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Defect-state calculations on all-trans polyacetylene and polyparaphenylene have been
performed in the framework of the adiabatic Hiickel Hamiltonian with o-bond compressi-
bility. In polyacetylene, the study of the energetics of the separation of the radical (neutral
defect) —ion (charged defect) pair induced upon doping indicates that the two defects tend
to remain in close proximity, resulting in the formation of a polaron. The binding energy
of the polaron is estimated to be about 0.05 eV with this model. Absorption spectra at low
doping levels are shown to be compatible with polaron formation, thus demonstrating the
nonuniqueness of the previously proposed soliton model in explaining these absorption
data. At higher doping levels, interaction between polarons leads to the formation of
charged solitons carrying no spin. In polyparaphenylene, defects are always correlated in
pairs due to the absence of a degenerate ground state. At low doping, polarons with a bind-
ing energy estimated at 0.03 eV are formed on ionization of polyparaphenylene. The relat-
ed deformation of the lattice is relatively soft, in agreement with crystallographic data on
biphenyl anions, and extends over about five rings. Increasing the doping level leads to the
formation of bipolarons (doubly charged defects) that require a stronger deformation of the
lattice and carry no spin. The possibility of a conduction mechanism in polyparaphenylene
involving motion of bipolarons is consistent with magnetic data indicative of very low Pau-
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li susceptibility in the metallic regime of SbFs-doped polyparaphenylene.

I. INTRODUCTION

In recent years, a number of conjugated organic
polymers have been discovered that can be made
electrically conductive through doping with either
strong electron acceptors or donors. Polymers with
doped derivatives which have been reported to have
conductivities larger than 1 S/cm include polyace-
tylene,! polyparaphenylene,? polypyrrole,® and vari-
ous polyphenylene chalcogenides.*> Interest, both
academic and industrial, has further increased by
demonstration of rechargeable batteries based on
doped polyacetylene® and polyparaphenylene.’

It should be stressed that doped organic poly-
mers, although displaying phenomena in many
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ways similar to conventional semiconductors, are, in
fact, very different from the usual doped inorganic
semiconductors.*® These polymers possess highly
anisotropic interactions which result in low dimen-
sionality of electronic motion and can lead to col-
lective instabilities typical of quasi-one-dimensional
materials, such as Peierls instabilities. In addition,
because these are organic compounds, we can antici-
pate that electronic excitations or charge-transfer
processes will markedly affect the atomic geometry,
just as in typical organic molecules; therefore,
rigid-band models will be incorrect. Finally, the po-
lycrystalline or amorphous character of the present
polymers provokes a substantial disorder, which in-
creases further during the doping process. As a re-
sult, localized states can play a major role. Note
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that disorder provides a barrier for determining ac-
curately critical aspects of the structures and prop-
erties of conducting polymers. Thus most of the
theoretical work on doped organic polymers has
been highly idealized and constructed in the frame-
work of crude methods, such as Hiickel-type
models.

Polyacetylene has been the most studied com-
pound, both experimentally and theoretically. A
reason for this is that the degenerate ground state
that exists in all-frans polyacetylene suggests the
presence of topological kinks or so-called soliton de-
fects.'=1* On the basis of the soliton model, many
unusual properties have been predicted for all-trans
polyacetylene, including a conductivity mechanism
involving charged solitons that carry no spin.'>!®
However, other polymers, such as polypara-
phenylene, do not possess degenerate ground states
and are not expected to accommodate solitons;
nevertheless, doped polyparaphenylene displays trans-
port properties which are very similar to doped po-
Iyacetylene.?

In this paper we have studied, within a single
theoretical framework, all-trans polyacetylene, a
system where soliton excitations could appear, and
polyparaphenylene, which has no degenerate ground
state, in order to make a detailed comparison of the
changes in electronic and geometric structures that
appear upon doping in both systems. The theoreti-
cal model we have used is based on the approaches
of Pople and Walmsley'® and of Su, Schrieffer, and
Heeger."?

Section II is devoted to polyacetylene (PA). We
detail the model and apply it to the study of the en-
ergetics of separation of pairs of defects induced
upon doping. We compute the interactions between
pairs of defects and the band-structure evolution for
a lattice of polarons and a lattice of charged soli-
tons. Experimental data for optical absorption of
radical anions in finite-chain polyenes are discussed.

In Sec. III, we treat polyparaphenylene (PPP).
After pointing out the difference in connectivity be-
tween PPP and PA, we describe the energetics of
separation of defects and optimization of the bond
lengths around the defects. Finally, we emphasize
some unusual characteristics of doped PPP.

It must be borne in mind that the models we use
are based on a simple one-electron theory and
neglect correlation effects which can be important.
Interchain interactions and explicit presence of the
dopant ions are also neglected. Results should
therefore be viewed qualitatively with emphasis on
trends and internally consistent comparisons.

II. DEFECT STATES IN POLYACETYLENE

In the framework of one-electron models, all-
trans PA is Peierls distorted in its ground state, sin-
gle and double carbon—carbon bonds alternating
along the chain. As a result, two energetically
equivalent resonance forms (hereafter referred to as
phase 4 and phase B) can be derived and lead to a
double-well potential energy curve, as illustrated in
Fig. 1. The potential energy (E) can be expressed as
a function of the degree of bond-length alternation
(Ar):

E=a(Ar)*—b(Ar)?+c, a,b>0. (1)

The experimental estimate of Ar is 0.10+0.03 A,
while ab initio double-zeta geometry optimization
due to Karpfen and Petkov!” gives Ar=0.100 A
with rc_c=1346 A and rc_c=1446 A. The
Peierls distortion opens up a gap at the Fermi level;
the optical absorption spectrum of all-trans PA
shows an edge at 1.4 eV and peaks at about 1.8
A

It has been recognized by Su, Schrieffer, and
Heeger'? (SSH) that because the ground state of the
dimerized all-trans PA chain is twofold degenerate,
solitons'® can be expected, satisfying a wave equa-
tion akin to the ¢* field-theory equation.’® This
can be inferred from relation (1). Solitons are exci-
tations of a system leading from one minimum of
the potential to another minimum of same energy.
In all-trans PA, they correspond to topological
kinks that extend over several bonds and gradually
lead from a phase-4 chain segment to a phase-B
chain segment. Displacement from equilibrium of
the atomic positions within the soliton have been
usually simulated by a hyperbolic tangent function
which is solution of the ¢* field-theory equation.
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FIG. 1. Sketch of potential energy curve for trans
polyacetylene showing two energetically equivalent
structures.
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Note that solitons in PA have peculiar charge-spin
relations, since a neutral soliton corresponds to a
radical and has spm-;, while charged solitons carry
no spin.'?

All-trans PA appears then unique in having two
potential energy minima of the same energy, an in-
dispensable requirement for soliton formation. Cis
polyacetylene does not possess this characteristic,
the cis-transoid backbone being slightly more stable
than the trans-cisoid backbone as suggested by vari-
ous experiments®! and by ab initio calculations.?>??

Study of the energetics of formation of a soliton
is usually performed in the context of Hiickel
theory with o-bond compressibility. This is true for
the SSH adiabatic Hamiltonian as well as for bond-
order —bond-length relationships of the Coulson
type.* In a bond-order—bond-length relationship,
which we will use in this paper, the 3 resonance in-
tegral values are expressed as

B(r)=A exp(—r/B), (2a)

where r is the bond length. The energy of the o
framework is

fr)=CB(r)(r —ry+B), (2b)

where 4, B, and C are parameters to be optimized,
and o usually corresponds to the length of a “pure
sp*—sp? single bond” (around 1.50 A) (Ref. 24) but
can also be optimized. We have optimized the
parameters in order to reproduce a band gap of 1.4
eV, a total bandwidth of 10 eV and a bond-length
alternation of 0.14 A (re_c=147 A; rc=c=133
A), as in the SSH work.”> We obtain 4=34.56 €V,
B=0.531 A, and C=6.78 A~".

With these parameters, we first compute the ener-
gy of creation of an isolated soliton defect and com-
pare with previous calculations. We then address
the question of the response of the electronic and
geometric structure of the chain to the dopant-
induced charge-transfer process. For the numerical
calculations throughout this paper, we consider
mainly the acceptor doping process. However, the
discussion and results apply equally well to donor
doping. Calculations on polyacetylene are per-
formed on cyclic polyene molecules containing at
least 110 carbon atoms—more than enough for the
results to be directly compared to the infinite-chain
case.

A. Isolated soliton defect

Resonance integral 3(r) values around the defect
are expressed as

Ban+1(r)=p 1.4+ (_l)n_AZ_"
n
tanhl

+ tanhn _;—1 ], 3)

where Ar (=0.14 A) denotes the degree of bond-
length alternation far away from the defect, n indi-
cates the site location from the defect, and [ is a
modulation factor to be optimized and roughly cor-
responding to the halfwidth of the defect. (We do
not use a cutoff procedure such as that used by
SSH.'?) The energy of creation of a soliton excita-
tion is lowest, 0.45 eV, for / =7, in excellent agree-
ment with the SSH results. The presence of the sol-
iton introduces a localized electronic state at
midgap, i.e., 0.7 eV above the valence-band edge.
As a result, the energy of creation of the soliton
does not depend on whether the soliton is neutral
(state singly occupied), negatively charged (state
doubly occupied), or positively charged (state emp-
ty). Localization of the electronic state is con-
firmed by the fact that the total probability density
of the radical or charge associated with the soliton
is 0.855 over the 15 sites around the defect.

Note that the energy to create a positive isolated
soliton defect is 0.25 eV smaller than the 0.7-eV en-
ergy required by a vertical ionization process.'> We
also note that ESR experiments on undoped trans-
PA indicate the presence of about 1 radical (neutral
soliton) per 3000 carbon atoms,” a ratio much
larger than what could be expected on the basis of
simple thermodynamics. This implies, as does the
fact that this spin concentration shows little tem-
perature dependence, that neutral solitons in un-
doped trans-PA are mainly extrinsic defects created
during cis-trans isomerization (and trapped with
respect to recombination between crosslinks).

B. Interacting defects

We now consider the way the chain can accom-
modate extra charges created by charge-transfer
processes toward acceptor dopants. It is important
to recognize that the transfer of an electron from
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the valence band during the doping creates a po-
laron, or radical cation on the chain, i.e., a pair of
defects and not an isolated defect. (At very low
doping levels of course, transfer can also take place
from the extrinsic neutral-soliton states, thereby
leading to charged solitons on the chain.) It is then
relevant to study the energetics of separation of that

tanh z +tanh

Bn,n—H(r):B 1

Ar
1L44(—1)"—
(—1) 2

where k is the number of sites (odd) separating the
two defects. Outside that region, B(r) values are
computed as in relation (3). We have, in addition,
made calculations using a difference of tanh func-
tions as is used in Ref. 26 instead of a product as in
(4), and find little difference between these and the
results using (4).

For the sake of completeness, we have treated the
separation of two neutral defects, two positive de-
fects, and a neutral and a positive defect. In every
calculation, the value of / has been optimized. Re-
sults are presented in Fig. 2. When the two defects
are widely separated, we naturally retain the isolat-
ed defect results, i.e., the energy of creation of the
pair of defects is 2X(0.45 eV)=0.9 eV and / ~7.
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FIG. 2. Energetics of separation of two defects on
polyacetylene chain with “--” indicating two radicals

(neutral solitons), “+ +” indicating two cations (charged
solitons) and ““+-” indicating a radical cation (or po-
laron for small separations). The quantity / defines the
extent of the chain deformation due to the defect. The
units for the abscissa and / are number of carbon atoms.

n+1

pair of defects, that can be considered as a soliton-
antisoliton pair.

In the region between the two defects, the S
values are computed as a function of the product of
hyperbolic tangent functions, in the spirit of what
has been worked out by Takayama et al.!* as fol-
lows:

tanhk —1 +tanhk~n —1 l ] , )

1 /

1. Separation of two neutral defects

Two neutral defects formed by the breaking of a
double bond tend not to separate but to recombine,
leaving no deformation (/—0) on the chain.

2. Separation of two positive defects

Two identically charged defects repel each other
and lead to two isolated charged solitons. When the
two defects are close to each other, the deformation
they provoke is strong, extending over 35 bonds
(I~17). When they are widely separated, the corre-
sponding energy is 0.5 eV lower than two vertical
ionization processes. Note that Coulomb repulsion
is not included in these calculations.

3. Separation of a radical cation (polaron)

We find that the energy is smallest, 0.65 eV, when
the two defects are in close proximity, corresponding
to the formation of a polaron. Our result that the
radical and the ion (i.e., charged and neutral soli-
tons) are attractive is consistent with the trends
predicted by Lin-Liu and Maki in the continuum
limit for large defect-pair separations.”” With
respect to a vertical ionization process, at 0.7 eV,
the polaron binding energy (related to the deforma-
tion of the lattice around it) is 0.05 eV. The op-
timal / value is again about 7, i.e., the deformation
is relatively soft, extending over 15 sites for two
nearest-neighbor defects. The charge that the po-
laron carries is also very localized, the 15 sites bear-
ing 0.757e. The optimal / value (~7) remains the
same independent of separation.
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It is interesting to note that all these results are
fully consistent with the results obtained indepen-
dently by Bishop et al. from a relativistic field-
theory approach.?®

The presence of a polaron introduces two defect
levels in the gap, symmetrically placed 0.4 eV above
and below the Fermi level rather than both at the
Fermi level as for noninteracting defects. This
number is in agreement with the purely electronic
relaxation energy on electron injection calculated by
Su and Schrieffer.!? For acceptor doping the bond-
ing state is singly occupied and the antibonding
state empty. In Fig. 3, we present the difference in
band picture going from two isolated defects to two
interacting defects. Our results indicate that at low
doping levels, the extra charges on the chain form
polarons and not charged solitons (except for
charge-transfer processes from the few extrinsic
neutral soliton defects).

4. Interactions between polarons

We now address the question of the interaction
between two polarons to understand the evolution
when the doping level increases. To study this in-
teraction, we have considered two polarons and lo-
cated the charged defects at fixed positions, to cor-
respond to the pinning of the plus charges at the
positions of the negatively charged dopants. The
neutral defects are gradually pulled away from the
charged defects, approach each other, and finally
recombine leaving two charged solitons (Fig. 4).

For two polarons widely separated [E ~2 X% (0.65
eV)=1.3 eV], that process leads first to the forma-
tion of four isolated defects [E~4X(0.45
eV)=1.8eV], before eventually the recombination
of the two radicals leaves only two charged solitons
[E~2X(0.45 eV)=0.9 eV]. Thus there is a barrier
to recombination as indicated in Fig. 4. At 2.0%

cB

FIG. 3. Interaction of charged and neutral soliton in
polyacetylene. States appear at midgap for infinite
separation but interact and split as indicated when the
separation approaches one bond (polaron formation).
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FIG. 4. Interaction between two radical cations (or
polarons) in polyacetylene. The horizontal axis is the
ratio of the radical separations to the charge separations
so that the right extreme of the figure represents the
formation of two charged solitions from two polarons.
Doping levels as mole per cent are indicated.

(homogeneous) doping level (charges about 50 sites
apart), the barrier is still of the order 0.1 eV. The
barrier disappears at around 3% doping level
(charges about 35 sites apart) and, at 4% doping
level, neutral defects readily recombine leading to a
lattice of charged solitons.

Let us consider the evolution of the band struc-
ture during the doping process. At low doping lev-
els, we form bonding and antibonding polaron states
0.3 eV above the valence band and 0.3 eV below the
conduction band. As doping increases, two process-
es take place: The polaron states form a band [see
Fig. 5(a)] and some polarons close to one another
will form charged solitons. If the latter process is
neglected, the bonding polaron band would merge
with the valence band at ~5% doping (and the an-
tibonding polaron band will merge with the conduc-
tion band at ~5%). At ~10% doping the gap
would disappear. However, the formation of
charged solitons intervenes and we shift gradually
from a polaron lattice [Fig. 5(a)] to a charged-
soliton lattice [Fig. 5(b)]. Note that polarons and
charged solitons should coexist until a doping level
of 3—49%. The charged soliton states at midgap
form a band that may be responsible for the con-
duction mechanism without spin occurring just
above the semiconductor-metal (SM) transition
(which occurs experimentally at ~1% doping'®).
In our model, the soliton band merges with the
valence band at ~10% doping so that carriers with
spin can contribute to the conductivity. This is in
agreement with the delayed appearance of signifi-
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FIG. 5. Band-structure scheme at intermediate dop-
ing for a lattice of polarons (a) and a lattice of charged
solitons (b). At higher doping levels, bands in the gap
broaden and this leads in our model for case (a) to the
merging of the bonding (antibonding) band with the
valence (conduction) band at ~5% doping level while
the bonding and antibonding bands merge at ~10%
doping. For case (b), the soliton band merges with the
valence and conduction bands at ~11% doping, in
agreement with Mele and Rice calculations (Ref. 44).
Following these authors, inclusion of interchain coupling
could reduce the doping level where merging occurs to
below 5% where it is observed experimentally.

cant Pauli susceptibility above the SM transition.
At very high doping levels, our ab initio Hartree-
Fock calculations on Li-doped polyacetylene?® show
that bond-length alternation is completely
depressed, solitons are no longer present, and con-
ductivity is due to the closure of the Peierls gap.?®?

The midgap absorption which appears at about
0.7 eV when polyacetylene is doped®®3! has been
taken as evidence for the generation of solitons on
doping. Since our model shows that the formation
of polarons is energetically favored over solitons at
low doping levels, the question arises as to whether
or not polarons are responsible for, or contribute to,
the observed midgap absorption. A polaron in po-
lyacetylene introduces three new transitions as de-
picted in Fig. 6. Table I gives our calculated ener-
gies for these transitions (normalized by the energy
gap) for radical-ion separations of 1, 3, 5, and 7
bonds. Note that the average absorption energy ex-

CcB
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FIG. 6. Schematic representation of doping-induced
optical transition in polyacetylene for solitons and po-
larons.

pected with the polaron model is also about midgap.
We now consider charged-defect absorption ob-
served in model compounds for polyacetylene.
We choose the diphenylpolyenes (DPP),
C¢Hs(HC=CH), C¢Hs, since there are rather exten-
sive data®? available for these molecules and their
ions with n =1—6. Because we are interested in
the extrapolation of oligomer data to the polymer,
we must appropriately “correct” the DPP data to
take into account the fact that the phenyl groups
(C¢Hs) effectively extend the conjugation length
beyond the polyene sequence. We accomplish this
correction by defining an effective conjugation
length, n.g=n +v, such that the absorption energy
of DPP with n double bonds is equal to that of a
polyene with n +v double bonds.>* The absorption
energies are plotted versus 1/n., which according
to theory and experiment should yield a roughly
linear relationship.* Results are shown in Fig. 7.
We find v=2.7; in other words, stilbene (n =1) ab-
sorbs at about the same energy as octatetrene
(n +v=4). The extrapolation to n = o0 yields
E;=1.8 eV, in good agreement with experiment.*
We also show in Fig. 7 the transition energies for
radical anions as obtained by Hoijtink and van der
Meij.*> The data are roughly linear with 1/n.4 and
extrapolate to 0.5, 0.8, and 1.0 eV. These data, after
normalizing by the 1.8-eV band gap, are compared
to theory in Table I. These radical anions corre-
spond to negatively charged polarons, i.e., to donor

TABLE 1. Energies (E;), defect level position (€;), and transition energies for charged de-

fects in polyacetylene. The transition energies (E,, E,, and E3) are normalized by the band-
gap energy for comparison to experiment.

E,; €4
Separation V) (eV) E, E, E;
1 0.652 +0.434 0.20 0.62 0.81
3 0.656 +0.395 0.23 0.56 0.79
5 0.667 +0.357 0.25 0.50 0.75
7 0.680 +0.318 0.28 0.45 0.73
Experiment s R 0.30 0.44 0.55
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FIG. 7. Optical absorption energy vs the reciprocal
of the “effective” number of double bonds for diphenyl
polyenes (neutral molecules and radical anions). The
solid line through the neutral molecule data represents
data for polyenes (with extrapolation) taken from the
literature (Ref. 33).

doping of polyacetylene for which a broad (~ 1-eV
wide) transition centered at about 0.7 eV has been
observed.’! Thus the extrapolated radical anion ad-
sorption data are completely consistent with the ex-
perimental observations for donor-doped polyace-
tylene. We may conclude that polaron absorption
offers a satisfactory explanation for the midgap ab-
sorption in doped polyacetylene and that the soliton
explanation is nonunique.

III. DEFECT STATES IN
POLYPARAPHENYLENE

Polyparaphenylene consists of benzene rings
linked in the para position. Crystallographic data
on oligomers®® indicate that carbon— carbon bond
lengths within the rings are about 1. 40 A and those
between the rings are about 1.50 A. In the solid
state, two successive benzene rings are tilted with
respect to each other by about 23°. This torsion an-
gle constitutes a compromise between the effect of
conjugation and crystal-packing energy, which
favor a planar structure, and the steric repulsion be-
tween orthohydrogen atoms, which favors a non-
planar structure. The band gap in PPP is about? 3.5
eV or about twice that of PA. A resonance form
can be derived for PPP that corresponds to a
quinoid structure; however, contrary to all-trans

PA, the benzenoid and quinoid forms are not ener-
getically equivalent, the quinoid structure being
substantially higher in energy (Fig. 8).

When we discuss defects in PPP, it is important
to recognize that connectivity in PPP makes it very
different from trans- and cis-PA, even at the
lowest-order level (Hiickel theory). This is demon-
strated when we address the possibility of any
midgap (e =0) state in PPP, by considering the de-
fect displayed in Fig. 9. As detailed in the Appen-
dix, we find that for physical values of the reso-
nance integrals, a midgap € =0 state as in trans- or
cis-PA, is not possible in PPP. A very important
result is that in PPP defects will always be strongly
interacting and correlated in pairs; thus a soliton-
antisoliton pair will be confined. Also contributing
to this confinement is (also true by analogy in cis-
PA and polydiacetylene) that the more two defects
separate, the more rings with quinoid structure of
higher energy appear between the two defects.
Thus there will be a compromise between the
strength and the extension of the relaxation of the
lattice due to the presence of defects.

Calculations on PPP are performed on 21 ring
chains (126 carbon atoms) in the framework of
Huickel theory using a bond-order —bond-length re-
lationship of the Coulson type. Parameters A, B,
and C from relations (2) are optimized in order to
reproduce in the absence of any defect: (i) the ex-
perimental geometry of the benzenoid structure, (ii)
the band gap of 3.5 eV, and (iii) the bandwidth of
the highest occupied 7 orbital of the order of 3.2
€V.%36 Note that this procedure parallels that used
for polyacetylene though the parameters need not be
the same. Under these conditions, parameters 4, B,
and C are, respectively, 46.0 eV, 0.531 A and 4.30
A~!. With this choice of parameters, the total en-
ergy difference per ring between the benzenoid
structure and a “pure” quinoid structure, where
re=c=1.38 A and rc_c=145 A, is 7.2 kcal/mol
(0.31 eV), in good agreement with the extended-

O +OF

=

ENERGY

DEFORMATION COORDINATE

FIG. 8. Sketch of potential energy curve for po-
lyparaphenylene showing energetically inequivalent
structures.
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FIG. 9. Sketch of the defect considered when search-
ing for a localized midgap state in polyparaphenylene.

Hiickel-theory estimate of Whangbo et al.’’

The model we have chosen to deal with pairs of
defects derives directly from what we used for po-
lyacetylene and is consistent with crystallographic
data on biphenyl and biphenyl anions.*® These data
indicate that the changes in the geometry in form-
ing the (—1) biphenyl anion are in the direction
provided by an increased admixture of the quinoidal
resonance form:

RN

The bonds parallel to the chain direction (bonds a
and c¢) shorten and bonds inclined to that direction
elongate. While bonds a and b are nearly equal in
the neutral species ga =b=140 A), these bonds
differ by about 0.05 A in the anion (@ =1.38 A and
b=143 A). Bonds b and ¢, which in the neytral
species differ by about the same amount (0.10 A) as
do adjacent bonds in polyacetylene, become nearly
equal in the anion (¢ ~ 1.44 A).

In our model, we consider that the deformation
toward the quinoid structure is maximum in the
middle of the defect pair and gradually decreases
toward the edge of the defect to lead back to the
benzenoid structure (Fig. 10). Such a behavior can
be simulated by a product of hyperbolic tangent
functions, as in the case of interacting solitons in
trans-PA. The resonance integral values for the

three types of bonds within the defect are expressed
as

4N —n

B::,n +1(r)=B 1.40—a

tanh % tanh

©-0-0-0-0-O

Deformation

/N

Extension of Defect

FIG. 10. Deformation model for polyparaphenylene
chain based on product of hyperbolic tangent functions.

Bl i1(0)=B|1.40+a tanhi;—tanh4Nl__n ” ,
(5b)
Bnni1(r)=pB |1.50
—2a tanh%tanh 4Nl—n (5¢)

In these expressions, N indicates the number of
rings over which the defect extends, » is the site lo-
cation from one end of the defect (4N —n is then
the separation from the other end), / modulates the
amplitude of the deformation (note that the larger
the value of /, the smaller the deformation), and «
denotes the maximum bond-length difference with
respect to the original bond lengths. In agreement
with the crystallographic data on biphenyl anions,*
bond c is allowed to vary twice as much as bonds a
and b. Optimization of the value of a has led to the
choice @ =0.05 A. The optimization of the energy
for a pair of defects depends on two factors: the
number of rings N over which the defect extends
and the value of /.

Results for the same three different pairs of de-
fects as studied in PA are presented in Fig. 11 and
discussed below.

A. Two neutral defects

In this case, the minimum of energy is obtained
for values of [ tending to infinity, i.e., there is no
deformation left on the chain, the two radicals
recombine.

B. Radical cation (polaron)

For a charged defect interacting with a neutral
defect, a polaron is formed whose binding energy is
of the order of 0.03 eV (to be compared with 0.05
eV in the case of trans-PA). The extension of the
defect is over about five rings. The deformation of
the lattice associated with the polaron is relatively
soft (I =13 for N =5); in the middle of the defect
where deformation is largest, the bonds within the
ring change by some 0.025 A, between the rings by
0.05 A. These changes are fully consistent with the
ones observed in the biphenyl anions.*

It should be stressed that the relative flatness of
the energy curves in Fig. 11 comes from the fact
that for each value of N, the / value adjusts in such
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FIG. 11. Energy gain with respect to vertical ioniza-

tion processes obtained in polyparaphenylene through

the formation of a polaron for a singly charged defect

(a) and of a bipolaron for a doubly charged defect (b), as

a function of the extension of the defect, in number of

rings N. For each N value, the optimal / value is shown
in parentheses.

a way that the maximal deformation in the middle
of the defect is always of the same order. If, for a
given N value, the maximal deformation is varied
around its optimal value, the energy rises more
sharply.

The presence of the polaron introduces two
states, bonding and antibonding, in the gap. The
bonding state, half-occupied for a radical cation, is
0.2 eV above the top of the valence band. The
charge is localized; its probability density over the
five rings of the defect is 0.791.

C. Two positively charged defects

Contrary to what happens in trans-PA where the
two charged defects separate, we observe in PPP the
formation of a bipolaron (or correlated charged-
soliton —charged-antisoliton pair), Fig. 12. The ex-
tension of the bipolaron is of the same order (N =5)

©-0-0-0-0-0-@

FIG. 12. Bipolaron on polyparaphenylene chain.

as that of the polaron, but the deformation is much
stronger, about twice as large as for the polaron.
The gain in total energy with respect to two vertical
ionizations is of the order of 0.4 eV, to be compared
with 0.5 eV in the case of two charged solitons in
trans-PA.

Considering explicitly neither Coulomb repulsion
nor screening due to the counter ions, the formation
of a bipolaron is much preferred over the formation
of two polarons (the 0.4-eV energy gain of a bipo-
laron with respect to two vertical ionizations is to
be compared with 2X0.03 eV for two polarons).
This can be understood by the fact that the stronger
deformation that exists in the bipolaron case pushes
up the bonding state in the gap 0.56 eV above the
valence band, thereby making the ionization process
easier. The charges of the bipolaron are also very
localized, being located at 90.6% within the five
rings.

Note that as in the case of charged solitons in
trans-PA, the bipolaron carries no spin and the
bonding state it induces in the gap is empty. As the
doping level increases, interactions between bipo-
larons could broaden the bipolaron states in the gap
and lead to the formation of a band. Conductivity
could arise from the motion of bipolarons carrying
no spin. This picture is consistent with recent mag-
netic data,®® which indicates a very low Pauli sus-
ceptibility in the metallic regime of SbFs-doped
PPP.

The fascinating possibility of formation of bipo-
larons in doped PPP, whose interest is further in-
creased by the work on bipolaronic superconductivi-
ty,* calls for more attention to be given to the
study of the electronic properties of PPP upon dop-
ing. Unfortunately, detailed experimental analyses
have so far been hindered by the inhomogeneous
character of the doping process in PPP and the im-
possibility to have precise control of the doping lev-
els. Note that in cis-PA, where the same kind of
behavior as in PPP.could be expected, isomerization
takes place upon doping, leading to the trans form.

IV. CONCLUSIONS

By model calculations on the defect states in-
duced upon doping in all-trans polyacetylene and
polyparaphenylene, we have given a picture of the
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evolution of the electronic properties of both sys-
tems upon doping and have shown that, despite the
presence in all-trans PA of a degenerate ground
state which is absent in PPP, PA and PPP are much
more similar than generally thought. At low dop-
ing levels, polaron formation is expected for both
PA and PPP with similar polaron binding energies
and defect extensions. At higher doping levels, po-
larons interact to produce uncorrelated charged soli-
tons in PA and bipolarons or correlated charged-
soliton — charged-antisoliton pairs in PPP. As nei-
ther charged solitons nor bipolarons carry spin, this
is consistent with the absence of significant Pauli
susceptibility observed in both systems at doping
levels just above the transition to high conductivi-
ties (or “semiconductor-to-metal” transition).

We have demonstrated that the response of the
atomic geometry to electron excitation processes,
i.e., the electron-phonon coupling that we and oth-
ers have previously emphasized,®~!>?8 plays a fun-
damental role in the conductivity mechanism of
doped organic polymers. This is valid even in the
case of the macroscopic SM transition suggested to
be due to the percolation threshold of metallic
grains.*!

Finally, we believe more attention should be
given to PPP and analogous systems in order to ver-
ify the presence of bipolarons and of a conduction
mechanism based on them. This is especially signi-
ficant since it has been recently pointed out that bi-
polarons, formed by strong electron-phonon interac-
tion can be considered as localized spatially non-
overlapping Cooper pairs and can have, under cer-
tain conditions, superconducting properties.*’

Our results? on polyacetylene are in excellent
agreement with the field-theoretic results of Bishop
and co-workers.?® Our results on polypara-
phenylene, which have not been treated by a contin-
uum field-theoretic model, show that, even in the
case of nondegenerate ground states, results qualita-
tively similar to degenerate-ground-state systems
can be obtained when polaron and bipolaron states
are considered.
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APPENDIX

We are searching for the condition of appearance
of a localized midgap € =0 state in PPP, in the
framework of a Hiickel Hamiltonian. We consider
the defect displayed in Fig. 9 with resonance in-
tegral 3 corresponding to a “long” bond, 3, to a
“short” bond, and B to a “benzene” bond. To the
left of the defect, we obtain the following set of
equations:

ECy=CB1+CiB1+C5B: ,
EC=C3B,+CoBy
EC;=C3B,+CoB, ,
EC,=C\B,+C3By
EC5=C1B,+C3p,
EC3;=CB1+C3B,+CyB -

Imposing € =0 results for a nontrivial solution in
all coefficients on odd numbered sites being zero,
we get the following relations:

Cy,=C3=—-B1Co/B, ,
Cy=—2B,C,/B,=2B1C,o/B3 ,
Ce=—2BiCo/B; ,
Cy=4B1C,/B3,

(A1)

or (A2)
Csn=(2B1/B3)"Co ,
Cing2=—2%B1/B)"*'Cy .

In order to have a localized state, we need

2B1/B3 <1 or V2B, <B, .

With the short bond taken as 1.35 A, this implies in
our parametrization the long bond should be larger
than 1.53 A (i.e., a C—C bond as in alkanes) or, in
Coulson-Golobiewski parametrization,” larger than
1.48 A. This means a very strong quinoid structure
of high energy.

Furthermore, it is relevant to consider that the
short bonds between the rings are actually longer
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than the short bonds within the rings. With the in-
troduction for the former of a resonance integral
B33 < B,, the condition for a localized state becomes

V2B, <V'B.Bs

thus rendering the condition even more difficult to
fulfill.

To the right of the defect, the same process leads
to the relations

C_1=C_3=—B,Cy/B,

C—-3=[31C0/B ’

C_s=—BiCy/2B?,

5853

C_;=B1Co/2B%,
C_o=—PB1Cy/4B>,

or
1
C—(4n+1>=—§(/31/ﬁ)"+lco .

This constitutes an exponential decrease of the coef-
ficients to the right of the defect.

From the search for a localized state in PPP, we
conclude that the e=0 state does not occur for
physical values of the parameters. It only appears
if the rings to the left of the defect in Fig. 9 are ex-
tremely quinoid, a situation which is energetically
highly unfavorable.
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