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From neutral oligoanilines to polyanilines: A theoretical investigation of the chain-length
dependence of the electronic and optical properties

J. Libert, J. Cornil, D. A. dos Santos, and J. L. Bre´das
Service de Chimie des Mate´riaux Nouveaux, Centre de Recherche en Electronique et Photonique Mole´culaires,

Universitéde Mons-Hainaut, 20 Place du Parc, B-7000 Mons, Belgium
~Received 13 November 1996!

We investigate theoretically the chain-length dependence of the electronic and optical properties of mol-
ecules representative of the three base forms of polyaniline~PAni!, i.e., leucoemeraldine, emeraldine, and
pernigraniline. The results establish that the PAni oligomers show a weak evolution of their electronic and
optical properties as the chain grows, in contrast to the trends observed with other conjugated systems. Such
behavior is related to a lack of significantp delocalization of the molecular orbitals, due to the presence along
the backbone of nitrogen atoms that interconnect adjacent phenylene rings, and to high-torsion angles induced
by steric hindrance between the rings. We also emphasize the need for a correlated approach to properly
describe the so-called ‘‘excitonic feature’’observed around 2 eV in the optical spectrum of the emeraldine base
form. @S0163-1829~97!00837-0#
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I. INTRODUCTION

Among conducting polymers, the members of the pol
niline ~PAni! family have received considerable attention
the past few years due to their remarkable properties.
generic structural formula of these polymers can be
scribed as

wherey corresponds to the ratio within the repeat unit of t
number of nitrogen atoms of amine type over the total nu
ber of nitrogen atoms. Three distinct pure forms of poly
niline have been experimentally isolated:1,2

~i! The fully reduced form (y51) is the leucoemeraldine
base@LEB or poly~paraphenylene amine!# which is an insu-
lator @gap of 3.6 eV in N-methyl pyrrolidone ~NMP!
solution3,4 and 3.8 eV in thin films#;5–7 here, phenylene rings
are interconnected by amine nitrogen atoms.

~ii ! The half-oxidized form (y50.5) is the emeraldine
base@EB or poly~paraphenylene amine imine!# which pre-
sents quinoid and aromatic rings in a 1:3 ratio in its chem
structure. The lowest energy absorption feature of this po
mer is measured around 2.0 eV in both NMP solution a
spin-cast films;3–7 this peak has often been referred to as
‘‘excitonic feature’’ since the electron transition is believe
to be accompanied by a local charge transfer taking p
between the quinoid rings and the adjacent arom
units;3,8,9 note that the formation of excitons~i.e., bound
electron-hole pairs! does not necessarily require local char
transfers to take place in the excited state, as demonstr
for instance by the optical properties of other conjuga
oligomers.10,11The emeraldine base form also presents a s
ond optical feature at almost the same energy as the abs
tion peak of the leucoemeraldine base~3.6 eV in NMP
solution3,4 and 3.9 eV in thin films5–7!.

~iii ! The fully oxidized form of polyaniline (y50) is the
pernigraniline base@PB or poly~paraphenylene imine!# for
560163-1829/97/56~14!/8638~13!/$10.00
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which the chemical structure is characterized by an alter
tion of aromatic and quinoid rings. This polymer has the ra
property of possessing a twofold degenerate ground sta12

as is the case for trans-polyacetylene;13 the resulting Peierls
gap is measured around 2.3 eV, while two other optical f
tures are observed around 3.8 and 4.3 eV in NM
solutions.14,15

According to MacDiarmid and co-workers, compoun
with intermediate average oxidation levels can be synt
sized but actually consist in the mixing of two of the thr
base forms at the molecular level.16,17 Indeed, samples with
mixed states systematically present the optical propertie
both LEB and EB fory.0.5 and both EB and PB fory
,0.5;16,17 this justifies that in this work we focus our atten
tion exclusively on the three principal base forms.

Polyanilines and derivatives have the peculiarity
present an electrical conductivity that can be controlled
ther by redox chemistry~i.e., charge-transfer doping!18 or by
Bro”nsted acid-base chemistry~i.e., protonation!.19,20 In the
latter case, it is worth stressing that the electronic structur
the polymer is deeply modified without any alteration of t
number of electrons along the chain;21 the protonation of the
imine nitrogen atoms of emeraldine base leads to a dram
increase in electrical conductivity, up to 12 orders of mag
tude~typically from ;10210 to ;400 S/cm!.22,23The wealth
of the electronic properties of polyanilines makes them go
candidates for a wide range of technological application24

Their use in battery devices25 or in antistatic films26 has now
led to some commercial developments. The conducting pr
erties of emeraldine salts have also allowed for the fabr
tion of flexible light-emitting diodes where polyaniline i
involved as the hole-injecting contact.27 Note that the elec-
tronic properties of polyanilines are controlled both by bon
length dimerization, as in most conjugated polymers, and
torsion-angle dimerization,28–31 since the phenylene ring
leave the plane defined by the nitrogen atoms to reduce
strong sterical hindrance taking place between adjacent r
in the fully planar conformation. These torsions are found
8638 © 1997 The American Physical Society
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56 8639FROM NEUTRAL OLIGOANILINES TO . . .
influence thep delocalization, and hence the mobility o
charge carriers along the chains~giving rise to defects with
large effective masses when compared
trans-polyacetylene32,33! and to deeply affect the electron
properties of polyanilines. Exploitation of these torsion
phenomena has recently opened the way to the exploita
of molecular optical memory mechanisms.34

For a long time, polyanilines were known as intractab
materials, until their solubility in N-methylpyrrolidone
~NMP! was reported.35 Meanwhile, studies of oligomer ana
logs started to emerge as a useful tool to gain insight into
complex properties of the polymers; indeed, low-molecu
weight molecules present the advantage of being gene
better suited to spectroscopic investigation techniques du
their higher solubility and processibility and their we
defined chemical structure. Despite the fact that polyanili
have attracted a considerable interest, the properties of
goanilines have been scarcely investigated while an e
mous body of knowledge was accumulated for conjuga
oligomers such as polyenes, oligo~phenylenevinylene!s, or
oligothiophenes.

The first model molecule to be synthesized and charac
ized was the phenyl-capped octaaniline in its three basic
dation states;36 absorption spectra of additional compoun
representative of LEB were also subsequently reported.4,37–39

These studies indicate that the lowest-energy transition
these oligomers is observed at almost the same energy
the corresponding polymer. Regarding earlier theoret
modeling carried out on oligoanilines, to the best of o
knowledge, only calculations based on a modified neglec
differential overlap ~MNDO! geometry optimizations
coupled to intermediate neglect of differential overla
configuration interaction~INDO/CI! optical calculations
have been reported for tetramers representative of the t
base forms of polyaniline.40 Note that Hartree-Fock-Austin
model 1~AM1! optimizations of short LEB~dimer, tetramer,
and pentamer! and PB~trimers! neutral oligomers have als
been presented in two of our previous studies; in contr
one-electron band structures of polyanilines have rece
much more attention.28,31,41

In this work, we investigate the electronic and UV-visib
optical properties of oligomers and corresponding polym
representative of the three base forms of polyaniline
means of quantum-chemical methods. We particularly
attention to the chain-length evolution of these proper
and analyze the extent to which the results obtained w
oligoanilines can be extrapolated to the polymer scale.

We structure the present paper as follows: we treat i
separate way the series of oligomers representative of
same base form of polyaniline. In each case, we first fo
on the description of the AM1-optimized geometry of t
unit cell, which is directly extracted from the center of th
longest oligomers. We then discuss the valence effec
Hamiltonian~VEH! and INDO/SCI-calculated optical prop
erties of the oligoanilines and compare these results to
vious experimental and theoretical studies. Finally, the V
polymer band structures and related absorption spectra
presented; it has to be emphasized that the VEH band s
tures have already been reported in earlier publications30,42

and that the purpose of discussing them here again i
assess the validity of a one-electron picture, by critica
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comparing the VEH data to the results of our correlated c
culations. In this way, this work should contribute to a r
fined description of the electronic and optical properties
the three neutral base forms of PAni.

II. THEORETICAL METHODOLOGY

We review in Fig. 1~a! the chemical structure of the PAn
oligomers investigated in this work that are systematica
capped by2NH2 terminal groups. In a first stage, we opt
mize the geometry of the molecules by means of the se
empirical Hartree-Fock-Austin model 1~AM1! method,43,44

known for its good track record to reproduce accurately
geometry and heat of formation of organic compounds
their ground state. We stress that the AM1 parametrizatio
particularly convenient to deal with systems where torsio
aspects play a significant role; the applicability of th
method to the study of polyanilines has been addresse
earlier works.30,42 The optimization procedure is performe
by setting the nitrogen atoms and the para carbon atom
the rings in the same plane~as suggested by x-ray-diffractio
experiments37,45!, and by imposing the coplanarity of the ca
bon atoms of the phenylene rings and thesp2 character of
the nitrogens; these geometric constraints are sketche
Fig. 1~b!. The torsion angle of a phenylene ring is defined
the following as the dihedral angle between the plane of
nitrogen atoms and the plane of the ring.

On the basis of the optimized geometric structures,
electronic transition energies of the PAni oligomers and
lated oscillator strengths are calculated by means of:

~i! the pseudopotential one-electron valence effect
Hamiltonian ~VEH! technique,46,47 as implemented by
Stafström and Brédas.41

~ii ! the semiempirical Hartree-Fock intermediate negl
of differential overlap~INDO! method coupled to a single
configuration interaction scheme~SCI!.48 The electron-
electron repulsion terms are calculated via the Mata
Nishimoto potential that is best suited to reproduce

FIG. 1. ~a! Chemical structure of the PAni oligomers inves
gated in this work;~b! sketch of the geometric constraints impos
during the geometry optimizations.
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8640 56LIBERT, CORNIL, DOS SANTOS, AND BRE´ DAS
optical-absorption spectra of neutral compounds within
INDO/SCI formalism. The number of configurations in
volved in the CI calculations is chosen in a way that ensu
that no significant changes in the transition energies and t
sition moments occur when considering additional confi
rations; our CI development is based on singly excited c
figurations generated by the promotion of an electron fr
one of the 35 highest occupied levels to one of the 35 low
unoccupied levels. Note that all the theoretical absorpt
spectra presented in this paper are simulated by a conv
tion of Gaussians whose full width at half maximum is set
0.3 eV.

In a last step, we determine the VEH one-electron ba
structure of the polymers and the associated absorp
spectra,46,47 on the basis of a repeat unit extracted from t
AM1-optimized geometry of a corresponding oligome
These calculations allow us to estimate accurately the e
tronic parameters~such as ionization potential, electron a
finity, band gap, and bandwidths! that govern the electronic
and optical properties of single polyaniline chains. Note t
the VEH parameters involved in the definition of the atom
potentials are of similar quality as those provided byab ini-
tio Hartree-Fock double zeta calculations; the reliability
this method to reproduce the band structure of conjuga
polymers has been widely recognized in earlier works.31,49

III. RESULTS AND DISCUSSION

A. Leucoemeraldine base

1. Geometric structure

The AM1-optimized geometry of the unit cell represen
tive of LEB, as extracted from the center of the nonamer
reported in Fig. 2~a!. As previously reported,30,42we observe
that the phenylene rings present an aromatic character
leave the plane defined by the nitrogen atoms with an a
nating torsion angle of628°; therefore, the leucoemeraldin
chains display no dimerization for bond lengths and for t
sion angles.

2. VEH oligomer calculations

The most significant linear combination of atomic orbita
~LCAO! coefficients of the highest occupied molecular o
bital ~HOMO! and lowest unoccupied molecular orbit
~LUMO! levels are systematically localized on the inner p
of the molecule~involving for instance, about five phenylen
rings and six nitrogens in the nonamer!. The amplitude of
these wave functions is maximal in the center of the olig
mer and decreases when moving to its extremities; howe
these wave functions become much more uniform~with a
simultaneous decrease in intensity for the LCAO coe
cients! and extended in the inner part of the oligomer wh
the molecular size is increased. The spatial evolution of
HOMO and LUMO wave functions with increasing cha
length therefore points out the existence of a continuous t
sition in the electronic properties when going from the LE
oligomers to the corresponding polymer. The wave functio
of the HOMO and LUMO levels of the oligomers are foun
to markedly differ due to a breakdown of the electron-h
symmetry induced by the incorporation of nitrogen ato
e
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along the backbone; this behavior has already been desc
in detail for the leucoemeraldine base in a previous stud42

In the VEH-calculated absorption spectra of the LEB o
gomers@see Fig. 3~a!#, a broad feature is observed in th
energy range between 3.6 and 5.0 eV. The peak maxim
position is found to slightly redshift with increasing cha
length and to saturate rapidly in the longer oligomers~from
4.40 for the tetramer to 4.18 eV for the octamer and n
amer!, as is the case for the VEH-calculate
HOMO→LUMO (H→L) transition ~calculated at 4.01,
3.97, 3.93, 3.90, 3.89, and 3.87 eV in LEB oligomers co
taining 4, 5, 6, 7, 8, and 9 phenylene rings, respective!.
Such an evolution clearly demonstrates the existence
small bathochromic shift of the lowest energy transition
the chain grows. Extrapolation of theH→L transition energy
to the polymer scale leads to a value for the LEB band g
close to 3.8 eV, in close agreement with the value provid
by a previous study on phenyl-capped LEB oligomers42

Many electronic excitations involving the upper occupi
and lower unoccupied levels contribute to the broad abso
tion band observed between 3.6 and 5.0 eV; all these tra
tions involve levels close in energy@as shown in Fig. 4~a!,
for the LEB nonamer# giving rise to the formation of the
valence and conduction bands at the polymer scale.

3. INDO/SCI calculations

We provide in Table I a detailed description of the natur
of the INDO/SCI absorption features calculated below 4

FIG. 2. AM1-optimized geometry of~a! LEB; ~b! EB; and~c!
PB unit cells. The bond lengths and the distance between inte
ing hydrogens are in Å, while the bond angles and the tors
angles (T) are in degrees.
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56 8641FROM NEUTRAL OLIGOANILINES TO . . .
eV in the five-, seven-, and nine-ring LEB oligomers. T
results indicate that the lowest energy absorption featur
the most intense and mainly corresponds to an electron t
sition between the HOMO and LUMO levels, with mino
contributions arising from theH21→L11 andH22→L

FIG. 3. ~a! VEH and~b! INDO/SCI calculated absorption spec
tra of the five-~solid line!, seven-~dashed line!, and nine-ring~dot-
ted line! LEB oligomers.
is
n-

12 excitations, especially in longer chains. We further n
that the CI expansion coefficient associated with theH→L
configuration diminishes with increasing chain length, as
typically found in other conjugated oligomers.50 The INDO/
SCI results also indicate the existence of additional cal
lated features between 3.75 and 3.93 eV, for which the la
est CI expansion coefficient is associated with elect
transitions between the highest last occupied levels~HOMO,
H-1 and H-2! and lowest unoccupied levels above t
LUMO ~see Table I!. However, the relative intensities o
these features are attenuated with increasing chain lengt
that the first peak is the dominant band in the absorpt
spectra of the longest chains. We display in Fig. 3~b! the
simulated optical-absorption spectra of the five-, seven-,
nine-ring LEB oligomers; these plots illustrate the existen
of a small bathochromic shift of the lowest energy transitio
as observed within the VEH formalism, and indicate that
intensity of this absorption band increases almost linea
with molecular size. We note that similar trends are obtain
for the four-, six-, and eight-ring LEB oligomers. The fa
that the first absorption peak@see Fig. 3~b!# corresponds to a
vast mixing of one-electron excitations for long oligome
illustrates that the corresponding compounds can be
scribed in terms of bands rather than discrete molecular
els.

The weakness of the lowest transition redshift~going
from 3.69 to 3.61 eV within the series of oligomer we ha
considered, see Table I! is in marked contrast with the typi
cal optical properties observed in oligomers representativ
common conjugated polymers.50–55 This behavior is related
to the high torsion angles between rings in LEB, that lim
the degree of delocalization of the HOMO and LUMO wa
functions, and to the presence of nodes on nitrogen at
that prevents the wave functions of the LUMO and high
unoccupied molecular orbitals to be fully delocalized.42 As a
consequence, the calculated transition energies obtaine
the oligomers are in excellent agreement with the 3.8
reported for LEB thin films3,4 ~while 3.6 eV is measured in
NMP solution5–7!.

Our theoretical INDO/SCI results are consistent with t
experimental absorption spectra of LEB oligomers; the lo
est energy transition ofN,N8-diphenylphenylenediamine i
indeed measured around 3.8 eV in NMP solution,37 while 4.0
eV is obtained for the phenyl-capped tetramer in acetonit
solution.4 The INDO/SDCI calculations performed b
re
FIG. 4. VEH-calculated one-electron structu
of the ~a! nine-ring LEB, ~b! eight-ring EB, and
~c! eight-ring PB oligomers.
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TABLE I. INDO/SCI transition energies, oscillator strengths, and main CI expansion coefficients o
lowest energy absorption features~below 4.0 eV! in the LEB oligomers~H andL refer to the HOMO and
LUMO levels, respectively!.

Number
of rings

Transition
energy
~eV!

Oscillator
strength Main CI expansion coefficients of the excited states

5 3.69 1.50 0.80(H→L)20.43(H21→L11)
3.77 0.34 20.69(H→L12)20.33(H21→L13)

10.26(H22→L14)
3.92 0.17 20.57(H→L16)20.48(H21→L15)

20.34(H22→L14)
20.27(H23→L13)

7 3.63 2.27 20.72(H→L)10.45(H21→L11)
20.31(H22→L13)

3.75 0.32 0.63(H→L12)10.36(H21→L14)
20.27(H22→L15)

3.93 0.23 20.48(H→L110)20.46(H21→L18)
10.38(H22→L17)
20.29(H23→L16)

9 3.61 2.96 0.66~H→L!20.44~H21→L11!
20.34(H22→L12)

3.75 0.36 0.57~H→L13!10.35~H21→L14!
20.28(H22→L15)

3.92 0.28 20.46~H→L12!10.40~H22→L!
20.36(H21→L11)

3.93 0.28 20.43~H21→L112!10.41~H→L113!
10.37(H22→L110)

20.32(H23→L19)20.25(H24→L18)
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Sjögren and Stafstro¨m on the LEB tetramer capped by
single2NH2 terminal group40 estimate the lowest transitio
energy at 3.95 eV. Surprisingly, the nature of the lowe
lying excited state they calculate with their INDO parame
zation corresponds to a large mixing of one-electron exc
tions instead of the dominant contribution of the HOMO
LUMO transition, we find in our case. We have investigat
the influence of amino terminal groups~2NH2! on the opti-
cal properties of LEB oligomers; they have actually neg
gible effects on the transition energies, due to the absenc
significant LCAO coefficients on these sites in the wa
functions of the levels involved in the description of th
peaks. It must be emphasized that the INDO/CI results
tained by Stafstro¨m and Sjo¨gren on the aniline oligomer
have to be regarded with much caution due to parametr
tion problems.56

4. VEH band structure

We reproduce in Fig. 5~a! the one-electron band structu
of the neutral leucoemeraldine base that we deta
previously.42 Due to the glide-plane symmetry within th
unit cell of the polymer@see Fig. 2~a!#, the bands are degen
erate at the end of the Brillouin zone (k5p/a). The valence
~HOMO! and conduction~LUMO! bands are characterize
by large ~2.81 eV! and flat ~0.17 eV! bandwidths, respec
tively; these bands are separated by a band-gap value of
eV that compares very well to the experimental transit
energy,3 as well as to the VEH and INDO/SCI results o
tained for the LEB oligomers. This validates the choice
the one-electron VEH approach to estimate the lowest
t-
-
-

-
of

b-

a-

d

.81
n

f
n-

ergy transition of leucoemeraldine base. The calculated
ization potential and electron affinity, corrected for soli
state effects, are estimated to be 4.3 and20.5 eV,
respectively. The very small electron affinity of the polym
indicates that LEB films should not be easily reduced.

The polymer VEH absorption spectrum of LEB is pr
sented in Fig. 5~b!. The electronic transition peaking at 4.0
eV is found to dominate the spectrum, while a second l
intense feature is observed around 4.90 eV. The broad b
lying between 3.6 and 5.0 eV actually originates from on
electron transitions between the valence and conduc
bands, covering the impulsion range going fromk50 ~band
gap Eg53.81 eV! to k5p/a (Eg54.99 eV), although the
most intense excitations involve electronic transitions occ
ring neark50.

As illustrated in Fig. 6~a!,42 the analysis of the VEH-
LCAO-p coefficients of the frontier bands of the LEB un
cell have revealed a strong breakdown of charge conjuga
symmetry since the HOMO is delocalized over the who
unit cell, while the LUMO is essentially localized within th
phenylene rings.42

B. Emeraldine base

1. Geometric structure

We illustrate in Fig. 2~b! the AM1-optimized geometry of
the EB unit cell, as extracted from the center of the 12-r
oligomer ~i.e., the EB trimer!. The repeat unit is compose
by three consecutive phenylene rings~C2, C3, andC4! that
present an aromatic character~Cp2N;1.399 Å, Cp2Co
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FIG. 5. VEH results relative to a neutral single LEB chain:~a! calculated one-electron band structure;~b! associated optical-absorptio
spectrum.
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;1.413 Å, andCo2Co;1.386 Å, wherep and o denote
the para and ortho positions, respectively! and by a fourth
ring adopting a quinoid character~Cp2N51.299 Å, Cp
2Co;1.476 Å, andCo2Co51.341 Å!. Analysis of the op-
timized torsion angles indicates that the quinoid ring sligh
leaves the plane defined by the nitrogen atoms (T58°),
while the adjacent rings largely go out of this plane (T5
243°) in order to minimize the steric hindrance; the dep
ture of planarity of the central aromatic ring (C3) is then not
as large (T516°) due to the fact that high torsion angles a
found for the adjacent two aromatic rings. We note that
optimized geometry provides a value close to 59° for
dihedral angle between adjacent aromatic rings that is alm
identical to the angle obtained for the LEB chains~56°!. The
aromatic part of the EB unit cell can thus be considered
correspond to a LEB segment, still characterized by the
sence of bond-length dimerization; however, we observe
appearance of a torsion-angle dimerization (DT'29°) be-
tween the aromatic rings due to the introduction of quin
moieties that impose new steric constraints along the ch
The EB chain can thus be described as an array of L
trimerlike units interconnected by quinoid moieties, i.e.,
alternated ‘‘copolymer’’ of LEB and PB.

2. VEH oligomer calculations

In the EB dimer~H2NuAQAAAQAAuNH2, whereA
andQ denote aromatic and quinoid rings, respectively!, the
HOMO and HOMO-1 wave functions are mostly localize
on the central part of the aromatic segments. Due to t
similarity, these two levels are close in energy@24.71 and
24.85 eV, respectively; see Fig. 4~b!#. Furthermore, we note
that the HOMO-2 (25.56 eV) and HOMO-3 (25.84 eV)
levels also present similar wave functions~localized on the
imine units and on the adjacent aromatic rings!, and possess
-

e
e
st

o
b-
e

in.
B

ir

similar energies. These results again illustrate that the e
tronic bands progressively build up as the chain grows@see
Fig. 4~b!#. The LUMO ~23.77 eV! and LUMO11 ~23.74
eV! levels are also almost degenerate and centered on
imine-quinoid segments. This analysis confirms that
HOMO and LUMO levels of EB have the same electron
characteristics as in the LEB and PB~see below! oligomers,
respectively; this validates the description of EB in terms
an alternated ‘‘copolymer’’ of LEB and PB.

The VEH-calculated absorption spectra of the EB mon
mer, dimer, and trimer are collected in Fig. 7~a!: there occurs
three peaks below 4.0 eV for each compound; in the cas
the dimer ~eight-ring oligomer!, the peaks appear at 0.97
1.83, and;2.60 eV and correspond toH→L ~for the most
intense transition!, H22→L11, and H24,25→L elec-
tronic transitions, respectively. We also observe an inte
peak around 4.2 eV that originates from the overlap of el
tronic transitions involving a large set of occupied and un
cupied levels. It is worth stressing that these results fai
rationalize the experimental measurements where a sin
strong peak, often referred to as an ‘‘excitonic feature’’,
observed at;2.0 eV.3 This failure is attributed to the one
electron nature of the VEH approach as demonstrated in
next section.

3. INDO/SCI calculations

The INDO/SCI calculations result in two dominant a
sorption features at 2.59 and 3.64 eV in the optic
absorption spectrum of the EB dimer@see Fig. 7~b!#. The
lowest absorption peak actually originates in the superim
sition of two transitions, at 2.58 and 2.64 eV, that pres
relative intensities in a 7:1 ratio, as reported in Table II; t
main contribution to the total intensity is thus given by t
lowest energy transition that involves theH andH-2 levels
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and the lowest two unoccupied levels. The second absorp
peak calculated around 3.6 eV results from the superimp
tion of three optical transitions that are all described by
large mixing of configurations involving deep occupied le
els and the lowest three unoccupied molecular orbitals.
emphasize that the changes in charge distributions, when
ing from the ground state to the lowest-lying singlet excit
state, take place from twovNuAuNHu units ~loss of
20.23ueu for each! to the quinoid ring they surround~gain of
20.46ueu!. We thus expect a strongly confined intramolec
lar charge-transfer~in the sense that a local charge transfe
observed between different units of the chain! exciton to be
generated upon photoexcitation. Similar results have b
obtained for the monomer in which a charge transfer
20.50ueu is calculated.

The INDO/SCI results are in good agreement with t
experimental transition energies of the octamer36 and the
polymer,3–7 which are measured around 2.0 and 3.8 eV;
results therefore stress the need for a correlated approa
order to describe properly the 2.0 eV absorption feature
EB. However, the INDO/SCI calculations are found to ov
estimate by;0.6 eV the experimental value reported for t
lowest transition energy. This shift can be partly attributed
polarization effects induced by polar environment~such as a
NMP solution! that could stabilize the charge-transfer lowe
excited state; such environmental effects have not been t
into account in the present calculations. We also men

FIG. 6. Illustrations of the VEH-LCAO-p coefficients of the
frontier bands of~a! LEB; ~b! EB; and~c! PB.
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that our INDO/SCI approach simply deals with vertical tra
sition energies; the lattice relaxation occurring in the lowe
lying singlet excited state~i.e., the ‘‘excitonic’’ state! is thus
not addressed. Direct AM1/SCI optimization of this excit
state actually depicts the charge transfer in a slightly diff
ent manner than the INDO/SCI calculations, namely by
local charge transfer of about20.50 ueu taking place from
the uAuNHuAu sites to the quinoid sites
(uNvQvNu), i.e., from the reduced units to the ox
dized units.

The theoretical results obtained for the EB monomer a
trimer are very similar to those reported for the dimer. Goi
from the monomer to the trimer, it is interesting to observe
Fig. 7~b! that the first absorption peak position remains
most unchanged (;2.60 eV), while the second absorptio
band is slightly blueshifted~from 3.59 to 3.74 eV!, both
intensities increasing significantly with the oligomer siz
We should thus keep in mind that EB oligomers are a
characterized by a lack of significant evolution of their op

FIG. 7. ~a! VEH and~b! INDO/SCI calculated absorption spec
tra of the EB monomer~solid line!, dimer ~dashed line!, and trimer
~dotted line!.
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TABLE II. INDO/SCI transition energies, oscillator strengths, and main CI expansion coefficients o
lowest energy absorption features~below 4.5 eV! in the EB oligomers.

Number
of rings

Transition
energy
~eV!

Oscillator
strength Main CI expansion coefficients of the excited states

4 2.56 0.76 20.59(H→L)20.59(H21→L)20.30(H28→L)
3.57 1.12 20.49(H28→L)10.40(H24→L)10.38(H→L)
4.21 0.19 0.58(H→L11)10.40(H→L14)20.33(H→L)

10.29(H→L15)
8 2.58 1.56 0.60(H22→L11)10.36(H→L11)

10.35(H→L)
2.64 0.22 20.41(H→L)20.38(H21→L)10.37(H23→L)

10.30(H22→L)
10.30(H→L11)

3.59 1.85 20.35~H→L!10.28~H210→L!
10.27(H215→L11)

20.26(H→L12)
3.77 0.17 20.55(H21→L)10.28(H→L)10.21(H→L12)
3.86 0.19 0.51~H22→L11!20.47~H→L11!

20.29(H214→L11)
20.25(H215→L11)

4.09 0.44 20.59(H23→L)20.46(H→L)10.32(H24→L)
4.27 0.20 0.37~H21→L12!10.30~H21→L13!

10.29(H21→L)
10.27(H21→L111)20.25(H21→L18)
ha
ul
-
u

nit
nd
8

cal properties as a function of chain size. We finally note t
a detailed comparison with the previous theoretical res
reported by Sjo¨gren and Stafstro¨m40 based on different pa
rametrization and geometric structure appears rather diffic
t
ts

lt.

4. VEH band structure

On the basis of the AM1-optimized geometry of the u
cell @Fig. 2~b!#, we have calculated the one-electron ba
structure of a single emeraldine base chain, see Fig.~a!
n
FIG. 8. VEH results relative to a neutral single EB chain:~a! calculated one-electron band structure;~b! associated optical-absorptio
spectrum.
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8646 56LIBERT, CORNIL, DOS SANTOS, AND BRE´ DAS
~note that there are twice as many bands as in the LEB b
structure since the size of the EB unit cell is twice as large
that of LEB!. The loss of the glide-plane symmetry mak
the valence band of LEB split into four narrow bands, t
highest of them constituting the conduction band of the
chain.31 The valence band and the conduction band are s
rated by a band-gap value of 0.88 eV. The values of
ionization potential and electron affinity, corrected for sol
state effects, are calculated to be 4.7 and23.8 eV and are
intermediate with regard to those calculated for LEB and
~see below!.

The VEH absorption spectrum of the EB polym
presented in Fig. 8~b! is in deep contrast with the experime
tal spectrum, where a single intense peak is observe
;2.0 eV.3 This discrepancy was expected since t
INDO/SCI calculations have demonstrated that a correla
approach is required to describe the absorption spectrum
EB chains. However, it is worth stressing that the EB v
lence density of states spectrum calculated on the basis o
VEH band structure matches well recent ultraviolet pho
electron spectroscopy~UPS! data;57 this confirms that the
one-electron structure is well reproduced within the VE
formalism.

The VEH-LCAO-p coefficients of the HOMO,H-1, H-2,
and LUMO of the EB unit cell are presented in Fig. 6~b!.
The wave function of the HOMO is mainly localized on th
amine units and the aromatic ring they surround. The w
function of theH-1 level extends chiefly on the amine sit
and on all the phenylene rings. In contrast, theH-2 wave
function presents its largest contributions on the imine s
and all the aromatic rings. We finally note that the LUMO
mainly localized on the quinoid ring and the imine sit
while theL11 is essentially localized within the phenylen
rings, as observed in LEB@see the LUMO description in Fig
6~a!#.

C. Pernigraniline base

1. Geometric structure

Figure 2~c! illustrates the AM1-optimized geometry of th
PB unit cell, as extracted from the center of the eight-r
oligomer ~tetramer!; this repeat unit contains two phenylen
rings, one of them (C1) presenting a quinoid structure~Cp

2N51.298 Å, Cp2C0;1.477 Å, C02C051.340 Å!,
while the other (C2) is characterized by an aromatic chara
ter ~Cp2N51.409 Å, Cp2C0;1.412 Å, and C02C0
51.387 Å!. The quinoid ring hardly leaves the plane defin
by the nitrogen atoms (T52°), while the aromatic ring
largely goes out of this plane (T5258°). The pernigraniline
base therefore presents both bond-length and torsion-a
dimerizations.30

2. VEH oligomer calculations

The VEH results indicate that the HOMO of the PB o
gomers is systematically localized on aromatic units and
plays weaker contributions on adjacent quinoid units; in c
trast, the LUMO presents LCAO-p coefficients exclusively
on the quinoid units (uNvQvNu). These trends once
again reflect the total breakdown of electron-hole symme
nd
s
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in polyaniline chains. As for LEB and EB, the VB and C
bands of PB progressively build up with increasing oligom
size @see Fig. 4~c!#.

Figure 9~a! presents the VEH absorption spectra of the
dimer, trimer, and tetramer described in Fig. 1~a!. No signifi-
cant changes in the position and relative intensities of
absorption features are observed with increasing ch
length. Two peaks are calculated at 1.85 and 4.01 eV for
tetramer. The first peak corresponds to the superimposi
of several features that mainly originate from one-elect
transitions between the last four occupied levels and the l
est four unoccupied levels, among whichH-1→L transition
calculated at 1.88 eV is found to dominate in intensity; no
that the molecular orbitals involved in the description of th
peak are part of the VB and CB bands at the polymer sc
@see Fig. 4~c!#. The second feature observed at 4.01 eV c
responds to the overlap of one-electron transitions~in an en-
ergy range between 3.8 and 4.1 eV! taking place between
occupied molecular orbitals and the lowest three unoccup
levels.

FIG. 9. ~a! VEH and~b! INDO/SCI calculated absorption spec
tra of the PB dimer~solid line!, trimer ~dashed line!, and tetramer
~dotted line!.
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TABLE III. INDO/SCI transition energies, oscillator strengths, and main CI expansion coefficients o
lowest energy absorption features~below 4.5 eV! in the PB oligomers.

Number
of rings

Transition
energy
~eV!

Oscillator
strength Main CI expansion coefficients of the excited states

4 2.59 0.76 20.73(H→L)20.29(H26→L)10.28(H→L11)
3.58 0.11 20.63~H210→L11!20.48~H210→L!

20.32(H210→L18)
20.25(H29→L11)

3.62 1.29 0.40(H→L)20.36(H23→L)20.33(H26→L)
10.23(H210→L11)10.22(H22→L11)

20.22(H212→L)
3.98 0.25 0.41~H→L11!20.33~H21→L!

20.28(H29→L11)
20.26(H23→L11)

8 2.60 1.91 20.56~H→L!20.44~H→L11!
10.23(H21→L12)

10.23(H21→L)
2.72 0.20 20.56~H21→L!20.31~H→L11!

10.30(H22→L11)
10.28(H→L12)

3.71 2.57 0.29(H27→L)10.25(H26→L11)
10.22(H→L)

20.22(H212→L11)20.21(H24→L13)
3.84 0.59 20.28~H21→L!10.21~H219→L13!

20.20(H24→L13)
10.20(H27→L)

4.21 0.14 0.31~H21→L12!20.23~H21→L13!
10.23(H22→L12)

10.21(H26→L12)20.21(H219→L11)
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3. INDO/SCI calculations

We report in Table III the nature of the lowest-lying e
cited states of the PB tetramer and display the associ
INDO/SCI simulated spectra in Fig. 9~b!. The lowest energy
absorption feature of the tetramer~at 2.60 eV! primarily
originates from electron transitions from the HOMO to t
LUMO and L11 levels. The dominant contribution~H→L
transition! becomes increasingly contaminated by additio
contributions with longer chain lengths, which involve th
various levels forming the VB and CB bands in the polym
The nature of the first transition~measured at 2.3 eV! is very
different from that in the EB oligomers, despite the fact th
similar electronic configurations are involved; indeed, the
chains present a chemical structure without amine si
which therefore prevents the formation of ‘‘charge-transfe
excitons. The second absorption band of the PB tetrame@at
3.74 eV, Fig. 9~b!#, is mainly due to an optical feature ca
culated at 3.71 eV, corresponding to a large mixing of ex
tations from occupied levels to the three lowest unoccup
levels ~see Table III!.

We have also carried out highly sophisticated CI calcu
tions including from singly to fourfold excited configura
tions. The results do not show contributions arising fro
double excitations in the description of the optical featu
below 5.0 eV, in contrast to the theoretical results repor
earlier by Sjo¨gren and Stafstro¨m.40
ed
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B
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The plots presented in Fig. 9~b! again illustrate that the
position of the absorption peaks are almost unchanged
increasing chain length; indeed, the transition energy of
first peak remains unaffected (;2.60 eV), while the second
band tends to be very slightly blueshifted~from 3.63 eV in
the dimer to 3.74 eV in the tetramer! as the chain size is
increased. We stress that our results are in close agree
with the experimental absorption spectrum of octa-aniline
the fully oxidized state,36 where two bands are observed
2.5 and 4.0 eV. The CI results obtained for the PB tetram
~i.e., three absorption bands at 2.61, 3.74, and 4.85 eV! are
also consistent with the experimental values reported for
chains around 2.3, 3.8, and 4.3 eV.14,15 Note that the third
peak observed in Fig. 9~b! corresponds to a large mixing o
configurations and is weakly redshifted with increasing ch
length.

4. VEH band structure

Figure 10~a! presents the VEH one-electron band stru
ture of a single PB polymer chain@whose representative un
cell is illustrated in Fig. 2~c!#. Since twop electrons are
extracted per unit cell with respect to the LEB chain, t
upper branch of the VB band of LEB@see Fig. 5~a!# is emp-
tied to become the CB band of the PB chain; as a res
there is no longer a degeneracy at the end of the Brillo
zone due to the opening of a Peierls gap induced both
torsion-angle and bond-length dimerizations.30 The resulting
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FIG. 10. VEH results relative to a neutral single PB chain:~a! calculated one-electron band structure;~b! associated optical-absorptio
spectrum.
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valence and conduction bands both possess bandwidth
the order of 0.30 eV. It is interesting to note that the ioniz
tion potential of PB, corrected for solid-state effects, is e
mated at 5.7 eV, i.e., at a value higher than those reported
LEB and EB~4.3 and 4.7 eV, respectively!; these trends are
fully consistent with the higher degree of oxidation of P
The electron affinity calculated for PB at23.9 eV is, how-
ever, close to the value obtained for EB at23.8 eV. The
Peierls gap provided by the present VEH calculations is 1
eV, this value is in much better agreement with the exp
mental measurements@lowest energy peak around 2.3 e
with an onset close to 1.7 eV~Refs. 14 and 15!# than previ-
ous VEH calculations,30 due to the use of a refined geomet
cal description of the polymer unit cell~it is worth stressing
that recent UPS measurements57 once again validate the
good description of the PB one-electron structure provid
by the VEH formalism!.

The VEH absorption spectrum of the PB polymer cha
displays a large absorption band in the energy range betw
1.7 and 2.5 eV, with a maximum at 2.4 eV and a shoulde
1.8 eV @see Fig. 10~b!#. This band originates from electroni
transitions taking place between the HOMO and LUM
bands. The second absorption band observed around 3.
consists of two distinct features at 3.9 and 4.1 eV; th
originate from electronic transitions between the HOMO
and HOMO-3 bands to the LUMO band; these merge in
simulated spectrum due to their weak separation. The V
calculations can thus afford a rationalization for the abso
tion bands measured at 2.30, 3.80, and 4.30 eV in the ex
mental spectrum of the PB polymer.14,15

The VEH wave functions of the HOMO and LUMO o
the PB unit cell are represented in Fig. 6~c!, the HOMO
~LUMO! is mainly localized on the aromatic~quinoid! rings
on
-
i-
or

.

1
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d

en
t

eV
e

e
H
-
ri-

and adjacent nitrogen atoms, as described for the PB ol
mers.

IV. CONCLUSIONS

We have investigated in this work the chain-length dep
dence of the electronic and optical properties of oligom
representative of the three base forms of polyaniline. Ana
sis of the AM1-optimized geometry of these oligome
strongly suggests that EB can be viewed as an altern
copolymer of LEB and PB. EB is characterized by
torsion-angle dimerization (DT529°) that is intermediate
between those calculated for LEB (DT50°) and PB (DT
560°), as a consequence of the presence of quinoid moie
every fourth phenylene ring along the chain. Such a desc
tion is further validated by an analysis of the AM1 Mullike
charge distributions and the VEH-calculated ionization p
tential and electron affinity values showing that EB co
bines the electronic properties of the LEB and PB ba
forms.

The INDO/SCI-calculated absorption spectra of neut
oligoanilines representative of the three base forms of po
niline are in very good agreement with the experimental d
reported for oligomers and the corresponding polymers. T
correlated calculations show that the optical transitions
weakly modified as a function of chain length, due to a la
of significantp delocalization of the molecular orbitals in
duced by steric effects and by the incorporation of nitrog
atoms interconnecting the adjacent phenylene rings.

The INDO/SCI results indicate that the lowest energy a
sorption feature in the leucoemeraldine base primarily or
nates in electronic transitions between the highest occu
and lowest unoccupied levels, i.e., between the valence
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conduction bands at the polymer scale. In the emerald
base, we demonstrate that a correlated approach is req
to suitably describe the lowest energy peak measured aro
2.0 eV. Analysis of the changes occurring in the lowest-ly
excited state of emeraldine oligomers shows that a lo
charge transfer takes place between a quinoid ring~gain of
21/2 ueu! and the adjacent imine/phenyl/amine units~loss of
21/4 ueu for each! and gives rise to the formation of a con
fined intramolecular charge-transfer exciton. Despite the
that the lowest energy absorption occurs at nearly the s
energy in EB and PB, the absorption peak has a very dif
ent nature in pernigraniline base~and corresponds to
Peierls transition between the valence and conduction ba
at the polymer scale!. The higher energy features observ
around 4 eV in EB and PB oligomers are described by a v
large mixing of excitations.

AM1/SCI optimization allows us to take into account th
geometric relaxation in the lowest-lying excited state a
reveals a slightly different origin of the local charge trans
(20.5ueu) which takes place between the reduced~aromatic/
amine sites! and the oxidized units~quinoid/imine sites! of
the EB chains.

Our calculations also indicate that the VEH approach
reliable to simulate the absorption spectra of the LEB and
oligomers and corresponding polymers but fails to reprod
the optical properties of EB; this is due to the one-elect
a
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nature of the VEH formalism since a proper description
the lowest excited state of EB requires a correlated appro
On the other hand, the excellent agreement between the V
one-electron band structures of polyanilines and recent U
experiments is clear evidence that the occupied levels of
one-electron structure are well-depicted within the VEH fo
malism.

Finally, we stress that the results of our work illustra
that the oligomer approach is a very useful tool to shed li
onto the properties of the polyaniline chains. The oligo
nilines can be considered as excellent model systems s
there is hardly any significant evolution of the electronic a
optical properties as the chain grows.
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