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The effect of charge-transfer doping on the geometric and electronic structures of conjugated po-
lymers has been investigated at the ab initio level with explicit consideration of the doping agents.
Three systems were chosen for study as prototypical examples of conjugated polymers with nonde-
generate ground states: polyparaphenylene, polypyrrole, and polythiophene. As a result of charge
transfer with electron-donating dopants, extra charges appear on the polymer chains and induce
strong geometry modifications. The lattice evolves from an aromatic structure towards a quinoid-
like structure. Charged defects associated with lattice deformations such as spinless bipolarons are
formed. The influence on the electronic structure of the polymer chains is such that with respect to
the undoped case, new states appear within the gap. For the maximum doping levels experimentally
achieved, band-structure calculations demonstrate that the states in the gap overlap to form bipola-
ron bands, a few tenths of an electron volt wide. The presence of these bipolaron bands is consistent
with optical data as well as with magnetic data which suggest that the charge carriers in the highly

conducting regime are spinless.

I. INTRODUCTION

In recent years, the discovery of doped organic poly-
mers with high conductivities has generated substantial
research interest among physicists and chemists alike. On
one hand, the creation of new materials combining the
processability, light weight, and durability of plastics with
the electrical conductivity of metals is a driving force in
the development of conducting polymers. On the other
hand, doped organic polymers constitute a new fascinat-
ing area of condensed-matter physics where nonlinear
phenomena can play an important role. Polymers with
doped derivatives reported to have conductivities larger
than 1 S/cm include conjugated systems such as polyace-
tylene, polypyrrole, polythiophene, polyparaphenylene,
and polyphenylene chalcogenides."> The doping process
involves exposure of the polymer to electron donors (such
as alkali metals) or acceptors (such as I, or AsFs).

Although doped polymers display phenomena in some
ways similar to conventional doped inorganic semicon-
ductors, their physics is very different. One of the funda-
mental reasons for this difference is that these polymers
are organic materials. Therefore, it is expected that
charge-transfer (or electron-excitation) processes result in
significant local modifications (relaxations) of the chain
geometry. Indeed, in organic systems, the equilibrium
geometry in the ionized (or excited) state is usually quite
different from that in the ground state. In solid-state
physics terminology, this means the electron-phonon cou-
pling is strong. Furthermore, the local geometry modifi-
cations of the chain, in turn, markedly affect the electron-
ic structure by inducing localized electronic states in the
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gap. These levels are all attributable to charge-transfer-
induced modifications of the 7 system of the polymer and
in that sense are intrinsic to the parent material, i.e., the
organic polymer. Note that this is in contrast to the situa-
tion in doped inorganic semiconductors where the states
in the gap are dopant levels. The fact that, upon ioniza-
tion or electronic excitation, a local relaxation of the lat-
tice geometric and electronic structures is energetically
favorable, constitutes the basis of the fascinating physics
occurring in doped organic polymers.

In order to understand the insulator-conductor transi-
tion in conjugated polymers in depth, it is very important
to develop a detailed understanding of the modifications
in geometry, as well as electronic structure, that are in-
duced by the doping process. In this context, quantum-
chemical ab initio techniques are well suited since they are
known to produce high-quality ground-state geometries
and properties of polymers.’

Thus far, polyacetylene (PA) has been the focus of most
experimental and theoretical work. The reason is that the
infinite chain of all-trans PA is unique among studied sys-
tems in possessing a degenerate ground state, i.e., two
geometric structures having exactly the same total energy.
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This degeneracy is a consequence of a Peierls distortion
and leads to possible nonlinear soliton excitations and re-
lated structural deformations.*> Many peculiar phenome-
na that occur in trans-PA can be explained by the pres-
ence of soliton defects on the chains. One of the most ex-
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citing examples is the observation, with doping levels be-
tween about 0.2 and 7 mol % in AsFs- (Ref. 6) and Na-
doped PA,’ of high conductivity without significant Pauli
susceptibility. This has been considered as evidence that
highly mobile spinless charged solitons are the charge car-
riers in that regime.

In other polymers, such as polyparaphenylene (PPP),
polypyrrole (PPy), or polythiophene (PT), the ground state
is nondegenerate. As a result, soliton excitations are not
possible. However, doping of these polymers yields trans-
port properties which are very similar to those of trans-
PA. In particular, unusually low Pauli susceptibility has
also been reported in the metallic regime of SbFs-doped
PPP,? and no ESR signal is detected in electrochemically
cycled highly conducting PPy.” Recent theoretical'®—!4
and experimental® !> work points to the evidence that bi-
polarons, i.e., doubly charged defects associated with a
lattice deformation, are the corresponding spinless charge
carriers in these systems.

In this paper, we focus on polymers with a nondegen-
erate ground state. We present a restricted Hartree-Fock
(RHF) self-consistent-field (SCF) ab initio study of the
geometries of polyparaphenylene, polypyrrole, and po-
lythiophene in the undoped state and in the highly-Li-
doped or highly-Na-doped state where bipolarons are like-
ly to be present on the chains. We also examine, through
valence effective Hamiltonian (VEH) calculations, the
evolution of the electronic band structures upon doping of
these compounds. Section II is devoted to a brief descrip-
tion of the methodology we have followed. In Sec. III we
discuss the results of the SCF ab initio and VEH calcula-
tions on PPP, PPy, and PT. Conclusions of this work are
presented in Sec. IV. Two preliminary reports of this
work have been recently published and dealt with highly-
Li-doped PPP and highly-Na-doped PPy.!%17

1I. METHODOLOGY

The calculations on the geometry of undoped and high-
ly doped polymer chains are performed in the framework
of the RHF SCF—LCAO-MO (linear combination of
atomic orbitals—molecular orbitals) ab initio technique.'®
All core and valence electrons are explicitly taken into ac-
count. We make use of the GAUSSIAN-76 program'® as
adapted and extended by one of us (J.G.F.) to handle 175
atomic orbitals on the 36-bit (binary digit) Digital Equip-
ment Corporation DEC-20/60 computer of the Facultés
Universitaires de Namur. All two-electron integrals
smaller than 10~% a.u. ( <2.721X107° eV) are neglected.
The convergence criterion required for each of the density
matrix elements is 5X 1075 a.u. The symmetry of the
compound can be explicitly taken into account in order to
reduce the number of two-electron integrals to be evaluat-
ed.

We consider a minimal Slater-type-orbital—three-
Gaussian (STO-3G) basis set where each atomic orbital
(1s for hydrogen; 1s, 2s, and 2p, , , for carbon and nitro-
gen; 1s, 25, 2p, . ;, 35, and 3p, , , for sulfur) is represent-
ed as a linear combination of three Gaussian functions.
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Standard molecularly optimized Slater exponents are used
for these atoms.

In order to keep computing times at a reasonable level,
the geometries are investigated on limited model chains:
quaterphenyl (QP) for PPP, quaterpyrrole (QPy) for PPy,
and quaterthiophene (QT) for PT. As dopant agents, we
have chosen to take small alkali-metal atoms such as lithi-
um or sodium. As a result, only the effects of n-type dop-
ing are explicitly examined. For lithium and sodium, we
adopt a basis set which has been tested in calculations on
cation-ligand interactions at the STO-3G level.”’ In the
case of lithium, the 1s atomic orbital with exponent
£=2.69 is represented by six Gaussians (6G expansion);
the 2s orbital, represented by a 3G expansion, has an op-
timized exponent £=0.95; and the 2p orbitals are
suppressed. In the case of sodium, a 3G expansion is used
for all atomic orbitals; the exponents are taken to be
£15=10.61, £, =3.48, and {3,=1.75; and the 3p orbitals
are suppressed.

In all calculations, the carbon—hydrogen and nitro-
gen—hydrogen bond lengths are kept at standard values,
i.e., respectively, 1.08 and 0.99 A. For undoped QP, we
optimize seven parameters under D, symmetry: the tor-
sion angle between two consecutive rings, the C—C bond
between rings and within rings, the C—C bonds parallel to
the chain axis and the bonds inclined with respect to it,
the bond angles between an inclined bond, and, respective-
ly, another inclined bond, a parallel bond, and a C—H
bond. For the pyrrole and thiophene chains, ab initio cal-
culations on the dimers have indicated that the most
stable conformation corresponds to a situation where the
rings are coplanar and alternate in such a way that nitro-
gen or sulfur atoms on adjacent rings point in opposite
directions.?! This is in agreement with the solid-state con-
formations as obtained from x-ray diffraction experiments
for bipyrrole and terpyrrole,”? and for bithiophene.??
Therefore, for undoped QPy and QT, we consider the
chains planar and optimize eight parameters under Cyy
symmetry: the bond between rings and within rings, the
C,—N bond, the C,—Cg bond, and the Cg—Cpg bond, the
C,—N—C, angle, the N—C,—Cp angle, the C,—Cg—C,
angle, and the N—C,—C,, angle.

In the doped case, we add two lithium or sodium atoms
to the tetramer. This corresponds to a very high doping
level of 50 mol % on a per monomer basis. Each dopant
is located above the middle of an inner ring. This choice
allows measuring the extent of the influence of the dopant
atoms by distinguishing between the inner and outer rings.
We optimize the same parameters as in the undoped case,
now under C, symmetry, and allow for different
geometric relaxations in the inner and outer rings. The
exact location of the dopant atoms is also optimized in the
case of QPy and QT. For QP, in order to keep compu-
tation times low, the dopant is fixed at 1.85 A above the
middle of an inner ring, in analogy to what is found in the
lithium-intercalated graphite compound.?*

We may note that a STO-3G calculation for a single
point on the potential hypersurface constructed to opti-
mize the geometry requires about 2.5—3.5 h of CPU (cen-
tral processing unit) time on the DEC-20/60 computer for
QPy, QT, and undoped QP, and about 7 h of CPU time
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for doped QP.

The optical transition energies are usually found to
have little quantitative meaning at the RHF ab initio lev-
el. Therefore, in order to obtain the band-structure evolu-
tion for the chains upon doping, we have also performed
VEH calculations.”> We take the STO-3G geometries op-
timized on the undoped and highly doped tetramers as in-
put geometries for the VEH calculations. The VEH tech-
nique has been shown to yield good values for band gaps
and bandwidths in hydrocarbon,?® sulfur-containing,?
and nitrogen-containing?® conjugated polymers.

III. RESULTS AND DISCUSSION
A. Polyparaphenylene

Among conducting polymer systems, polyparaphenyl-
ene is attractive for several reasons. High conductivities
can be achieved, e.g., of the order of 500 S/cm upon AsFjs
doping and 30 S/cm upon potassium doping.?’ Forma-
tion of rechargeable batteries based on n-type-doped and
p-type-doped PPP has been demonstrated.’® AsF;s doping
of PPP oligomer single crystals (terphenyl, quaterphenyl,
and sexiphenyl) provides a new solid-state polymerization
process and also leads to highly conducting complexes.’!
Unlike polyacetylene, PPP is stable in air even at elevated
temperatures.

PPP consists of benzene rings linked in the para posi-
tion. Crystallographic data on oligomers*2—3* indicate
that carbon—carbon bond lengths within the rings are
about 1.40 A and those between rings are about 1.51 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 conju-
gation and crystal-packing energy, which favor a planar
structure, and the steric repulsion between hydrogen
atoms in ortho positions, which favors a nonplanar struc-
ture. The band gap in PPP is 3.4 eV,’! i.e., about twice
that of polyacetylene.

The resonance form which can be derived for PPP cor-
responds to a quinoid structure.

O+ - O
Contrary to the situation in trans-polyacetylene, the ben-
zenoid and quinoid forms are not energetically equivalent,
the quinoid structure being substantially higher in energy.
By performing STO-3G ab initio calculations on both
conformations for quaterphenyl, we obtain an estimate of

the energy difference between the benzenoid and quinoid
forms of the order of 20.1 kcal/mol per ring.

1. Undoped chain

The STO-3G optimized geometry for quaterphenyl and
the charges on carbon atoms as obtained from a Mulliken
population analysis are displayed in Fig. 1. These optim-
ized bond lengths and bond angles are in close agreement
with x-ray and neutron diffraction data on terphenyl and
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tolal charge:
+0.0004

total charge:
-0.0004

FIG. 1. STO-3G—optimized geometry (bond lengths in A
and angles in deg) and net charges on carbon atoms (in | e |) for
quaterphenyl, assuming D, symmetry.

quaterphenyl. The slight quinoid structure that is ob-
tained within the rings is supported by the neutron dif-
fraction results on terphenyl.> Though significantly
larger than the solid-state value, the 37.8° torsion angle
agrees well with the 42° estimate from diffraction data on
gaseous biphenyl.3> It is interesting to note that the max-
imum difference in C—C bond length is 0.123 A, in close
agreement with experiment. This is larger than the 0.08-
A estimate for trans-PA.3 Charges on carbon atoms con-
nected to hydrogen atoms are of the order of 0.06¢, due to
the slight polarization of the C—H bond. Total charges
per CH unit are however negligibly small.

We have performed VEH calculations on quaterphenyl
and polyparaphenylene using the STO-3G coordinates op-
timized on undoped QP, except for the torsion angle
which is set at the 22.7° solid-state value. We obtain
band-gap values of 4.3 and 3.5 eV, respectively, for QP
and PPP. This compares very well with the experimental
data: 4.5 eV for terphenyl, 3.9 eV for sexiphenyl, and 3.4
eV for PPP.’!

2. Doped chain

We have considered both the lithium and sodium dop-
ing of quaterphenyl. Both these alkali metals are known
to yield highly conducting complexes with PPP.? In the
lithium-doped case, the charge transfer towards the chain
is calculated to be 0.64¢ per lithium atom; see Fig. 2. We
find from the total charge per ring that most of the
charge is transferred to the inner rings, only 22.5% going

L Li:+0.6419

Total charge:
0490 -0.1445

FIG. 2. STO-3G—optimized geometry (bond lengths in A
and angles in deg) and net charges on lithium and carbon atoms
(in | e |) for lithium-doped quaterphenyl, assuming C, symme-
try. Optimized torsion angle between two consecutive rings is
2.0
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to the outer rings. Although end effects may not be
neglected, this indicates that in longer chains the charge
transferred to (and the influence of the dopant on) next-
nearest-neighbor rings should be fairly small. Since these
calculations take into account the charge transfer from
two dopant atoms, we are mimicking the situation where
a doubly charged spatially localized defect (a bipolaron) is
present on the chain. Our results thus suggest that bipola-
rons in PPP would mainly extend over about four rings.
Hiickel-like calculations predict a bipolaron width of the
order of five phenyl rings.!

Charge transfer from the lithium atoms causes drastic
modifications of QP geometry, as depicted in Fig. 2. The
chain becomes nearly coplanar, the torsion angle changing
from 37.8° to 2.0°. As a result of the difference in the
amount of charge transfer between the inner and outer
rings, the changes in the geometrical parameters are larger
in the inner rings. In these rings, the C—C bond between
rings is markedly reduced by 0.109 to 1.398 A. Parallel
bonds in the rings acquire a more pronounced double-
bond character as they decrease by 0.010 A. Inclined
bonds increase significantly by 0.044 A. The maximum
C—C bond-length difference in the inner rings becomes
0.063 A, i.e., half of the value found in the undoped case.
These changes give the inner rings a strong quinoidal
character. This result is in agreement with crystallo-
graphic data on biphenyl and biphenyl anions, indicating
an increased admixture of the quinoid resonance form in
the anions.’” The same is true for the outer rings, to a
smaller extent, however; bonds within rings change by less
than 0.005 A and bonds between rings decrease by 0.031
A

In the case of sodium doping, the charge transfer is al-
most complete, 0.93e per Na atom. The geometry and net
charges per sodium and carbon atom are given in Fig. 3.
As for Li doping, about 80% of the charge goes to the
inner nngs The chain is now completely coplanar, The
inner rings are almost purely quinoid with 1.352- A and
1.371-A double bonds and 1.462-A single bonds. It is in-
teresting to note that the maximum C—C bond-length
difference is 0.110 A, i.e., significantly larger than in the
lithium-doped case.

The influence of the geometric modifications on the
electronic structure of the chain is very important. With

Na Na:+0.9333

total charge: total charge:
-0.73%0 -0.1943

FIG. 3. STO-3G—optimized geometry (bond lengths in A
and angles in deg) and net charges on sodium and carbon atoms
(in | e |) for sodium-doped quaterphenyl, assuming C, symme-
try. Optimized torsion angle between two consecutive rings is
0.0°.

BREDAS, THEMANS, FRIPIAT, ANDRE, AND CHANCE 29

respect to the undoped case, the level corresponding to the
highest occupied molecular orbital (HOMO) is strongly
pushed up in energy, whereas the level corresponding to
the lowest unoccupied molecular orbital (LUMO) is
strongly pushed down in energy. All the other levels
remain more or less at the same energies as in the un-
doped compound. This is illustrated in Table I where we
present the evolution, at the VEH level, from the undoped
situation (torsion angle set at 22.7°) to the sodium-doped
situation for the QP highest occupied and lowest unoccu-
pied 7 levels. The VEH calculations on QP indicate that,
in comparison to the undoped molecule, the upward shift
of the HOMO and the downward shift of the LUMO are,
respectively, 0.50 and 0.62 eV upon lithium doping and
0.74 and 0.88 eV upon sodium doping. The shifts are
larger in the latter case since the geometric modifications
are larger.

We thus observe the appearance of two states in the gap
due to the charge transfer and the geometry changes im-
plied by the formation of a doubly charged bipolaron de-
fect on the chain. These states in the gap can then be re-
ferred to as bipolaron states and are fully occupied in the
case of n-type doping as we consider here. They would be
empty in the case of p-type doping. Thus the bipolarons
are spinless. The STO-3G calculations show that the bi-
polaron states are dominated by the C 7 orbitals (fairly
small contributions from Li 25 orbitals are present in the
Li-doped case). The impurity states (that is, those related
to the dopant atoms) appear above the bipolaron states.
For the lithium doping, the impurity states correspond to
mixtures of Li 2s and C 7 orbitals and are located be-
tween the highest bipolaron state and the QP conduction
levels. The Na 3s impurity states appear within the con-
duction states and not within the gap.

It should be stressed that the calculations presented for
the doped cases correspond to very high doping levels. As
discussed previously at the Hiickel level, at low dopant
concentrations polarons (singly charged defects corre-
sponding to radical ions and carrying spin) are expected to
be present on the chains rather than bipolarons.!® !> How-
ever, two adjacent polarons are predicted to recombine to
form a bipolaron.'®!> Within Hiickel theory, with con-
sideration of neither Coulomb repulsion or screening due
to the counterions, the formation of a bipolaron is favored

TABLE 1. VEH energies (in a.u.) for the highest occupied
and lowest unoccupied 7 levels in quaterphenyl and sodium-
doped quaterphenyl. Note that 1 a.u. of energy is equal to

27.21eV.
Undoped Sodium doped
—0.1348 (LUMO) —0.1669
—0.2916 (HOMO) —0.2644
—0.3225 —0.3199
—0.3440 —0.3460
—0.3449 —0.3461
—0.3458 —0.3538
—0.3465 —0.3559
—0.3599 —0.3594
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over that of two polarons by about 0.36 eV.!®13

Having this in mind, we can draw the following picture
for the evolution of the PPP band structure upon sodium
doping. For the undoped PPP chain, the band gap of 3.5
eV [Fig. 4(a)]. At high doping levels, bipolarons are
formed either directly or as a result of recombinations
among polarons. Bipolaron states appear in the gap, 0.74
eV above the valence-band (VB) edge and 0.88 eV below
the conduction-band (CB) edge [Fig. 4(b)]. As the doping
level increases, bipolaron states start overlapping and this
process leads to the formation of bipolaron bands within
the gap. Taking as input geometry that of sodium-doped
QP, we have performed a VEH band-structure calculation
for a chain with a 50-mol % doping level, which corre-

sponds to the maximum concentration usually achieved

experimentally. The resulting band structure is sketched
in Fig. 4(c). It shows that two bipolaron bands are present
in the gap and have widths of 0.55 eV.

Upon application of an electric field, the possible
motion of the doubly charged bipolarons along the chains
and between the chains leads to a conduction mechanism
without spin. This conduction mechanism is very unusual
since all bands, as can be observed from Fig. 4(c), are ei-
ther totally full or empty. (Note that an investigation of
possible bipolaron interchain transport has been presented
elsewhere.’®) This spinless conductivity mechanism is
consistent with the absence of any significant Pauli sus-
ceptibility in the metallic regime of SbFs-doped PPP.}
Furthermore, the band structure of Fig. 4(c) is in agree-
ment with electron-energy-loss spectra for AsFs-doped
PPP.® Those spectra indicate the appearance upon p-
type doping of two peaks near about 1 eV and near about
2 eV, corresponding to transitions from the valence band
to two relatively narrow bands in the gap. The lower-
energy peak is much more intense, as is predicted by
optical-absorption calculations on bipolarons using a
continuum-coupled electron-phonon Hamiltonian general-
ized to model unique ground-state situations as in PPP.*

If we consider a hypothetical doping level of 100 mol %
(one dopant per monomer), as is the case for the band
structure displayed in Fig. 4(d), we obtain a merging of
the lower (higher) bipolaron band with the VB (CB).
Traditional conductivity with spin could then occur due
to the partially filled character of the CB (VB) upon n-(p-)

L] L1
]‘ +_30.88ev
3.5¢v 1.0eV
—
)
(a) (b) (c) (d)

FIG. 4. Evolution of the VEH band structure of polypara-
phenylene upon sodium doping: (a) undoped, (b) intermediate
doping level with bipolaron states present in the gap, (c) 50-
mol % doping level, formation of bipolaron bands, and (d) hy-
pothetical 100-mol % doping level.
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type doping. There remains a gap of about 1 eV between
the original VB and CB. This contrasts with the situation
in highly doped PA where the original gap is believed to
vanish.*!

In order to illustrate more precisely the evolution of the
band structure as a function of doping-induced geometry
modifications, we present in Fig. 5 the VEH 7 band struc-
ture for (a) a PPP chain having the STO-3G geometry of
undoped QP, (b) a polyquaterphenyl chain with the STO-
3G geometry of sodium-doped QP, and (c) a polyquinoid
chain having the geometry of an inner ring from sodium-
doped QP. Situations (a), (b), and (c) can thus be viewed
as corresponding respectively to 0, 50, and 100 mol %
doping levels. Note that, since the unit cell for the poly-
quaterphenyl chain is 4 times as large as that for the PPP
and polyquinoid chains, there are 4 times as many 7
bands in the band structure of Fig. 5(b).

In case (a) we obtain the usual PPP 7 band structure
which has been discussed in detail, e.g., in Ref. 42. The
band gap is 3.5 eV. In case (b) we clearly see the appear-
ance of the two bipolaron bands in the gap. Since the
lower bipolaron band comes out of the VB and the higher
one out of the CB, the band gap between the VB edge
(band 73c) and the CB edge (band 74b) increases to 4.5
eV. In case (c) the bipolaron bands are incorporated back
into the VB and CB and the gap between bands 73 and 74
decreases to 1.0 eV.

It is interesting to note that for a polyquinoid chain
having the STO-3G geometry of the inner rings from
lithium-doped QP, the gap between bands 73 and 74 is
1.7 eV. This is larger than for the sodium-doped struc-
ture, although the maximum difference in C—C bond
length is much smaller as previously mentioned (0.063 vs
0.110 A). This contrasts to the situation in polyacetylene
where the gap increases with an increasing difference in
C—C bond lengths.

As we can observe from Fig. 5, the quinoid structure
has a lower ionization potential and a larger electron af-
finity than the benzenoid structure (and, as a result, a
smaller band gap). This explains that upon doping the
presence of an extra charge on the chain induces a local
geometry relaxation from the benzenoid structure towards
the quinoid structure. Thus the formation of a charged
defect such as a bipolaron actually occurs when the lower-
ing in ionization energy due to the presence of a quinoid
segment more than compensates for the increase in elastic
energy required to form that quinoid segment.

B. Polypyrrole

Polypyrrole has attracted a great deal of attention in the
past years.**~*° Conducting polypyrrole films can readily
be obtained by oxidative electrochemical polymerization
of pyrrole monomer.*® Conductivities ranging between 10
and 100 S/cm are typically obtained. The conducting oxi-
dized films have good mechanical properties and display
much better environmental stability that the other con-
ducting polymers such as doped polyacetylene or po-
lyparaphenylene. The films usually consist of cationic
PPy polymer and C10,~ or BF,™ anions. The ratio of
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FIG. 5. VEH 7 band structure for (a) a polyparaphenylene chain, with STO-3G geometry from undoped quaterphenyl correspond-
ing to 0-mol % doping level, (b) a polyquaterphenyl chain, with STO-3G geometry from sodium-doped quaterphenyl corresponding to
50-mol % doping level, and (c) a polyquinoid chain, with STO-3G geometry from an inner ring of sodium-doped quaterphenyl corre-

sponding to a 100-mol % doping level.

pyrrole units to anions is of the order of 3 to 1 in the as-
grown films.

As previously mentioned, recent x-ray data on small
PPy oligomers (bipyrrole and terpyrrole??) indicate that
the rings are coplanar and that adjacent rings are connect-
ed at the a position [which is consistent with 3C NMR
data on PPy (Ref. 43)] and alternate such that the nitro-
gen atoms point in opposite directions.

A resonance form can be derived for PPy that corre-
sponds along the carbon path to a cis-polyacetylene cis-

transoid structure.
\Na \

N N

| |

H H
For sake of simplicity, we will refer to this resonance
form as the quinoid form. As for PPP, the two resonance
forms in PPy are not energetically equivalent. From
STO-3G calculations on both forms in quaterpyrrole, we
find that the aromatic form is more stable by 14.4
kcal/mol per ring. With respect to PPP, the stability
difference at the STO-3G level for PPy appears a bit
smaller.

Owing to computational limitations, we are forced to

consider n-type doping with alkali-metal atoms, although

no such doping has ever been experimentally successful to
date on polypyrrole. It must be borne in mind, however,
that the presence of alkali-metal atoms in our calculations
has to be understood as a convenient way to investigate
the influence of extra charges on the chains while taking
counterions explicitly into account. The possible differ-
ences in the effects of n-type and p-type doping will be
discussed.

1. Undoped chain

The STO-3G optimized geometry for quaterpyrrole is
presented in Fig. 6 together with the charges on carbon
and nitrogen atoms. Note that nitrogen is a strong
donor (—0.35¢e), but an even stronger o acceptor (0.66e),
so that it has a net charge of 0.31e.

The bond lengths within rings are in excellent agree-
ment with the experimental data.’> For instance, the
average values observed by x-ray diffraction in the middle
ring of terpyrrole are rcoy=1.388 A, 7C,Cp =1.360 A,
and r¢ Cp= 1.412 A. The bond connecting nngs is calcu-
lated larger (1.474 A) than those within rings, but are,
however, significantly smaller than the similar bond in
PPP (1.507 A). The experimental value is actually even
shorter, of the order of 1.448 A implying that this bond
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has some double-bond character. The maximum C—C or
C—N bond-length difference is 0.111 A, a bit smaller than
in PPP (0.123 A). Total net charges per ring are neg-
ligibly small.

VEH calculations on QPy and PPy chains having the
STO-SG—optimized geometry result in first optical tran-
sition energies of, respectlvely, 4.8 and 4.0 eV. This
band-gap value for PPy is in reasonable agreement with
the 3.2-eV experimental estimate for neutral PPy.*> The
larger theoretical value can be explained, at least partly,

total charge:
-0.0040

total charge:
+0.0040

FIG. 6. STO-3G—optimized geometry (bond lengths in A
and angles in deg) and net charges on carbon and nitrogen
atoms (in | e |) for quaterpyrrole, assuming C,;, symmetry.

by the longer inter-ring bond length that is considered
with respect to the experimental value (see, for instance,
Table I in Ref. 47: for a fixed ring geometry, the band
gap is lowered from 4.0 to 3.6 eV when decreasing the
inter-ring bond length from 1.49 to 1.45 A).

2. Doped chain

We have investigated both lithium and sodium doping.
In the lithium case, contrary to what occurs for PPP, al-
most no charge transfer is obtained. This reflects the
lower electron affinity of PPy relative to PPP. VEH cal-
culations indicate that the electron affinity of PPy is
about 1.5 eV smaller than that of PPP and about 2.5 eV
smaller than those of PA and PT.¥’

Similar to our results for sodium-doped QP, the charge
transfer in sodium-doped QPy is predicted to be almost
complete (0.94e per sodium atom) and the charge goes
predominantly to the inner rings, only 23% being
transferred to the outer rings. The optimized geometry of
Na-doped QPy is presented in Fig. 7. The sodium atoms
are found 1.98 A above the plane of an inner ring at 2.25
A from the nitrogen and about 2.33 A from the carbons.
The geometric modifications in the inner rings are such
that along the carbon path, the C—C singlelike bonds and
doublelike bonds are interchanged with respect to the un-
doped case: the Cg—Cpg bond decreases by 0.044 A to
1.380 A, and the C,—Cg bond increases from 1.363 A up
to 1.437 A. The bond connecting rings goes down by
0.117 A to 1.357 A. The C—N bonds elongate by 0.043 A
to 1.428 A. The maximum C—C or C—N bond-length
difference in the inner rings is 0.080 A. The modifica-
tions in the outer rings are quite weaker than in the
quaterphenyl case, suggesting that the width of a bipola-

total charge:
-0.7239

total charge:
=0.2187

FIG. 7. STO-3G—optimized geometry (bond lengths in A
and angles in deg) and net charges on sodium, nitrogen, and car-
bon atoms (in | e |) for sodium-doped quaterpyrrole, assuming
C, symmetry.
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ron defect could be smaller in a polypyrrole chain than in
a polyparaphenylene chain.

It is very important to point out that an analysis of the
frontier orbitals tends to indicate that upon p-type doping,
the geometry changes along the carbon path should be very
similar, whereas the elongation of C—N bond could be
smaller. The conclusions drawn from these sodium-doped
calculations should therefore be fully apphcable to the p-
type—dopmg process.

As in PPP chains, the influence of the geometric modi-
fications on the electronic structure is such that, in com-
parison to the undoped case, two (bipolaron) states appear
in the gap: the HOMO level is pushed up in energy and
the LUMO level is pushed down; the other levels move
much less. The evolution upon doping of the highest oc-
cupied and lowest unoccupied 7 levels in QPy is given in
Table II. In marked contrast to PPP systems, however,
the shifts of the HOMO and LUMO levels are very dif-
ferent. The VEH calculations on QPy show that the
HOMO upward shift is of the order of 0.60 eV, whereas
the LUMO downward shift is about 1.08 eV.

Previously, we have argued!” that this asymmetry in the
locations of the bipolaron states with respect to the gap
center could be explained by the fact that the atomic-
orbital contributions to undoped QPy or PPy HOMO and
LUMO levels are quite different. Indeed, the HOMO lev-
el has, for symmetry reasons, no contributions from the
nitrogen 7 orbitals and is thus equivalent to the cis-PA
HOMO level; the LUMO level has important contribu-
tions from all carbon and nitrogen 7 orbitals. This is il-
lustrated in Fig. 8. However, as will be shown later, such
a large asymmetric shift is not observed in polythiophene,
which has HOMO and LUMO wave functions almost
identical to those in PPy, thereby weakening our argu-
ment for PPy.

The VEH band-structure evolution of polypyrrole upon
sodium doping is presented in Fig. 9. As noted earlier, for
undoped PPy, we obtain a band gap of 4.0 eV [Fig. 9(a)].
At low doping levels, in analogy to the PPP situation,
Hiickel-like calculations predict that polarons are formed
on the PPy chains.!* At intermediate doping levels, in-
teractions between polarons lead to the formation of bipo-
larons, a bipolaron bemg 0.45 eV more stable than two po-
larons.! This picture is supported by available ESR (Ref.
9) and optical'* data. Bipolaron states then appear in the

TABLE II. VEH energies (in a.u.) for the highest occupied
and lowest unoccupied 7 levels in quaterpyrrole and sodium-
doped quaterpyrrole.

Undoped

Sodium doped

—0.0621 (LUMO) —0.1017
—0.2381 (HOMO) —0.2161
—0.2813 —0.2842
—0.3334 —0.3353
—0.3494 —0.3497
—0.3506 —0.3504
—0.3507 —0.3572
—0.3524 —0.3591
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FIG. 8. Schematic representation of the LCAO 7 coefficients
at k=0 for the (a) HOMO and (b) LUMO in polypyrrole, illus-
trating the regions of electronic concentration.

gap and, as mentioned above, are calculated at the VEH
level to be located 0.60 eV above the VB edge and 1.08 eV
below the CB edge [Fig. 9(b)].

We have performed a VEH band-structure calculation
on a PPy chain whose geometry corresponds to a per
monomer 33-mol % doping level (six rings form the poly-
mer unit cell: two of them have the geometry of undoped
QPy, and the remaining four have the geometry of Na-
doped QPy). This is the acceptor dopant concentration
which is usually achieved in the films grown upon electro-
chemical polymerization in AgClO, electrolyte.*> The
band structure is sketched in Fig. 9(c) and detailed in Fig.
10. We observe the presence of two bipolaron bands in
the gap. These bands have widths of 0.24 and 0.10 eV.
They are narrower than in the corresponding PPP case.
This can be explained by the fact that the maximum dop-

L %
o irs

——

2

\

(a)

FIG. 9. Evolution of the VEH band structure of polypyrrole
on sodium doping: (a) undoped, (b) intermediate doping level
with bipolaron states present in the gap, (c) 33-mol % doping
level, formation of bipolaron bands, and (d) hypothetical 100-
mol % doping level.
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FIG. 10. VEH 7 band structure for a polyhexapyrrole chain.
The first four rings of the unit cell have the STO-3G geometry
from sodium-doped quaterpyrrole and the remaining two rings
have that of undoped quaterpyrrole.

ing level in PPy (33 mol %) is lower than that in PPP (50
mol %), and the PPy bipolaron width seems smaller. We
may add that in the Hiickel-like calculations (which use
the STO-3G geometries calculated in this work and where
parameters are optimized to reproduce the optical spec-
trum of the undoped chain), the widths of the bipolaron
bands are significantly larger, of the order of 0.4 eV.!4
The presence of those two bipolaron bands is consistent
with the appearance of two absorption bands within the
gap in the optical spectrum of as-grown PPy films. The
VB-to-CB transition is calculated to increase by 0.5 eV
with respect to the undoped case; experimentally, the in-
crease is of the order of 0.4 eV. A conductivity mecha-
nism based on the motion of bipolarons is consistent with

the absence of ESR signal in electrochemically cycled,
highly conducting PPy.’

If higher doping is considered such as one dopant per
pyrrole unit [Fig. 9(d)], VEH calculations predict, as for
PPP, the merging of the lower bipolaron band with the
VB and the higher one with the CB. Conductivity with
spin could then occur. The original 4.0-eV band gap does
not close, but decreases to 1.2 eV as a result of a 1.1-eV
upward shift of the VB edge and 1.7-eV downward shift
of the CB edge.

C. Polythiophene

Polythiophene [poly(2,5-thienylene)] can be chemically
synthesized from dihalogenated thiophene by utilizing a
dehalogenation polymerization.** =3 The chemical syn-
thesis leads to a fairly well-ordered (about 50% crystal-
line) material which is reported to be indefinitely stable in
air at room temperature and thermally stable under nitro-
gen atmosphere up to 400°C.%° Degrees of polymeriza-
tion of about 50 monomer units are obtained.’® Doping of
chemically prepared PT with 24 mol % AsF; leads to a
room-temperature conductivity of about 14 S/cm.>® Poly-
thiophene can also be electrochemically synthesized,’! >
much in the same way as polypyrrole, to produce a more
disordered material. Conductivities for electrochemically
prepared PT with one BF,~ anion per three thiophene
units range between 10 and 100 S/cm.

The quinoidlike resonance form which is derived for
polythiophene is similar to that in PPv.

@) — 403

The stability difference between the aromatic and quinoid
form is estimated, from STO-3G calculations on
quaterthiophene, to be about 16.1 kcal/mol per ring. This
is slightly larger than the difference in PPy (14.4 kcal/mol
per ring) and smaller than in PPP (20.1 kcal/mol per
ring).

To the best of our knowledge, no n-type doping of PT
has been reported so far; n-type doping should, however,
yield highly conducting complexes since the electron af-
finity of PT is estimated from VEH calculations to be
comparable to polyacetylene or about 1 eV higher than in
PPP.*” We will only consider here the sodium doping of
PT.

1. Undoped chain

The STO-3G geometry and the charges on carbon and
sulfur atoms are displayed in Fig. 11. The sulfur atom
within a thiophene ring is as good a 7 donor (—0.24e) as
nitrogen in a pyrrole ring but is not a o acceptor. As a re-
sult, the net charges on the sulfur atoms in quater-
thiophene are positive (—0.27¢) and those on a carbons
are about 0.2e more negative than in QPy. This is, of
course, related to the difference in electronegativity be-
tween nitrogen (3.0) and sulfur (2.5), the electronegativity
of sulfur being essentially the same as that of carbon.

Within the rings of QT, the bond lengths along the cis-
polyacetylene-like path show greater alternation than in
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total charge: total charge:
-0.0022 +0.0022

FIG. 11. STO-3G—optimized geometry (bond lengths in A
and angles in deg) and net charges on carbon and sulfur atoms
(in | e |) for quaterthiophene, assuming C,; symmetry.

QPy (1.346 and 1.444 A in QT vs 1.363 and 1.424 A in
QPy). The rlng connecting bond (1.480 A) is slightly
longer than in QPy by 0.006 A The maximum C—-C
bond-length difference is 0.134 A, which is a bit larger
than in both QP and QPy. As expected, total net charges
per ring are very small.

It is quite difficult to compare our geometry results
with the experimental data on bithiophene (2,2’'-dithienyl)
since the x-ray geometry is quite imprecise due to crystal
decomposition upon irradiation.??> Electron diffraction
data are available on gaseous bithiophene®* (which is,
however, believed to be tw1sted) and indicate the followmg
bond lengths: rcg=1.717 A, rc Cﬂ-—l .357 A, and

rcgCy =1.433 A; the bond between rings is equal to 1.480

A. The C—S—C angle is 92.0°. All these values are in
good agreement with our optimized values. Note that a
comparison of the microwave data on thiophene and pyr-
role is consistent with a larger C—C bond alternation in
thiophene with respect to pyrrole.>

VEH calculations have been performed on undoped QT
and PT chains with the STO-3G optimized geometries.
The first optical transition energies are calculated to be,
respectively, 3.0 and 2.2 eV. This agrees very well with
experimental values of the order of 3.2 eV for the absorp-
tion peak in QT) (Ref. 56) and 2.0 eV for the absorption
edge in PT.’>5"% As in the case of PPy, the HOMO level
has no contribution from the # atomic orbitals on the
sulfur atoms.

2. Doped chain

Although polypyrrole and polythiophene might be ex-
pected to have very similar properties, the doping of these
systems leads in some instances to quite different results,
especially with regard to the band-structure evolution.

The STO-3G geometry and charges for sodium-doped
PT are given in Fig. 12. The same charge transfer per
sodium atom (0.93e) is found as for the QP and QPy
compounds. The majority of the charge (75%) goes to the
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S
+0.0743

total charge: total charge:
-0.6981 -0.2335

FIG. 12. STO-3G—optimized geometry (bond lengths in A
and angles in deg) and net charges on sodium, sulfur, and car-
bon atoms (in | e |) for sodium-doped quaterthiophene, assum-
ing C, symmetry.

inner rings. The sodium atoms are optimized to be lo-
cated 1.62 A above the plane of the molecule, at 2.59 A
from the nearest sulfur atom, and about 2.4 A from the
carbons. They are thus closer to the carbons than the
sulfur, in contrast to the situation in QPy. This can be ex-
plained by the fact that both the sodium and sulfur atoms
have a net positive charge.

The geometry modifications in the inner rings provoke,
along the carbon path, the interchange of the singlelike
and doublelike bonds as compared to the undoped case.
This is the same trend as in QPy. The bonds between
rings decrease by 0.118 A to 1.362 A, the Cg—Cpg bond de-
creases from 1.444 to 1.370 A, and the C,—Cpg bond
elongates by 0.086 A to 1432 A. This means that
the maximum C—C bond-length difference becomes 0.070
vs 0.080 Ain Na-doped QPy. The C—S bond undergoes a
0.055-A increase to 1.776 A. The modifications in the
outer rings are much smaller and similar to those found in
the outer rings of doped QPy.

The VEH evolution of the highest occupied and lowest
unoccupied 7 levels from undoped to Na-doped QT is
given in Table III. Upon doping, the HOMO undergoes
an upward shift of 0.61 eV and the LUMO undergoes a
downward shift of 0.71 eV. This contrasts to QPy where
the (bipolaron) states come into the gap with a large
asymmetry with respect to the gap center. The calculated
shifts in PT are in excellent agreement with the optical-

TABLE III. VEH energies (in a.u.) for the highest occupied
and lowest unoccupied 7 levels in quaterthiophene and sodium-
doped quaterthiophene.

Undoped Sodium doped
—0.1746 (LUMO) —0.2008
—0.2844 (HOMO) —0.2619
—0.3211 —0.3206
—0.3417 —0.3447
—0.3430 —0.3448
—0.3450 —0.3520
—0.3462 —0.3551
—0.3649 —0.3631
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absorption data®® which show the presence of two peaks
within the gap located, respectively, about 0.60—0.65 eV
above the VB edge and 0.65—0.70 eV below the CB edge.

The VEH evolution of the PT band structure upon dop-
ing is given in Fig. 13. The band gap in the undoped sys-
tem is 2.2 eV [Fig. 13(a)]. (A detailed description of the
VEH band structure for neutral PT has been presented in
Ref. 27.) At intermediate (a few mol %) doping levels, by
analogy with what is found in PPP and PPy, we consider
the situation where bipolaron states appear in the gap, at
0.61 eV above the VB edge and 0.71 eV below the CB
edge [Fig. 13(b)].

A VEH band-structure calculation has been performed
for the 33-mol % doping level which corresponds to that
achieved during the electrochemical polymerization [Fig.
13(c)]. The corresponding detailed 7 band structure is
displayed in Fig. 14. The bipolaron states at such a high-
dopant-concentration overlap and form two bands in the
gap, 0.24 and 0.19 eV wide. The original band gap in-
creases from 2.2 eV in the undoped state to 2.9 eV. Ex-
perimentally, as far as can be judged from Fig. 6 in Ref.
58, the band gap appears to increase by 0.4 eV for the 20-
mol % doping level. The presence of these bipolaron
bands in the gap explains the interesting electrochromic
effect that is observed in PT.>” By stepping the potential
of the PT film between 0.0 and 1.0 V vs Ag/Ag", the
film may be made to switch from red to green. The neu-
tral film is red due to an absorption peaking at 2.6 eV,
corresponding to the 7-7* transition. The oxidized film is
green due to an absorption at about 1.7 eV which can be
related to a transition from the VB to the upper bipolaron
band upon p-type doping (or from the lower bipolaron
band to the CB upon n-type doping). Magnetic measure-
ments in the highly conducting regime of PT would be
very desirable in order to assess whether spinless bipola-
rons can be the charge carriers, as would be suggested by
our calculations.

For an hypothetical 100-mol % doping level, the VEH
calculations indicate, as for PPP and PPy, that the lower
(upper) bipolaron band merges with the VB (CB) [Fig.

(a) (b) (c) (d)

0.71eV
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FIG. 13. Evolution of the VEH band structure of po-

lythiophene on sodium doping: (a) undoped, (b) intermediate
doping level with bipolaron states present in the gap, (c) 33-
mol % doping level, formation of bipolaron bands, and (d) hy-
pothetical 100-mol % doping level.
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FIG. 14. VEH 7 band structure for a polyhexathiophene
chain. The first four rings of the unit cell have the STO-3G
geometry from sodium-doped quaterthiophene and the remain-
ing two rings have that of undoped quaterthiophene.

13(d)]. However, the importance of the shifts for the
states appearing in the gap upon doping, coupled with the
small value of the original band gap, has the consequence
that the gap between the VB and CB edges almost closes,
our prediction being as small as 0.14 eV. This is con-
sistent with both optical-absorption data indicating that
the band gap disappears and thermopower data suggesting
metalliclike behavior, for experimental doping levels
larger than 20 mol %.® The discrepancy between the
theoretical and experimental doping levels for which the
closure occurs can be understood by the fact that a
single-chain approach is used in our calculations.

IV. CONCLUSIONS

The three polymers we have investigated as being
representative of conducting polymer systems with a non-
degenerate ground state display a similar behavior upon
doping. The presence of extra charges on the chains leads
to the formation of charged defects such as spinless bipo-
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larons associated with strong geometric modifications and
the appearance of electronic states in the gap. For the
maximum doping levels experimentally achieved, of the
order of 50 mol % in polyparaphenylene and 33 mol % in
polypyrrole and polythiophene, bipolaron bands are
shown to be present in the gap. In polyparaphenylene, ow-
ing to the larger dopant concentration that can be ob-
tained, these bands have widths of 0.55 eV compared to
the 0.24- and 0.10-eV widths in polypyrrole and the 0.24-
and 0.19-eV widths in polythiophene.

A conduction mechanism based on bipolarons as charge
carriers in the highly conducting regime of these com-
pounds’® is consistent with the vanishingly small Pauli
susceptibility reported in the metallic regime of SbFs-
doped polyparaphenylene and the absence of any ESR sig-
nal in electrochemically cycled, conducting polypyrrole.
The presence of bipolaron bands in the gap is consistent
with (i) the electron-energy-loss spectra observed for
highly-AsFs-doped polyparaphenylene, (ii) the evolution
of the optical spectra as a function of doping in polypyr-
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role, and (iii) the electrochromic effect reported in po-
lythiophene.

Although some quantitative aspects might differ, e.g., if
explicit introduction of correlation and disorder effects
can be made, we are confident that our calculations reli-
ably indicate the major trends occurring upon high doping
of conjugated polymers with a nondegenerate ground
state.
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