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Various systems formed by carbon and fluorine were studied by UV photoelectron spectroscopy
(UPS), vacuum-ultraviolet (VUV) optical spectroscopy, and near-edge X-ray absorption fine struc-
ture (NEXAFS) spectroscopy. New data were measured for poly(hexafluoro-1,3-butadiene)
(PHFBD), which is actually poly(hexafluoro-2-butyne), and fluorinated graphites CF, C;F, and CgF.
These data were analyzed together with reported data for n-C,4Fs5, poly(tetrafluoroethylene) (PTFE),
and fluoninated fullerenes CgF, and CF,. The electronic structures deduced from UPS, VUV opti-
cal spectra, and MO calculations could be understood in terms of degree of o delocalization, induc-
tive effects of F and CF5 groups, and the molecular conformation with possible steric hindrance. The
ionization threshold energy of PHFBD (10.3eV) is the largest one for unsaturated systems. The well
polarized NEXAFS spectra of CF and C,F were analyzed by the comparison with rejated com-
pounds. The NEXAFS results of C4F showed that the F atoms are neither in molecular form nor cov-
alently bonded to carbon atoms.

Keywords: fluorine; UPS; NEXAFS; vacuum-UV spectra; electronic structure; poly(hexafluoro-1
3-butadiene) PTFE; CgF, CooF, CF; CoF; C¢F

1. INTRODUCTION

Fluorine is an element at the right-top corner of the periodic table, with the larg-
est electronegativity. This gives fluorine compounds unique properties as exem-
plified by those of poly(tetrafiuoroethylene) (PTFE) (CF,),, known by the trade
name Teflon, such as the high chemical durability, good electrical insulation, low
dielectric constant, and low surface tension. Many of such properties should be
related to the nature of fluorine atom, such as the large electron-withdrawing
ability as a substituent. From the combination of the two elements C and F, also
several other classes of compounds can be formed. They belong to various forms
of (a) l-dimensional polymers, (b) 2-dimensional layer compounds, and
(¢) spherical molecules with 2-dimensionally extended carbon networks. In (a),
we can list perfluoroalkanes n-CF3(CF,),, ,CF5 (Fig. 1(a)), their long-chain
limit PTFE (Fig. 1(b)), and poly(hexafluoro-1,3-butadiene) (PHFBD), which is
actually known to have the structure of poly(hexafluoro-2-butyne)
[C(CF;3)=C(CF3)],, (PHFBY) 1-3 (Fig. 1(c)). They have low-dielectric constants,
and this makes these materials also attractive for the future applications to insu-
lating materials in electronic devices.
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FIGURE 1 The chemical structures of the systems studied in this work. (a) perfluorotetracosane
(n-C94F5q), (b) poly(tetrafluoroethylene) (CFy),, (c) poly(perfluorodimethylethyne)

[C(CF3)=C(CF3)],,. (d) a sheet of CF, (e) basic unit of a C,F sheet, and (g) C4oF4g
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In (b), the layered compounds formed by the fluorination of graphite are
included. By increasing the degree of fluorination, layered compounds from
ionic (e.g. C¢F) 4 to covalent (e.g. CoF and CF) 3 bonding are formed. The car-
bon atoms in CF retain the hexagonal network of graphite, but the form of
hybridization is changed from sp2 to sp3, with an additional F atom attached to
each carbon atom. As a result, the carbon framework of each hexagon in the net-
work becomes similar to that of cyclohexane in the chair form (Fig. 1(d)). In
C,F, the carbon network in each layer is the same as that in CF, but they form
bilayers (Fig. 1(e)). The CF bonds at the inner side of the two layers in CF are
replaced by single bonds connecting the C atoms in the two layers, and the CF
bonds at the outer side of the bilayer remain the same as those in CF. Thus the
dimensionality of CF slightly exceeds two. These materials have been exten-
sively studied, with possible practical applications to battery electrodes. > In CgF,
the materials of stage 2 is formed, where the fluorine layer is inserted between
two pairs of graphite layers. * It shows larger electric conductivity than that of
graphite due to the electron-transfer from graphite to fluorine.* Electrical meas-
urements also showed that it is an ion conductor, ® and the characterization of the
chemical state of F atoms in this material is interesting.

In group (c), fluorinated fullerenes CgyF, (Fig. 1(f)) and C;4F, are included.
The number x of F atoms can be controlled by the fluorination conditions, and
the maximum x without breaking the Cg cage is known to be around 48,79
Studies of these materials are also going on for applications e.g. to battery elec-
trodes. 1°

As for perfluoroalkane n-C,4Fs and PTFE =15 and also fluorinated fuller-
enes, '® we already reported studies examining their electronic structures by
methods such as UV photoemission spectroscopy (UPS), vacuum-ultraviolet
(vacuum-UV) absorption spectroscopy, near-edge X-ray absorption fine struc-
ture (NEXAFS) spectroscopy, and some theoretical calculations. A NEXAFS
spectrum corresponds to the excitation from core levels to various vacant orbit-
als, and we can obtain information about the structures of the vacant electronic
states and the local chemical environment around the excited atoms.'”

In this paper, we report new results by these methods for PHFBD and polarized
NEXAFS spectra for fluorinated graphites, and compare them with those of other
C-F compounds for obtaining unified insight into the electronic structures of
these materials. Although complete set of data are not yet available (e.g. the lack
of UPS data for CF and C,F due to the experimental difficulty of charging), we
could develop a rather unified insight into the electronic structures of these com-
pounds. Also the systematic comparison of NEXAFS spectra, including the
polarization dependence of the spectral features for well-oriented specimen,
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helped the interpretation of the spectra, and several useful information (e.g. the
character of the LUMO) about these classes of compounds could be deduced.

2. EXPERIMENTAL AND THEORETICAL

The sample of PHFBD was synthesized through the polymerization from per-
fluoro-1,3-butadiene as already reported. 12 The samples of CF, C,F, and C¢F
were prepared by fluorination of highly oriented pyrollitic graphite (HOPG) with
fluorine of 1 atmospheric pressure at 600 °C for 6 hours and 370 °C for 290 hrs,
respectively. The sample of C¢F was prepared by placing HOPG under fluorine
atmosphere of 1 atm at 50 °C in a sealed Ni tube for about one month.

The UPS measurements of PHFBD were performed using a film of 10 nm
thickness in situ evaporated in a vacuum chamber under vacuum of 1078 Torr
range. The UPS spectra were measured using the combination of a rare gas dis-
charge lamp with a retarding-field type electron energy analyzer. Energy analysis
of photoelectrons was performed with ac modulation technique, 18 with a modu-
lation amplitude of 0.2 V peak-to-peak. The resonance lines of Hel (21.2 ¢V) and
Ar I (11.7 eV) were used. The energy resolution of the system was estimated to
be 0.2 eV from the measurements of the Fermi edge of gold.

The NEXAFS spectra of PHFBD and fluorinated graphites were measured at
the Photon Factory of Institute for Materials Structure Research in Tsukuba,
using a Grasshopper monochromator at beamline 11B and also at UVSOR facil-
ity of Institute for Molecular Science, also using a Grasshopper monochromator
at beamline 2A. The spectra were measured in the total electron yield mode for
film (thickness 100 nm) samples evaporated in a separated chamber for PHFBD.
For obtaining well-oriented specimen for examining the polarization dependence
of PHFBD, we also used a technique used for (SN), 1% and polydiacetylene. 201
this method, small amount of PHFBD is at first evaporated onto the metal sub-
strate, and its surface was rubbed with a cloth. Then PHDBD was again evapo-
rated onto this precoated and rubbed material.

For fluorinated graphites, a flake of each compound was attached to the sub-
strate using a conductive double-sided adhesive tape, and the surface layer of the
specimen was pealed off using a sticking tape for obtaining a clean surface just
before the evacuation of the chamber. The photoelectrons were detected either
with a channeltron or as the drain current through a picoammeter. The light
intensity was measured as the photoemission intensity from a Au mesh in the
light path as the drain current through a picoammeter. The polarization depend-
ence of the absorption spectra were examined by changing the incidence angle of
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the horizontally polarized synchrotron radiation by rotating the vertically held
sample surface around a vertical axis of the sample manipulator.

The vacuum-UV reflection spectra of PHFBD were measured at the beamline
IB of UVSOR using a Seya-Namioka type monochromator for a compressed
pellet at near-normal incidence angle of 8.75 degrees. The absolute value of
reflectivity was calibrated by measuring the reflectivity of a gold evaporated film
as a reference. The obtained spectra were converted via Kramers-Kronig relation
using the method by Ahrenkiel 21 to the absorption spectrum and the complex
dielectric constants.

For the help of the interpretation of the observed UPS spectra of PHFBD, the
electronic structures of a series of oligomers were deduced using semiempirical
PM-3 molecular orbital (MO) calculations. Since the structure of PHFBD is actu-
ally close to that of PHFBY [C(CF;)=C(CF3)],, as mentioned above, the calcula-
tions were performed for molecules CF;[C(CF3)=C(CF3)],,CFs(m=2 - 6),
which are oligomers of polyacetylene substituted by a CF5 at every carbon atom.
Their molecular geometries were also estimated by PM-3. The density of states
(DOS) for the occupied states was estimated by convoluting the delta functions
at the orbital energies of the obtained MOs with a Gaussian function of 0.8 eV
FWHM.

3. RESULTS AND DISCUSSION

3.1. Occupied States Probed by UPS

In Fig. 2(a), the UPS spectra of PHFBD obtained by Hel and Ar I discharges (kv
=21.2eVand 11.7 eV) are shown. The abscissa is solid state ionization energy /,
relative to the vacuum level. The right-hand cutoff gives the ionization threshold
energy of 10.3 eV defined by a clear peak A at 10.9 eV. Additional features B
and C are seen in the higher binding energy region.

In Fig. 2(b), we show the simulated DOS for CF;[C(CF;)=C(CF5)},CF; by
PM-3 calculation. The orbital energies of the obtained MOs are indicated by ver-
tical bars on the energy axis. For a better fit with the spectrum in Fig. 2(a), these
results are rigidly shifted by 0.65 eV to the lower binding energy side. The geom-
etry optimization of the oligomers CF3[C(CF5)=C(CF5)],,CF; (m =2 —~ 6) gave
twisted helical geometries, presumably due to the steric hindrance among the
bulky CF5 groups. This twisted structure suggests that there is little n-conjuga-
tion along the polyacetylene backbone. Actually the derived DOS was little dif-
ferent for m = 2 to 6, although a strong variation is expected if the conjugation is
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FIGURE 2 The UPS spectra of C-F systems. The abscissa is the solid ionization energy I relative to
the vacuum level. (a) PHFBD [C(CF;)=C(CF;)], measured by He I (hv =212 eV) and Ar 1
(hv = 11.7 eV) resonance lines. (b) orbital energies of CF3[C(CF132=C(CF3)]2CF3 by PM-3 calcula-
tion and the DOS derived from them, (c) -CyyFsp at hv = 40 eV, ° (d) PTFE at hv = 10L.2 eV, (e
CeoFag at Av=40eV and hv=11.7 eV (Ar ), 6 and (f) CqgF45 by He I (hv =21.2 eV) and Ar [
(hv = 11.7 eV) resonance lines.!0
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operative. By the comparison between the UPS spectrum in Fig. 2(a) and the
DOS in Fig. 2(b), we can assign the spectral features in Fig. 2(a). We note that
the uppermost part of the occupied states are formed by the C2p and F2p orbitals,
although there is some contribution from the C2s orbitals. In a repeating unit,
there are four C atoms containing 8 2p electrons (or 16 electrons as the
C2p + C2s electrons) and 6 F atoms with 30 F2p electrons. Thus we can expect
that the spectrum is dominated by the contribution from the electrons in the F
atoms. The MO results indicate that the peak A is derived from the rather iso-
lated = orbitals, and the peaks B and C can be ascribed to the F 2p lone pair orbit-
als in the CF5 groups as depicted in the inset of Fig. 2(b). The region between A
and B corresponds to the antibonding o orbitals formed by the C2p and F2p
orbitals. These states will be discussed in more detail below.

TABLE 1 lonization Energies (in eV) of the UPS Spectral Features

Compound PHFBD® n-CagFsp PTFE? CopFag CroFas
Structure [C(CF3)=C(CF3)], (CFy),
Figure 2(a) 2(c) 2(d) 2(e) 2f)
hvieV 117,212 40.0 101.2 11,7, 40.0 11.7,21.2
Character features and their energies / eV
Threshold T 10.3 T 10.3 T 106 T 8.4 T 7.8
T A 1.8 Aca.l A ca95
o (C2p-F2p) A 120 A 120 B 120 B 1.6
C 13.0 C 13.5
F2p lone pair C 159 B 15.6 B 164 D 15.0 D 14.8
C 17.5 C 16.6 C 17.5
o (C2p-F2p) D 19.3¢ D 19.9 E 17.5 E 17.4
E 20.1° E 208 F 19.6
E  21.0°
C2s G 224° F 228 G 20.8
270 H 22.1
I 23.8
Reference This work 15 i 16 1

a. poly(hexaluoro-1,3-butadiene). Actually this polymer has a structure corresponding to poly(hex-
afluoro-2-butyne) [C(CF3)=C(CF3)],.

b.  poly(tetrafluoroethylene).

¢.  These values were obtained from normal emission spectrum at hv = 40eV for a well oriented
sample. The energies of these peaks significantly depend on the photon energy due to the intramo-
lecular energy band dispersion. 1



Downloaded by [University of California, San Diego] at 02:55 16 August 2012

ELECTRONIC STRUCTURE OF C-F SYSTEMS 255

Now we compare the results of PHFBD with those of other CF systems and
other substituted polyacetylenes. In Figs. 2(c) — (f), we show the UPS spectra for
PTFE, '! n-Cy4Fs50, 15 CeoFas, 16 and CqoF4s. 16 The threshold ionization ener-
gies (I;,) and the ionization energies of the spectral features are listed in Table L.
The assignment of these features were carried out also by the comparison with
theoretical calculations by ab-initio (for PTFE 1 and n-CyyFsq 13) and ZINDO
for fluorinated fullerenes methods '°.

In all of these compounds, strong spectral features derived from the F2p lone
pair orbitals appear, as the peaks B and C at 15-18 eV for perfluoroalkanes (Figs.
2(c)(d)) and the peak D at 15 eV for the fluorinated fullerenes (Figs. 2(e)(f)),
respectively. This is consistent with our assignments of peaks B and C of PHFBD
at 15.9 and 17.5 eV to the F2p lone pair states, since the energy of the non-bond-
ing F2p orbitals will not strongly depend on the compound.

In the spectra of perfluoroalkanes and fluorinated fullerenes in Figs. 2(c) — (e)
using high energy synchrotron radiation, we can also see spectral features at
larger ionization energy. From the comparison with theoretical calculations, the
features D-F in Fig. 2(c)and D and E in Fig. 2(d) for fluoroalkanes are ascribed
to levels formed from the bonding combinations of the F2p and C2p atomic
orbitals, while G in (¢) and F in (d) to the states derived from the C2s orbitals.
Recent calculations by Bulusheva and collaborators?? indicated that the features
E and F in the spectrum of CgyF,¢ in Fig. 2(e) are derived from the radial orbitals
in the C-F bonds (E) and the mixed contributions from the tangential orbitals
from the C-F and C-C bonds (F), respectively. We can expect to see analogous
features for PHFBD by the use of higher photon energy. Actually, the DOS in
Fig. 2(b) derived by PM-3 calculation shows additional features. Namely, the
peak D and E are mainly derived from the C-F bonds in the CF5 groups., which
have decreasing number of nodal planes in the CF3 groups, as shown in the inset
of Fig. 2(b). The bonding F2p + C2p o orbitals and the C2s-derived levels delo-
calized along the chain are distributed across the feature E up to just below D.

On the other hand, in the lower ionization energy region than the F2p lone
pairs, we can expect (1) the n states for unsaturated compounds, and (2) the anti-
bonding o states formed from the F2p orbitals and C2p orbitals, as shown in
Fig. 3.

As for the m-states, the studies of CggF, indicated that the topmost part of the
occupied state at around 9 eV comes from the n states formed by the residual
double bonds left after the fluorination. '® As shown in Figs. 3(f)(g)(i), the
threshold energy is increased from 7.6 eV to 8.4 eV at increasing degree of fluor-
ination from CgyF5 to CgoFyg, corresponding to the decreased m-conjugation
among the double bonds. In CggF4g we can still expect 6 double bonds, and their
distribution on the spherical cage is not yet clear at present. Thus the splitting
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FIGURE 3 The occupied electronic states revealed by UPS and the excitation energies obtained by
electronic spectra in C-F systems. (a) polyacetylene substituted by C-based pendants, (b) polyacety-
lenes substituted by Cl-containing pendants, (c) PHFBD [C(CF3)=C(CF;)},,. (d) perfluoroalkane
n-Co4Fs0,1 (€) PTFE (CFy), , '® (N-(i) CgoF,., with x = 30, 36, 42, and 48, 10 and (j) CoyFys. '® The
horizontal bold bars at the top denote the ionization threshold energies, and those at 15-17.5 ev indi-
cate the F2p lone-pair-derived states

among the 7 levels of these double bonds may affect the ionization threshold
energy of CgoF,. For C7gF,s, we also obtained a comparable value of 7.8 eV
(Fig. 3(j)). ¢

We can also examine the values of [, for other substituted polyacetylenes. The
study of 26 polymers by UPS and visible-UV absorption23 revealed that the
degree of n-conjugation is more or less decreased from unsubstituted to substi-
tuted polyacetylene, probably by the steric hindrance among the substituents.
The values of I, for carbon-based substituents range from 4.9 to 6.1 eV
(Fig. 3(a)).23 Introduction of electron-withdrawing Cl atoms further increases
the ionization energy to 6.1 — 7.0 eV (Fig. 3(b)). 23

As for the systems without unsaturated bonds, the results for PTFE!! and
n-CyyFsq '3 indicate that the *(CF) states extend from 14 eV to 10 eV (Figs.
3(d)(e)). Theoretical calculations show that their highest occupied states are
formed by the combination of C2p orbitals along the main chain. The values of
Iy, for PTFE (10.6 eV) and n-Cy4F5q (10.3 eV) are very similar, although the
accuracy of this value is slightly less in the latter due to the use of electrostatic
energy analyzer. This similarity indicates that the energy splitting due to the
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I-dimensional delocalization along the chain is already almost saturated for the
occupied states at 24 carbons. We can expect similar degree of splitting of the ¢
states in PHFBD. For the fluorinated fullerenes, we may expect a little more
effective splitting of the o states due to the 2-dimensionally extended carbon net-
works. The comparison with the ZINDO calculations for several structurally
plausible isomers of CgyF3q 16 indicated that the top of the o states is at around
10 eV, slightly depending on the detailed structure of the isomers (Figs. 3(f) —
().

The presently observed value of of Iy, =10.3 eV for PHFBD is much larger
than these values for all these substituted polyacetylenes (4.9 — 7.0 V) and even
those of fluorinated fullerenes (7.6 — 8.4 eV). It is almost the same as that of per-
fluoroalkanes (10.6 eV) (Figs. 3(d)(e)) without © electrons. Actually this is the
largest ionization threshold energy known to date for an organic compound with
a C=C double bond.

We will examine the origin of this high ionization energy with the gas-phase
ionization threshold energies of various fluorinated systems in Fig. 4. 2425 For
discussing these data, we note that the ionization energy of a molecule in the
solid state is lowered from that of the gas phase, due to the electronic polariza-
tion of the molecules surrounding the ionized molecule. 2627 For ordinary
organic solids, this lowering is around 1.7 eV, 28 and the estimated value for per-
fluorinated long-chain alkane is 1.1 eV. ! Thus we can expect a value of 1.4 eV
+ 0.3 eV also for PHFBD, and the gas phase ionization threshold energy of
PHFBD is estimated to be 11.7 £ 0.3 eV.

By fluorination of planar n-conjugated hydrocarbons, the m ionization energies
are not much affected, > in contrast to the large increase of the o ionization ener-
gies. 30 This so-called perfluoro-effect is clearly seen in Fig. 4(a) for the fluori-
nated ethylenes. The m ionization energy is mostly unchanged from 10.5 eV for
ethylene to 10.3 eV for tetrafluoroethylene. 24 This invariance is ascribed to the
cancellation of the inductive effect by the electron-withdrawing F atom and the
antibonding effect between the C and F 2p orbitals. 30 The F 2p orbital along the
CF bond does not participate the bonding, since it is on the nodal plane of the C
2p orbital. On the other hand, the substitution by CF; group significantly
increases both 7 and o ionization energies. The CF; group is more electron-with-
drawing than the F atom. As seen in Fig. 4(a), ethylenes with two or four CF;
groups have ca. 1.3 and 2.3 eV larger  ionization energies than those of the cor-
responding F-substituted compounds.

Similar trend is seen when the © system becomes nominally conjugated, as
seen in Fig. 4(b). As expected from the perfluoro-effect, perfluorobutadiene has
similar ionization threshold with that of butadiene, which is smaller than that of
ethylene due to the interaction between the two double bonds. Although the data
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FIGURE 4 The gas-phase ionization threshold energies of compounds related to this work. (a) eth-
ylenes and F- and CF3-substituted ethylenes, (b) n-conjugated systems and their substituted com-
pounds, (c) CggF,.and C5F,s. and (d) perfluoroatkanes. The values estimated from the values for the
solid state are shown in brackets, and the splitting by n- and o-conjugation are shown by gray boxe%
The data were taken from the followm% CyHy, trans- C2H F,, C,F,, and cis- CF3CH_CHCF3,
(CF;) C= C(CF 2. ¥ CF=CF- CF-—CF 3 C1oF 12, Ci6F 16 O [C(CF5)=C(CF3)], from present work,
Ceo. *"CeoFas,’ (CFz)ns "and (CF, )6

of corresponding CF;-substituted compound is not available, we can see the
trend of high 7 ionization energy in cyclic polyenes with a -CF,-CF,- substituent
at each double bond, with ionization threshold energies of 11.1 and 10.1 eV for
six- and eight-membered rings. 31 We note that the larger ring has smaller iono-
zation energy, indicating the effect of m-delocalization. The ionization energy of
PHFBD is much larger than these values, and we can understand the large ioniza-
tion threshold based on the strong electron-withdrawing power of the CF5 groups
and the large steric hindrance among the CF; groups leading to the nonplanarity
of the carbon main chain.

A somewhat similar situation is realized in fluorinated fullerenes. In this case,
the F-substitution has two effects : 16 (1) breaking of the n-conjugated system by
the conversion from sp2 bonding to sp3, and (2) the inductive effect by the elec-
tron-withdrawing F atoms. Unlike in the planar r-systems, the F atoms are not in
the molecular plane of the m system, and can strongly affect the 7 ionization
energies. These effects lead to a significant increase of ionization energy, e.g.
from 7.6 eV of Cg 10 9.8 eV for CeoFy. '© Still the ionization energy of PHFBD
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is larger than this value by about 1.3 eV. This difference may be due to (1) the
larger inductive effect of CF; than F, and (2) possible conjugation among the
double bonds in fluorinated fullerenes. The latter will be further discussed in
analyzing the results of vacuum-UV spectra in the next section.

As for the saturated systems, the ionization threshold energy of PTFE esti-
mated as the value of the long-chain perfluoroalkanes (11.7 eV) is the same as
that of PHFBD. This value is significantly smaller than that of cyclic (CF,)g,
(13.2eV), ¥ indicating an effective o-delocalization along the chain in perfluor-
oalkanes. This explains why perfluoroalkanes have a similar ionization energy to
that of PHFBD although they have no n electrons.

3.2 HOMO-LUMO Transitions Probed by Vacuum-UV
Absorption Spectra

In Fig. 5(a), we show the vacuum-UV reflection spectrum of a pressed pellet of
PHFBD in a wide photon energy range of 2 — 26 eV. The real and imaginary
parts of the dielectric constants and the absorption spectrum derived from this
reflection spectrum are shown in Figs. 5(b) and 5(c), respectively. The absorp-
tion spectrum shows several spectral features, with the lowest energy peak at 6.7
eV. In Fig. 6, we compare the low energy part of the absorption spectrum of
PHFBD with those of PTFE (b), '# n-C,4Fs, (¢), ' and CggF;, in perfluorometh-
ylcyclohexane solution (d). '® For n-Cy,4Fs, and PTFE, uniaxially oriented sam-
ples could be prepared by vacuum evaporation and mechanical rubbing,
respectively, 14 with the molecular axes vertical and parallel to the substrate sur-
face, respectively. Using these samples, the polarization dependence of the
absorption spectra could be also examined as shown in Figs. 6(b) and (c). In Fig.
6(b), the drawn-out and broken lines correspond to the cases where the electric
vector of the light E parallel and inclined to the molecular axes, respectively,
while in (¢) to E mostly parallel and vertical to the molecular axes, respectively.

We will concentrate on the lowest energy excitations appearing as clear peaks,
since the assignments of the transitions at higher energies are difficult. They will
correspond to the HOMO to LUMO excitations, and their energies E,, are listed
in Table II. These data can be discussed with the information about the
gas-phase ionization threshold energies and electronic excitation energies sum-
marized in Fig. 7.

The peaks of PHFBD and the fluorinated fullerenes should correspond to the
n-n" transitions. Using the values of E,,, we can obtain some feeling about the
degree of m-conjugation. As shown in Fig. 7(a), the value of E,, for ethylene
C,H, is 7.65 eV, 2* while the value for trans-polyacetylene (CH=CH),, is 1.9
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FIGURE 5 The vacuum-ultraviolet optical spectra of PHFBD [C(CF1)=C(CF;)},, pressed pellet using
synchrotron radiation. (a) near-normal reflection spectrum at an incidence angle of 8.75 degrees, (b)
real (¢)) and imaginary (¢;) parts of the dielectric constant, and (¢) absorption coefficient. The results
of (b) and ﬁ(lc) are derived from (a) by the Kramers-Kronig transformation following the method by
Ahrenkiel.”
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FIGURE 6 The vacuum-ultraviolet absorption spectra of C-F systems. (a) [C(CF3)=C(CF3)],, pressed
pellet, (b) n-Co4Fs5, evaporated film, 14 (¢) rubbed PTFE (CFy), sheet,'* and (d) CgoF42 solution in
perfluoromethylcyclohexane. 18 In (b). the molecular chains are vertical 10 the substrate, and the bro-
ken and real lines correspond to the electric vector of the light E vertical and inclined to the chain
direction. In (c), the molecular axes are mostly aligned parallel to the substrate surface and the rub-
bing direction, and the spectra with E parallel (drawn-out line) and vertical (broken line) at normal
incidence are shown
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eV,33 which gives the value in the fully conjugated system. In between, we see
that E, = 5.93 eV for butadiene C4Hg. 24 To be compared with this, E, of per-
fluorinated compound is lowered by 2.6 eV from tetrafluoroethylene C,F, (8.88
eV)?* to cis-perfluorobutadiene C4Fg (6.29 eV).2* Thus the conjugation of two

double bonds leads to a lowering of excitation energy by at least 1.7 eV.

TABLE IT Energies of the Lowest Energy Absorption Peaks

Compound PHFBD* n-CoyFsy PTFE?  CgoFyn CeoFis  Cop PA
Figure 6(a) 6(b) 6(c) 6(d) - - -
Structure [C(CF3)=C(CF5)], (CK), (CH=CH),,
hvieV 6.7 8.05 7.68 6.7 6.5 2.0 1.9
Character T n* c3c*¥ oot goTF gt mont wmoa*
Reference This work 14 14 16 16 33 35

a. poly(hexafluoro- 1,3-butadiene). Actually this polymer has a structure corresponding to
poly(hexafluoro-2-butyne) [C(CF3)=C(CF3)l,,.
b. poly(tetrafluoroethylene).

Evs. Eyae/ eV
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FIGURE 7 The gas-phase ionization threshold energies and electronic excitation energies of com-
pounds related to this work. (a) n-conjugaied systems and their F- and CFs-substituted compounds
(perfluoro-1,3-butadinene, tetrafluoroethylene, ethylene, trans-1,3-butadiene, polyacetylene, and
PHFBD|C(CF3)=C(CF3)],1. (b) Cgg and CggFag, and (¢) perfluoroalkanes n-Cs,Fsg and PTFE. The
values for the solid state are shown in brackets, and the splitting by - and o-conjugation are shown
by gray boxes. The ionization energies were taken from the same sources as in Fig. 3 except for buta-
diene, ** polyacetylene45 (a polarization energy of 1.7 eV 28\vas assumed), and hexafluoroethane. 46
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The value of E,, = 6.7 eV for PHFBD is much larger than those for other sub-
stituted polyacetylenes in the range of 2.3 ~ 5.3 V.23 This indicates an effective
break of the conjugation, in consistency with the discussion of the UPS results.
The value of E,, is still slightly smaller than the corresponding values in ethyl-
ene and F- or CF5-substituted ethylenes (ca. 7.6 eV). 24 However, the lowering of
E., by 0.9 eV is smaller than the above-mentioned value of 1.7 eV, suggesting
that the degree of conjugation is smaller than 2.

In another extensively m-conjugated system of Cg, we have the gas phase ion-
ization threshold energy of 7.6 eV>* and the lowest energy electronic excitation
energy of 2.0 eV (in solution), » although the latter is forbidden by molecular
symmetry. These are shown in Fig. 7(b). In the absorption spectrum of CggFy,
shown in Fig. 6(d), where the conjugation is mostly lost, we see a peak at around
6.7 eV, 16 with a long tail at lower energy side. If we take the peak as the
HOMO-LUMO gap, the similarity of the transition energies with that of PHFBD
(6.7 V) suggests that the degree of conjugation among the double bonds is also
similar. The consideration about the excitonic effect discussed below, however,
suggests that the HOMO-LUMO gap may actually correspond to the low-energy
tail in the absorption spectrum. In this case, the conjugation is slightly larger than
that in PHFBD. Such similar or larger degree of conjugation is consistent with
the conclusion in the discussion of the UPS results.

On the other hand, PTFE and n-C,4F5, have no n levels, and the peaks in their
spectra are ascribed to the 6-G~ transitions. As expected, their values of E,are
higher than the n-n" transitions in PHFBD and fluorinated fullerenes, as shown
in Fig. 7(c). The value of E,, for PTFE (7.6 eV) !4 is slightly lower than that
of n-Cy4F54 (8.05 eV), 14 indicating that the effect of conjugation is not yet satu-
rated at the carbon number of 24. Since the values of the ionization energies are
similar, as mentioned above, we can expect that the n-dependence mostly comes
from the variation of the LUMO. Actually the MO and band calculations indicate
that the LUMO is delocalized along the chain, 23 14 and electron transmission
spectra of short perfluoroalkanes show a rapid lowering of the LUMO energy
with carbon-number. 36 The lowest energy excitation was found to be polarized
to the chain axis, as shown in Figs. 6(b) and (c), and this is consistent with the
expectation from ab-inito energy-band calculations. 14

From simple assumption that the value of E. corresponds to the
HOMO-LUMO gap, we can estimate the energy of the LUMO in the gas phase
from the values of I, and E, to be —5.0, =3.1, and —4.1 eV for PHFBD, CgyF g
(the absorption data of CgyFy4, in Fig. 6(d) is used), and PTFE, respectively. The
LUMO of PHFBD is the lowest, presumably due to the large electron-withdraw-
ing ability of CF53 group. In PTFE, the o conjugation significantly lowers the
LUMO, making it even lower than that of CgoFyg.
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Finally, we will also briefly discuss the excitonic effect in these systems, which
corresponds to the binding energy between the excited electron in the LUMO
and the hole in the HOMO in the same molecule. Its magnitude can be estimated
from the data in systems where the absolute energy of the LUMO can be inde-
pendently estimated from other experiments. In fluorinated fullerenes, the
LUMO energy in the gas phase was estimated to be 4.06 eV from the Fourier
transform ion cyclotron resonance mass spectrometry. 37 With the estimated
gas-phase ionization threshold energy, the HOMO-LUMO gap can be deduced to
be 5.7 eV, which is similar to the energy at the low-energy tail in the absorption
spectrum. Thus the electron-hole binding energy may be small, but it is difficult
to deduce the exciton binding energy further, since we cannot see a clear feature
in this part of the spectrum,

On the other hand, the results for PTFE and perfluoroalkane give large exciton
binding energy. The examination of the carbon number dependence of the ioniza-
tion threshold energy and electron affinity of perfluoroalkane oligomers'! gave
values of 11.7 eV and —0.2 eV, respectively, leading to a HOMO-LUMO gap of
11.9 eV. This value and the peak energy of absorption at 7.7 eV gives a binding
energy of 4.2 eV. 23 Although similar data are not available for PHFBD, the sim-
ilarity with perfluoroalkanes in the 1-dimensional nature suggests a significantly
large value also for this polymer.

3.3 NEXAFS Spectra

3.3.1 Carbon K-edge NEXAFS

In Figs. 8(a) — (d), the carbon K edge NEXAFS spectra of PHFBD, C4F. CF, and
C,F are shown. The polarization dependence is also shown, with the grazing
incidence (GI) and normal incidence (NI) of light shown by the drawn-out and
broken lines, respectively. We can see many fine structures with significant
polarization dependence. For PHFBD, we cannot tell the details of the preferred
orientation due to the expected nonplanar twisted structure. Still the large polari-
zation dependence clearly demonstrates that the “rubbing+evaporation” tech-
nique gave rather well oriented sample.

For the help of assignments, these spectra can be compared with the reported
spectra of n-CyyFsq, 12, CeoFa0r 16 graphite, *8and diamond, *® as shown in
Fig. 9, with insets showing the type(s) of carbon atoms in these compounds. The
energies and deduced characters of the spectral features for the C-F systems are
listed in Table III(a). Since the spectra of PTFE!? and CooF 11 16 are similar to
those of n-Cy,F5 and CgyF g, respectively, they are not shown.
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FIGURE 8 Detailed carbon K-edge NEXAFS spectra of newly measured compounds. (a) poly(hex-
afluoro-1.3-butadiene) (PHFBD) {C(CF3)=C(CF3)],oriented evaporated film, (b) fluorinated graph-
ite C4F, (c) fluorinated graphite CF, and (d) fluorinated graphite C,F. The oriented PHFBD sample
was prepared by vacuum evaporation onto pre-evaporated PHFBD film which was rubbed away by a
cloth. The spectra with normal incidence (NI; 8 =90°) and grazing incidence (GI; 8 = 15° for fluori-
nated graphites and 30° for PHFBD) are shown by drawn-out and broken lines, respectively

In the spectra of PHFBD, CggF4q, CgF, and graphite, we see a sharp peak A at
low energy of ca. 285 eV, which can be ascribed to the Cls to * LUMO excita-
tions. The appearance of this peak for C¢yF4q (and also for CgF, ) clearly dem-
onstrates that there are still double bonds in these fluorinated fullerenes. We also
see a similar low-energy feature even in the spectra of CF and C,F (denoted by
X), although we do not expect n* orbitals for the ideal structure shown in Figs.
1(d) and (f). Probably the actual specimens contain some double bonds due to
the incomplete fluorination.

At higher energy regions of the spectra we expect various " excitations. For
assigning the spectra of newly measured PHFBD, C¢F. CF, and C,F, previous
studies of other compounds shown in Fig. 9 are helpful. From the polarized spec-
tra of evaporated n-C,4F5, in which the molecules are vertically standing on the
surface, we see that the peaks A and C are polarized vertical to the molecular
axis, while the peak B is polarized parallel to the axis, leading to the assignments
of A and C to Is -> o*(CF) excitations and peak B to a o*(CC) excitation. 12 The
orbital character of the LUMO obtained by ab-initio calculation is consistent
with the vertical polarization to the chain. 2>
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FIGURE 9 Comparison of the carbon K-edge NEXAFS spectra of various C-F systems and related
Lompounds (a) poly(hexaﬂuoro 1.3-butadiene) (PHFBD) [C(CF3)=C(CFy)],, (b) n-Cy4Fsq, 2((:)
diamond, *® (d) Cb()Fm, (e) CF, (f) C5F, (f) C¢F, and (g) graphite. 3 The spectra at normal inci-
dence (NI; 6 =90°) and grazing incidence (GI; 6 = 15° except for PHFBD, where 8= 30°) are indi-
cated by drawn-out and broken lines, respectively. The insets show the type(s) of coordination around
the excited carbon atom, with the small and large circles denote the carbon and fluorine atoms,
respectively. The spectral features X and Y for C¢4F are not intrinsic features of these systems
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TABLE III Excitation Energies and the Assignments of the NEXAFS Spectral Features of C-F
Systems

(a) Carbon K-Edge

@
Sere [C(CFY=C(CF), wCoifo CooFa
Feature hv/eV Character hv/eV Character hv/eV Character

A 284.8 ' (C=C) 291.9 6" (C-F) 284.1 ' (C=C)
B 287.0 ? 295.3 a"(C-C) 288.7 o™ (C-F)?
C 288.3 o*(C-C)? 298.4 o*(C-F) 291.7 C skeleton?
D 290.3 o*(C-F)? 307.0 EXAFS? 297.2 C skeleton?
E 292.5 ?
F 2934 ?
G 295.5 a’(C-0)
H 296.6 6" (C-F)
I 300 ?
J 307 EXAFS?

Reference This work 12 : 16

Compound CF CoF CeF

Feature hv/eV Character hv/eV Character hv/eV Character

X 285.1 extrinsic 285.3 extrinsic 283.8 extrinsic
A 288.6 C skeleton? 287.5 C skeleton? 285.0 n*(C=C)
Y 286.4 extrinsic
B 289.6 o*(C-F) 296.3 o*(C-F) 286.6 n¥(C=C)?
C 2931.1 C skeleton? 291.5 C skeleton? 291.2 C skeleton
D 293.4 6" (C-C) 293.4 6" (C-C) 296.2 C skeleton
E 295.6 C skeleton? 295.8 C skeleton? 302.2 C skeleton
F 297.4 C skeleton? 297.7 C skeleton? 306,0 C skeleton
G 299.3 o' (C-F) 299.0 o"(C-F)
H 304.1 EXAFS? 304.9 EXAFS?
I 305.1 EXAFS? 305.8 EXAFS?

Reference This work This work This work

a. poly(hexafluoro-1,3-butadiene). Actually this polymer has a structure corresponding to
poly(hexafluoro-2-butyne) [C(CF3)=C(CF,)],,.
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(b) Fluorine K-Edge

; a
Snrare /C(cﬁzig?ca ) n-Cailso cF
Feature hv/eV Character hv/eV Character hv/eV Character

A 692.8 o' (C-F) 687.3 o (C-F) 684.7 6 (C-F)
B 721.1 690.4 o™ (C-F) 689.1 o (C-F)?
c 691.3 c’(C-C)?  690.6  C skeleton?
D 698.6 694.3 C skeleton?
E 702.5 696.5
F 716.5 EXAFS? 700.3
G 720.5 EXAFS? 702.9
H 742 EXAFS? 711.8 EXAFS?
| 743 EXAFS? 722.9 EXAFS?
J 743

Reference This work 12,39 16

Compound CF CeoF 10 CeF

Feature hv/eV Character hv/eV Character hv/eV Character

A 685.8 6" (C-F) 691.4 & (C-F)? 694.3 2
B 689.7 o' (C-F) 708.0 707
C 693.5 C skeleton? 730 EXAFS? 723
D 698.1 G (C-F)
E 700.2 C skeleton?
F 726.3 EXAFS?

Reference This work This work This work

In CF, the carbon skeleton and the CF bonds are parallel and vertical to the
sample surface, respectively. Thus the peak B, which strongly appears at graz-
ing-incidence, can be ascribed to the c*(CF) excitation. This peak should corre-
spond to the peak A in the spectrum of n-Co4Fs( in view of the expected smaller
Cls ionization energy in CF (C with one F atom) than that of n-C,4F5q (C with
two F atoms) (see insets in Fig. 9). In the spectrum of C,F, we can see a similar
feature B, which is also intense at grazing incidence. The shoulder B in the spec-
trum of CgyFy, may also correspond to a o"(CF) excitation, although polariza-
tion dependence is not available for this compound.

On the other hand, the peak D in the spectrum of CF and C,F are at similar
energy and strong at normal incidence, indicating that this is a 6" (CC) excitation.
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Again this should correspond to the peak B in n-C54F5 with slightly larger exci-
tation energy.

As for the other features A, C, and E-I in CF and C,F, we tentatively ascribe
them to the excitations in the carbon networks, since the spectrum of diamond
shows excitations in the same energy region. The feature G is strong at grazing
incidence, suggesting the possibility that it corresponds to another o"(CF) excita-
tion C in the spectrum of n-C,4F5. We note that the lowest energy peak A in CoF
is polarized vertical to the CF bond and parallel to the carbon layers. This polari-
zation is different from those of n-C,4F5; and CF, which are polarized along the
CF bonds. Unlike the 1- and 2-dimensional carbon frameworks of n-C,4F5, and
CF, the carbon skeleton has some 3 dimensional character, and this might lead to
larger delocalization of the bonds leading to a LUMO of o (CC) character.

In the spectra of PHFBD, we see two strong features G and H with opposite
polarization dependence to each other. Also the feature G shows opposite polari-
zation dependence to that of the peak A, which corresponds to the n" excitation.
The 7 excitation is strong for E vertical to the plane of the double bond, while
all the C-C bonds around this group are in this plane. Thus we can expect that the
6" (CC) excitation shows opposite polarization dependence, suggesting that the
peak G corresponds to this, with a similar excitation energy with the correspond-
ing peak A for n-C,4Fs;. The peak H may corresponds to a 6" (CF) excitation C
of n-Cy4Fs. Since the molecular structure and the orientation are not yet well
elucidated, detailed assignments of other features are not feasible at present.

The spectrum of C¢F largely preserve the characteristics of the spectrum of
graphite, indicating that the carbon network of graphite is not much affected by
the reaction with this small amount of fluorine.

3.3.2. Fluorine K-edge NEXAFS

In Figs. 10(a)-(g), we show the F K-edge NEXAFS spectra of PHFBD,
n-Cy4Fs,. ¥ CF, C,F, CgoFa, t6 F,, 40 and CgF. The energies of the spectral fea-
tures for the C-F systems are listed in Table III(b). The spectrum of CoF ;' is
similar to that of CgyF,g, and not shown here. The spectra of n-Cy4Fs,
(Fig. 10(b)) agree well with those reported by Ziegler and collaborators*! for
drawn PTFE. We see that the lowest energy part (features A and B) is strong at
normal incidence, corresponding to o (CF) excitations. This is consistent to the
conclusion from C K-edge spectra that the LUMO is of o"(CF) character, as also
pointed out by Ishii ef al. from the data of short perfluoro-n-alkanes in the gas
phase. 36

In the spectra of CF and C,F (Figs. 10(c) and (d)), we now see that the intensi-
ties for the lowest-energy features A and B are larger for grazing incidence, again
corresponding to the o (CF) excitations. In the higher energy region, there are
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FIGURE 10 Fluorine K-edge NEXAFS spectra of various C-F systems and a related compound. (a)
poly(hexafluom 1.3-butadiene) (PHFBD) [C(CF;)=C(CF5)],, (b) n- C24F50, (¢) CF, (d) C5F, ()
C(,OF4(), , (f) Fa, and (g) C¢F. The spectra at normal incidence (NI; 8 = 90°) and grazing incidence
(GI; 8 = 15° except for PHFBD, where 0 = 30°) are indicated by drawn-out and broken lines, respec-
tively
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many fine structures with significant polarization dependence. It is evident that
they cannot be readily interpreted in the simple picture of localized 6" excitation
in a CF bond. Although there have been trials of interpreting these features based
on molecular orbital calculations>® or band calculations, 41 more detailed inter-
pretation based on explicit calculations of G excitations taking account of the
core hole effect!*? will be necessary for a reliable analysis. Since many of these
final states are above the vacuum level, scattering theory rather than molecu-
lar-orbital type calculation may be required. 17

The spectra of PHFBD (Fig. 10(a)) and fluorinated fullerenes (Fig. 10 (e))
show little polarization dependence. This is reasonable in view of the complex
structure of the specimen and the lack of uniaxial orientation of CF bonds in the
CF5 group. For both cases, the spectrum is characterized by a single peak, but the
peak width is larger for CgFyq than for PHFBD. In PHFBD, the F atom is con-
nected to the 1-dimensional polyacetylene chain through a C atom, while it is
directly connected to the 2-dimensionally connected carbon network in fluori-
nated fullerenes. Thus the final states accessible for the core electron in the Fls
orbital will be more delocalized and wide in energy in the fluorinated fullerenes
than in PHFBD. Actually the peak width for the fluorinated fullerene is similar to
the average of the polarized spectra of CF and C,F, where the F atom is also con-
nected to a 2-dimensionally extended carbon network. The width for n-C,4F5,
(Fig. 10(b)) is between those for PHFBD and fluorinated fullerenes. This is rea-
sonable since F atom is directly connected to a 1-dimensionally extended carbon
main chain.

Finally, we will discuss the spectra of C¢F (Fig. 10(g)). The significant differ-
ence from the spectrum of F, in Fig. 10(f) immediately excludes the molecular
form of F, for the F atoms in C¢F. Also the spectra show little polarization
dependence. If the F atoms in CgF are covalently bonded to the C atoms, the
spectrum should show significant polarization dependence as seen in CF and
C,F. The absence of polarization dependence strongly suggests that the F atoms
are in the atomic state, either in the neutral form or as an ion. This is consistent
with the picture that F atoms are in an ionic or semi-ionic state in C¢F. ©

CONCLUDING REMARKS

In this paper, we have reported on the new experimental results about two classes
of C+F systems, i.e. PHFBD and fluorinated graphites, using high-energy spec-
troscopies, i.e. UPS, vacuum-UV optical spectroscopy, and NEXAFS spectros-
copy. The results are compared and discussed together with the results for other
C+F systems: perfluoroalkanes and fluorinated fullerenes. The electronic struc-
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tures of these systems could be understood in a rather unified way in terms of (1)
the degree of n- and o-conjugation, (2) inductive effect of F and CF5 substitu-
ents, and (3) the conformational change due to the steric hindrance in the mole-
cule.

As for the newly studied systems, PHFBD is characterized by the largest ioni-
zation energy known to date for an organic solid with double bonds. The origin
of this large value was ascribed to the small conjugation due to steric hindrance
and the large inductive effect of the CF3 group. Also its electronic excitation
energy is large, reflecting the localized nature of the double bonds. Although
extensive studies of fluorinated graphites were not performed, the NEXAFS
studies for CF and C,F showed rich structures with significant polarization
dependence. The observed spectra could be reasonably well interpreted with the
spectra of n-Co4F5, and related systems. The NEXAFS of the C¢4F showed that
the F atoms in C¢F are neither in the F, form nor covalently bonded to the carbon
atoms.

These results, together with the already reported results for perfluoroalkanes
and fluorinated fullerenes, reveal how much variety of electronic structure can be
realized by structures formed by using carbon and fluorine. In view of the
increasing demand for materials of low dielectric compounds and electronic
materials with unique electronic properties for organic electronic devices, these
data will serve as a guide for designing such materials.

Finally we note that we recently succeeded in observing the intrachain
energy-band dispersion relation for n-C,4F5, by angle-resolved UPS studies of
oriented specimen. 15 The unoccupied electronic structures of this compound
was also studied using electron transmission spectroscopy, and the results will be
reported in combination with theoretical studies in near future.
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