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Abstract

Ultraviolet photoelectron spectra were measured of solid sexiphenyl with
synchrotron radiation and of gascous polyphenyls from biphenyl to sexiphenyl

with a Hel light source. The similarity of the spectrum from the solid with

the XPS spectrum of poly(p-phenylene) (PPP) shows the usefulness of sexiphenyl

as a model compound of PPP. Examination of the fine structure observed in
the low binding energy region clearly shows how the electronic structure
of the p-phenylenes evolves from that of bernzene, including the effects
of deeper levels and af the non planarity of the molecular geometry. The
experimental E = E(k) energy band dispersion relation of a PPP chain can
be deduced by giving each energy level of the oligomers an appropriate k
value. An extrapolation for the total band width and the threshold photo-
emission energy of solid PPP yields 3.95 eV and 6.6¢ eV, respectively.
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|. TIntroduction

Recently the electronic structure of poly-p-phenylene (PPP) has attracted
considerable interest owing to its high conductivity in the presence of
dopants [ 1]. Several theoretical papers have been published on the band
structure of a PPP chain [2-6]. Also several workers [6-9] reported calcu-
lations on oligomers such as biphenyl, p-terphenyl, and p-quarterphenyl,
and discussed the change in the transition from benzene to the infinite
PPP chain. Riga et al. [9] used X-ray photoelectron spectroscopy (XPS) to
study the valence band structure and the shake-up features of the core levels
for PPP and oligomers up to p-quarterphenyl. The XPS data for the valence
band were explained fairly well by the calculations of Brédas et al. [ 5]

and Boutique et al. [ 7].

However, several problems still remain. The photoemission cross sections
of C 2p derived orbitals at XPS energies are small, and the decreased sensi-
tivity has hampered a detailed study of the uppermost n-—levels of the valence
bands, which are most important in discussing the electronie conduction.
This raises questions such as (1) what is the degree of delocalization of
T-electrons [9,10], (2) how does the energy structure depend on the number
of the rings n [6,9], (3) how does the suggested deviation from a coplanar
molecular geometry affect the electronic structure {6], and even (4) can
the uppermost © levels be resolved at all in photoelectron spectra from
solid samples [61? As for (1), Crecelius et al. [10] reported angle-resolved
electron energy-loss spectra, but this technique provides information con-
cerning cxcitons (bound electron-hole pairs) and not on the delocalizability
éf valence electrons in the ground state. Since ultraviolet photoelectron
spectroscopy (UPS) is more sensitive for C 2p derived orbitals and generally
yields higher resolution than XPS, an UPS examination of the valence bands
is highly desirable [6 ]

Further, the physical characterization of PPP is difficult owing to pro—
blems characteristic for polymers, e.g. cross-linking, chain branching [11],
and incomplete knowledge of chain length or molecular geometry. Fortunately,
Ford et al. [ 6] reported that there is no substantial change in electromic struc-
ture as the chain is extended beyond p-quarterphenyl {(n=4) te an infinite chain.
This suggests that we can use an oligomer of reasonable length as a well-defined
model compound of PPP. Another advantage of oligomers compared to a polymer

in UPS experiments is that often thin and vniform films can be
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prepared as samples by vacuum evaporation or casting from solution, neither
of which is applicable to PPP. With such good samples, the absolute energy

of levels can be determined without problems of sample charging.

However, the UPS studies have so far been limited to short molecules
such as biphenyl (n=2) [12} and p-terphenyl (n=3) [I3]. These molecules
are not long enough to simulate PPP, although the analysis of their elec-
tronic structures showed how the iu-levels of the benzene rings interact to

form the orbitals of these molecules.

In this paper, we report results from an UPS study of a long model compound,
sexiphenyl (n=6), in the solid and gaseous state, as well as gas phase spectra
of shorter oligomers. We analyze our results with the aid of theoretical

band structure calculations { 5,6} and in comparison to XPS results [ 9].

We were able to tesolve the uppermost y~bands clearly, even in the spectra
from the solid films. Their fine structurc vividly shows, how 1-hands are
formed from the y-orbitals of benzene. Thus we are able to deduce an ex-
perimental energy band dispersion relation E = E(k). Furthermore, by com-
paring the gas phase and solid state results, we assess (1) the effects

of nonplanarity of the molecular geometry, and (2) the lowering of the ioni-

zation energy by molecular aggregation {polarization emergy ) [ 14].

2. Experimental details

2.1 _UPS [rom solid films of sexiphenyl

Sexiphenyl was purchased from K&K Co. Inc.. The material was purified
by vacuum sublimation. The sample was prepared as a thin film of ~ 7 nm
thickness by in situ evaporation on a Cu substrate in an ultra-high-vacuum
{UHV) preparation chamber with a base pressure of 5 x ID—IO Torr. It was
subsequently transferred to the photoelectron spectrometer under UHV. Before
evaporation the sexiphenyl was outgassed at elevated temperatures. The photo-
electron spectra were measured with a set-up described previously [15],
consisting of a | m Seya-Namioka monochromator and a modified V& ADES 400
angle-resolving photoelectron spectrometer. Synchrotron radiation from the
storage ring DORIS IT at DESY was used as the light source. The absolute
binding energy relative to the vacuum level was calibrated by independent
measurements with hv ~ 8 eV, using a retarding-potential-type photoelectron

spectrometer described previously [16].



2.2__UPS_from_pgaseous polphenyls

The Hel spectra were measured with a model "0078" Photoelectron Spectrometer
of PES Ltd., High Wycombe, England, using a light source provided by Helectros
Developments, Beaconsfield, England. Calibration of the spectra was performed
in situ as described in ref. {40]. The spectral resolution was set at 18 meV

2
for the Ar P3/2 peak.

To monitor the possible occurence of impurities, the spectra were re-
corded at slowly increasing temperatures until no further change was observed.
Biphenyl was sufficiently volatile at room temperature, so that no heating
of the ionization chamber was required. Optimum temperatures for the higher
homologs were as follows: p-terphenyl 20°C, p-guarterphenyl 195°C, p-quinque-
phenyl 250°C, p-sexiphenyl 294°C.

3. Results and Discussion

In Figure [{a) a wide scan UPS spectrum of solid sexiphenyl for a photon
energy hv = 33 eV is shown. The corresponding gas phase Hel spectrum of
sexiphenyl is shown in Fig. 2(a}, together with spectra of shorter mole-
cules (b)-(f)., The two spectra are quite similar, although there are some
differences which will be discussed later. We will first discuss the overall
structure of the valence band in the spectrum from the solid film which

covers the whole valence band.

The spectrum in Fig. 1(a) was measured with a setting of a = 70° and
® = 0°, where @ is the angle of incidence of the photons and O is the emissiocn
angle of electrons, both measured from the normal to the surface. The elec-
tric vector of the polarized synchrotron radiation was in the plane of in-

cidence.

Previous spectra of oriented crystalline samples of another long-chain
molecyle compound, n—CHJ(CH2)3ACH3, shiowed a drastic dependence on v, u,
and ©, both in peak pasitions and peak intensities [ 17,18], from which we
have determined the intramolecular energy band dispersion [18]). In the pre-
sent case, however, the spectra did not show any significant dependence
on these parameters except that the bands A-F became weaker for large values
of A. This insensitivity may be dve to the random orientation of molecules

or microcrystallites in the specimen. As a result, we can regard the spectrum

as reflecting the density of the valence states (DOVS}.
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For comparison, Fig. | also depicts (b) the previously reported XPS spec~

trum of PPP by Riga et al. (9], (c¢) the DOVS for planar PPP and p-quarter-
phenyl calculated with the CNDO/S3 method and broadened with a half width

§ = C.7 eV to simulate the solid UPS spectrum [6], (d) the DOVS for a slightly
twisted PPP calculated with the valence-eflective-Hamiltonian (VEH) method,
also broadened with 6 = 0.7 eV [S], and (e} the DOVS for planar p-quarter~
phenyl calculated with an ab-inito caleulation, broadened with §d = 1.5 eV

17]. Since the original binding energy scale of the XP5 spectrum is relative
to the Fermi level, the spectrum is shifted toc align peaks D and F'. This
corresponds to a work function of 4.5 eV The DOVS in (d) corrsponds to

the choice of two phenyl groups per unit cell where adjacent phenyl rings

are rotated by a twist angle of 4 = 22.7°. This is the molecular conformatrion
suggested by the crystal structure of p-quarterphenyl in the low-temperature
phase [19]. It is further 1.3 times contracted in energy scale and corrected
for the photoionization cross section at the Al-K  XPS energy [s]. The DOVS

in (d) is also 1.34 times contracted and corrected for the photoionization
cross section [6]. For all calculations {c) - (e), the energy scale is shifted

to align the peak D in (a) with the corresponding peak in the DOVS.

Two comments are usceful in discussing Fig. 1. First, there is a difference
due to the state of aggregation, between the observed solid state photoelec-
tron spectra (a and b) and theoretical ralculations on an isolated chain
{c to e). However, it is known that the photoelectron spectrum of a molecular
solid agrees with that of a molecule when allowance is made for a shift
in the energy scale [14,20,21]. Hence we can directly compare the observed
spectra with calculated DOVS by adjusting the energy scales. Second, both
CNDO/$3 [6]) and VER [5] methods indicate that the DOVS does not change
drastically in the possible range of twist angles 0° < ¢ < 23° in the solid
polyphenylenes. Thus we can neglect the effect of molecular geometry in
the discussion of the gross features of the valence bands (for details of

the +—dependence see below)

The overall agreement of the peak energies in the UPS and XPS specrtra
Figs. 1(a) and 1{b) is fairly good. This agreement verifies the theoretical
prediction that scxiphenyl is a goed model compound for PFP, which is illustra-
ted by the small change in the DOVS between n = 4 and « in Fig. 1(c)
[16]. The binding energies of thc peaks in both spectra are listed in Table I,
together with the assignment of the XPS peaks by Brédas et al. [5]. For
the symmetry assigoment the long axis and short axis have been chosen to
be z and y respectively. The corresponding values for the gas phase spectrum

(Fig. 2(a)) are also listed.



We also note differences between Figs. 1(a) and I{b): (i} the relative
peak intensities are very much different, and (ii) more fine structure is
observed in the low binding energy region of the UV-spectrum compared to
the X-ray spectrum. The variation in the relative intensities is due to
the larger photoionization cross section for the C 2p derived orbitals com-
pared to that of € 2s derived orhitals at low excitation energies (UPS})
[5,9]. The states at low binding energies derived from ¢ 2p orbitals are
drastically enhanced in intensity in UPS as compared to XPS, while the highest
binding energy peak &' in XPS, which corresponds to the bonding C 2s levels
[5,7], could not be observed in UPS even at photon energies higher than
33 eV. A similar disappearance of the C 2s bonding peak in UPS was alse
observed in polyethylene and its model compounds [ 17]. The examination of
the intensity variation suggests that maxima N, K, and J have more C 2p
character than the maxima 0, L, and I, respectively. Riga et al. [9] also
noted the increasing 2p character of peak K with increasing chain length
of oligomers. The present results are consitent with the assignment by Bre-

das et al. [5], except that the assignment of M is not clear.

Having discussed the gross features of the valence band, we will now
examine the lower binding energy tegion inm more detail. Theoretical calcu-
lations L5-7,9] assign this tregion to two pairs of M-bands. In Figure 3
solid and gas phase spectra of sexiphenyl are shown in this region. The
gas phase spectrum is shifted by 1.0 eV towards lower binding energies in
order to achieve alignment of peak D. This shift corresponds to the polari-

zation encrgy | 15], which will be discussed later,

We can assign the features in the spectra displayed in Fig. 2 by using
the "composite molecule” model, which has already been applied successfully
to biphenyl [ 12] and p-terphenryl (13). In this simple model, we treat a
polyphenyl molecule as consisting of n interacting benzene subunits with
the uppermost levels derived from the degenerate 1elg"-orbitals of benzene.
That is, we neglect the effect of other (lower) orbitals for the moment,
because the elg orbitals are fairly well separated from the others in enmergy.
Assuming the carbon atoms of the polyphenyls to lie in the y,z plane, with

z being the long axis of the molecules, then one of the Je, orbitals (!az

lg
in the reduced peint group sz) has a node and thus zero electron density

at the point of substitution. Consequently it remains unaffected in polypheny-
lenes, forming non-bonding states. The other T-orbital of benzene (2bl

in sz symmetry) brings about large inter-phenyl-moiety overlap leading
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to a large splitting {6,12,13,22]. When we take account of the nearest-neigh-
bour interaction only, the resultant energies of n interacting orbitals
are given, in analogy to the well known [23] closed formula for linear

polyenes, as
m
Em = o + 2Bcos (E:])’ m=1, 2, ..., n (1)

where o is the enmergy of an unperturbed e]g state, and 8 is the interaction
between neighbouring orbitals. When the linear chain is extended to infinite
chain length, we get a pair of non-bonding bands with energy « and a pair

of bands with an energy dispersion | 24]
E{k) = o + 2Bcos (ak/2), (0 < k<n/a)d, (2)

where a is the distance between the centers of the neighbouring rings and
k is the wave vector. The resultant T-energy level scheme is shown in Fig.
4. For later discussion, we note that the orbital energies of a pair of

symmetrically split levels of an oligomer are obtained from Eq (2) by putting

2mn
€= T o) (3)
where m runs from ] to the maximum integer not exceeding n/2. Using this
relation, we can locate the energy levels of an oligomer in the E = E(k)

dispersion of the polymer.

Comparison of Fig. 3 with Fig. 4 yields a straightforward assignment
of the gas phase UPS spectrum of sexiphenyl. Inspection of figure 4 shows
that rthe non-bonding orbitals form a large central peak in the DOVS. Peak
D corresponds to these orbitals. Peaks 4, B, C, E, F, and G correspond to
the split orbitals. Similar assignments on biphenyl and p-terphenyl have
already been reported [12,13). Further, the complete set of pcak enecrgies
in the spectra of the free {gas phase) molecules from benzene to sexiphenyl
(in Fig. 2) is summarized in Fig. 5. There is an excellent agreement with
the data shown in Fig. 3, which clearly demonstrates the essential correctness
of this model. The shift of the deeper-lying 0 levels with n can also be
seen. We mention in passing that a similar pair of experimental and theoreti-
cal diagrams, showing the evolution of energy bands, has also been reported

for the C 2s orbitals of normal alkanes [25].
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In figure 6(a) we show a comparison of the simple model with the observed
energy levels of oligomers in the gas and solid phases. k-values for the
experimental results are given by Eq. (3). The theoretical curves were drawn
using Eq. (2) with parameters @ = 9.1 eV and B = 1.0 eV (solid) or 0.8 eV
(gas). The smooth curves given by the observed energy levels verfify the
basic idea of the simple model. However, the quantitative agreement is not
so good. In particular, only one level can be seen in the high-binding-energy
branch of the solid spectrum, and the splitting is larger in the solid state

than in the gas phase.

For discussing these points, we must take into account (1) the possible
nonplanarity in the molecular geometry, and (2) the effects of deeper-lying
orbitals. The phenyl groups of p-phenylene oligomers in the gas phase are

considerably twisted (¢ = 42° or 45° for biphenyl [27]) around the molecular

axis, owing to the repulsion between the ortho hydrogen atoms. In the crystalline

state at room temperature, the molecule becomes approximately planar as

a result of an averaging effect of large-amplitude twisting thermal oscillations
in a double-minima potential [26-29]. At low temperature (~ 110K), this
oscillation is frozen through a phase transition within one of these minima,

and adjacent phenyl rings are twisted by ¢ = [6 - 25° for p-terphenyl £30,31]
and 17.1 - 22.7° for p—quarterphenyl [[9]. Hence we can expect that a sexi-
phenyl molecule is also nearly planar in the crystalline state at room tempe-
rature, while it is substantially twisted in the gas phase. This kind of
twisting decreases the conjugation and splitting among n-orbitals of phenyl

moieties.

The effects of nonpolarity and of deeper-lying orbitals on the uppermost
valence levels can be examined by MO calculations including all valence
electrons for various geometries. Unfortunately, such calculations

are not available for long oligomers.

Nevertheless, we can discuss these effects by using the band calculations
of an infinite polymer chain for various values of ¢. Such an analysis also
sheds light on the correlation of the electronic structure of the polymer
with that of oligomers. In figures 6{b) and 6(c) the E = E(k)} dispersion
relations of PPP are shown as calculated by CNDO/S3 (¢ = 0° and 23°) [6]
and VEH (§ = 0°, 22.7°, and 42°) [5], respectively. The unit cell contains
two phenyl groups. Different from Fig. 1{d), the energy scale of the VEH
calculation is mot contracted. The numbering of the bands is the same as
in ref. [5). The bands 13 - 13" and 14 - 14" correspond to the n-states

discussed in the simple model.

For locating the observed energy levels of oligomers in these E = E(k)
diagrams, we assume that we can still use Eq. (3). This method was alsc
used for deducing the E = E{k) relation of the 7T=band of polyacetylene from
the calculated orbital energies of polyene oligomers [32]. The validity
of this method is illustrated by plotting the calculated CNDO/S3 energy
levels of biphenyl {4 = 0° and 23°) [6] in Fig. 6(b). The agreement including

the $ dependence is excellent.

In Fig. 6{c), the experimentally observed emergy levels including the
c—-levels are plotted with appropriate emergy shifts for the best fit for
the gas phase and solid state, respectively. We can regard this plot as
the experimentally observed E = E(k) dispersion relation. Orecan see from
Fig. 6(c) that the trend of this relation is well reproduced even with the
data of sexiphenyl only. Since the qualitative trend of both the CNDO/S3
and the VEH band calculation is similar, we will first analyze the experimental
results using the VEH calculation, which gives a slightly better gquantitative

agreement. We will compare other calculations later.

The data of solid sexiphenyl are well described by the E = E(k) curve
for $ = 0° in Fig. 6(b). This is consistent with the nearly planar molecular
geometry as discussed above, although it is difficult to evaluate the precise
value of ¢ from the present data. The phserved spectral features A, B, C,
and F fit fairly well with the curve. The absence of E can be ascribed to
the overlap with the intense peak I} {of the band 14 - 14' with the band
13 + 13" at k =7 /a). Note that the FWHM of the solid spectrum is~ 0.5 eV
and that C is bavely resolved from D. Similarly, G is obscured by the overlap
with H, which also overlaps with deeper levels in band 10" and 12' to form

the tail at the low binding energy side of peak I in Fig. 1(a).

The good agreement with theory and experiment allows us to extrapolate
the experimental data of band 13' to k = 0, which corresponds to the highest
occupied state of PPP. This gives a value of 6.10 eV on the solid state binding
energy scale. The widths of the delocalized T-bands 13 and 13' can be estimated
to be 1 9 + 0.} and 2.0 + 0.3 eV, respectively. The large estimated error

in the latter value is due to the difficulty in extrapolating band 13

The width of band 13 corresponds to the lowering of the ionization energy
from benzene due to the interaction of phenyl rings. For hexacene [33] and

diphenylethane [34), the corresponding values derived from UPS are 2.81 eV



and 0.1 eV, respectively. Comparison of these values with the present value

of 1.9 eV offers quantitative confirmation for the conclusion of Riga et

al. { 9] based on XPS results that the degree of delocalization in polyphenyle-
nes is intermediate between the polyacenes and polystyrene. A more detailed

discussion of polystyrenc will be reported elsewhere | 35).

The agreement of the gas phase data with the curves in Fig. 6(c) is not
as good as that for solid sexiphenyl. This may be due to the different mole-
cular geometry assumed in the calculation versus the prevailing situation
in a gas phase experiment. Random twisting will occur at each single bond
connecting the phenyl groups in the gas phase, while a regular repeat of

a unit cell, containing two phenyl groups, was assumed in the calculation.

Nevertheless, important trends of the gas phase spectra can be explained
by the curves for ¢ ¥ 0° in Fig. 6(c). As p increases, the width of both
bands 13 and 13' decreases. This explains the observed smaller splitting
for sexiphenyl in the gas phase compared to the solid state. The larger
decrease in 13 than in 13' and the shift of the band 14 ~ I4' from the loca-
tion of I3 + 13’ at k = 7/a result in an asymmetry relative to band 14 - 14’
(pcak D). Further, the decrease of the bandwidth of band 13 removes the
overlap with band 107 and leads to a gap between these bands. It is clearly
seen in the gas phase spectrum in Fig. 2(a). As a result, peaks G and H

can be observed distinctly.

The extrapolation of the observed values of band 13" to k = O indicates
that the deviation from planarity increases the binding energy of the highest

occupied level of PPP by about 0.2 eV.

After the discussion of the intramolecular delocalization using ad-
justed enerpgy scales, we will now consider the absolute binding energies
and theitr dependence on the ring number n. The peak energies of gas phase
spectra are compiled in Fig. 5. It is interesting to note that the energy
of the central peak due to bands 14 + 14' 1s constant from benzene to sexi-
phenyl within 0.2 eV, as predicted by the simple theory, the extended Hiickel-
(9], CNDO/S3- (6], and VEH~ {5) calculations. Since the energy of this peak
is insensitive to twisting (sec Figs 6(b) and 6(c}), we can safely say
that the binding emergy of this peak does not depend on the ring number

or on the molecular geometry.

_lz-..
In Table 2 the binding energies of thresholds and peaks of solid benzene
(36 | p-terphenyl [13], and p-sexiphenyl are compared with the corresponding
data for the gas phase. The gas to solid shifts of the adiabatic jonization
energles P+ and those of the peak energies R*
are also listed. We note that the energy of the main peak for the solid

phase is again fairly constant.

As mentioned above, the lowering of the ionization energy in going from
the gaseous to the solid state is mainly caused by the electronic polarization
of surrounding molecules to screen the photoicnized molecule in the solid.
We discussed previously that P+ rather than R’ should be used as the experi-
mental value for the polarization energy of a molecule in the solid [ 14] .

In going from benzene to p-sexiphenyl the value of P+ in Table 2 changes
from 2.1 to 1.3 eV, while the change of R* is much smaller. The ohserved
values of P+ for benzene and sexiphenyl deviate from the common value of
~1.7 eV [14 ] found for a wide range of aromatic hydrocarbons, but the value
of R is comparable with the value of ~ 1.1 eV for other compounds [ 14].
For sexiphenyl, the long molecular shape may be the reason for the small

P value.
+

In Table 2 are also listed estimated values for the highest occupied
state of PPP. The peak energies of the coplanar solid and the twisted free
molecule were estimated by the extrapolation shown in Fig. 6{c) as outlined
above, and those of the coplanar free molecule and the twisted solid were
deduced by assuming a contribution of 0.2 eV due to nonplanarity. The thres-

hold values were calculated using the peak-threshold differences of sexiphenyl.

The estimated solid threshold agrees fairly well with the estimate of
Shaklett et al. for PPP (5.5 eV} cited in ref. [5)}. This value is larger
than the threshold of trans—polyacetylene (5.28 ev) [37]. This difference
is consistent with the observation that trans-polyacetylene hecomes conducting
on doping with a weak acceptor such as iondine [38], while PPP needs stronger

acceptors [I 1

Finally we will examine the agreement of various theoretical methods
with the experimental results. In Table 3 are listed the uppermost n-band-
width (13 + 13') and the energy of the highest occupied stare of PPP obtained
by various methods of calculation, which give reasonable results for the
n-bands The values of the ab-initio calculation were cstimated from the

results for p-quarterphenyl by multiplying with a factor according to the
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simple model illustrated in Fig. 4. In Table 3 are also listed the experi-

mentally estimated values of PPP as discussed above.

One can see that the VEH method with the original energy scale yields
good agreement with '"observed" values for both the bandwidth and the absolute
energy of the t-band (18], although a contrzction of the emergy scale by
a factor of 1.3 and a shift are required for a good overall fit of all valence
states {see Fig. 1(d)). The CNDO/S3 method gives also a fairly good agreement
once a 0.7 eV reduction of the calculated binding energies is applied. This
shift is required for a good fit with the experimental results for benzene
[6). The ab~initio calculation produces a large 7T-bandwidth unconsistent
with experiment. Upon contracting the energy scale by a factor of 1.34 and
applying an appropriate shift a fairly good description of the shape of the
DOVS over the whole valence region is obtained (Fig. 1{(c)). The success
of these calculations, although with some modifications, is encouraging

for investigating the electromnic structures of other polymers.

4.  Concluding Rematks

In the present work UPS spectra of p-sexiphenyl and shorter cligomers
have been presented. The good overall corrspondence of the sexiphenyl spectrum
with the reported XPS spectrum of PPP verifies that sexiphenyl is a good
mode! compound for PPP. The observed fine structure caused by the levels
derived from the benzene elg
a detailed way with the aid of theoretical band calculations by the VEH-

r~orbital have been successfully analyzed in

and the CNDO/$3-method. In particular, the assignment of k-values to the
observed energy levels by applying Eq. (3) allowed us to deduce experimental
E = E(k) dispersion relations far the uppermost T-bands of a PPP chain.

The bandwidth of these bands and the ionization threshold energy for solid
PPP were estimated to be 3.9z eV and 5.6% eV, respectively. The effect of
nonplanarity in the molecular geometry on the electronic structure was eluci-

dated by comparison to theoretical calculations.

We wish to emphasize that the technique of intramolecular band mapping
described here which is based on the use of data from oligomers is almost
unique to organic polymers. The molecules in the specimen need not to be
ariented, but they should have the same number of units. Further, the inter-
unit interaction should be one-dimensional and fairly well limited between

the nearest neighbours. These conditions are often met in organic systems.

For inorganic compounds such as metals or semiconductors, it is difficult
to prepare and characterize an aggregation of clusters with the same number
of units. Furthermore, the interatomic interaction in inorganic systems

is vsually neither one-dimensional nor of short range. Consequently, for
inorganic systems, band mapping usually requires single crystals and angle

resolved photoemission [39].

Of course, angle resolved photcoemission from oriented samples can also
be applied successfully to investigate the intramolecular band dispersion
of a polymer, as we have recently shown for n-CHB(CH2]3ACH3 which is a good
model compound of polyethylene [18]. The advantage of the present technique
is that it does not require an oriented sample nor a sophisticated ARUPS
instrument, provided that there is no overlap with other bands and that
a fairly long oligomer is available. We anticipatc that these techniques
applied to other polymers, with proper cholce of the method for each com-
pound, will soon give us a detailed understanding of their intramolecular
band dispersion and how the cnergy bands evolve from those of shorter com—

pounds. Furthermore, the role of solid state polarization effects can be

quantitatively assessed.
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Table !

Experimental binding energies for sexiphenyl and PFP relative to the vacuum

level (in eV).

a)
Feature

p)

Feature Sexi- Sexi- PP Assignment
in the UPS phenyt phenyl in the XPS Solid by VEH
spectrum Solid Gas spectrum (XPS) caleulation
v (ups) _ _ (ups)
Threshold 5.90 7.2
A 6.3 7.62
5 ' ¢)
B 6.9, 8.“} G 6.5 m(2b )
[ 7 60d) 8.6
D 8 l3 9.09
E € 9.4
F' 8.1 (1a,)S)
F 8 90 9.9 ’ ' 2
c €) 0.1
H e) 10.9
I 0.3 11.7 o)
1
1 1.0 2.1 E 10.3 o+r(lb,)
K 13.0 14.0 % 13.4
D' d
L 1.4 15.4 14.7
M 16.0
N 17.6 c’
0 18.9 17.5 [
P 21.4 B' 21.9 250
A’ 25.0 257
a)

energy scalc (see text)

b)Ref. [5].

l\)l)xriginal benzene orbitals labelled in sz group symmetry .

axis and short axis are z and y respectively.

d). . . . .
Contains some contribution from E.

e)Observed only in the gas phase.

The long

Ref. |9]. A work function of 4.5 eV is assumed for the conversion of the

Table 2
Binding energies of the highest occupied orbital and the dominating main

peak in the UPS spectra of p-polyphenylenes. Pf and R+ denote the gas to

solid shifts of the threshnld- and peak-energies, respectively.

highest occupied state main_peak
Compound threshold peak P R

solid gas solid gas * * solid  gas
Benzene 7% a5 8. 9s 20 1. 817 9.25

}

o-Terprenyl 6.17) 7.8 6.6 B.06 1.7 1.4 7.85) 9.03
p-Sexiphenyl 5.9 7.2 6.35 7.62 1.3 1.3 8.13  9.09
pep ©’ (5.65) (6.75) (6.10) (7.2) (1.DU.1) -—- -
(coplanar)
opp (5.85) (5.95) (6.30) (7.4) (1.1)(1.1) — —
(twisted)

a)gef. (21] and (36].

) ges. [ 131.

c . .
)Estxmated from experimentally observed values. See text.



Table 3

Comparison of the calrulated and observed bandwidth of the uppermost T-band

and the energy of the highest occupied orbital in eV for PPP,

Method width of theT -band HOMO energy
vER® 3.9 7.45
cnpo/s3b? 3.3 8.5

ab initic®) 4.80 5.62
observedd) 3.9 7.2
a)Ref. [5].

Yes. [6].

) Ret. [71.

d)

Estimated from experimental values. See text.
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Figure Captions

Figure |

Figure 2

Figure 13

Figure 4

Figure 5

Figure 6

Photoelectron spectra of sexiphenyl and PPP compared with theore-
tical density of the valence states {(DOVS). (a) spectrum of

solid sexiphenyl takem with a photon energy of 33 eV. (b) XPS
spectrum of solid PPP by Riga et al. [9]. The energy axis is
adjusted to fit the spectrum in (a}. {c) DOVS of planar p-quarter-
phenyl {broken line) and PPP {solid line) by the CNDO/S3 method
[6]. (d} DOVS of twisted (¢ = 22.7°) PPP by the VER method [5].
The intensity is corrected for the atomic photoinization cross-—
section at the Al—Ka XPS excitation energy. The energy axis

is 1.3 times contracted and shifted in order to obtain an optimal
fit with (a). (e) DOVS of planar p-quarterphenyl by ab-initio
calculation [7 ). The intensity is corrected for the XPS cross-
section effects. The energy axis is 1.34 times contracted and

shifted in order to obtain an optimal fit with (a).

Gas phase HeI photoelectron spectra of p-sexiphenyl (a), p-quinque-
phenyl (b), p-quarterphenyl (c}, p-terphenyl (d), biphenyl {(e),

and benzene (f).

Low-binding-energy region of the photoelectron spectrum for

gas phase and solid sexiphenyl.

Evolution of the T-bands of p-phenylenes from the elg arbitals
of benzene in the simple model. ——: one of the degenerate e]g
orbitals (energy @) splits by the inter-ring interaction B.

The origin of the energy scale is set at &. ---: The other orbital
does not interact, resulting in a large density of valence states
at . At the right hand, the E = E(k) dispersion relation of

an infinite PPP chain is shown.

Energy levels of benzene and p-phenylene oligomers observed

by gas phase Hel photoelectron spectroscopy. — ' — : intemse
nanbonding n-electron peak (laz), ——: split m-electron peak
(2b,} and ---:0 level.

Experimental and theoretical E = E(k) energy band dispersion re-
lation for polyphenylenes. (a) Comparison of the experimental

data with the simple model {Eq. (2)). Parameters o = 9.1 eV



- 2] -

and § = 1.0 eV (solid) or g = 0.8 eV (gas) are used, (b) CNDO/S3
calculation for a PPP palymer (¢ = 0° and 23°) and a biphenyl
molecule (¢ = 0°, 20°, and 42°) [6]. (c) Comparison of the ex-
perimental data with the VEH calculation for a PPP chain (§ =
0°, 22.7°, and 42°) [5].
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