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ABSTRACT Poly@-phenylenevinylene) can be loosely viewed as a regular copolymer of polyacetylene and 
poly@-phenylene). Here, the electronic structures of polyacetylene, poly@-phenylene), and poly@- 
phenylenevinylene) have been studied using ultraviolet photoelectron spectroscopy and quantum chemical 
calculations baaed upon the valence effective Hamiltonian method. Excellent agreement between theory and 
experiment allows for a detailed description of the evolution of the electronic structure in this polymer series. 

Introduction 

The discovery that polyacetylene can be doped to high 
conductivity1 initiated a new research field which is still 
growing strongly. Initially, research focused on the 
metallic-like properties of these new quasi-1D metals, the 
so-called conductingpolymers. Since then, attention has 
also been drawn to the unique properties of these materials 
in the nonconducting state, that is, of the conjugated 
polymers themselves. The fabrication of light emitting 
diodes (LED's)26 and of field effect-transistorss based on 
conjugated polymers demonstrates important applications 
where these polymers are the main active components and 
are being used in the undoped (nonconducting) state. 
Additional interesting properties of conjugated polymers 
include remarkable nonlinear optical properties,718 

It is well-known that polyacetylene (PA) can be doped 
to very high electrical conductivities9J0 but that it is not 
particularly processible as a polymer material. Poly@- 
phenylene) (PPP) is a thermally stable polymer but 
exhibits a more modest maximum electrical conductivity." 
On the other hand, poly@-phenylenevinylene) (PPV), the 
unit cell of which can be loosely considered to be a mixing 
of those of trans-PA and PPP, exhibits a desirable range 
of properties, including processibility. The chemical 
structures of the three polymers are shown in Figure 1. 
Note that trans-PA is quite unique in being a so-called 
degenerate ground-state system, which means that there 
are two equivalent geometrical structures in the ground 
state with the same total energy.12 On the other hand, 
PPP and PPV are nondegenerate ground-state systems, 
where a single geometry of lowest total energy is found. 
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Figure 1. Molecular structures from top to bottom, of poly- 
acetylene (PA), poly@-phenylenevinylene) (PPV), and poly@- 
phenylene) (PPP). 

In this paper, we report the results of a detailed 
experimental study of the electronic structures of PA, PPP, 
and PPV using ultraviolet photoelectron spectroscopy 
(UPS). The evolution of the electronic structure in this 
polymer series is discussed through a comparison of the 
UPS valence electron spectra with the results of quantum 
chemical calculations based upon the valence effective 
Hamiltonian (VEH) method.13J4 The good agreement 
between experiment and theory allows for a detailed 
discussion of the electronic structure characteristics of 
the polymers. 

Experimental studies of the electronic structures of 
PA,1s17 PPP,18J9 and PPV20-22 have been reported pre- 
viously. It is not the purpoae of this paper to provide an 
overview of these works; here, our goal is to investigate 
these three polymer materials as an intimately related 
polymer series: (i) to present improved UPS spectra; (ii) 
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to analyze all the results with one common and well- 
established theoretical model; and (iii) to  discuss the 
evolution of the electronic structure within the polymer 
series. The experimental valence bands of PA15 and He 
I PPP,23 which are used here, were recently reported in 
conference proceedings. In the case of PPV, new UPS 
spectra, exhibiting higher net energy resolution than those 
published previously, are presented. 

Experimental Details 
Free-standing films of cis-PA were prepared at the University 

of Pennsylvania and at Rutgers University by the standard 
Shirakawa method.24 Free-standing films (30-50 pm thick) of 
cis-PA were shipped, under vacuum in sealed glass tubes, to the 
MAX Laboratory for Synchrotron Radiation in Lund. The 
samples were then transferred (quickly, but in air) into a Ultra 
high vacuum (UHV) spectrometer and heated to 160 "C for 30 
min in order to convert to the trans form. Measurements were 
made using photon energies between 27 and 125 eV. The effects 
of photon energy dependent photoionization cross sections have 
been reported elsewhere.I6 Here, we have included the valence 
band recorded using photon energies of 27 and 50 eV only. The 
samples were thin enough that sample charging did not occur. 

Ultrathin PPP films were deposited onto Cu substrates by 
electroreduction of 4,4'-dibromobiphenyl in the presence of a 
nickel complex catalyst.25 at CNET,Lannion, France. 

Thin films of PPV were prepared on metallized silicon 
substrates by spin-coating a solution of the tetrahydrothiophe- 
nium precursor polymer in methanol and converting to PPV by 
heating in vacuum for 10 h at 300 "C. The resulting samples 
were a few hundred Angstroms in thickness. Conditions for the 
synthesis of the precursor polymers are discussed in ref 26. The 
PPV produced by this route has been extensively used for the 
fabrication of polymer LEDs2 and shows vibronic structure in 
form of shoulders in the absorption edge, as shown for example 
in ref 27. This structure is more pronounced than that seen in 
material prepared earlier2* and is considered to indicate that 
there is better chain extension in the more recently-synthesized 
materials. However, modifications to the synthesis route can 
produce still better ordered material, with sharper vibrational 
features in the optical a b s o r p t i ~ n . ~ ~ ~ ~ ~  

The samples of PPP and PPV were shipped to Linkoping, 
sealed in proper ways. The samples were then inserted directly 
into a closed Nz atmosphere in an "introduction chamber" of a 
specially designed and built photoelectron spectrometer. The 
films were then heated to 100 "C, in a base vacuum of about 10-lo 
Torr, in order to remove hydrocarbon contamination and any 
possible remaining solvent. Because of the surface sensitivity of 
UPS, this heating step is essential in order to obtain high-quality 
spectra. The effects of such heating (cleaning) procedures can 
be observed spectroscopically. UPS of PPV and PPP was carried 
out in Link6ping, using monochromatized He I (21.2 eV) and He 
I1 (40.8 eV) photons. For the lowest binding energy C 2p derived 
bands, i.e., the n-bands, the cross section is higher for He I than 
for He 11. The higher energy He I1 light provides the possibility 
of studying more of the inner-valence energy region. 

Theoretical Calculations 

The electronic structure calculations are based on the 
valence effective Hamiltonian (VEH) pseudopotential 
method, the parameters for which are determined by fitting 
to double-It-qualityabinitio results on m o d e l m o l e ~ u l e s . ~ ~ ~ ~ ~  
The applicability of the W H  model to  the study of 
conjugated polymers is ~ e l l e s t a b l i s h e d . ~ ~ ~  For a polymer 
chain, the output of a VEH calculation is a set of energy- 
us-momentum curves, E(k), the band structure. The 
density-of-valence-states (DOVS) curves, which are used 
to facilitate the interpretation of the UPS valence electron 
spectra, are directly computed in the standard way, by 
taking the inverse of the derivative of the energy-us- 
momentum curves. In order to make a direct comparison 
between R calculated DOVS and an experimental solid- 
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Figure 2. Valence band spectra of PA, recorded wing syn- 
chrotron radiation at 27 eV, and 50-eV photon energy, and the 
corresponding VEH DOVS curves. The VEH band structure, at 
the same energy scale, is shown in the lower part of the figure. 

state UPS valence band spectrum, a standard three-step 
procedure is used. First, the DOVS the broadened by 
convolution with a Gaussian, whose full width at half- 
maximum is taken to be 0.7 eV; this is in order to simulate 
the experimental resolution as well as peak broadening 
due to solid state effects, i.e., interchain interactions and 
disorder effects. Second, a contraction along the energy 
axis is made, since the parameters used in W H  are based 
on HartreeFock calculations, which are known to exag- 
gerate the total width of the valence band. The standard 
contraction factor of U1.3 has been used in this work. 
Third, a rigid shift along the energy axis is necessary, in 
order to align the calculated DOVS with the experimental 
UPS spectra. The shift ie toward lower binding energy 
and allows one to take account of intermolecular relaxation 
effects in the solid, which are not included in the 
calculations (since these are performed on isolated chains). 
The energy shift is typically on the order of 1-2 eV?b The 
VEH model provides directly good estimate of the electron 
energy gap, E,, and first ionization potential, Ip' 

The molecular geometries, used as input to the VEH 
calculations, are obtained using Hartree-Fock semiem- 
pirical Austin Model 1 (AM1) geometry optimization.sg 
The calculations have been performed on oligomers of the 
different polymers, of which the central part is then used 
as input geometry to the W H  calculations. The A M 1  
method is known to yield reliable geometries for large 
organic molecules. In the case of PPP, however, torsion 
angles used are taken from experimental data, as diacuseed 
below. 

Results and Discussion 
The experimental UPS valence spectra, the convoluted 

DOVS derived from the VEH band structures, and the 
VEH band diagrams themselves are shown for (a) tram- 
PA in Figure 2, (b) PPV in Figure 3, and (c) PPP in Figure 
4. The energy positions of the major and even minor peak 
structures in the UPS spectra for all three polymers are 
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Figure 3. He I and He I1 valence band spectra of PPV and the 
corresponding VEH DOVS curves. The VEH band structure, at 
the same energy scale, is shown in the lower part of the figure. 
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Figure 4. Valence band spectra of PPP, recorded with He I and 
He I1 radiation, and the corresponding VEH DOVS curves. In 
the lower part of the figure is shown the VEH band structure, 
at the same energy scale. 

very well fit by the theoretical DOVS. The intensities, 
however, are in less good agreement, especially at higher 
binding energies. This is because photoionization cross- 
section effecta have not been included in the calculations; 
these cross-section effects influence the higher binding 
energy peak intensities mostly. At  typical UPS photon 
energies, the experimental photoionization cross section 
for C 2s derived orbitals, which dominate at  higher binding 
energies, is about 5-10 times lower than the cross section 
for C 2p derived orbitals,37 which dominate the spectra at 
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low binding energies. Also, the spectra are affected by 
the secondary-electron distribution, producing a high 
background at  higher binding energies. Especially in the 
He I spectra and for the spectrum of PA, taken with hv 
= 27 eV, a strong increasing background intensity, from 
about -15 eV and down in energy, can be seen. Taken 
together, these effects make it difficult to analyze the 
absolute intensities in the various UPS spectra. 

(a) Polyacetylene. trans-PA has a planar zigzag 
configuration, with alternating single and double bonds 
of 1.44 and 1.36 A.38 However, the input geometry for the 
VEH calculations has been taken from AM1 geometry 
optimizations on an oligomer of trans-PA, in order to have 
the same procedure for all three polymers studied in this 
work. The differences are small and are not found to affect 
any of the results (the AM1-optimized bond lengths are 
1.44 and 1.35 A). 

In Figure 2 are shown, from top to bottom, the 
following: (i) the experimental valence band of trans-PA 
recorded with photon energies of 27 and 50 eV; (ii) the 
DOVS convoluted from the VEH calculation; and (iii) the 
energy band diagram, from which the DOVS has been 
calculated. The energy scale is that which is determined 
experimentally, i.e., with respect to the Fermi level in the 
UPS spectra. 

The electronic structure of trans-PA can be rationalized 
in the following manner.14 In the absence of dimerization, 
Le., with equal C-4  and C = C  bond lengths, polyacetylene 
would be a ‘‘regular polyene”, and the unit cell would consist 
of a single (-CH-) group. At least within one-electron 
theory, there would exist three occupied valence bands, 
corresponding, in localized bond orbital terminology, to 
approximately a C-C a-band, a C-H a-band, and a s-band, 
the latter being derived from the remaining ps atomic 
orbital on each C atom (the z-axis being perpendicular to 
the molecular plane). Since there would be one electron 
in each pz atomic orbital on each C atom, the occupied 
?r-band would be only half-filled and the electronic 
structure of the polymer would have a metallic character. 
Because of a Peierle transition (or, equivalently in mo- 
lecular terminology, a Jahn-Teller distortion), the system 
is actually dimerized with alternating single and double 
carbon-carbon bonds. The unit cell in trans-PA contains 
two carbon atoms, corresponding to (-CH==CH-) units. 
In the unit cell with two C atoms, the width of the one- 
dimensional Brillouin zone is only half that for the case 
of the (hypothetical) regular polyene; therefore, each band 
of the regular polyene is split into two bands. In the 
dimerized unit cell, there are thus four occupied a-bands 
and one occupied ?r-band. Due to the presence of 
dimerizations, there are energy gaps at the Brillouin zone 
edge, near -8 and -15 eV in Figure 2, where each pair of 
bands from the regular polyene structure is folded back 
to form the dimerized-chain band structure. The Peierla 
gap in the s-band, which occurs at  the Brilluoin zone edge, 
corresponds to the forbidden energy gap of approximately 
1.5 eV in trans-PA. In addition, at  the points where two 
a-bands of like symmetry intend to cross, there is an 
avoided-band-crossing effect, as can be seen near -10 eV 
in Figure 2. 

Peak A in the spectra corresponds to electrons from a 
band derived almost exclusively from C 2s atomic orbitals, 
i.e., the C-C backbone. Peak B is derived from the flat 
portion of the a2-band near the zone center. Peaks C and 
D correspond to electrons from the a2- and a3-bands derived 
from combinations of C-C and C-H bands at  points in the 
Brilluoin zone where there is a high density of states, Le., 
at  the zone center near -12 eV and at  the zone edge near 
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Table I. A Coxnearison between the UPS and VEH Results 
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binding energy (f0.1 eV) 
feature He I He I1 VEH 

A -17.4 -17.6 
B -13.8, -12.4 -13.9, -12.2 
C -8.1 -8.8 -8.1 
D -1.5 to -6.0 -6.6 -7.0, -5.1 
E -4.0 -4.0 -4.0 
F -3.0 to -2.0 -2.4 -2.5 

-8 eV. The broad peak E has its origin in the strongly 
dispersed a-band, which also contributes to peak D. The 
valence band edge corresponds to the highest portion of 
the occupied a-band, at  the zone edge (at -2 eV in the 
calculated band structure of Figure 2). 

As mentioned above, the a-bands can loosely be referred 
to as C-C and C-H. In polyethylene, the upper bands are 
essentially C-H and the lower C-C. Because of the large 
dispersion in polyacetylene, however, this separation in 
energy does not occur, In polyacetylene, the upper a-level 
(constituting the ionization potential for a-electrons) is 
formed mainly from C 2py and H 1s atomic orbitals (the 
x-axis being the chain axis). This aspect is equivalent to 
what is obtained in saturated chains such as polyethylene 
and p01ysilane.l~ 
(b) Poly(pphenyleneviny1ene). Recent neutron- 

diffraction measurements on oriented PPV at room 
temperature have shown that the ring torsion angles, i.e., 
the twist of the phenyl rings out of the vinylene plane, are 
on the order of 7 f 6°.39 Such small torsion angles result 
in negligible effects on the calculated electronic band 
structure compared with that for the fully coplanar 
conformation. Therefore, PPV is taken to be planar in 
the VEH calculations used here. However, the freezing- 
out of these small ring torsions causes a red-shift in the 
band gap, which amounts to about 0.1 eV between room 
temperature and liquid-helium t e m p e r a t ~ r e . ~ ~  

The DOVS of PPV, calculated from the VEH band 
structure, is compared with the experimental He I and He 
I1 spectra in Figure 3. The corresponding band structure 
is shown in the bottom part of the figure. The energy 
scale is fixed relative to the experimental Fermi level. 

Peaks A-C originate from electrons in a-bands. Peak 
D is built up from contributions from the four highest 
a-bands, the lowest a-band, and a small portion from the 
relatively flat part of the second a-band. PeakE is derived 
from the next-highest a-band, which is extremely flat, since 
it corresponds to electronic levels fully localized on the 
bonds between ortho carbons within the phenyl rings. In 
general, a flat band results in a high-intensity peak in the 
DOVS, since there are many states per unit energy just 
at  the flat band. There also are small contributions to 
peak E from the second and fourth a-bands. Finally, peak 
F is derived from the top part of the highest a-band. The 
larger dispersion of the top a-band results in lower intensity 
in the UPS data. The resolution of the peaks and shoulders 
in the UPS spectra, particularly in the region of the 
*-bands, is considerably improved over that of earlier 
measurements. This may be due to the overall improve- 
ment of the samples, i.e., only trace amounts of oxygen, 
and in particular the improved conformational order in 
the polymer. The calculated and measured binding 
energies are in very good agreement for PPV, as illustrated 
in Table I. 

(c) Poly(ppheny1ene). A torsion angle of 22.7' 
between two successive benzene rings is used in the 
calculations, following crystallographic data on oligomers 
of PPP in the solid state.4w2 The finite torsion angle is 
the net result of the steric repulsion between the hydrogen 
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Figure 5. Upper part of the VEH band structures for PA, to the 
left, PPV, in the middle, PPP, to the right. Included are some 
of the unoccupied bands (long dashed lines), all of the occupied 
r-bands (solid line), and some of the occupied o-bands (short 
dashed lines). 

atoms in the ortho positions of neighboring phenyl rings, 
which induce a nonplanar structure, and the effects of 
conjugation and crystal packing, which favor a planar 
structure. Because of the finite torsion angle, the unit 
cell contains two benzene rings, thus increasing the number 
of occupied a-bands from 3 to 6, compared with a totally 
flat PPP, for which there would be only one ring in the 
unit cell. 

In Figure 4 are shown, from top to bottom, the 
experimental valence band of PPP for He I and He I1 and 
the DOVS convoluted from the VEH calculation. The 
band diagram, from which the DOVS is calculated, is shown 
in the bottom part of Figure 4. The energy scale is relative 
to the experimental Fermi level. 

Peaks A-C correspond to electrons originating from 
a-bands. Peak D has contributions from several bands, 
the main contributions coming from the highest a-bands 
and the three lowest lying a-bands. Peak E corresponds 
mainly to electrons in the two, extremely flat, occupied 
r-bands. However, the other two highest occupied a-bands 
provide also some contributions to peak E. Finally, peak 
F corresponds to electrons in the highest occupied a-band. 

(d) Evolution of the Electronic Structure. In Figure 
5 are shown the upper parts of the band structures for PA, 
PPV, and PPP. Included are some of the unoccupied 
bands (long dashed lines), all occupied a-bands (solid lines), 
and some of the occupied a-bands (short dashed lines). 
The energy scale in Figure 5 is relative to the theoretical 
vacuum level, and no contractions have been made. 

On the left in Figure 5, are shown the a*, 77, and the two 
highest occupied a-bands for PA. The only occupied 
a-band is very dispersed, with a bandwidth of about 6 eV. 
The calculated bandwidth of the lowest unoccupied 
*-band, r*, is about 6.7 eV. The VEH calculation yields 
a band gap of E, = 1.34 eV. Optical absorption on trans- 
PA has a maximum (first absorption peak) a t  1.8 eV.43 

To the right in Figure 5 are shown the four lowest T*, 

the six occupied a-bands, and the five highest occupied 
a-bands of PPP. As discussed above, the presence of a 
finite torsion angle between two successive benzene rings 
decreases the size of the Brillouin zone such that the 
number of bands in the system increases from 3 to 6 
occupied a-bands. Taking the glide plane symmetry along 
the chain axis into account, which causes the bands to be 
degenerate two by two at  the end of the Brillouin zone, 
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For PPV, the VEH calculation yields a band gap of E, 
= 2.27 eV. Optical absorption spectra of well-oriented 
PPV samples exhibit the maximum of the first absorption 
peak a t  2.5 eVq30 

Summary 
The evolution of the electronic structure within a series 

of conjugated polymers, polyacetylene, poly@-phenylene), 
and poly@-phenylenevinylene), has been studied by means 
of ultraviolet photoelectron spectroscopy (UPS) and the 
results of VEH quantum chemcial calculations. The good 
agreement between theory and experiment enables a 
detailed description of the evolution of the valence band 
structure. In particular, the VEH results agree with the 
experimental total bandwiths, the detailed structures in 
the spectra. The origin of the important a-bands has been 
illustrated through a discussion of the nature of the 
degenerate lel, orbital of benzene. These results represent 
the basis for understanding the electronic nature of the 
band structure evolution in conjugated polymers based 
on phenylene and vinylene groups. 
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Figure 6. Molecular origin of the dispersed and localized *-bands 
in PPV and PPP. 
one can identify three occupied 7r-bands. The occupied 
a-bands for PPP are related to the molecular orbitals in 
benzene as follows. Bands a2-a2/ and a3-a3/ are built up 
out of the doubly degenerate l e t  benzene molecular 
orbital. The origin of the separation into dispersed bands 
and nondispersed (localized) bands is illustrated in Figure 
6. The 7r3-7r3’ levels are localized to the ortho carbons in 
the benzene rings; i.e., the interaction is negligibly small 
between neighboring rings, which results in very flat bands. 
The wavefunction of the lel, state of the benzene moiety 
that has a nonzero intensity at the carbon atoms where 
the neighboring benzene rings are bound interacts with 
those of the neighboring benzenes, leading to the gener- 
ation of the dispersed a-band a2-?r2/ (with a band width 
of about 3.2 eV). Finally, the al-7rl’ levels are related to 
the 1azU orbital in benzene, which is evenly spread out 
over the ring; there is correspondingly interaction between 
rings, resulting in a total bandwidth of about 1.3 eV. 

The band gap in PPP is calculated to be E, = 3.29 eV. 
The maximum absorbance of the first peak in the optical 
absorption of PPP varies depending on the sample 
preparation method, withvalues ranging from 3.2,25 3.34t4 
3.4,45 to 3.65 eV;46 these variations may also correspond 
to (average) departures from the small torsion angle 
distribution mentioned above. A larger torsion angle leads 
to a larger electronic band gap, resulting in a larger optical 
absorption edge energy. 

Finally, in the middle of Figure 5 are shown the two 
lowest 7r*, the four occupied a, and the two highest occupied 
cr-bands of PPV. The unit cell of PPV consists of a styrene 
unit. Upon attaching a vinylene group to a benzene 
molecule, the doubly degenerate outermost 7r-orbitals split 
into two orbitals as a result of lifting the degeneracy.4749 
As in the case of PPP, the 1r3 band is localized on the ortho 
carbons, i.e., it consists of localized states. The wave- 
function which has a nonzero intensity at the para carbon 
atoms (where the neighboring vinylene groups are bound) 
interacts with the 7 r - s t a t e  of the vinylene group, as 
illustrated in Figure 6, leading to the generation of the 
dispersed a-bands 7r2 and u4. The top of the 7r4 band has 
almost equal contributions from the vinylene and the 
phenylene groups. Due to the lack of symmetry within 
the unit cell, an avoided band crossing occurs between the 
a3  and 1r4 bands near the zone center. The difference 
between the top of band 7r4 and the flat band a3 is about 
2.3 eV. The flat band 7r3 appears only about 0.3 eV above 
what would have been the bottom part of the wide a4 
band in the absence of an avoided crossing. The bandwidth 
of ~2 is about 2.0 eV, i.e., almost the same degree of 
delocalization as a4. Finally, the bandwidth of a1 is about 
0.6 eV. This band is, as in the case of 7rl-7rlf in PPP, 
related to the laz, orbital in benzene. The dispersion, 
however, has decreased in PPV, since the only occupied 
7r-orbital of the vinylene group only interacts weakly with 
the 182” state of benzene, from which the al-a1’-band in 
PPP is derived. 
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