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ELECTRONIC STRUCTURE OF CONDUCTING 7-ELECTRON
SYSTEMS*

P. M. GRANT and INDER P. BATRA

. IBM Research Laboratory, San Jose, California 95193 (U.S.A.) N

Summary

We will discuss the application of one-electron band theory to several
systems where n-electron delocalization has been experimentally established.
We will use polyacetylene as our prototype and extend results on it to re-
lated polymers such as (SN),, polypyrrole and poly(p-phenylene). We will
particularly concentrate on those aspects of chemical bonding and symme-
try which govern whether a given system will be semiconducting or metallic,
and which scale its transport properties.

Interest in the fundamental electronic properties of linear n-electron
systems with extended conjugation is historically grounded in two related
areas of physical chemistry, one experimental and the other theoretical. The
first of these encompasses the spectroscopy of dyes and polyenes, as initially
characterized by Brooker [1], and the second arises from quantum chemical
investigations of extended hydrocarbon chains originally begun by Longuet-
Higgins and Salem[2] and since continued by many other workers [3 - 7].
The accounting for properties discovered optically in these systems by
models proposed theoretically is still an ongoing process.

From the viewpoint of solid state physics, it has long been recognized
that the wavefunctions of extended n-electron systems are likely to be quite
delocalized, thus holding out the promise of high carrier mobility under con-
ditions of partial occupancy of these eigenstates. Graphite, of course, is the
quintessential example of such a system. One of the most fascinating aspects
of this delocalization in polymers is that it would be confined primarily to
one dimension, as opposed to the conventional three-dimensional itinerant

_ electron systems found in the usual metals and semiconductors. In recent

years, non-polymer, one-dimensional systems (more correctly termed quasi-
one-dimerisional), as epitomized by the charge transfer salts of TCNQ, have
been extensively studied and a great richness of phenomena uncovered. The

*Paper presented at the Symposium on the Structure and Properties of Highly Con-
ducting Polymers and Graphite, San Jose, California, March 29 - 30, 1979.
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latest in the family of highly anisotropic materials are the conducting and
semiconducting organic polymers. These materials, in their intrinsic state, are
medium band gap (Eg ~1 - 3 eV) semiconductors, which, when partially oxi-
. dized or reduced by external reagents, become quite highly conducting
(0~1-100092"1-cm™!) [8-13]. Some of their more interesting attri-
butes include the possibility of a metal-insulator transition at critical
dopant levels [14] and the question of current conduction by the propaga-
tion of bond defects [15 - 17].

In this paper, we will dwell on the applicability of conventional one-
electron concepts to questions of the transport and optical properties of
such extended w-systems, and how these concepts relate to chemical inter-
actions between constituent atoms and molecules. Figure 1 depicts the poly-
acetylene polymer structures we will implicitly have in mind as our proto-
types throughout the following discussion. These two configurations of poly-
acetylene, especially the trans-form, provide the basic conceptual foundation
for the physics of all 7-bonded polymers in general. Now, the one electron
approach is in contrast to the quantum mechanical treatment of chemical
species using Complete Neglect of Differential Overlap (CNDO) with Config-
uration Interaction (CI), Pariser—Parr~Pople (PPP), or Hubbard techniques
in which the interaction between constituent molecular electrons, that is,
correlation or Coulomb repulsion/attraction in both the ground and excited
states, is explicitly considered [18 - 20]. Our belief that these interactions
may be small with respect to electronic kinetic energy in conjugated poly-
mers is motivated by experience with n-bonded inorganic systems such as
graphite and (SN), where it has been found, both theoretically and experi-
mentally, that Coulomb interactions play a secondary role. Reinforcing
these expectations is the very high conductivity, with implications of high
microscopic mobility, found in oxidized or reduced polyacetylene. On the
other hand,; we do not mean to imply that Coulomb effects can be com-
pletely ignored, especially in the area of optical phenomena.

Fig. 1. Schematic of the chain structure of (a) cis-polyacetylene; (b) trans-polyacetylene.

We begin by considering the complete electronic Hamiltonian for a
system of atomic or molecular sites in the Born—Oppenheimer approxima-
tion, each contributing a single #-electron:
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where the first term is the usual kinetic energy (delocalization) part, the
second term the potential energy of the i-th n-electron arising from the elec-
trostatic field of all sites combined, and the third the electrostatic inter-
action of all m-electrons amongst themselves. The sum on i, j ranges over all
N sites, in principle infinite for an infinite polymer chain. Even given the
power of modern digital computers, the direct numerical solution of the
eigenproblem associated with eqn. (1) is still beyond reach. It is doubtful
that such a solution would provide great physical insight even if it were pos-
sible. By treating eqn. (1) in various approximations, one can recover most
of the essential physical and chemical interactions that are subject to mea-
surement. The approximation we will employ, the one-electron approxima-
tion, consists in replacing the third term in eqn. (1) by the potential energy
the i-th 7-electron possesses in the average electrostatic field of all the others
computed under restrictions imposed by the Pauli principle. This simplifica-
tion reduces eqn. (1) to a single electron Hamiltonian and of course forms
the physical basis for the well-known Hartree—Fock self-consistent field
method. The sum total of all differences between Hartree~Fock and experi-
mental energies defines the correlation energy. The third term of eqn. (1)
then becomes the sum of an average Coulomb potential plus an “‘exchange”
term arising from the eigenstate occupancy constraints imposed by the Pauli
principle. The former interaction augments the Coulomb field arising from
nuclear charges while the latter introduces a non-classical potential, whose
ramifications we will discuss shortly. It is important to point out that all
simpler one-electron techniques on down to the Hiickel empirical molecular
orbital approach are motivated philisophically by the Hartree-Fock approxi-
mation. The usefulness of the one-electron approximation in discussing =-
conjugated polymer systems (and any other extended electronic system for
that matter) lies in giving a positive answer to the following two questions:

(1) Does the addition or subtraction of an electron from the polymer
n-system leave its one-electron eigenstates essentially unchanged?

(2) Do optical excitations between filled and empty one-electron states
result in free, or at least weakly bound, electron—hole pairs?

The first question deals with the change in the electron count brought
about by oxidation or reduction of the polymer chain or by photoemission
processes, while the second addresses whether stable excitons can be created
by optical excitation. If it turns out that the one-electron eigenstates of a
given polymer structure are very delocalized, then it is easy to see that the
answer to both questions should be affirmative. In the language of either solid
state or molecular quantum theory, one says that Koopman’s Theorem is
obeyed. Given that the electronic wavefunctions are found to be extended
over the polymer backbone, very minimal Coulomb interaction should be ex-
pected. In this situation, the single particle linear momentum is conserved and
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appears as an important quantum number and we become encouraged to
employ solid state band theory in the one-electron approximation as the
appropriate theoretical framework.

However, having said all this, we must point out that the situation in
practice is not so simple. Our two questions above are more profound than
they may at first appear and constitute essential probes of a real understand-
ing of the physics of extended systems. One might expect that an ab initio
Hartree—Fock calculation would provide the best possible one-electron esti-
mate of the polymer eigenstates. In fact, when such calculations are per-
formed, the results are in very poor agreement with experimental bandwidths
and band gaps. For example, the Hartree- Fock band gap for trans-(CH), is
found to be around 7 eV [5], whereas the experimental number is nearer
1.5 eV. On the other hand, if one uses the so-called local exchange approxi-
mation [21], in which the Hartree-Fock exchange potential is replaced by
a cube-root dependence on the local charge density, one finds unexpectedly
good agreement with experiment. The problem lies in the fact that the
Hartree—Fock approximation, by virtue of its neglect of correlation amongst
electrons in the filled valence levels (as opposed to correlation arising from
excitations to virtual states, which is also neglected), overestimates the long-
range effects of exchange. This is a well-known paradox every student of
solid state physics encounters when attempting to apply the Hartree—Fock
approximation to the free electron gas. The addition of correlation to the
ground state tends to screen the long-range part of the Hartree-Fock
exchange potential. It turns out that the local exchange approximation fortu-
itously contains the physics of this screening and forms a much better model
interaction than the seemingly more rigorous Hartree- Fock approach. This
screening acts to reduce both the bandwidth and band gap from their
Hartree~Fock values to magnitudes usually slightly below experimental
results. To carry our discussion of these points further would take us beyond
the scope of this paper. The interested reader is referred to papers by Over-
hauser [22] and Kunz and Collins [23] for a more complete examination of
correlation in the one-electron model. We close our remarks here by reiter-
ating that ground state correlation effects are sufficiently well incorporated
into the one-electron approximation by the local exchange potential used in
the calculations to be discussed hereafter.

The relationship between fundamental chemical and band theoretic
concepts are illustrated in Figs. 2 and 3. The equations in the left-hand col-
umn of Fig. 2 are familiar from the Hiickel MO model for cyclic molecules
of 2N atoms. This model is isomorphic to a finite length linear polymer with
cyclic boundary conditions. As the chain length or number of constituent
atoms, 2N, increases, the density of eigenstates becomes, for all practical
purposes, continuous and we pass over to counting states in momentum
space as shown in Fig. 2. The one-electron parameters, o, the “Coulomb
integral”’, and 8, the “resonance integral” (termed in solid state physics the
“transfer integral”’), separable from eqn. (1) in the Hartree—Fock approxi-
mation, thus provide the link between the chemistry and solid state physics
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Fig. 3. Origin of the insulating state from chemical and solid state viewpoints.

of polymers, We will see shortly that 8 contains all the dynamical properties
of the mobile electrons and holes in polymers.

Whereas Fig. 2 demonstrates the emergence of metallic behav1or in an
infinite polymer whose basic units are radicals, Fig. 3, on the other hand,
depicts the origin of the insulating state for a system where the repeat unit
contains an even number of electrons (closed shell). Thus, the number of
electrons in the constituent molecules, and their internal symmetry arrange-
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ment in the polymer unit cell, give an important prediction of the solid state
properties of the infinite chain in the one-electron model. On the other hand,
if the overlap of the m-orbitals is small (small 8), then nearest neighbor
Coulomb repulsion forces will tend to localize the electrons on molecular
sites forming an insulating “Wigner lattice” of spins. The one-electron theory
now no longer applies, and a spectral gap appears which represents the ener-
gy necessary to promote an electron from one molecular unit to its neighbor.
This picture is very analogous to the singlet transitions so well known in or-
ganic molecules, except that now the charge-transfer process takes place be-
tween two molecules rather than within an individual species. If we can
think of gradually increasing the w-overlap, say by continuously decreasing
the chain repeat length, there arises a distance where the electrons can screen
their mutual Coulomb repulsion forces and delocalization will spontaneously
occur, This discontinuous change from the insulating to the metallic state in
an odd-electron system has come to be known as the Mott—Hubbard transi-
tion. The ensuing screening effect is the prime physical reason why one-elec-
tron models work so well, as argued earlier, even when the density of elec-
trons approaches 1022 per mole, a typical value for a conventional metal.

The dynamical properties of an electron moving along a polymer chain
are described in band theory by the effective mass concept. This concept
prescribes that electrons and holes localized in momentum space near band
extrema can be treated as classical particles whose kinetic energy quadratical-
ly depends on their quasi-momentum, hk. Simply expanding the dispersion
equation in Fig. 2 to first order at £ = 0 or k& = n/a verifies this assumption.
Applying elementary Newtonian mechanics to such particles leads to the
following expression for the effective mass:

m* = h?(d%E /dk?)!. (2)

Classical particles with this mass moving in an electric field and subject to
damping by scattering processes will have their conductivity given by

o = Ne%7r/m*, (3)

where N is the total number of free carriers and 7 is the scattering rate from,
for example, chain vibrations and/or defects. Using the relation E(k) =
a + 28 cos ka from Fig. 2, eqn. (2) gives

|m*| 0 = h?/28a2 o (4)

for the minimum magnitude of the effective mass. We see that the larger is
8, the smaller is im*| and thus the more mobile are the carriers. In Fig. 4, we
have plotted the value of 8 for the overlap of C(2p) n-orbitals calculated in
the Mulliken-Wolfsberg-Helmholtz (MWH) [24] approximation as a func-
tion of interatomic distance. The figure shows the bounds imposed by the
extremes of single and double bond order. We note that § ranges from 2.4

to 3.2 eV. These values are very large when compared with other organic
compounds commonly considered to be conductors or semiconductors, For
example, in molecular crystals like anthracene or polyvinylcarbazole, the




199

5 T T T T T T T T T
B C (2p) 7 - Resonance Integral (8)
ol - C-C i
--c=¢
3 3f 1
«Q
2 .
1 L 'l L L L L L L L
1.0 1.2 1.4 1.6 1.8 2.0
R (A}

Fig. 4. Values of the resonance integral computed in the MWH approximation between
C(2p) m-orbitals as a function of bond length. The distances corresponding to single and
double bond distances are indicated. In the MWH approximation, the resonance integral,
B, is given by 8 = 0.75 ISy, where I; and Sy, are the ionization potentials and #—7 over-
lap for C(2p) levels, respectively.

intermolecular resonance integrals are at best a few thousandths of an eV,
[25], and even in the (TTF)TCNQ) family of conducting charge-transfer
salts they reach only 0.4 - 0.8 eV [26, 27]. On the other hand, in the inor-
ganic superconducting polymer (SN),, the resonance integral between S(3p)
and N(2p) on neighboring atoms is around 2.5 eV [28]. Table 1 summarizes
these data. The similarity between n-electron overlaps within (SN), and
those within (CH), is a strong motivating factor for applying one-electron
theory to the latter family of compounds.

In Fig. 5, we show the dependence of m* on bond length, as found
from eqn. (4) and Fig. 4. In accord with the relatively large 8, the effective
mass magnitude is far less than that usually encountered in most organic
compounds, and approaches values associated with inorganic covalent semi-
conductors such as II - IV compounds where |m*/m| ~0.8. It is interesting
to see that the variation in m* with bond length is quite small. This is due to
the fact that any increase in § is necessarily accomplished by a decrease in
a? and results in a partial cancellation of the changes in 8 within eqn. (4).

In the solid state, factors other than nearest neighbor chemical bonding
interaction must also be considered. We have already pointed out the impor-
tance of electron count in determining whether a given chain system will
have ground state conducting or insulating properties. Equally important is
the internal symmetry arrangement of the constituent atoms and molecules
in the polymer unit cell and this symmetry must be allowed for in perform-
ing the electron count. Figure 6 illustrates the situation for hypothetical uni-
form bond length trans-polyacetylene. Consider each dot to represent the 7-
electron associated with each CH molecule. A simple electron count gives
twp m-electrons per unit cell, thus, by our previous arguments centered on
Figs. 2 and 3, uniform bond trans-(CH), should be an insulator. However, it
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TABLE 1

Values of the resonance integral (8), effective mass (m*), and
band gap (£¢) for various organic crystals and polymers
(Il, L refer to the chain axis or direction of high conductivity.)

Compound B Im*/mj Eg
(eV) (eV)

Anthracene 25x 10732 11° 3.9¢

(TTF)(TCNQ) 0.15 () 2.5° 0 -0.1f ¢
1.7 x 1073(1)?

(SN), 2.50 (1) 1.0% ot
0.25 (1)8 2.0%

trans-(CH)., 3.00 (1) 0.5 1.4}

cis-(CH)L 2.60 (1) 0.5 1.1
0.10 (1)

Polypyrrolei 3.00 (1) 0.5 2.5

Poly(p-phenylene)! 2.00 (1) 0.5 2.0

2Ref. 25 (computed).

bD. M. Burland and V. Konzelmann, J. Chem. Phys., 67 (1977)
319,

°D. M. Hanson, CRC Critical Reviews in Solid State Sciences,
April, 1973, p. 243.

dRef. 26 (computed). .
€A. d. Berlinsky, J. F. Carolan and L. Weiler, Can. J. Chem.,
52 (1974) 3373 (computed).

D. B. Tanner, C. S, Jacobsen, A. F, Garito and A. J. Heeger,
Phys. Rev. Lett., 32 (1974)1301.

iRef. 28 (computed).

“Ref. 38 (computed).

!present work (computed).

JRef. 29.

C (2p) w-bond m* 1
—c-c '
——C=C i
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0.64 L 1 | ] | | Il | |
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Fig. 5. Effective mass ratio with respect to free electrons calculated from the m-resonance
integrals of Fig. 3.
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' Fig. 6. Effect of polymer unit internal symmetries on its band structure. This Figure indi-
cates how band gaps are produced on moving from uniform bond to alternating bond
structures (A8 = 1 — B2).

can be seen that a half-cell translation followed by an inversion through the
y-z-plane is a symmetry operation for this particular chain. The implications
of the presence of this ‘“‘screw axis’ symmetry will now be addressed.

In the lower half of Fig. 6, we show another way of looking at band
theory. Our previous discussion revolved around using linear combinations of
atomic orbitals as the basic function framework and considering the effect of
nearest neighbor overlap in producing delocalized bands. It is perfectly plau-
sible to approach band theory from a diametrically opposite point of view;
that is, to assume complete delocalization as a starting point with plane
waves as the unperturbed representation and to consider the effect of ““turn-
ing on” the atomic or molecular potential as a small' perturbation. The
physical picture is then one of particle waves scattering inelastically from a

" periodic array of rigid centers, much in the manner of inelastic X-ray scatter-
ing. As with X-rays, we can define a reciprocal lattice upon which the elec-
tronic quasi-momentum is quantized. The lattice points corresponding to

v momenta at which the electrons will undergo inelastic scattering are given by
the coefficients of the chain periodic potential when expanded as a Fourier
series on the reciprocal lattice, The physical origin of the energy loss on scat-
tering can be conceived as arising from bonding—antibonding transitions
associated with the constituent molecules. Generally there will be a.finite
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potential coefficient at each reciprocal lattice point giving rise to an energy
gap in the energy—momentum dispersion. Often, however, as a result of high
symmetry within the unit cell, certain of the potential coefficients (structure
factors) will remain zero and no gap will emerge where one might have been
expected on the basis of translational symmetry alone. Such is the case for
uniform bond trans-(CH), as shown in Fig. 6. There isnogapatk =n/a
where the Fermi level crosses the lower band. Thus, in the one-electron pic-
ture, uniform bond trans-(CH),, would be a metal.

On the other hand, there are a number of experimental indications that
trans-(CH), is a semiconductor with a band gap of roughly 1.5 eV [29, 30].
In the one-electron model, the presence of bond alternation removes the
screw symmetry operation of Fig. 6 and results in the production of a Fourier
potential coefficient, and, hence, the creation of a gap, at & = nn/a where n
is an odd integer. This result is simply the solid state physics confirmation of
the free electron molecular orbital picture introduced long ago by Kuhn
[31]. After the introduction of Kuhn’s model, confusion apparently existed
for a while over the physical necessity for bond alternation in closed shell
polyenes. There seemed to be no obvious driving force to produce such a
“pseudo-Jahn—-Teller effect”. After all, if a cyclic system, such as benzene,
possesses two resonant structures with the same energy, the equilibrium con-
figuration should be their average, that is, one with equal bond lengths. It is
here that band theory provides very useful insight. We have seen that uni-
form bond trans-(CH), should be a metal. Peierls and others [32] have
shown that the metallic state in one-dimension is inherently unstable and
that the slightest degree of bond alternation will mix states just above and
below the Fermi level crossing at & = n/a producing a gap thus lowering the
ground state energy of the n-system at the expense of a smaller increase in
energy due to o-compression. This state mixing gives rise to the required
Fourier potential components discussed above. The whole process can be
thought of as a solid state manifestation of the Jahn-Teller effect. The rea-
son such distortions do not occur in low molecular weight ring compounds
like benzene is that the excited state that carries the requisite symmetry lies
4 eV away from the ground state and so the coupling is very small. However,
in the higher molecular weight annulenes, this excited state is much closer
and a tendency toward distortion arises [35]. The details of the Peierls argu-
ment from a quantum chemical viewpoint are elegantly presented in the
book by Salem [85].

The effect [6] of bond alternation on the energy bands of one-dimen-
sional trans-(CH), can be seen in Fig. 7. We will not here go into the calcul-
ational details since these are adequately covered in ref. 6. It is sufficient to
say that the technique employed is frontier state-of-the-art Linear Combina-
tion of Atomic Orbitals (LCAO) Extended Tight Binding (ETB) [39]. No
empirical parameters, other than the atomic coordinates and the Slater local
exchange parameter, were used. As indicated in Fig. 7, atomic coordinates
pertaining to three different bond lengths were employed. It should be
stressed that the crystallinity of trans-(CH), is currently not high enough to
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Fig. 7. Band structure of one-dimensional trans-(CH), for three choices of bond length:
(a) uniform (1.839 A); (b) weakly alternating (C=C: 1.36 A, C-C: 1.43 A); and (c) strongly
alternating (C=C: 1.34 A, C-C: 1.54 A). Note the lifting of the degeneracy at Ep, thus
progressing from the metallic to the insulating state, with the onset of bond alternation
(reproduced from ref. 6).

permit the experimental structural determination of actual bond lengths.
The left-hand panel (a) shows the result for equal bond lengths, the center
(b) for bond lengths equal to those used in the calculations of Andre and
Leroy [4] and which are typical of values found in long polyene molecules,
and finally the right-hand panel (c¢) was computed for single and double
bond lengths taken from ethane and ethylene, respectively. We see that
Fig. 7 verifies our qualitative picture outlined above. The most important
feature to be noted is the strong dependency of the band gap on the amount
of bond alternation, with a maximum value of 2.3 eV obtained for complete
alternation.

If we generalize the simple model of Fig. 2 to a dimerized linear chain,
as represented by alternate-bond trans-(CH),, we obtain for the band gap at
the zone boundary E; = 2|8, — 85| where g; and B, are the resonance inte-
grals belonging to the two different bond lengths. We compute the respective
resonance integrals using the MWH approximation, namely, § = 0.75 I,,S,.,,
where S, is the 7-overlap and I is the first ionization potential of C(2p)
level. In Fig. 8 we plot the range of gaps obtained for bond length differences
over the interval 1.34 - 1.54 A, spanning single to double bond values. Be-
cause of the simplicity of the model, the gaps obtained are somewhat less
than those from the LCAO-ETB calculation. In the absence of structural in-
formation, the choice of a “reasonable” bond alternation for trans-(CH), is
somewhat open. As mentioned above, the phototransport threshold would
suggest a band gap of 1.5 eV. From our calculations, this would imply a
bond alternation greater than the moderate value used to give the center
panel (b) of Fig. 7. However, we believe this would be an overinterpretation
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Fig. 8. Band gap for alternating trans-(CH), as a function of absolute difference in bond
lengths. The plot represents the contour enclosing all possible band gaps for the set of
differences 1.34 A < {IR; - Ryl}< 1.54 A,

of our results. We only note that bond differences in extended polyenes such
as the §-carotene family range from 0.05 - 0.15 A at distances far from the
chain ends and that our calculated gaps associated with these values bracket
the experimental number for trans-(CH), .

Up to now we have considered a perfectly periodic alternating trans-
(CH), structure. Pople and Walmsley [15] have demonstrated that such a
structure has a low threshold to the formation of defects, or interruptions, in
bond alternation. That is, they find the energy required abruptly to produce
two “‘single” bonds in a row to be several tenths of an eV. Su et al. [17]
have reconsidered the ideas of Pople and Walmsley in a soliton formalism
and estimate the neutral defect activation energy to be 0.4 eV for a band gap
of 1.5 eV. As pointed out by Pople and Walmsley and Su et al., such a defect
should be electrically neutral with spin 1/2, and, upon ionization, become
spinless and capable of carrying current. On the other hand, one should ex-
pect to find an activated magnetic susceptibility in undoped polyenes, and
this behavior does not seem to be observed. Instead, a Curie law dependence
is found [ 33, 34]. Perhaps a large number of Pople-Walmsley-like neutral
defects are structurally frozen in during the polymerization process and
these swamp out those that are activated [83]. All in all, the remark made
by Salem [35] in 1965 that no satisfactory explanation for the e.s.r. in
polyenes has been found, appears to remain valid.

For cis-(CH),,, a reasonably good estimate of the probable crystal struc-
ture has been made by Baughman and coworkers [36] and is shown in
Fig. 9. This estimate enables us to study in a general way the effects of inter-
chain coupling on the transport properties of conducting polymers. The re-
sulting band structure is shown in Fig. 10. The principal conclusions con-
cerning the band structure of three-dimensional cis-(CH), have been detailed
previously [6]. We will only give here a summary. ‘
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Fig. 9. Probable crystal structure of c¢is-(CH), deduced from the packing analysis of
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(1) The conduction and valence bandwidths are not materially different
from trans-(CH),. Thus, the intrinsic transport properties of the two matgri-
als should be rather similar, as is indeed found experimentally.

, (2) The maximum bandwidth in any given interchain direction is about -
0.3 eV, On the scale of other quasi-one-dimensional materials, such as the
charge transfer galts of TCNQ, this represents considerable interaction and
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may act to suppress static charge density wave instabilities (i.e., static Peierls
distortions) which would otherwise have arisen on doping. That is, the ten-
dency to form a superlattice governed by the position of the Fermi vector in
the doped material would be offset by the large interchain interaction, as is
the case in (SN),.

(3) Unlike trans-(CH),, the unit cell of cis-(CH), always contains an in-
ternal screw axis symmetry operation regardless of whether bond alterna-
tions exists. As in uniform bond trans-(CH),, this symmetry operation
results in the absence of gaps at several zone boundaries of cis-(CH),.. How-
ever, in cis-(CH), the bonding valence band is completely full due to the
even number of electrons in the unit cell element undergoing the screw axis
operation. Thus the calculated 1.2 eV band gap more or less arises from the
difference in bonding-antibonding n-state energies in the (C,H,) molecule.
There is thus no Peierls-like driving force to produce bond alternation in un-
doped cis-(CH),.. Any bond length difference must be attributed to other
sources.

It has been recognized for some time that (CH), and (SN), have strong
structural and electronic similarities. Topologically, (SN), rather resembles
cis-(CH),, but electronically, because the SN unit is a radical and C,H, is not,
it is more analogous to uniform bond trans-(CH), . The proper complete anal-
ogy to (SN),, both structurally and electronically, would be the hypothetical
compound cis-([CaH,17),.. The crystal structure of (SN), [37] is shown in
Fig. 11 and its three-dimensional band structure [38] in Fig. 12. The prac-
ticed eye will recognize many similarities to Fig. 10, cis-(CH), , except that
now the Fermi level passes near a zone boundary degeneracy for the very
reasons discussed earlier in the case of uniform bond trans-(CH),. The states

(SN),
“
Monoclinic P2,/C

a =4.153A
b =4.439A g=100.7°
¢ =7.637A

Fig. 11. Crystal structure of (SN),: (a) chain configuration along the monoclinic unit cell
b-direction. Two unit cells are shown. (b) arrangement of chains shown stereographically
projected on the a—c plane.
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Fig. 12. Band structure and density-of-states for (SN), (reproduced from ref. 38).

near this crossing are composed primarily of a n-mixture between S(3p) and

N(2p) orbitals [39] in close analogy to the overlap of adjacent C(2p) states
‘ in (CH),.. The most significant difference is that the degree of interchain

coupling is much greater in (SN), than in either of the (CH), isomers. This
is due mostly to the greater spatial extent in all directions of the sulfur orbi-
tals vis-a-vis carbon.

The role of unit cell symmetry and the associated electron count can-
not be overemphasized in discussing the design of a semiconducting or con-
ducting polymer. One further example is given by the speculative structure
shown in Fig. 13 for polypyrrole, a material found to be quite conducting
when highly oxidized [12]. Note that each pyrrole group is related to its
neighbor by screw symmetry. Figure 14 gives its band structure as calculated
in the MWH approximation. The result is quite similar to that for a cis-(CH),,
chain. Once more the band dispersions are high, especially above and below
the 2.5 eV gap. A calculation performed on the ~C~C~N-C-C-N—- “‘spine”’
in Fig. 13, in which the bonds normally connecting to the rest of each pyrrole
group were terminated with H atoms, resulted in a band structure very simi-
lar to Fig. 14. This strongly suggests that transport will take place along the
central backbone rather than around the pyrrole groups.

Fig. 18. Speculative structure for the polypyrrole chain,
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Fig. 14. Band structure of polypyrrole in the chain conformation of Fig. 13.

Recently, Shacklette et al., [13] have reported the synthesis and prop-
erties of poly(p-phenylene), both doped and undoped. Figure 15 shows the
suspected chain structure of this material. Planarity of the phenyl groups is
assumed although it is known not to exist for the low molecular weight oli-
gomers of poly(p-phenylene). Note that the unit cell symmetry contains no
screw axis operation. This fact, coupled with the even electron count, implies
that poly(p-phenylene) should be an insulator, as is observed. On the other ‘
hand, given the planar structure of the chain, and because unit cell bond
lengths fall in the range bracketed in Fig. 4, large n-overlap and delocaliza-
tion are to be expected, resulting in good intrinsic carrier mobility for both
holes and electrons. These considerations are confirmed by the results of the
1D MWH band structure calculations for poly(p-phenylene) shown in Fig. 16.
The zone center band gap is roughly 2 eV and the electron/hole effective
_mass maghitudes are about 0.5 for the states surrounding the gap. The gap it-
self is intermediate between cis-(CH), and polypyrrole and the effective mas-
ses close to what would be expected from Fig. 5.

From the lessons of Figs. 4 and 5 it would not be surprising to find
little difference in the dynamical transport properties amongst all n-bonded
chain systems involving overlap between 2p orbitals. Our calculational results
for (CH),, (SN),, polypyrrole and poly(p-phenylene) support this expecta-

\w/ N/ N/ ~
VNI AN AN |

s/ N_/ N/
/N /N /N

Fig. 15. Chain structure of poly(p-phenylene) after ref. 13.




209

-10 EE_:

v ><

30k .

_40 L ) L 1 L L L i L
0.0 0.1 0.2 0.3 0.4 0.5

" ktn/a)

Fig. 16. Band structure of a poly(p-phenylene) chain in the MWH approximation. The
bond lengths in the phenylene ring were taken to be equal to 1.4 A long and the bond
between rings as 1.5

tion, which is also borne out experimentally. On the other hand, the one-
electron band gap, and thus the optical properties, are somewhat more sensi-
tive to local bond order and length, and especially to symmetry conditions as
seen from trans-(CH), and (SN),. The claim is often made that synthetic
organic chemistry offers a high degree of flexibility in tailoring the proper-
ties of materials. However, it is unlikely that much more can be done in
scaling the intrinsic transport properties of n-bonded hydrocarbon chains
through the introduction of new but similar structures. The experience with
existing compounds already bears this out. Certainly, the large changes one
achieves in the transport and optical properties of inorganic metals and semi-
conductors by isostructural substitution of elements vertically in the Periodic
Table are not likely to be duplicated in the case of organic polymers. Only

“great increases in three-dimensional interaction on a local scale would bring

.about appropriately large changes in the transport properties, and the possi-

- bility of cooperative phenomena such as superconductivity and magnetic
order.

The application of one-electron theoretical concepts to n-bonded poly-
mers has been the central theme of this paper. It seems likely that the theory
can provide a reasonable zeroth-order framework for their transport proper- .
ties upon which more elaborate models, involving the creation and motion of
Pople-Walmsley defects or n-phase kinks, can be built. In this respect, the
single-particle picture affirmatively answers the first question posed at the
beginning of this paper. The results of recent valence band XPS measurements

- lend support to this conclusion. In a photoemission measurement, electrons
are ejected from the sample leaving behind empty valence band states. If cor-
relation effects predominate in these states, relaxation into a configuration
different from the original ground state will occur, In other words, if the
hole created by the photoexcitation process remains localized, instead of dif-
fusing its charge density over several unit cells, the resulting Coulomb forces




@

bring about a renormalized ground state. On the other hand, if delocalization
of the valence band hole occurs, the renormalization effects are weak and
the photoemission spectrum reflects, to first order, the unperturbed ground
state single-particle density-of-states. In Fig, 17 we show the results of sever-
al photoemission yield experiments and density-of-states calculations. The
curves labelled UPS and CNDO are taken from Duke et al. [20]. The former
is the ultraviolet photoemission spectrum of polyacetylene, which we assume
to be trans-(CH), although the sample structure is not specifically mentioned
in their paper. The latter is the density-of-states obtained from a CNDO cal-
culation on a trans-(CH), cluster approximately eight units long [20]. The
curves labelled XPS and ETB represent data [40] from the valence band X-
ray photoemission spectrum on trans-(CH), and the density-of-states arising
from the trans-(CH), ETB band structure [6] shown in Fig. 7(b), respective-
ly. The XPS, UPS and CNDO curves have been shifted so that the threshold
lines up with the valence band edge of the ETB calculation. Admittedly,
such a procedure may be rather cavalier; our principal physical justification
is that the yield thresholds must necessarily coincide, regardless of any agree-
ment or disagreement throughout the rest of the spectrum. Before comparing
experiment with theory, we must comment on what appears to be a great
disparity between the UPS and XPS results. This disparity is due to the dif-
ferences in cross-section of various orbital levels with respect to the kinetic
energy of the photoemitted electron. The differences in cross-section between
s and p-like states are more readily apparent in UPS than XPS. In UPS, this
cross-section difference results in weak structure from the C(2s) states, ‘
whereas in XPS the p and s photoyields are more in balance. We identify the

XPS structure between —2 and —10 eV as arising from p-states joined by an
admixture of s-states at lower energies. Below —10 eV the bands derive al-

1.0

o
©
T

N(E)
States/eV - spin - molecule

o
X
T

Fig. 17. Photoemissive yields and densities-of-states of trans-polyacetylene. The UPS and
CNDO are taken from ref: 20. The scales refer only to the calculated ETB density-of-
states. The XPS results are due to Brundle [40] and the ETB density of states curve is re-
produced from ref, 6.
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most completely from 2s states and we assign the —12 and —18 eV structure
to critical points in these bands. On the other hand, while there is agreement
between the CNDO and XPS at higher energies nearer the Fermi level, it is

F difficult to reconcile the —15 eV peak in the CNDO calculation with the ex-
perimental data. We believe the good agreement between XPS and ETB
further substantiates the one-electron model for the ground state of (CH),.

» As to its application to the excited state optical properties of (CH),, the
second question posed at the beginning of the paper, the answer is not yet
clear and some controversy surrounds both the experimental data and its
interpretation. The photovoltaic effect [ 29] places the excitation energy for
free electron—hole pairs (the operational definition of the band gap in a semi-
conductor) at 1.5 eV. On the other hand, it is reasonable to expect excitons
to play some role, perhaps with respect to the optical creation of a Pople—
Walmsley defect. That is, one can conceive of a change in bond alternation
brought about by an excitonic transition. Complicating matters is the strong
energy dependence of the dipole transition probability between n-bonding
and antibonding bands [41]. To date, no clear experimental evidence is
available as to the existence or non-existence of excitons in polyacetylene,
although their presence is theoretically predicted [42]. As mentioned in the
opening paragraph of this paper, more optical data and more refined theoret-
ical models are required before a complete picture of the optical properties
of polyacetylene can be said to exist.
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