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We report quantum-chemical studies on the p- and n-type doping of the leucoemeraldine base form of
polyaniline. The attention focuses on the characterization of the geometric and electronic structure re-
lated to the charge-storage species which are formed upon doping. When considering p-type doping,
which leads to the emeraldine salt form, we find in agreement with previous studies that two polaron- or
bipolaron-related bands are induced within the original bandgap. Only the lower of these is deep in the
gap and is susceptible to be observed in (photo-)absorption experiments below 3.5 eV. Comparison is
made between ring- and nitrogen-centered positive polarons which possess nearly identical stabilities; at
low doping level, the two types of polarons induce nearly the same electronic structure; at high doping
level, the band structure evolves differently but leads to similar calculated values for the intragap elec-
tronic transitions. The geometric and electronic structure obtained for the ring-centered polaron lattice
on a single emeraldine salt chain indicates that every other ring adopts a semiquinoid-type geometry and
carries most of the unpaired electron density. The characteristics of the positive bipolaron are also in-
vestigated; the geometrical results are in close agreement with experiment. In the case of n-doping, the
negative defects do not correspond to the formation of localized polarons or bipolarons; the geometry
modifications are significantly weaker and more extended than in the p-doping case. The corresponding
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band structures are calculated to differ very little from that of the neutral case.

I. INTRODUCTION

Polyaniline represents one of the most important con-
ducting polymers. It has attracted a lot of attention be-
cause of its unusual properties (such as doping through
acid-base chemistry?) and wide potential technological
applications.> ™3 Polyaniline is a generic term that refers
to a family of polymers of general formula

where the nitrogens can be either in a reduced state (am-
ine nitrogens) or in an oxidized state (imine nitrogens).
Experimentally, three major forms of polyaniline can be
obtained, which differ from one another by the degree of
oxidation y (i.e., the ratio of amine nitrogens over the to-
tal number of nitrogen atoms):*’ (i) the leucoemeraldine
base (LEB) form, where y =1; (ii) the emeraldine base
(EB) form, where y =0.5; and (iii) the pernigraniline base
(PNB) form, where y =0. These polymers can also exist
in the corresponding protonated (salt) form. Emeraldine
salt (ES) is the highly electrically conducting form of po-
lyaniline. The largest conductivity reported to data is on
the order of 400 S/cm;® this value is some 14 orders of
magnitude higher than in the insulating emeraldine base
form. The insulator-to-conductor transition can be sim-
ply triggered by protonation (acid-base chemistry) of the
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EB form, a process which does not modify the number of
electrons along the chains.” Many studies performed on
ES suggest that the metallic state of this polymer is relat-
ed to the formation of a polaronic lattice.” !?

As is the case with the other conducting polymers,
polyaniline also can reach the highly conducting metallic
state following a redox process (which modifies the num-
ber of electrons within the chains).’* The oxidation of
leucoemeraldine base, which is an insulator, first leads to
the highly conducting emeraldine salt; further oxidation
results in the pernigraniline oxidation state, which is also
insulating. In this context, the emeraldine salt consti-
tutes a conducting window along the oxidation path.!617

The insulator-metal transition of polyaniline obtained
by protonation of emeraldine base (with acids such as
HCI) and oxidation of leucoemeraldine base (by, for ex-
ample, Cl,) involves strong electron-phonon coupling,
i.e., interconnection between the geometric structure and
electronic structure of the polymer.®”!181%  The
electron-phonon coupling manifests itself through not
only bond-length dimerization aspects?*?! but also ring-
torsion dimerization considerations.?>?* The influence of
ring torsions??~ 2% appears to be a key aspect in the large
effective masses observed for the charge-storage species in
polyaniline.?’~%°

In this work, we present a quantum-chemical study of
both p- and n-type doping of leucoemeraldine base, the
fully reduced form of polyaniline. We characterize the
geometric and electronic structure of the charge-storage
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species which appear on doping; we compare our results
to those of experimental (normal and photoinduced ab-
sorptions, x-ray diffraction) studies. We are able to pro-
vide a complete description of the charge-storage species
(in a context where we do not consider interchain effects
or Coulomb interactions with doping species) and, in par-
ticular, propose a refined picture of the polaron lattice in
an emeraldine salt chain.

II. METHODOLOGY

We use the Hartree-Fock semiempirical Austin model
1 (AM1) technical to perform geometry optimizations of
the ground state of a model LEB oligomer, in the neutral,
p-doped, and n-doped states. AMI is parametrized to
reproduce ground-state geometries and heats of forma-
tion of organic molecules.’®3! It also provides much
more accurate torsion-angle estimates than its predeces-
sor, the modified neglect of differential overlap (MNDO)
technique.’>3* The model oligomer we have chosen to
work with is a phenyl-capped tetramer (since it actually
contains five phenyl rings, we loosely refer to it as a pen-
tamer; see Fig. 1); this oligomer represents the best
compromise between chain length (which we try to have
as large as possible) and computer time requirements.
We have avoided comnsidering oligomers with terminal
amine (-NH,) groups; indeed, such terminal groups,
which are 7 donors, tend to overly attract the positive
charges formed during p-type doping. Note also that the
counterions have not been taken into account. In some
cases, calculations have also been performed on longer
oligomers in order to better describe some particular de-
fects.

Three different approaches are used to perform the
AM1 geometry optimizations, depending on the kind of
charge-storage species under consideration. Since the
neutral and bipolaron cases correspond to closed-shell
systems, these are optimized at the restricted Hartree-
Fock (RHF) level. In contrast, the singly charged (p- or
n-doped) oligomers, are optimized at the restricted open-
shell Hartree-Fock (ROHF) level as well as in some cases
at the unrestricted Hartree-Fock (UHF) level [note that
the latter two methods, which are better suited to
represent systems with unpaired electron(s), are more
costly in computing time than the RHF technique].’*3’
We have also taken an UHF or ROHF-configuration-
interaction (CI) approach to study an oligomer contain-
ing two positive charges; in that case, we are able to
simulate the formation of two radical cations (polarons),
while a RHF approach on the same system would allow
for the formation of a dication (bipolaron). It must be

H T S R A
Ho e2C% H n_ eC& wN& _C A C N5 C H
BRI o g i T LN L 0 [oialvie
4 B d B A EL T
4 ~
o i N A S nxe-Con
1 RL) 1
" M H M M H RHH2 'I_'
— — — —
Ci Nt Cc2 N2 C3 N3 Cca N4 Cs

FIG. 1. Sketch of the LEB pentamer; the labels are those re-
ferred to in the tables.
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noted that the ROHF-CI approach (as implemented in
the MOPAC package) allows for the optimization of mole-
cules which could present a biradical character; it con-
sists in an open-shell treatment coupled to a multielec-
tron configuration-interaction calculation (MECI).3¢

During the geometry optimization procedure, all the
bond lengths and bond angles are fully optimized. To be
consistent with the results of x-ray diffraction experi-
ments, all the nitrogen atoms are considered to be in the
same plane.”>3’ Some geometric constraints, supported
by preliminary AM1 and ab initio 3-21G calculations, are
also imposed; all the para carbon atoms and the hydro-
gens linked to the amine sites are coplanar with the nitro-
gens (which are therefore of sp? character) and all the
carbons of a ring define a single plane. The only torsion
angles that need to be optimized, therefore, are those be-
tween each of the phenyl rings and the plane of the nitro-
gen atoms. No inversion symmetry is imposed; however,
we found that the optimized geometries of all pentamers
(neutral and charged) present an inversion center (see Fig.
.

For p-doped and n-doped oligomers, we consider singly
and doubly charged systems. The net atomic charges are
calculated and compared to those obtained in the neutral
case. In this way, the geometry optimizations provide
the geometric representation of, and the charge distribu-
tion in, the different charge-storage species that appear
upon p- or n-type doping of LEB.

From the geometric structures obtained for the oligo-
mers in different charged states, it is possible to build unit
cells that are representative of different doping levels of
the leucoemeraldine polymer chain. Based on these unit
cells, we then apply the valence effective Hamiltonian
(VEH) technique®®3® to calculate the electronic band
structures of single LEB chains in the neutral and doped
states. The VEH technique is well known to provide ac-
curate values for bandwidths and ionization potentials
and also leads to good estimations of band gaps in conju-
gated polymers.

We note that the same methodological approach has
already been successfully followed in a previous study on
the polyaniline base forms.?®

In order to compare the stabilities of the different
charged species in LEB and some other more con-
ventional intrinsic conducting polymers [for example,
trans-polyacetylene, polythiophene, and poly-
(paraphenylene-vinylene)], we have calculated the defect
binding energies at the AM1 level. These AMI1 values
have been shown to be much higher than those obtained
experimentally® or by simple Su-Schrieffer-Heeger (SSH)
Hamiltonian approaches,*! but are expected to provide
good relative trends.

III. RESULTS AND DISCUSSION

The notations used to describe the optimized geometri-
cal parameters collected in Tables I and III and the
groups of atoms for which the net atomic charge distribu-
tions are reported in Tables II and IV are illustrated in
Fig. 1.
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TABLE 1. Geometries in the neutral (AM1-RHF), (+ 1)-charged (AM1-UHF), and (+2)-charged
(AM1-UHF and AM1-RHF) states of the LEB pentamer. The modifications A relative to the neutral
system are also indicated. The bond lengths (Rx) and the distances between interacting hydrogen
atoms (RHHx) are in A. The bond angles and torsion angles ( Ax and Tx) are in degrees. The labels

are given in Fig. 1.

Neutral +1 A+1 +2 A+2 +2 A+2
Parameter (RHF) (UHF) (UHF) (UHF) (UHF) (RHF) (RHF)

R1 1.412 1435  +0.023 1.416 +0.004 1.450 +0.038
R2 1.386 1366  —0.020 1.390 +0.004 1.355 —0.031
R3 1.415 1.440  +0.025 1.419 +0.004 1.457 +0.042
R4 1.396 1361  —0.035 1.406 +0.010 1.345 —0.051
RS 1.397 1402 +0.005 1.367 —0.030 1.384 —0.013
R6 1.412 1419  +0.007 1.433 +0.021 1.432 +0.020
R7 1.415 1421  +0.006 1.438 +0.023 1.433 +0.018
RS 1.386 1.383  —0.003 1.370 —0.016 1.367 —0.019
R9 1.386 1.384  —0.002 1.369 —0.017 1.367 —0.019
R10 1.415 1.428  40.013 1.443 +0.028 1.443 +0.028
R11 1.411 1.421  +0.010 1.439 +0.028 1.436 +0.028
R12 1.398 1380  —0.018 1.357 —0.041 1.352 —0.046
R13 1.394 1404  +0.010 1.408 +0.014 1.419 +0.025
R14 1.417 1.417 0.000 1.420 +0.003 1.412 —0.005
R15 1.415 1.415 0.000 1.418 +0.003 1.410 —0.005
R16 1.389 1392 +0.003 1.391 +0.002 1.391 +0.002
R17 1.319 1.394  +0.003 1.393 +0.002 1.393 +0.002
R18 1.393 1395  +0.002 1.398 +0.005 1.395 +0.002
R19 1.395 1398  +0.003 1.401 +0.006 1.396 +0.001
T1 26.4 18.6 —17.8 415 +15.1 20.2 —6.2
T2 —30.0 —28.4 +1.6 —11.9 +18.1 —18.0 +12.0
T3 25.0 29.3 +4.3 38.8 +13.8 41.6 +16.6
Al 125.5 128.3 +2.8 126.8 +1.3 131.8 +6.3
A2 125.9 125.3 —0.6 127.4 +1.5 125.4 —-0.5
RHH1 2.323 2081  —0.242 2272 —0.051 1.902 —0.421
RHH?2 2.283 2362  +0.079 2.187 —0.096 2.428 +0.145

A. Neutral state
1. Geometric and electronic structure of the neutral pentamer

The AMI1-RHF optimized geometrical parameters for
the ground-state geometry of the neutral pentamer are
presented in Table I. All the rings adopt an aromaticlike
geometry, i.e., the carbon-carbon bond lengths within the

rings are equivalent (within 0.030 A). The ring torsion
angles alternate in sign and are on the order of 25°-30°.
The calculated torsion angles obtained for LEB appear to
be smaller than those estimated using x-ray diffraction re-
sults for partially crystalline materials (on the order of
40°).* The AMI1-RHF results agree with the common
representation of LEB as having no effective bond-length
dimerization and no torsion-angle dimerization.?>2¢ The

TABLE II. Net atomic charge distributions for the neutral (AM1-RHF), singly positively charged
(AM1-UHF), and doubly positively charged (AM1-UHF and AM1-RHF) states of the LEB pentamer.
The modifications A relative to the neutral state are also indicated. All the net atomic charges are in

le]. The labels are given in Fig. 1.

+1 A+1 +2 A+2 +2 A+2
Group Neutral (UHF) (UHF) (UHF) (UHF) (RHF) (RHF)
C1 0.028 0.091 +0.063 0.265 +0.237 0.198 +0.170
N1 —0.071 —0.022 +0.049 0.217 +0.288 0.083 +0.154
C2 0.080 0.150 +0.070 0.356 +0.276 0.274 +0.194
N2 —0.071 0.144 +0.215 0.055 +0.126 0.269 +0.340
C3 0.070 0.272 +0.202 0.220 +0.150 0.360 +0.290
N3 —0.071 0.144 +0.215 0.055 +0.126 0.269 +0.340
C4 0.080 0.150 +0.070 0.356 +0.276 0.274 +0.194
N4 —0.071 —0.022 +0.049 0.217 +0.288 0.083 +0.154
C5 0.028 0.091 +0.063 0.265 +0.237 0.198 +0.170
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net atomic charge distributions in the neutral pentamer
are given in Table II. There occurs a very slight alterna-
tion between the net charges carried by the rings
(+0.07|e|) and those of the amine groups (—0.07|e|).

Results obtained from VEH oligomeric calculations on
the trimer, tetramer, pentamer, hexamer, and dodecamer
show that the transitions from highest occupied to lowest
unoccupied molecular orbitals (HOMO-LUMO) (7-7*)
are 4.47, 4.16, 4.05, 3.98, and 3.86 eV, respectively; this
decrease in 7-7* transition is in accord with the exten-
sion of the conjugated path when increasing the oligomer
size. Extrapolation of the oligomer transitions would
lead to a 3.70 eV band gap for the polymer.

2. Electronic structure of the LEB polymer chain

The translation unit cell used to calculate the VEH
electronic band structure of LEB has been built from the
center of the neutral pentamer. It consists in two -NH-
ring- units, each formally containing eight 7 electrons.
The band structure is given in Fig. 2. Although the main
characteristics of the band structure have already been
discussed previously,!®232643 it is important to recall the
following points. The bands are degenerate two by two at
the end of the first Brillouin zone due to the presence of a
glide-plane symmetry within the unit cell.! The HOMO
and LUMO bands possess very different widths, 2.83 and
0.16 eV, respectively. The w-7* transition between the
HOMO and LUMO bands is calculated to occur at 3.81
eV, which is in good agreement with the experimental
values (3.6—3.8 eV),** and with the extrapolation from
the calculated band gaps for the oligomers.

The markedly different electronic characteristics of the
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FIG. 2. VEH electronic band structure of the neutral LEB
chain.
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FIG. 3. Illustration of the VEH LCAO 7 coefficients for (a)
the HOMO and (b) the LUMO of leucoemeraldine base.

HOMO and LUMO bands are exemplified in Fig. 3 by
the corresponding linear combination of atomic orbitals
(LCAO) 7 coefficients. For the HOMO (top of the
valence band), all the carbon and nitrogen atoms present
significant LCAO w coefficients, with a bonding-
antibonding pattern characteristic of aromatic systems;
this denotes important 7 delocalization along the poly-
mer chain, which gives rise to a large bandwidth. In the
case of the LUMO (bottom of the conduction band),
there are significant LCAO 7 coefficients only on the
ortho-carbon atoms; nodes in the wave function are
present on the nitrogen and para carbon atoms; 7 interac-
tion between units is therefore strongly prevented, which
explains the flatness of the band. This very large
electron-hole asymmetry leads us to expect, from the very
beginning, different modifications for p- and n-doped leu-
coemeraldine chains.

B. p-doped pentamer: Single-polaron formation

1. Geometric and electronic structure of the
(+ 1)-charged pentamer

The (+ 1)-charged pentamer has been optimized using
the AM1-ROHF and AM1-UHF techniques; both lead to
very similar geometries.

The optimized geometrical parameters for the (+1)-
charged molecule are presented in Table I. The structur-
al modifications induced by the introduction of a single
positive charge correspond to the formation of a positive
polaron P *; they mainly occur in the center of the oligo-
mer and particularly on the central phenyl ring (see R 1,
R2, and R3 in Table I) and the adjacent C-N bonds (R 4).
This part of the molecule adopts a semiquinoidlike
geometry which is intermediate between aromatic and
quinoid geometries [H(Cp-N)=1.361 A; r(Cp-Co)=1.438
A; and r(Co-Co)=1.366 A; note that Cp and Co refer to
para and ortho carbon]. The remaining bonds of the oli-
gomer are only slightly affected; some modifications are,
however, observed on the most external C-N bonds (R 12
and R 13) and some of the adjacent Cp-Co bonds (R 10
and R11). The external rings are not affected. The
bond-length modifications can be roughly sketched in the
following way:
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Turning to the ring torsion angles, we observe that the
one associated with the central ring is modified most
significantly; this phenyl ring gets closer to the plane of
the nitrogen atoms (7'=18.6° at the UHF level and 16.0°
at the ROHF level, instead of 26.4° calculated for the
neutral case); this is also true for the adjacent rings but to
a lesser extent, while the external rings rotate slightly
away from the nitrogen plane.

The evolution in the inner C-N-C bond angles (A1) is
related to the more coplanar configuration adopted by
the three internal phenyl rings. This new configuration
induces an increase in the steric interactions between
ortho hydrogen atoms of these rings (see the evolution of
RHH1 in Table I), which is partly compensated by a
larger value of the C-N-C bond angle A1. The external
C-N-C bond angles (A42) undergo a slight decrease be-
cause the dihedral angle between the rings they connect
increases by about 3°. [Note that the van der Waals ra-
dius of a hydrogen atom is generally considered to be 1.2
A (Ref. 45).]

The geometry-optimization results on the pentamer,
when extrapolated to the polymer, suggest that upon ex-
tracting one electron, a positive polaron P is formed on
the chain, which is essentially localized on one phenyl
ring and the adjacent nitrogens. This situation implies
that the positive polaron is more confined than previously
estimated on the basis of results obtained within the Su-
Schrieffer-Heeger approach assuming only ring torsion-
angle changes.’>?3 The analysis of the charge distribu-
tions in the (+ 1)-charged oligomer (see Table II) is con-
sistent with this picture of stronger localization. Indeed,
with respect to the neutral case, the positive charge is
seen to be mainly localized in the center of the oligomer.
In fact, about 63% of that charge is concentrated on the
central phenyl ring and the neighboring amine sites at the
AMI1-UHF level (53% at the AM1-ROHF level). The
other parts of the oligomer gain much smaller portions of
the positive charge.

If we compare these LEB results with those obtained
for polythiophene (PT) and trans-polyacetylene [trans-
(CH), ] oligomers of similar lengths (24 linked carbon
atoms along the conjugated path), the extension of the
positive polaron is found to be similar in all these cases;
such a defect extends over about 18 sites along the chain
for trans-(CH),,, sexithiophene, and the LEB pentamer;
the situation is also similar in poly(p-phenylene vinylene)
(PPV) where the positive polaron is spread over about 22
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sites along the chain of a pentamer (28 carbons long).
This similarity might appear to be surprising if we con-
sider that, in contrast to the other systems, polyaniline
possesses an additional degree of freedom, ring torsion,
which contributes to decrease the delocalization along
the chain. However, whereas the other conjugated poly-
mers present geometrical relaxations that decrease
smoothly when going toward the edges of the defect, the
LEB pentamer has its phenyl rings adjacent to the center
of the defect that are little affected, the geometric defor-
mations being almost localized on their external C-N
bonds. The AM1-ROHF binding energy for the positive
polaron in the LEB pentamer is 0.22 eV (identical for the
AMI1-UHF approach) as compared with 0.17, 0.24, and
0.31 eV calculated for the PPV, PT, and trans-(CH), oli-
gomers, respectively; these results suggest that the
geometric relaxation is as strong in LEB as in PT and a
little bit lower than for trans-(CH),, which can be related
to the presence of aromatic structures along the polymer
chain.

We note that, in order to best characterize the positive
polaron, we have also optimized at the AM1-ROHF level
a longer phenyl-capped oligomer which contains six
rings. The geometrical deformations are nearly identical
to those observed for the pentamer, but leads to a non-
symmetric defect which presents nitrogen-centered
polaron characteristics from bond-length and torsion-
angle viewpoints. It should be borne in mind that, in pre-
vious instances,”!""?>23 the polaron has often been depict-
ed as being centered on a nitrogen atom and not on a
ring. In order to clarify this situation, we have opti-
mized phenyl-capped tetramer and hexamers where we
did or did not impose a symmetry plane centered on the
nitrogen atom in the middle of the system. The ROHF
optimized geometry of the singly doped LEB tetramer is
presented in Fig. 4 for the symmetric case; there, the pos-
itive charge induces the formation of a polaron centered
on the central nitrogen atom which is surrounded by two
phenyl rings of semiquinoid geometry. In comparison to
the neutral case, both of these rings adopt a smaller tor-
sion angle (£20.0° vs +28.5°), while the neighboring
rings reach larger ones (+40.0° vs 26.0°) and present only
slight bond-length deformations. The nitrogen-centered
polaron is only 0.24 kcal/mol less stable than the ring-
centered polaron; such a total energy difference of +0.24
kcal/mol (0.01 eV /polaron) is not significant. In the case
of the hexamer, the difference is of 0.52 kcal/mol. Thus,
depending on external conditions, either one of these po-
laron topologies could be present.

In order to understand the relative influence of the
torsion-angle and bond-length relaxations on the polaron

; o /
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H” IQC\/’@ ‘k?}l(@; 3 f'J > H H ‘i 'i‘ [l: positive polaron. The bond lengths are in A.
L H H H H H The bond and torsion angles are in degrees.
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configuration, we have also performed geometry optimi-
zations of the (+ 1) pentamer where we kept fixed, as in
the neutral case, (i) the whole geometry, (ii) only the tor-
sion angles, and (iii) only the bond lengths; from the re-
sults, we can conclude that, upon (+1) doping, the
torsion-angle and bond-length contributions to the total
polaron relaxation (0.22 eV) are on the order of 20% and
80%, respectively.

VEH oligomer calculations performed on the (+1)-
doped LEB pentamer show that only one polaron level
appears deep within the 7-7* gap; it is destabilized by
about 0.34 eV in comparison to the HOMO level of the
neutral pentamer (0.30 eV for the hexamer), a value simi-
lar to that obtained for the PPV pentamer (0.31 eV). For
the (+1)-charged LEB pentamer, the VEH transition
from the new HOMO level to the first polaron level is
calculated at 0.95 eV; it evolves to 0.72 eV for the ring-
centered polaron in the LEB hexamer (0.69 eV for the
nitrogen-centered polaron). The second polaron level
remains at the very edge of the conduction band, due to
its wave-function characteristics. The transition between
the polaron levels is at 3.70 eV for both oligomers.

2. Electronic structure of the 25% p-doped LEB

From the optimized geometries of the (+ 1)-charged
pentamer and symmetric (+ 1)-charged hexamer, it is
possible to extract unit cells which contain four
-(NH-ring)- units and one positive polaron P*" centered
either on a phenyl ring or on a nitrogen atom. These unit
cells correspond to 25% p-doped LEB chains; the corre-
sponding VEH band structures are displayed in Fig. 5.
Note that, relative to the neutral case (Fig. 2), there ap-
pear twice as many bands since the unit cells are twice as
large. Due to the disappearance of the glide-plane sym-
metry along the chain, there are no longer any degenera-
cies at either the first Brillouin zone edge or the zone
center. With respect to the leucoemeraldine base band
structure, we obtain that the original upper occupied
(HOMO) band evolves into four distinct bands, the
highest of these being only half occupied.

From the band structure in Fig. 5(a) (ring-centered
positive polaron), we can consider that two polaron bands
are formed in the gap: (i) the lower polaron band P, (half
filled) is 0.19 eV wide and lies 0.35 eV above the valence
band edge; (ii) the upper polaron band P, (empty) is ex-
tremely flat (0.004 eV wide) and lies 0.06 eV below the
conduction band. As a consequence of the electron-hole
asymmetry in leucoemeraldine, the two polaron bands
are thus markedly different; only the lower one is well
defined in the gap, in agreement with experimental obser-
vations of two intragap absorptions.!!46

VEH transitions below 4.0 eV which involve the lower
polaron band P, and the valence bands are calculated at
0.7, 1.6, 2.6, and 3.1 eV. Up to now, the investigation of
the LEB p doping has mainly been performed electro-
chemically. The VEH theoretical transition values agree
well with the optical absorption measurements carried
out for electrochemically doped polyaniline films by
Monkman et al.;*’ for an oxidation potential [0.2 V vs
the standard calomel electrode (SCE)] intermediate be-
tween LEB and ES, these authors observed three features
at 0.57, 1.31, and 2.51 eV. This suggests that at 0.2 V vs
SCE the polyaniline state might correspond to approxi-
mately 25% oxidized LEB chains. From Fig. 5(b), it is
worth noting that the nitrogen-centered positive polarons
induce nearly the same electronic structure as the ring-
centered polarons; this emphasizes the similarity of the
relaxation energies for the two types of positive polarons.

Since, at a 25% level of p doping, the lower polaronic
band remains rather narrow [which suggests weak in-
teractions (overlap) between positive polarons], a qualita-
tive comparison could be made with photoinduced ab-
sorption experiments in which the excited species are
generally well separated; even though there seems to be a
good agreement, some caution must be used here because
the VEH-calculated transitions depend strongly on the
doping level. In photoinduced experiments, three pho-
toinduced peaks are observed at 0.75, 1.4, and 2.8 eVv. ¥
The 0.75 and 2.8 eV peaks have been attributed to the
formation of positive polarons?>2?* while the 1.4 eV peak
has a different nature (and behavior) and has been con-
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FIG. 5. VEH electronic band

structure of the 25% p-doped
LEB chain containing (a) ring-
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centered polarons.
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sidered as coming from positive polarons trapped by re-
sidual quinoid units along the LEB chain.*

Within a Hiickel-like SSH approach, Ginder and Ep-
stein?*23 have obtained a polaron level in the gap with a
transition from the valence band to this level and a tran-
sition from this level to the conduction band correspond-
ing to 0.75 and 2.8 eV, respectively; they associated these
transitions with the photoinduced peaks. However,
valence effective Hamiltonian results indicate that no ab-
sorption below 3.5 eV should involve the second polaron
band or the conduction bands; in the oligomer and poly-
mer calculations, the transition between the two polaron
levels is in general larger than or equal to 3.7 eV. In the
framework of the VEH results, the observed intragap
transitions rather imply valence bands and the first pola-
ron level. Previous results obtained by Stafstrom et al.
also support this interpretation.!!

C. p-doped pentamer: Formation of two polarons

1. UHF geometric and electronic structure of the
(+2)-charged pentamer

We have investigated the pentamer with two positive
charges both at the UHF and ROHF-CI levels. This al-
lows us to take into account the formation of two
separate radical cations, i.e., two polarons. The AMI-
UHF optimized geometry of the (+2)-charged pentamer
is presented in Table I. Relative to the neutral case, the
+2 charge leads at the UHF level to a strong geometric
evolution, mainly around phenyl rings C2 and C4 and
the adjacent C-N bonds (R5 and R 12) which all corre-
spond to a semiquinoid geometry [r(Cp-N)=1.367 A,
HCp-Co)=1.435 A, and r(Co-Co)=1.370 A]. Smaller
modifications take place on the next-nearest C-N bonds
(R4 and R13). In the ROHF-CI optimization, the C-N
bonds RS and R 12 are more strongly affected while the
modifications of the inner-ring bond lengths are similar.

Compared to the singly charged case, all the torsion
angles along the oligomer are strongly modified. The C2
and C4 rings become much more coplanar to the
nitrogen-atom plane with torsion angles of —11.9°
(—3.6° in ROHF-CI). In contrast, the central phenyl
ring moves strongly out of this plane (torsion angle of

(a)

(b)

41.5°% 54.6° in ROHF-CI) as is also the case for the exter-
nal phenyl rings (torsion angles of 38.8°). The rotation of
the central and external rings prevents strong steric in-
teractions from occurring with the two semiquinoid
rings. With respect to the neutral case, the dihedral an-
gles between neighboring rings (7T1+|72| and
|T2|+ T3) have slightly decreased by 3°-5°. Simultane-
ously, the C-N-C bond angles (see 41 and A2) increase
in order for the interacting hydrogen atoms (see RHH 1
and RHH?2) to be further away from one another. We
note that the ROHF-CI approach leads to a stronger
torsion-angle dimerization, while the UHF method gives
here more delocalized defects.

The AM1-UHF net atomic charge distributions for the
(+2)-charged pentamer are presented in Table II; major
increases in positive charge occur on the left- and right-
hand sides of the system, while smaller values are found
in the center. This indicates that the +2 charge has split
into two single positive charges localized on different sites
of the pentamer. In fact, phenyl ring C2 and the adjacent
amine groups support 70% of a single + 1 charge; the sit-
uation is equivalent for ring C4. If we include the contri-
bution from the phenyl ring C1 (C5), one finds 93% of a
+1 charge (it must be noted that the ROHF-CI tech-
nique leads to very similar results with differences of only
a few percent). This situation thus corresponds to the
formation of two positive polarons P centered on two
different phenyl rings along the oligomer. Note that the
gain in positive charge around each defect is not sym-
metric; this is due to Coulomb repulsion between the two
positive polarons, which induces a slightly larger charge
on the more external amine units.

Figure 6 illustrates the UHF LCAO 7 coefficients for
the HOMO a and S orbitals of the doped pentamer,
which are each associated with a radial (cation). These
orbitals are mainly localized on phenyl rings C2 and C4
and the adjacent nitrogen atoms of the pentamer, respec-
tively; this is in total agreement with the localization of
the geometric deformations described above.

The AMI1-UHF (and AM1-ROHF-CI) results for the
LEB pentamer supporting two positive polarons can be
extrapolated to the 50% oxidized LEB, i.e., the polaron
lattice in emeraldine salt. In this framework, the unit cell
contains two phenyl rings; one of them carries a positive

FIG. 6. Illustration of the AM1 LCAO =
coefficients for (a) the a HOMO and (b) the B
HOMO of the doubly charged (AM1-UHF)
LEB pentamer.
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polaron and possesses a semiquinoid geometry associated
with a torsion angle of 11.9° (3.6° in ROHF-CI); the oth-
er ring has an aromatic geometry with a torsion angle of
about 41.5° (54.6° in ROHF-CI). The description we ob-
tain for the ring-centered polaron lattice in an isolated
chain of ES can be sketched as follows.

{N,‘; n\©jt

This differs from the representation usually adopted in
the past which involved a nitrogen-centered polaron lat-

tice:
+.
ISR @Y
‘ENH
X

At this stage, it is difficult to determine which of these
polaron lattice topologies is more stable and in better
agreement with experimental results; packing effects and
counterions do certainly significantly influence their rela-
tive stabilities.

2. Electronic structure of the 50% p-doped LEB:
Polaron lattice

Using the unit cell discussed above for the ring-
centered polaron lattice, we have calculated the VEH
band structure of an isolated ES chain, Fig. 7. Again, as
a consequence of the electron-hole asymmetry, the lower
polaron band P, (which is half filled) is clearly distinct
from the rest of the valence band (it is located 0.96 eV
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FIG. 7. VEH electronic band structure of the ring-centered
polaron lattice (AM1-UHF) in emeraldine salt (50% p-doped
leucoemeraldine).
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above the valence band edge) while the upper polaron
band P, (empty) is only 0.16 eV below the conduction
band edge. Thus we again find that only one polaronic
band is well defined within the gap instead of the two
bands found in the other conjugated polymers.

The upper polaron band P, is flat and the lower polar-
on band is 0.7 eV wide. The latter value is smaller than
the experimental polaron bandwidth (1.0 eV).!%!! This
might be due to the fact that in our calculations no pack-
ing effects are considered; packing is expected to decrease
the average torsion angles of the rings along the polymer
chains [down to about +10°-15° (Refs. 25,37)], thereby
increasing the 7 delocalization and the bandwidth of the
lower polaronic band. If the ring torsion angles along the
AMI1-UHF optimized unit cell are fixed at +15°, the cal-
culated width for polaronic band P, reaches 1.0 eV, while
the VEH-calculated optical transitions remain basically
unchanged.

From the VEH band structure, possible optical transi-
tions are estimated at 1.96, 2.89, 3.05, 3.91, and 4.10 eV
(see Fig. 7). Globally, there is a good agreement between
the calculated values and the experimental values ob-
served at 1.5, 3.0, and 3.8 eV,*6:47 except for the fact that
the VEH lowest transition energy is overestimated by
about 0.5 eV. However, it is interesting to note that a
corresponding calculation for the nitrogen-centered pola-
ron lattice leads to VEH-calculated transitions at 1.86,
2.95, 3.02, and 4.00-4.09 eV. The lowest optical transi-
tion is thus better described in this case.

We point out that with improved processing (crystal-
linity), the 1.5 eV absorption of ES is replaced by a
“Drude-like” free-carrier tail extending to the far in-
frared. This is, for instance, the case in high-quality sam-
ples such as PANI-CSA salts (PANI protonated by
camphor-sulfonic acid) cast from m-cresol solutions.®

It must be stressed that the separation between the
valence and first polaron bands is much higher in the
50% p-doped LEB chain than in the 25% oxidized one;
the reason for that is related to the fact that the average
torsion-angle dimerization increases with the polaron
concentration when we evolve from LEB to the ES oxida-
tion state.

D. p-doped pentamer: Bipolaron formation

1. RHF geometric and electronic structure of the
(+2)-charged pentamer

The AMI-RHF optimized geometry of the (+2)-
charged oligomer is displayed in Table I. The +2 charge
on the system leads to a significant deformation of the
three inner phenyl rings and the adjacent C-N bonds (see
R1-R13 in Table I), while the external rings are only
slightly affected. The central phenyl ring and the C-N
bonds connected to it (see R1-R4) present the largest
deformations and adopt a strong semiquinoid geometry
[r(Cp-N)=1.%45 A, r(Cp-Co)=1.453 A, and rCo-
Co)=1.355 A]. The neighboring phenyl rings (C2 and
C4) and their adjacent C-N bonds present nonuniform al-
terations; it is the external side of these parts of the oligo-
mer which is mostly affected (see R10-R 13). Globally,
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phenyl rings C2 and C4 and the adjacent C-N bonds gain
a weaker semiquinoid character than is the case in the
center of the pentamer.

The three inner rings, as a consequence of their semi-
quinoid structure, adopt more coplanar confirmations
with respect to the nitrogen-atom plane. The evolution
relative to the neutral case is more significant for the C2
and C4 rings than for the central ring; the external rings
present large torsion angles. The dihedral angle between
the central ring and its neighbors (T1+|T2|) decreases
from 56.4° in the neutral pentamer to 38.2° this induces
an important increase of steric strains (strong diminution
of RHH 1) between these rings, partly compensated by a
significant increase of the C-N-C angle A1 (the situation
is just the opposite, though to a lesser extent, for the
external rings).

The geometric structure obtained with the AM1-RHF
technique for the (+2)-charged pentamer of LEB is in
very good agreement with the x-ray diffraction data from
Shacklette et al.®” (see Fig. 8) on the same LEB oligomer,
positively doped and complexed with BF,~ anions. This
confirms the reliability of the AM1 method in the context
of our work.

The AM1-RHF net atomic charge distributions for the
(+2)-charged pentamer are presented in Table II. The
major part of the +2 charge is localized in the center of
the oligomer. The central phenyl ring (C3) and the adja-
cent amine groups possess a positive charge gain of
+0.97|e| (note that the positive charge supported by the
ring is slightly lower than for the adjacent amine sites). If

FIG. 8. X-ray structure (adapted from Ref. 37) of the LEB
pentamer complexed with the BF,™ anion; the bond lengths are
in A. The torsion angles (with respect to the plane of the nitro-
gen atoms) are 13.2° for the central phenyl ring and —17.1° for
the neighboring rings.
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we add the contributions from the neighboring rings (C2
and C4) and those of the connected amine sites, it gives a
total of +1.36|e|, i.e., about 70% of the +2 charge. The
positive charges are thus mainly localized in the center of
the pentamer; the charge distributions are fully consistent
with the geometric modifications discussed above and in-
dicate the formation of a positive bipolaron defect, as
found in the x-ray data of Shacklette et al.’’

The VEH oligomer results obtained from the (+2)-
doped pentamer show that only one bipolaron level is in-
troduced in the gap; this level is destabilized by 0.61 eV
relative to the HOMO of the neutral case (0.54 eV for the
phenyl-capped hexamer); this is similar to what is ob-
served in the phenyl-capped PPV pentamer (0.58 eV).
The transitions from the upper three occupied levels to
the bipolaron level are calculated at 0.87, 1.72, and 2.83
eV, respectively.

It must be noted that the binding energy of the positive
bipolaron in the pentamer (0.67 eV, AM1-RHF) is about
three times larger than that of the positive polaron (0.22
eV, AM1-ROHF); it is not surprising that in the penta-
mer of LEB the bipolaron defect is more stable than two
polarons, as is observed experimentally.’” However, this
positive bipolaron binding energy is considerably lower
than the 1.01 eV (AM1-RHF value) obtained in the case
of sexithiophene, i.e., the thiophene oligomer of similar
size; in consequence, a positive bipolaron defect is less re-
laxed (or stable) in LEB than in polythiophene. The
torsion-angle and bond-length contributions to the total
relaxation (0.67 eV) induced upon (+2) doping are on the
order of 20% and 80%, respectively; this is similar to the
positive polaron case.

The AMI1-RHF optimization of a (+2)-doped LEB
hexamer leads to a bipolaron defect which is nitrogen
centered, in contrast to the previous case. A more de-
tailed theoretical study has shown that the topology of
the bipolaron depends on the size of the oligomer and,
more precisely, on the number of amine sites; the defect
is nitrogen or ring centered when the oligomer contains
odd or even number of amine sites, respectively; this
holds true for chains with up to eight amine sites. This
behavior (and its consequences on the electronic and
geometric structure) will be addressed elsewhere.*®

2. Electronic structure of the 50% p-doped LEB:
Bipolaron lattice

If we extrapolate from the oligomer to the polymer
chain, a ring-centered bipolaron extends over about three
phenyl rings, the major semiquinoidlike deformations
taking place in the center of the defect. The unit cell
representative of the 50% p-doped LEB chain supporting
a ring-centered positive bipolaron lattice therefore con-
tains four -(NH-ring)-units, three of them being deformed
by the bipolaron defect. The corresponding VEH band
structure is illustrated in Fig. 9.

Two (totally empty) bipolaron bands can be considered
as appearing within the gap; again, there is a strong
asymmetry: the lower bipolaron band BP, is 0.55 eV
above the valence band edge and is narrow (0.14 eV wide)
while the upper bipolaron band BP, is totally flat and lo-
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FIG. 9. VEH electronic band structure of the ring-centered
bipolaron lattice in emeraldine salt.

cated 0.16 eV below the conduction band edge (we note
that almost identical VEH results are obtained if we con-
sider a nitrogen-centered bipolaron lattice). The semi-
conducting nature of the band structure calculated for
the bipolaron lattice is not consistent with the high elec-
trical conductivity observed for emeraldine salt. It must
be noted that Stafstrom et al. have obtained similar re-
sults with a MNDO-optimized unit cell.!!

At this stage, it is important to stress that it is very
difficult computationally to estimate the energy difference
between the polaron lattice and the bipolaron lattice.
Indeed, the two-polaron situation and the bipolaron situ-
ation on the oligomer are treated by two approaches
(UHF or ROHF-CI vs RHF, respectively) which provide
different treatments of the electron-electron interaction
correlation terms. The best we can do in the present con-
text is to impose the formation of either a polaron or a bi-
polaron lattice and analyze the implications on the corre-
sponding band structures; in that respect, only the pola-
ron lattice is consistent with the metallic regime in em-
eraldine salt. Furthermore, we note that the stability
difference between the two types of lattice can be
influenced by subtle effects coming from the presence of
counterions, interchain interactions, and disorder; these
effects are not taken into account in the present calcula-
tions.

E. Singly charged n-doped pentamer

1. Geometric and electronic structure of the
(—1)-charged pentamer

The AM1-ROHF optimized geometrical parameters of
the (—1)-charged pentamer are presented in Table III.
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The geometric deformations induced by the introduction
of the —1 charge are clearly less significant than for the
positive polaron case. Small changes in bond lengths are
observed for the central phenyl ring and the inner side of
its neighboring rings (see R 6 and R 7 in Table III) as well
as for C-N bonds R5, R12, and R13. The evolution to-
wards a semiquinoidlike geometry is thus very weak and
the rings present a dominant aromatic character; this is
also exemplified by the fact that the torsion angles of the
phenyl rings are almost unchanged. As a result, the neg-
ative defect is weakly bound to the lattice. This is in
agreement with the results of SSH calculations for a neg-
ative polaron on a LEB chain assuming only torsion-
angle effects.?>??

The AM1-ROHF binding energy of the singly nega-
tively charged defect is 0.10 eV, a value which is about
two times smaller than that for the positive polaron (0.22
eV) in the pentamer.

The AMI1-ROHF net atomic charge distributions for
the (—1)-charged pentamer are given in Table IV. The
negative charge is distributed among the phenyl rings
(principally on the inner rings), while the amine sites are
hardly affected (and actually become slightly more posi-

TABLE III. Geometries in the neutral (AM1-RHF), (—1)-
charged (AM1-ROHF), and (—2)-charged (AM1-RHF) states
of the LEB pentamer. The modifications A relative to the neu-
tral system are also indicated. The bond lengths (Rx) and the
distances between the interacting hydrogen atoms (RHHx ) are
in A. The bond angles and torsion angles ( Ax and Tx) are in
degrees. The labels are given in Fig. 1.

Neutral —1 A—1 -2 A—2
Parameter (RHF) (ROHF) (ROHF) (RHF) (RHF)
R1 1.412 1.425 +0.013 1.434 +0.022
R2 1.386 1.373 —0.013 1.367 —0.019
R3 1.415 1.426 +0.011 1.433 +0.018
R4 1.396 1.396 0.000 1.383 —0.013
R5 1.397 1.374 —0.023 1.367 —0.030
R6 1.412 1.424 +0.012 1.435 +0.023
R7 1.415 1.430 +0.015 1.439 +0.024
RS 1.386 1.380 —0.006 1.372 —0.014
R9 1.386 1.378 —0.008 1.370 —0.014
R10 1.415 1.413 —0.002 1.421 +0.006
R11 1.411 1.414 +0.003 1.423 +0.012
R12 1.398 1.412 +0.014 1.405 +0.007
R13 1.394 1.377 —0.017 1.366 —0.028
R14 1.417 1.423 +0.005 1.433 +0.016
R15 1.415 1.419 +0.004 1.428 +0.013
R16 1.389 1.386 —0.003 1.379 —0.010
R17 1.391 1.391 0.000 1.386 —0.005
R18 1.393 1.393 0.000 1.398 —0.005
R19 1.395 1.393 —0.002 1.395 0.000
T1 26.4 27.8 +1.4 23.2 —3.2
T2 —30.0 —28.8 +1.2 —28.4 +1.6
T3 25.0 21.2 —3.8 18.1 —6.9
Al 125.5 126.2 +0.7 128.5 +3.0
A2 125.9 127.4 +1.5 129.1 +3.2
RHH1 2.323 2.344 +0.021 2.224 —0.099
RHH?2 2.283 2.149 —0.134 2.082 —0.201
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TABLE IV. Net atomic charge distributions for the neutral
(AM1-RHF), (—1)-charged (AM1-ROHF), and (—2)-charged
(AM1-RHF) states of the LEB pentamer. The modifications A
relative to the neutral system are also indicated. All the net
atomic charges are in |e|. The labels are given in Fig. 1.

Neutral —1 A—1 -2 A—2
Group (RHF) (ROHF) (ROHF) (RHF) (RHF)
Cl1 0.028 —0.118 —0.146 —0.281 —0.309
N1 —0.071 —0.053 +0.018 —0.006 +0.065
C2 0.080 —0.174 —0.254 —0.480 —0.560
N2 —0.071 —0.029 +0.042 +0.053 +0.124
C3 0.070 —0.250 —0.320 —0.596 —0.666
N3 —0.071 —0.028 +0.043 +0.053 +0.124
C4 0.080 —0.175 —0.255 —0.480 —0.560
N4 —0.071 —0.054 +0.017 —0.006 +0.065
C5 0.028 —0.120 —0.148 —0.281 —0.309

tive). This evolution is consistent with the fact that the
LUMO band of neutral leucoemeraldine base is entirely
localized within the phenyl rings.

In order to obtain a refined description of this singly
negative defect, we have also performed an AM1-ROHF
optimization of a (—1)-charged LEB hexamer; in this
case, the negative charge spreads over all the rings and
there occurs a decrease in the amplitude of the geometric
deformations. Thus, as the size of the system increases,
the negative charge tends no longer to induce the forma-
tion of a polaron.

Oligomer VEH calculations performed on the (—1)-
charged pentamer show that the first defect level is desta-
bilized by only 0.10 eV with respect to the HOMO level
of the neutral system; this value is about three times
smaller than that observed for the positive polaron. The
second defect level remains very close to the LUMO lev-
els and is not stabilized even though it is half occupied;
this is due to the fact that the associated wave function
possesses nodes on the nitrogens and para carbon atoms
(thereby inducing strong conjugation breaks). Transi-
tions are calculated between the upper defect level and
unoccupied levels; they occur in the ir range and around
1.2 and 2.4 eV.

2. Electronic structure of the 25% n-doped LEB chain

A four-ring unit cell, representative of the 25% n-
doped LEB chain, is built from the AMI1-ROHF
geometry of the (—1)-charged pentamer; the VEH elec-
tronic band structure of the n-doped polymer is illustrat-
ed in Fig. 10. Since the geometry modifications with
respect to the neutral case are extremely weak, the band
structure is hardly modified except for the fact that the
glide-plane symmetry is slightly lifted (which removes de-
generacies at the center and edges of the first Brillouin
zone). The upper doubly occupied band (band D in Fig.
10) lies 0.03 eV above the next valence band while the
half-occupied band (band S) lies 0.04 eV below the con-
duction band. This is in agreement with the experiments
of McCall et al.,** which suggest that the negative polar-
on levels remain close to the valence and conduction
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FIG. 10. VEH electronic band structure of the 25% n-doped
LEB chain containing polarons.

band edges.’>?* The D and S bands are narrow (0.31 eV)
and very flat (0.01 eV), respectively. In view of these re-
sults, we expect the band structure not to be significantly
modified even if the concentration in polarons increases
up to 50% (i.e., the equivalent of the polaron lattice for
the p-type doping case).

Several VEH transitions are calculated in the visible
range at 2.25 and 2.86 eV, and at 3.70 eV. These all in-
volve excitations from the S band to higher-lying unoccu-
pied bands. Transitions between the D band and the
lower unoccupied levels are found around 4.0 eV. Be-
cause none of the characteristics calculated at the VEH
molecular and polymeric levels corresponds to the pho-
toinduced features, it seems reasonable that the absorp-
tion peaks, which might be induced in the visible by a
singly charged negative defect, must possess very weak
oscillator strengths (this is confirmed by recent calcula-
tions at the INDO-CI level*®). It must be noted that ab-
sorption spectra devoted to n-type doping of LEB have
not been reported yet in the literature.

F. Doubly charged n-doped pentamer

1. Geometric and electronic structure of the
(—2)-charged pentamer (RHF)

The AMI1-RHF optimized geometrical of the (—2)-
charged pentamer are presented in Table III. The defor-
mations induced by the introduction of two negative
charges into the system are weaker but more extended
compared to the positive bipolaron case. Globally, defor-
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mations in carbon-carbon bond lengths ranging between
0.01 and 0.03 A are observed in going from the center to
the internal sides of the terminal phenyl rings (see
R1-R16). Note that the C-N bond lengths generally de-
crease, two of them being more affected (R5 and R 13).
The oligomer evolves towards a weak semiquinoid
geometry, the tendency being stronger in the center.

The torsion angles of the three internal phenyl rings
are weakly affected and decrease in absolute value. The
external rings undergo larger modifications (by 6°-9°)
and adopt a conformation more coplanar with the
nitrogen-atom plane. The inner dihedral angles
(T1+|T2]|) are reduced by 4.8°, while the external ones
(|T2|+ T3) diminish more strongly (8.5°); this induces
an increase in steric strain (see RHH1 and RHH2) com-
pensated by a simultaneous widening of the C-N-C bond
angles A1 and A42.

The AMI1-RHF net atomic charge distributions for the
(—2)-charged oligomer are collected in Table IV. As for
the singly charged case, the phenyl rings are only sites
where there occurs a negative charge gain (while the am-
ine groups exhibit positive charge gains). The central
phenyl ring acquires a 0.67 negative charge; the three
inner rings and the amine units connecting them globally
contain 77% of the —2 charge introduced on the oligo-
mer. We can consider that a negative bipolaronlike de-
fect is formed in this small oligomer; although it is more
localized in the center of the oligomer, the defect extends
significantly over all the rings and is less bound than a
positive bipolaron. The AM1-RHF binding energy of the
doubly negatively charged defect (0.26 eV) is indeed
about 2.5 times smaller than for the positive bipolaron in
the same LEB pentamer (0.67 eV).

We have also optimized (at the AMI1-RHF level) a
longer (—2)-charged LEB oligomer, in order to check
the evolution of the localization of the negative charges
as the size of the system increases; in order to do so, we
have considered an octamer of LEB. We find that the ex-
cess charges spread homogeneously on all the inner
phenyl rings of the oligomer and induce very weak
geometric deformations (all the amine sites presenting a
small positive charge gain). These results indicate that no
negative bipolaron is formed on a LEB chain upon n-type
doping. We have also optimized the AMI1-RHF
geometry of a polymer chain where the translation cell
corresponds to a ( —2)-charged -(NH-ring)g- unit. In this
case, which corresponds to a doping level of 12.5%, we
obtain again that the negative charges spread over all the
rings of the unit cell.

VEH oligomer results have been obtained for the
(—2)-doped LEB pentamer and show that the first defect
level is destabilized by only 0.26 eV relative to the
HOMO level of the neutral case; it is less than for the
positive bipolaron and even than for the positive polaron.
The second defect level remains close to the LUMO level
and is not stabilized even though it is doubly occupied;
again, this must be related to the nature of the corre-
sponding wave function, which possesses nodes on both
nitrogen and para carbon sites. Transitions, which imply
the upper defect level and unoccupied levels, are calculat-
ed to occur in the ir range and at about 1.1 and 2.3 eV.

2. Electronic structure of the 50% n-doped LEB

The VEH band structure of the 50% n-doped LEB
chain (Fig. 11) is little different from that in the neutral
situation, except for the filling of the lowest conduction
band (D). This band remains totally flat and lies 0.09 eV
below the empty bands. VEH transitions are calculated
to occur at 2.23 and 2.41 eV and imply excitations from
band D to higher unoccupied bands. Several transitions
are also calculated in the range 4.02—-4.14 eV. The flat-
ness of the band in which excess electrons can be accom-
modated indicates that the mobility of these charges
should be extremely low.

Because the oligomer and polymer VEH-calculated
transitions have no correspondence in the photoinduced
spectra of LEB, these features probably have very weak
oscillator strengths.** Again, optical absorption data
based on the n-type doping of LEB should give important
information but, up to now, there are no such studies re-
ported in the literature. Furthermore, the disorder
present in the polymer may broaden these far-infrared
transitions, making it difficult to observe them experi-
mentally.

IV. SYNOPSIS

We have theoretically investigated, by using a com-
bination of AM1 and VEH quantum-chemical tech-
niques, the effects of p- and n-type doping on the
geometric structure and electronic properties of the leu-
coemeraldine base polymer. Our results provide a de-
tailed characterization of the different charge-storage

E (eV)

2.23/241

4.14 {1 4.02

I ]
§.38 g.58 1.98
k (units of m/a)

FIG. 11. VEH electronic band structure of the 50% n-doped
LEB chain containing bipolarons.
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species which can appear upon doping of this polymer.
Leucoemeraldine supports positive polarons or bipolar-
ons which can be N centered and/or ring centered and
which induce geometry modifications towards a semi-
quinoid type of structure. Due to the very strong
electron-hole asymmetry in leucoemeraldine base,
different evolutions are found for p- and n-type doping.
From the geometry standpoint, positive charges lead to
significant local lattice relaxations. The appearance of
negative charges, on the contrary, result in weaker and
more extended deformations. From the electronic struc-
ture standpoint, positive polarons or bipolarons induce a
lower defect band which is well separated from the
valence band edge while the upper defect band remains
close to the conduction band edge. Our results allow for
a simple interpretation of the positive polaron formation;
they provide a refined description of the positive polaron
lattice on an emeraldine salt chain (i.e., 50% oxidized
LEB) where the unit cell can be represented as follows:

%«: "©+

or

The local environment is the major factor which should
determine which is the more stable of these two struc-
tures.

Upon n-type doping, the excess charges do not form
significantly bound polaron or bipolaron defects; they in-
duce weak deformations only within the phenyl rings. As
a result, the band structure hardly evolves with respect to
the neutral case (except for the filling).
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