinated fullerene
with a uniquex. Gakh et al.12 have selectively prepared C60F48
and proposed its symmetry from19F NMR measurements.
Boltalina et al.13 have also found new selective preparation
methods of C60F36. However, even the C60Fx molecule with a
uniquexmay have several geometrical isomers as indicated by
the theoretical calculations for C60H36.14-16

In this paper, we report the investigations of the chemical
bonding and the electronic structures of fluorinated fullerenes,
C60Fx and C70Fx, by near edge X-ray absorption fine structure
(NEXAFS) spectroscopy17 and UPS, which are useful methods
for examining the unoccupied and the occupied valence states,
respectively. NEXAFS study also offers information about
chemical bonding. With these results and the XPS measure-
ments, we derived a comprehensive energy diagram for C60Fx
covering the wide energy range from the core to the unoccupied
levels and discussed the correlation of the electronic structures
with those of C60. Similar results were obtained for C70Fx. For
C60Fx, the dependence of the electronic structure onx was also
examined.X Abstract published inAdVance ACS Abstracts,December 15, 1997.
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We also measured the electronic absorption spectra of C60F36
and C60F42 in solution, deep into the vacuum-ultraviolet (VUV)
region. By the comparison with theoretically simulated spectra
for four probable isomers of C60F36, we examined whether it is
possible to predict the symmetry of C60Fx.

II. Experimental and Theoretical Section

The C60 powder for fluorination was mostly prepared by the
usual arc-discharge method and chromatographic technique.18

Some part of C60 and the whole C70material were supplied from
Vacuum Metallurgical Co. Ltd. The NEXAFS and the UPS
measurements were performed for fluorinated C60and C70, while
the VUV absorption measurements were carried out only for
fluorinated C60 samples. The samples for the NEXAFS and
the UPS measurements were prepared as thin films by vacuum
evaporation on Ni substrates, which is resistant to the corrosion
by fluorine. Ag substrates were also used in some cases.
Fluorinated fullerenes were prepared by the reaction of fullerenes
with fluorine gas of atmospheric pressure in two ways. In one
method, fullerene powder was reacted with F2 gas, and the
fluorinated powder was evaporated. In the other method,
fullerene powder was evaporated to form a thin film, and the
film was reacted with F2 gas. The samples prepared in these
two ways showed qualitatively similar results. The evaporation
was performed under vacuum of 10-5 Torr. The thickness of
the films was monitored with a quartz oscillator during the
evaporation and was adjusted to be 7-200 nm. The thicknesses
of around 10 and 100 nm were adopted for UPS and NEXAFS
measurements, respectively.
The degrees of fluorination could be adjusted by the reaction

conditions, i.e., the reaction time and temperature. The fluorine
contentx of the sample, defined as the number of fluorine atoms
per fullerene molecule, was varied from 11 to 48 by the reaction
with 1 atm of F2 gas at 20-200 °C for 3 min-14 days. We
also prepared C60F36 with uniquex by using the reaction of C60
with MnF3 at 330°C for 24 h. This preparation method was
reported in detail elsewhere.13 The fluorine contents were
estimated by XPS measurements. For the samples prepared by
the evaporation of fluorinated fullerenes, we carried out XPS
measurements before and after evaporation. These results
showed that the fluorine content was little changed by the
vacuum evaporation.
NEXAFS measurements were performed at the beamline 11A

of the Photon Factory at National Laboratory for High Energy
Physics (KEK-PF) at Tsukuba, by using synchrotron radiation
monochromatized by a Grasshopper monochromator with a
grating of 2400 lines/mm. The spectra were obtained in the
total electron yield mode. The resolution was estimated to be
0.3 and 0.7 eV at the C and F K-edges, respectively. Energy
calibration was performed by referring to the spectra of
hexatriacontane (n-C36H78) for the C K-edge and tetrafluoro-
ethylene oligomer for the F K-edge as the second standard. The
spectra of these compounds have been calibrated by using
various vapor spectra.19 Energy calibration for the C K-edge
was also performed by assuming the two dips in the photon
intensity distribution by carbon contamination on the optical
components to be 284.7 and 291.0 eV.20 All the presently
measured NEXAFS spectra show little dependence on the
incidence angle of light, indicating that these fluorinated
fullerene molecules had no significantly preferable molecular
orientation.
UPS measurements were performed by using two experi-

mental setups, i.e., (1) the beamline 8B2 of UVSOR facility at
Institute for Molecular Science (IMS) at Okazaki, by using

synchrotron radiation monochromatized by a plane grating
monochromator21 and an electrostatic deflector-type analyzer,
and (2) a conventional laboratory system by using a discharge
lamp capable of the He I (21.2 eV) and Ar I (11.7 eV) resonance
lines and a retarding field-type analyzer. The resolution was
estimated to be about 0.2 eV for both cases. The work function
of the samples was estimated under the assumption that the
Fermi levels of these fluorinated fullerenes align with that of
the substrate. The contact potential difference with the collector
of the retarding field-type energy analyzer was measured from
the low energy cutoff of the spectra, and the work function was
deduced from the separately determined work function of the
collector.
The solution samples for the VUV absorption measurements

were prepared by using perfluoromethylcyclohexane (C7F14) as
the solvent. Since this solvent is prone to absorb oxygen, we
degassed it and prepared the solutions in N2 atmosphere just
prior to the measurements.
VUV absorption measurements were performed at the beam-

line 1B of the UVSOR facility in IMS, by using the light
monochromatized by a 1 mSeya-Namioka monochromator. The
resolution was estimated to be about 0.4 nm. We used a solution
cell consisting of two LiF windows and a 100µm thick spacer
of tetrafluoroethylene film between them. The C60Fx solutions
were injected into the cell in N2 atmosphere. We measured
the solutions of C60F36 with a uniquex value and C60F42
(overall). The former was a saturated solution, and the latter
included 15.1 mg of powder dissolved in 6 mL of solvent. The
spectral energy range was limited below 7.3 eV, which is the
onset energy of the absorption by the solvent.
XPS measurements were performed with ESCALAB 220i

of VG Co. Ltd. by using the Mg KR line of hν ) 1253.9 eV.
The fluorine content of the sample was obtained from the peak
area ratio of the two C 1s peaks corresponding to the residual
double-bond carbon and the fluorinated carbon. The energy
calibration was carried out by referring to the 4f7/2 peak of Au
(83.9 eV).22 The resolution was estimated to be 1.0 eV by the
fwhm of the Ag 3d peak.
We also performed the simulations of the UPS and electronic

absorption spectra of C60F36 with semiempirical calculations.
On the basis of theoretical analyses on C60H36, Attalla et al.,14

Austin et al.,15 and Dunlap et al.16 have reported that the isomers
with Th, D3d andS6, andT symmetries are stable, respectively.
Therefore, we performed simulations for four C60F36 isomers
with these symmetries by the ZINDO method in the program
package CAChe. The geometrical optimization of the molecules
was carried out with AM1 calculations. For the UPS spectra,
the densities of occupied states of C60F36 isomers were deduced
by convoluting delta functions at each calculated molecular
orbital energy with a Gaussian function of 0.5 eV fwhm. The
ZINDO simulations of the electronic absorption spectra of
C60F36 isomers were performed by CI calculations including
81 configurations obtained by exciting one electron from any
of the nine highest occupied molecular orbitals into any of the
nine lowest unoccupied molecular orbitals.

III. Results and Discussion

1. XPS. In Figure 1 we show the C 1s XPS spectra of C60

and C60F48 as a typical example of fluorinated fullerene. The
XPS spectrum of C60 (a) shows only one C 1s peak at 284.7
eV relative to the Fermi level, corresponding to the fact that all
the carbon atoms of C60 are equivalent. The XPS spectrum of
C60F48 (b) has two peaks. The binding energy of the fluorinated
carbons (288.4 eV) is higher than that of the unsubstituted
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double-bond carbons (286.2 eV). As described above, the
fluorine contentx of the fluorinated fullerene was determined
from the ratio of the two peak areas.
2. NEXAFS. Figure 2a-c shows the C K-edge NEXAFS

spectra of C60 and C60Fx. The abscissa is the photon energy.
The ordinate is the photoelectron yield which corresponds to
the absorption intensity. Following the previous reports,23 the
sharp peaks in the low energy region and the broad structures
in the higher energy region of the C60 spectrum (a) can be
assigned to the transitions from the core levels to theπ* and
the σ* states, respectively. Fluorination brings about (1)
intensity decrease of the low energy features and (2) intensity
increase of the higher energy structures. The change of the
spectral shape also indicates the change of the bonding state of
carbons.
These changes can be interpreted that fluorine atoms are

attached to the double bonds to modify the bonding states of
carbons from sp2 to sp3, with the formation of C-F covalent
bonds. As seen in Figure 2b,c, the degree of intensity change
is parallel with the fluorine content. The decrease of the number
of double bonds results in the reduction of the size of the
π-conjugated system, leading to the decrease of the width of
theπ* band. The disappearance of the high energy part of the
π* states of C60 spectrum should correspond to this change.
Even in the spectrum of the highly fluorinated fullerene C60F40,
however, we still see the lowest energy peak due to the transition
to theπ* LUMO. This manifests that double bonds still exist.
We also see that this peak remains at the same energy (284.1
eV) as that of the spectrum of C60.
In Figure 2d we show the partial density of unoccupied states

of C60F48 consisting of the C 2p orbitals, which we previously
calculated by the DV-XR method.10 This simulated spectrum
and the observed spectrum of C60F40 (c) show reasonably good
correspondence in that theπ* andσ* regions are well separated
with an isolated low energyπ* peak.
In Figure 3, a and b, we show the F K-edge NEXAFS spectra

of C60F22 and C60F40, respectively. They consist of (1) a broad
peak at about 690 eV with a shoulder at the higher energy side
and (2) a broad structure extending into the higher energy region.
In Figure 3d we also show the spectrum of perfluorotetracosane
(n-C24F50),24 which is a typical molecule with covalent C-F
bonds. The spectra of C60Fx andn-C24F50 show roughly similar
spectral features except for a shift of about 5 eV, which may

be ascribed to the difference of the F 1s ionization energy. This
similarity is consistent with the C-F covalent bond formation
by fluorination of C60.
Figure 4 shows the C K-edge spectra of C70 and C70F11. As

in the case of C60, the spectrum of C70 shows sharp peaks in

Figure 1. C 1s XPS spectra of C60 and C60F48 by the Mg KR line.

Figure 2. Observed and calculated C K-edge NEXAFS spectra of
C60Fx: (a) observed spectrum of C60; (b, c) observed spectra of C60Fx
with x ) 22 (b) andx ) 40 (c); and (d) calculated spectrum of C60F48
by DV-XR method (ref 10).

Figure 3. F K-edge NEXAFS spectra of C60F22 (a), C60F40 (b), and
C70F11 (c) compared with the spectrum of perfluorotetracosane (n-
C24F50) (d) (ref 24).
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the low energy region and a broad structure at the higher energy
region, which are ascribed to the transitions to theπ* and σ*
states, respectively. On fluorination, the former becomes
weaker, while the latter becomes stronger. These trends and
the resultant spectrum are similar to those of C60Fx. The F
K-edge spectrum of C70F11 in Figure 3c also shows a structure
similar to those of C60Fx and perfluorotetracosane. These
changes indicate that the bonding state of the carbon in C70

also becomes sp3 by fluorination, with the formation of C-F
bonds.
3. UPS. Figure 5b shows the UPS spectrum of C60F48 at

photon energyhν ) 40 eV. The abscissa is the binding energy
relative to the vacuum level. In Figure 5, a and c, we also show
the spectra of C6025 and perfluorotetracosane (n-C24F50),26

respectively. The spectrum of C60F48 (b) shows good agreement
with the reported spectrum of C60F46(2,5 except that our
spectrum shows finer structures. This spectrum shows the
following features: (1) the shoulders B and C at 12 and 13 eV,
(2) the prominent peak D at 15 eV, (3) the broad structures E
and F between 17 and 20 eV, and (4) the peaks and structures
G-I in the higher binding energy region. The X-ray photo-
emission spectrum of C60F42 reported by Ibrahim et al.27 shows
corresponding structures, but they did not discuss the detail.
Theoretical calculations described below indicate that the peak
D is mostly derived from the 2p lone pairs of fluorine atoms.
Due to their nonbonding nature, the lone pair orbitals have
similar energy and form a strong peak.
The spectrum ofn-C24F50 (Figure 5c) shows a generally good

correspondence with the spectrum of C60F48 (b). According to
the ab initio MO calculations on poly(tetrafluoroethylene)
(CF2)n,28 the features 1′-4′ of the spectrum ofn-C24F50 (c) can
be ascribed as follows: (2′) F 2p lone pairs; (4′) C 2s states,
and the region spanning from 10 to 20 eV (1′ and 3′)
corresponds to the levels derived from the interacting C 2p and
F 2p orbitals. The sharp and intense peak 2′ at 15.6 eV of F
2p lone pair character corresponds to peak 2 for C60F48. The
good correspondence between the spectra of C60F48 andn-C24F50
also suggests the similarity of the features 1-4 with 1′-4′,
respectively. This point will be discussed further later.
The levels derived from theπ orbitals span in the lower

binding energy region<12 eV in the spectrum of C60 (a).29

The lowest two peaks in this region were assigned to the
degenerate pureπ orbitals.25 No feature corresponding to these
peaks is seen in the present spectrum of C60F48 (b). This change
by fluorination can be explained as follows: fluorine atoms are
attached to the C60 cage, and part of the double bonds are
broken; then the remaining double bonds become less conju-
gated, leading to the decrease of the width of theπ levels.
On the other hand, the results of NEXAFS measurements

described above clearly indicate that someπ* states still remain
even after heavy fluorination. To examine their contribution
to the UPS spectra, we closely examined the right-hand onset
region of the UPS spectra of fluorinated C60 by using low energy
light sources. Figure 6 shows the spectra of heavily doped
C60F48 at various photon energies. The He I (hν ) 21.2 eV)
spectrum (b) is similar to that athν ) 40 eV (a) but also shows
a faint structure (hatched) around 10 eV, indicating that the true
threshold is at lower energy than 10 eV. The Ar I (hν ) 11.7
eV) spectrum (c) more clearly shows this feature with the
ionization threshold energyIth at 8.4 eV. This structure,
indicating the contribution from the highest occupied molecular
orbitals of these fluorinated fullerenes, is probably due to theπ
orbitals derived from double bonds remaining after fluorination.
We also note that thisIth of 8.4 eV is still significantly higher
than the value ofIth ) 6.2 eV of C60, reflecting the reduction
of the size of theπ-conjugated system.
We expect that this feature in the low binding energy region

will be stronger in the spectra of less fluorinated C60. Figure
7b-e shows the UPS spectra of C60F30 and C60F36 compared
with those of C60 (a) and C60F48 (f). At first, we examine the
He I spectra athν ) 21.2 eV. The He I spectra of C60F30 (b)
and C60F36 (d) already show the clear peak D at 15 eV as in the
spectrum of C60F48 (f). We note that the intensity ratio of the
peak D to the shoulders B and C at 12-13 eV increases with
increasing fluorine content, consistent with the assignment of
the peak to the F 2p lone pairs.
The spectra of the lightly doped C60differ from that of heavily

doped C60 (f) in the threshold region on the right-hand side of

Figure 4. C K-edge NEXAFS spectra of C70 and C70F11.

Figure 5. UV photoemssion spectrum of C60F48 (b) in comparison
with those of C60 (a) (ref 25) and perfluorotetracosane (n-C24F50) (c)
(ref 26).
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the spectra. As the fluorine content increases, the hatched
structure A in the region of binding energy<11 eV loses its
intensity, and its onset shifts to higher binding energy.
The work functions of C60F30, C60F36, and C60F48 were 5.6,

5.2, and 5.4 eV, respectively, while the ionization threshold
energiesIth obtained from the Ar I spectra of C60F30 and C60F36
(Figure 7c,e) were 7.6 and 8.2 eV, respectively. This increase
of Ith with x is consistent with the progress of the breaking of
the π-delocalized systems with fluorination. Thus, the UPS
spectra by the low-hν resonance lines have clearly revealed the
existence of the spectral feature A in the low binding energy
region and the dependence of its intensity and onset energy on
the degree of fluorination. For C60Fx with x > 30, the residual
double bonds will be mostly isolated by single bonds. This
may be the reason for the lack of drastic change of the spectra,
except for the change in the relative intensity described above.
In Figure 8b,c, we show the UPS spectra of C70F45 obtained

with the He I and Ar I resonance lines. The He I spectrum (b)
shows spectral features similar to that of C60Fx. We also show
the spectrum (a) of C70 at hν ) 45 eV by Jost et al.30 as a
reference. We see that fluorination of C70 brings about changes
similar to that in the case of C60Fx. From the Ar I spectrum (c)
we obtain the threshold ionization energy to be 7.8 eV, which
is similar to that of C60F30 (7.6 eV). This suggests that the
π-conjugated system of C70F45 has a dimension similar to that
of C60F30.
Now we will examine the UPS spectra by using simulated

spectra. For C60F48, attempts to reproduce the density of states
by the local density functional approximation5 and the DV-XR
method10 have been reported. They both reproduced the
structures in the higher energy region, but they show almost no
level in the lower energy region than the F 2p peak, in sharp
contradiction to the experimental results.
In Figure 9, we show the observed spectrum of C60F36 (a)

and the presently simulated density of occupied states (b)-(e)

by the ZINDO method for the C60F36 isomers withTh, D3d, S6,
andT symmetries. In Table 1 we show the relative values of
heat of formation:∆fH’s obtained by the AM1 optimization to
that of the isomer ofT symmetry for these C60F36 isomers. All
the calculations of C60F36 for the four isomers gave a sharp peak
at about 15 eV and structures in the lower energy region. They
correspond to the peak D and the structures A-C of the

Figure 6. UV photoemission spectra of C60F48 at various photon
energies: (a)hν ) 40 eV, (b) He I line (hν ) 21.2 eV), and (c) Ar I
line (hν ) 11.7 eV).

Figure 7. UV photoemssion spectra of lightly doped C60Fx (b-e)
compared with those of C60 (a) (ref 25) and C60F48 (f). The arrows
point to the onsets of the spectra corresponding to the ionization
threshold energyI th.

Figure 8. UV photoemssion spectra of C70F45 (b, c) in comparison
with that of C70 (a) (ref 30).
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observed spectrum (a). According to the wave functions in the
calculations, the sharp peak originates mostly from fluorine 2p
orbitals, and the lower binding energy structures corresponding
to structure A in the observed spectrum originate mostly from
the orbitals of carbons in all the simulated spectra. Especially,
the hatched region shows the range of the molecular orbitals
consisting of onlyπ orbitals of the residual double-bond carbons.
These results support the interpretations described above that
structure A is due to theπ orbitals derived from the double
bonds and also consistent with the assignments of the UV
photoemission spectrum ofn-C24F50 in Figure 5c. We are
unable to suggest the symmetry of C60F36 from the present
comparison, since the differences among the simulated spectra
(b)-(e) are not so significant. If the measurements in better
resolution and with better isomer-separated specimen give
spectra with finer structures, certain information about the
symmetry may be obtained.
4. Vacuum-UV Absorption. In Figure 10, b and c, we show

the vacuum-UV absorption spectra of C60F36 (uniquex) and
C60F42, respectively. They have a broad structure peaked at
6.5 and 6.7 eV, respectively, with a faint shoulder at the lower
energy side. These two spectra resemble each other, indicating
that their HOMO-LUMO gaps are almost the same. While
the electronic absorption spectrum of C60 (a) reported by Ajie31

shows several peaks, the presently observed spectra have no
sharp peaks in the UV-visible region, indicating that fluorina-
tion decreased the number of double bonds, and the degree of
conjugation of the fullerene was lowered. The spectra of poly-
(tetrafluoroethylene) (CF2)n32 and poly(1,3-hexafluorobutadiene)
(C(CF3)dC(CF3))n33 have absorption peaks at 7.6 and 6.7 eV,
respectively. The double bonds in the latter case are expected

not to be conjugated due to the steric hindrance. The latter
value is similar to those of C60Fx, both corresponding to the
absorption in a fairly localized double bond in heavily fluori-
nated systems.
In Figure 10d-g, we also show the theoretically simulated

absorption spectra of C60F36 by ZINDO calculations. These
simulations were performed for the same isomers as in the
simulations of the density of occupied states in the preceding
section. Each simulated spectrum has characteristic features.
If the observed spectrum agrees with one of the calculated
spectra, we can identify the symmetry of the C60Fx molecule
used in the present study. Unfortunately, however, the observed
spectra are much broader than the calculated spectra, and no
clear identification can be made at present. Still we see that
the correspondence withT andD3d isomers is better thanS6
andTh isomers in that absorption in the higher energy region.
We can consider two probable reasons for broadening of the

observed spectra. One is that the fluorine number of the sample
is not unique but has some distribution. Another is that the
sample is mixture of geometrical isomers. As for C60F36, the
former factor can be eliminated because mass spectrometry
showed only 36 as the mass number. The reported19F NMR
measurements13 indicated that C60F36 has several symmetries.
Thus, it seems necessary to separate C60Fxwith a single number
of fluorines further into geometrical isomers for more detailed
study of the absorption spectra.
5. Discussion of the Electronic Structures of C60 and C60Fx.

On the basis of the present measurements and literature, we
can compose the energy diagrams of C60Fx and C60 shown in
Figure 11. Each diagram consists of C 1s core, LUMO, HOMO,
and Fermi levels and covers the vapor and solid phases. The
origin of the energy axis is the vacuum level.
The left half of Figure 11 summarizes the information about

C60. The ionization threshold energyIth (the HOMO energy)

Figure 9. Observed and simulated UV photoemission spectra of C60F36.

TABLE 1: ∆fH’s of the C60F36 Isomers

symmetry relative energy/eV

D3d 3.74
Th 2.43
S6 1.54
T 0.00

Figure 10. Observed and simulated electronic absorption spectra of
C60Fx. The lower panel shows the observed electronic spectra of C60Fx
(b, c) in perfluoromethylcyclohexane and the reported electronic
spectrum of C60 (a) (ref 31), and the upper panel shows the calculated
spectra for four geometrical isomers of the C60F36 molecule by the
ZINDO method.

Fluorinated Fullerenes J. Phys. Chem. A, Vol. 102, No. 3, 1998557



and the electron affinity (the LUMO energy) for the vapor phase
were taken from the literature.34,35 For solid C60, UPS measure-
ments by Sato et al.36 gave 6.2 eV as the ionization threshold
energyIth. Takahashi et al.37 reportedIth ) 1.9 eV relative to
the Fermi levelEF. Benning et al.38 reported the HOMO-
LUMO separation to be 2.6 eV from UPS and IPES measure-
ments. From these reports, we could obtain the energies of the
LUMO, the Fermi level, and the HOMO of solid C60 to be 3.6,
4.3, and 6.2 eV, respectively. We note that the energies of the
LUMO and the HOMO are shifted in going from the vapor to
the solid phases by 0.95 and 1.4 eV, respectively, due to the
polarization of the surrounding molecules.39 The energy of the
C 1s core level was estimated to be 284.7 eV relative to the
Fermi level in the present XPS measurements. This value can
be converted to a value of 289.0 eV relative to the vacuum
level.
On the right half of Figure 11, we summarized the corre-

sponding values of C60Fx in the vapor and solid phases. The
data are for the heavily doped C60Fx with x over 40, for which
extensive information is available. Jin et al.6 measured the
electron affinity of the C60F48 molecule to be 4.06 eV. Our
UPS present measurements gave 5.4 and 8.4 eV as the energies
of the Fermi and the HOMO levels of solid C60F48, respectively.
Since we have no experimental data about the polarization
energy for an electron in C60Fx, we assumed it to be the same
as the value for C60 (0.95 eV). This leads to the LUMO energy
of C60Fx of 5.0 eV. As for the HOMO level of vapor C60Fx, a
similar assumption of the same polarization energy for a hole
in C60Fx as that of C60 gives the HOMO energy of 9.8 eV. The
lower energy peak in the XPS spectrum of C60Fx corresponds
to the remaining double-bond carbons, and its binding energy
of 286.2 eV relative to the Fermi level is converted to 291.6
eV relative to the vacuum level. Similarly, the binding energy
of the fluorinated carbons can be deduced to be 293.8 eV relative
to the vacuum level.
Next we discuss the change of the electronic structure of C60

by fluorination. In Figure 11, we see all the energy levels of
C60Fx become stabilized from the corresponding levels of C60.
This change can be ascribed to the strong inductive effect of
electronegative fluorine atoms. We also see that the HOMO
and the LUMO levels of C60 are lowered by different amounts
of 2.2 and 1.4 eV, respectively.
This difference can be explained by taking account of the

change of theπ-conjugation in addition to the inductive effect.

In Figure 12, we show the influences by these two effects. The
fluorination changes the double bonds of the fullerene into single
bonds. The residual double bonds become isolated, and the
size of theπ-conjugated system on the C60 cage becomes
reduced. The reduction of theπ-conjugation leads to the
narrowing of theπ andπ* bands as shown in Figure 12b. At
the same time, the inductive effect lowers the two bands as
shown in Figure 12c. We can estimate the results of these two
effects by assuming a common magnitude of the narrowing of
theπ andπ* bandwidths of 2a and the lowering by the inductive
effect ofb. As for the HOMO, the two effects work concertedly
to make the HOMO deeper byb + a ()2.2 eV). As for the
LUMO, on the other hand, the two effects work in opposite
directions. The inductive effect lowers the LUMO, while the
narrowing of theπ* bandwidth raises the LUMO. As a
combined effect, the inductive effect dominates and leads to
the lowering of the LUMO byb - a ()1.4 eV). From these
relations, we finda ) 0.4 eV andb ) 1.8 eV, respectively.
Thus, we could quantitatively explain how these two effects
influence the HOMO and the LUMO levels in different ways.
The Fermi level is also lowered by 1.1 eV after fluorination

in Figure 11. Usually the work functions of organic materials
are in the range between 4.1 and 5.0 eV.40 The work function
of C60Fx (5.6, 5.2, and 5.4 eV forx ) 30, 36, and 48,
respectively) observed in the present measurements is consider-
ably larger than these results. This suggests that C60Fx is a very
strong electron acceptor.
From the estimated energies of the HOMO and LUMO of

the C60Fx molecule in the gas phase, we can estimate the
HOMO-LUMO gap to be 5.7 eV. This corresponds to the
absorption tail in the observed VUV absorption spectra in Figure
10.
From the XPS measurements, we can estimate the C 1s

binding energy relative to the vacuum level. The value for the
carbon atoms in the double bonds of C60Fx is 2.6 eV higher
than that of C60. This change can be ascribed to the inductive
effect of fluorine. On the other hand, the NEXAFS measure-
ments in Figure 2 gave the same transition energy of 284.1 eV
from the C 1s levels of double-bond carbons to the LUMO for
both C60 and C60Fx. When we simply estimate the transition
energy from the C 1s level of the double-bond carbons to the
LUMO by using the XPS C 1s peak energies, the transition
energies are obtained to be 285.4 and 286.6 eV for C60 and
C60Fx, respectively. These estimated energies are larger than

Figure 11. Energy diagrams of C60 and C60Fx relative to the vacuum
level: (a) ref 35, (b) ref 34, (c) ref 36, (d) ref 6, (e) ref 37, (f) ref 38.
†Assumed to be same as the corresponding quantity of C60. *Derived
from the experimental values, the reported values, and the values with
†.

Figure 12. Schematic energy diagram for the influences of fluorination
upon theπ andπ* bands of C60. (a) Theπ andπ* bands of C60. (b)
The reduction of theπ conjugation leads to the narrowing of 2a of the
π andπ* bandwidth. At the same time, (c) the inductive effect lowers
the two bands byb.
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those by NEXAFS measurements by 1.3 and 2.5 eV, respec-
tively. These deviations correspond to the binding energies of
core exciton, which is the pair of the excited electron and the
core hole.
We have already reported41 that such an excitonic effect is

correlated with the dimension of theπ-conjugated system.
When the effective size of theπ-conjugated system surrounding
the excited atom is large, the effect of the core hole onπ*
orbitals becomes reduced due to the screening by the delocalized
π electrons. Thus, the larger excitonic effect in C60Fx than in
C60may reflect the less effective screening due to the reduction
of theπ-conjugated system by fluorination.
In Figure 13, we show how the energies of the Fermi and

the HOMO levels obtained in UPS measurements change
depending on the degree of fluorination. We see that the
ionization threshold energy gradually increases with fluorination.
This change is consistent with the interpretation that fluorination
makes the HOMO level deeper. On the other hand, the Fermi
energies show no simple correlation with the degree of fluorina-
tion. This may be caused by the presence of mixed geometrical
isomers in C60Fx with intermediate values ofx. The different
isomers will have various distributions of double bonds over
the molecule, which will lead to different electronic structures.
More studies are required to examine the effect of such
isomerism of C60Fx.

IV. Conclusion

We investigated the chemical bonding and the electronic
structures of C60Fx and C70Fx, by using NEXAFS, UV photo-
emission, and X-ray photoelectron spectroscopies. As fluorina-
tion proceeds, the electronic structure of the fullerenes gradually
changes due to the formation of C-F bonds accompanied by
the change of the bonding state of carbon atoms from sp2 to
sp3. We derived an energy diagram of heavily fluorinated C60Fx
and explained the change of the electronic structure with the
combination of the reduction ofπ andπ* bandwidths and the
inductive effect by the electronegative fluorine atoms. The
vacuum-UV absorption spectra of C60Fx solutions were also
measured and compared with the simulated spectra of geo-
metrical isomers. For C60Fx with x > 30, the electronic
structures of C60Fx do not show a drastic dependence onx,
probably because the residual double bonds of the fullerene cage
surface are almost isolated. These results, together with the
theoretical calculations, gave a basic understanding of the
electronic structure of these materials and also showed unique
aspects of the electronic structure such as the large electron
affinity and the work function. For further clarification of the
electronic structures of fluorinated fullerenes, the preparation
and the measurements of isomer-separated specimens are highly
desired.

Note Added in Proof. After completion of this work, we
found a paper reporting ionization energies of highly fluorinated
C60 and C70 (Steger et al.,Chem. Phys. Lett.1997, 276, 39).
They reported the ionization energy of 12.0 eV for C60F46,48 in
the gas phase. Our result for solid C60F48 is 8.4 eV. When we
assume the polarization energy for a hole of solid C60F48 to be
same as the value of C60 (1.4 eV), the HOMO energy of
molecular C60F48 is 9.8 eV. This value is much different from
the value reported by Steger et al. The origin of the difference
is not clear at present.
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