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From neutral oligoanilines to polyanilines: A theoretical investigation of the chain-length
dependence of the electronic and optical properties
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We investigate theoretically the chain-length dependence of the electronic and optical properties of mol-
ecules representative of the three base forms of polyanii#i), 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 significamtdelocalization 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. [S0163-1827)00837-0

I. INTRODUCTION which the chemical structure is characterized by an alterna-
tion of aromatic and quinoid rings. This polymer has the rare
Among conducting polymers, the members of the polya-property of possessing a twofold degenerate ground tate,
niline (PAni) family have received considerable attention inas is the case for trans-polyacetyléfi¢he resulting Peierls
the past few years due to their remarkable properties. Thgap is measured around 2.3 eV, while two other optical fea-
generic structural formula of these polymers can be detures are observed around 3.8 and 4.3 eV in NMP

scribed as solutions**1®

According to MacDiarmid and co-workers, compounds
NH—@*NH‘@{N:@:N‘@ o<ysi with intermediate average oxidation levels can be synthe-
X I- sized but actually consist in the mixing of two of the three

Yy
X base forms at the molecular leV8’ Indeed, samples with

wherey corresponds to the ratio within the repeat unit of the . ; : .
number of nitrogen atoms of amine type over the total num_r’mxed states systematically present the optical properties of

ber of nitrogen atoms. Three distinct pure forms of polya—bo'[h %5187 apd_ EB.fory>0._5 a'?d both EB and PB foy
niline have been experimentally isolated: <0.5;">""this justifies that in this work we focus our atten-

(i) The fully reduced formy=1) is the leucoemeraldine tion exclusively on the three principal base forms.
base[LEB or poly(paraphenylene amijiewhich is an insu- Polyanilines and derivatives have the peculiarity to
lator [gap of 3.6 eV in N-methyl pyrrolidone (NMP) present an electrical conductivity that can be controlled ei-
solutior® and 3.8 eV in thin film§®~ here, phenylene rings ther by redox chemistrii.e., charge-transfer dopiing or by
are interconnected by amine nitrogen atoms. Brénsted acid-base chemisttye., protonation'*? In the

(i) The half-oxidized form y=0.5) is the emeraldine latter case, it is worth stressing that the electronic structure of
base[EB or poly(paraphenylene amine imifjlewhich pre- the polymer is deeply modified without any alteration of the
sents quinoid and aromatic rings in a 1:3 ratio in its chemicahumber of electrons along the chafnthe protonation of the
structure. The lowest energy absorption feature of this polyimine nitrogen atoms of emeraldine base leads to a dramatic
mer is measured around 2.0 eV in both NMP solution andncrease in electrical conductivity, up to 12 orders of magni-
spin-cast films:~’ this peak has often been referred to as artude(typically from ~10~1°to ~400 S/cm.?>?3The wealth
“excitonic feature” since the electron transition is believed of the electronic properties of polyanilines makes them good
to be accompanied by a local charge transfer taking placeandidates for a wide range of technological applicatféns.
between the quinoid rings and the adjacent aromati@heir use in battery devic&sor in antistatic filmé® has now
units>8° note that the formation of exciton§.e., bound led to some commercial developments. The conducting prop-
electron-hole paijsdoes not necessarily require local chargeerties of emeraldine salts have also allowed for the fabrica-
transfers to take place in the excited state, as demonstratéidn of flexible light-emitting diodes where polyaniline is
for instance by the optical properties of other conjugatednvolved as the hole-injecting contatNote that the elec-
oligomers'®!The emeraldine base form also presents a sedronic properties of polyanilines are controlled both by bond-
ond optical feature at almost the same energy as the absorfength dimerization, as in most conjugated polymers, and by
tion peak of the leucoemeraldine baé&6 eV in NMP  torsion-angle dimerizatioff~3! since the phenylene rings
solutior’* and 3.9 eV in thin films™). leave the plane defined by the nitrogen atoms to reduce the

(iii) The fully oxidized form of polyaniline y=0) is the  strong sterical hindrance taking place between adjacent rings
pernigraniline bas¢PB or polyparaphenylene iming for  in the fully planar conformation. These torsions are found to
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influence thes delocalization, and hence the mobility of LEB PB

charge carriers along the chaifgiving rise to defects with  (a) @ NH_}H NH, <:> N=<:>=N%H

large effective masses when compared to X x

trans-polyacetylert®33 and to deeply affect the electronic Xe856789 X234

properties of polyanilines. Exploitation of these torsional

phenomena has recently opened the wﬁ?y to the exploitatior B

of molecular optical memory mechanisnfs. NHI%@NH @ N=< >=N @ NH}H
For a long time, polyanilines were known as intractable X

materials, until their solubility in N-methylpyrrolidone X=123

(NMP) was reported® Meanwhile, studies of oligomer ana-

logs started to emerge as a useful tool to gain insight into the

complex properties of the polymers; indeed, low-molecular (b)

weight molecules present the advantage of being generally

better suited to spectroscopic investigation techniques due tc

their higher solubility and processibility and their well-

defined chemical structure. Despite the fact that polyanilines

have attracted a considerable interest, the properties of oli-

goanilines have been scarcely investigated while an enor-

mous body of knowledge was accumulated for conjugated

oligmers such as polyenes, olighenylenevinylens, or FIG. 1. (a) Chemical structure of the PAni oligomers investi-

0I|goth|qphenes. . gated in this work{b) sketch of the geometric constraints imposed
The first model molecule to be synthesized and charactelauring the geometry optimizations.

ized was the phenyl-capped octaaniline in its three basic oxi-

dation states? absorption spectra of additional compoundscomparing the VEH data to the results of our correlated cal-
representative of LEB were also subsequently repdrféd®®  cyjations. In this way, this work should contribute to a re-

These studies indicate that the lowest-energy transition ofned description of the electronic and optical properties of
these oligomers is observed at almost the same energy ast#fe three neutral base forms of PAni.

the corresponding polymer. Regarding earlier theoretical
modeling carried out on oligoanilines, to the_:_best of our Il. THEORETICAL METHODOLOGY
knowledge, only calculations based on a modified neglect of
differential overlap (MNDO) geometry optimizations We review in Fig. 1a) the chemical structure of the PAni
coupled to intermediate neglect of differential overlap/oligomers investigated in this work that are systematically
configuration interaction(INDO/CI) optical calculations capped by—NH, terminal groups. In a first stage, we opti-
have been reported for tetramers representative of the thremize the geometry of the molecules by means of the semi-
base forms of polyanilin& Note that Hartree-Fock-Austin empirical Hartree-Fock-Austin model (AM1) method?3#4
model 1(AM1) optimizations of short LEBdimer, tetramer, known for its good track record to reproduce accurately the
and pentamerand PB(trimer9 neutral oligomers have also geometry and heat of formation of organic compounds in
been presented in two of our previous studies; in contrastheir ground state. We stress that the AM1 parametrization is
one-electron band structures of polyanilines have receivegarticularly convenient to deal with systems where torsional
much more attentioff3141 aspects play a significant role; the applicability of this
In this work, we investigate the electronic and UV-visible method to the study of polyanilines has been addressed in
optical properties of oligomers and corresponding polymersarlier works®#> The optimization procedure is performed
representative of the three base forms of polyaniline byby setting the nitrogen atoms and the para carbon atoms of
means of quantum-chemical methods. We particularly payhe rings in the same plarias suggested by x-ray-diffraction
attention to the chain-length evolution of these properties;axperimené7 49 and by imposing the coplanarity of the car-
and analyze the extent to which the results obtained wittbon atoms of the phenylene rings and #1& character of
oligoanilines can be extrapolated to the polymer scale. the nitrogens; these geometric constraints are sketched in
We structure the present paper as follows: we treat in dig. 1(b). The torsion angle of a phenylene ring is defined in
separate way the series of oligomers representative of thée following as the dihedral angle between the plane of the
same base form of polyaniline. In each case, we first focusitrogen atoms and the plane of the ring.
on the description of the AM1-optimized geometry of the On the basis of the optimized geometric structures, the
unit cell, which is directly extracted from the center of the electronic transition energies of the PAni oligomers and re-
longest oligomers. We then discuss the valence effectivéated oscillator strengths are calculated by means of:
Hamiltonian(VEH) and INDO/SCI-calculated optical prop- (i) the pseudopotential one-electron valence effective
erties of the oligoanilines and compare these results to predamiltonian (VEH) technique'®*’ as implemented by
vious experimental and theoretical studies. Finally, the VEHStafstran and Brelas?*
polymer band structures and related absorption spectra are (ii) the semiempirical Hartree-Fock intermediate neglect
presented; it has to be emphasized that the VEH band struof differential overlap(INDO) method coupled to a single
tures have already been reported in earlier publicatfffis configuration interaction scheméSCl).*® The electron-
and that the purpose of discussing them here again is telectron repulsion terms are calculated via the Mataga-
assess the validity of a one-electron picture, by criticallyNishimoto potential that is best suited to reproduce the
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optical-absorption spectra of neutral compounds within the (a) c1 2
INDO/SCI formalism. The number of configurations in-
volved in the CI calculations is chosen in a way that ensures
that no significant changes in the transition energies and tran-
sition moments occur when considering additional configu-
rations; our Cl development is based on singly excited con-
figurations generated by the promotion of an electron from

one of the 35 highest occupied levels to one of the 35 lowest = 2 2
unoccupied levels. Note that all the theoretical absorption
spectra presented in this paper are simulated by a convolu-
tion of Gaussians whose full width at half maximum is setto ~ ® ¢t @ c3 c4
0.3 eV. sl NG »
In a last step, we determine the VEH one-electron band /“Cﬁ“ﬁ%:y
structure of the polymers and the associated absorption 3 &3
spectrd®47 on the basis of a repeat unit extracted from the (&35 L

AM1-optimized geometry of a corresponding oligomer. ot

These calculations allow us to estimate accurately the elec- T-- 8° 430 16° 430
tronic parametergsuch as ionization potential, electron af-

finity, band gap, and bandwidththat govern the electronic

and optical properties of single polyaniline chains. Note that (© a 2

the VEH parameters involved in the definition of the atomic
potentials are of similar quality as those providedatyini-

tio Hartree-Fock double zeta calculations; the reliability of
this method to reproduce the band structure of conjugated
polymers has been widely recognized in earlier woks.

T°= 2° -58°

IIl. RESULTS AND DISCUSSION L
FIG. 2. AM1-optimized geometry ofa) LEB; (b) EB; and(c)

PB unit cells. The bond lengths and the distance between interact-
ing hydrogens are in A, while the bond angles and the torsion
1. Geometric structure angles T) are in degrees.

A. Leucoemeraldine base

The AM1-optimized geometry of the unit cell representa-
tive of LEB, as extracted from the center of the nonamer, isalong the backbone; this behavior has already been described
reported in Fig. Ba). As previously reported?*>we observe in detail for the leucoemeraldine base in a previous sfady.
that the phenylene rings present an aromatic character and In the VEH-calculated absorption spectra of the LEB oli-
leave the plane defined by the nitrogen atoms with an altergomers[see Fig. 83)], a broad feature is observed in the
nating torsion angle of 28°; therefore, the leucoemeraldine energy range between 3.6 and 5.0 eV. The peak maximum

chains display no dimerization for bond lengths and for tor-position is found to slightly redshift with increasing chain
sion angles. length and to saturate rapidly in the longer oligomgrem

4.40 for the tetramer to 4.18 eV for the octamer and non-
ame), as is the case for the VEH-calculated
HOMO—LUMO (H—L) transition (calculated at 4.01,
The most significant linear combination of atomic orbitals3 97 3.93, 3.90, 3.89, and 3.87 eV in LEB oligomers con-
(LCAO) coefficients of the highest occupied molecular Or-taining 4, 5, 6, 7, 8, and 9 phenylene rings, respectively
bital (HOMO) and lowest unoccupied molecular orbital Sych an evolution clearly demonstrates the existence of a
(LUMO) levels are systematically localized on the inner partsmall bathochromic shift of the lowest energy transition as
of the moleculg(involving for instance, about five phenylene the chain grows. Extrapolation of te— L transition energy
rings and six nitrogens in the nonametThe amplitude of o the polymer scale leads to a value for the LEB band gap
these wave functions is maximal in the center of the OIigO'Close to 3.8 eV’ in close agreement with the value provided
mer and decreases when moving to its extremities; howeveby a previous study on phenyl-capped LEB oligonférs.
these wave functions become much more unifdwith a  Many electronic excitations involving the upper occupied
simultaneous decrease in intensity for the LCAO coeffi-and lower unoccupied levels contribute to the broad absorp-
cients and extended in the inner part of the oligomer whention pand observed between 3.6 and 5.0 eV: all these transi-
the molecular size is increased. The spatial evolution of thgigons involve levels close in enerd@s shown in Fig. @),
HOMO and LUMO wave functions with increasing chain for the LEB nonaméfr giving rise to the formation of the
|ength therefore pOintS out the eXiStence Of a Continuous trar\]a|ence and Conduction bands at the po'ymer Sca|e_
sition in the electronic properties when going from the LEB
oligomers to the corresponding polymer. The wave functions
of the HOMO and LUMO levels of the oligomers are found
to markedly differ due to a breakdown of the electron-hole We provide in Tal# | a detailed description of the nature
symmetry induced by the incorporation of nitrogen atomsof the INDO/SCI absorption features calculated below 4.0

2. VEH oligomer calculations

3. INDO/SCI calculations
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+2 excitations, especially in longer chains. We further note
that the CI expansion coefficient associated with lthe: L
configuration diminishes with increasing chain length, as is
typically found in other conjugated oligometsThe INDO/

SCI results also indicate the existence of additional calcu-
lated features between 3.75 and 3.93 eV, for which the larg-
est Cl expansion coefficient is associated with electron
transitions between the highest last occupied le¢¢BMO,

H-1 and H-2) and lowest unoccupied levels above the
LUMO (see Table )l However, the relative intensities of
these features are attenuated with increasing chain length so
that the first peak is the dominant band in the absorption
spectra of the longest chains. We display in Figh)Zhe
simulated optical-absorption spectra of the five-, seven-, and
nine-ring LEB oligomers; these plots illustrate the existence
of a small bathochromic shift of the lowest energy transition,
as observed within the VEH formalism, and indicate that the
intensity of this absorption band increases almost linearly
with molecular size. We note that similar trends are obtained
for the four-, six-, and eight-ring LEB oligomers. The fact
that the first absorption pedkee Fig. 8)] corresponds to a
vast mixing of one-electron excitations for long oligomers
illustrates that the corresponding compounds can be de-
scribed in terms of bands rather than discrete molecular lev-
els.

The weakness of the lowest transition redshibing
from 3.69 to 3.61 eV within the series of oligomer we have
considered, see Tabl¢ ik in marked contrast with the typi-
cal optical properties observed in oligomers representative of
common conjugated polymet%.%° This behavior is related
to the high torsion angles between rings in LEB, that limit
the degree of delocalization of the HOMO and LUMO wave
functions, and to the presence of nodes on nitrogen atoms
that prevents the wave functions of the LUMO and higher
unoccupied molecular orbitals to be fully delocaliZéds a
consequence, the calculated transition energies obtained for

FIG. 3. (8) VEH and(b) INDO/SCI calculated absorption spec- the oligomers are in excellent agreement with the 3.8 eV

tra of the five-(solid line), seven-(dashed ling and nine-ringdot-

ted line LEB oligomers.

reported for LEB thin film&* (while 3.6 eV is measured in
NMP solutiorr™).
Our theoretical INDO/SCI results are consistent with the

eV in the five-, seven-, and nine-ring LEB oligomers. Theexperimental absorption spectra of LEB oligomers; the low-
results indicate that the lowest energy absorption feature igst energy transition oi,N’-diphenylphenylenediamine is
the most intense and mainly corresponds to an electron traindeed measured around 3.8 eV in NMP soluflbmhile 4.0
sition between the HOMO and LUMO levels, with minor eV is obtained for the phenyl-capped tetramer in acetonitrile

contributions arising from théd —1—L+1 andH—-2—L
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TABLE |. INDO/SCI transition energies, oscillator strengths, and main Cl expansion coefficients of the
lowest energy absorption featuréslow 4.0 eV in the LEB oligomers(H andL refer to the HOMO and
LUMO levels, respectively

Transition
Number energy Oscillator
of rings (eV) strength Main CI expansion coefficients of the excited states
5 3.69 1.50 0.801—L)—-0.43H-1—L+1)
3.77 0.34 —-0.69H—L+2)-0.33H—-1—-L+3)
+0.26H—2—L+4)
3.92 0.17 —0.57H—L+6)—0.48H—1—L+5)
—-0.34H—-2—L+4)
-0.27H-3—L+3)
7 3.63 2.27 -0.72H—L)+0.45H—-1—-L+1)
-0.31H—-2—L+3)
3.75 0.32 0.63—L+2)+0.36H—-1—L+4)
-0.27H—-2—L+5)
3.93 0.23 —-0.48H—L+10)-0.46H—1—L+8)
+0.38H—2—L+7)
—-0.29H—-3—L+6)
9 3.61 2.96 0.661—L)—0.44H—-1—-L+1)
—-0.34H—-2—L+2)
3.75 0.36 0.5H—L+3)+0.35H-1—-L+4)
—-0.28H—2—L+5)
3.92 0.28 —0.46H—L+2)+0.40H—-2—L)
-0.36H—-1—L+1)
3.93 0.28 —-0.43H-1—-L+12)+0.4(H—L+13)

+0.37H—2—L+10)
~0.32H-3—L+9)—0.25H—-4—L+8)

Sjogren and Stafstrm on the LEB tetramer capped by a ergy transition of leucoemeraldine base. The calculated ion-
single —NH, terminal groufl’ estimate the lowest transition ization potential and electron affinity, corrected for solid-
energy at 3.95 eV. Surprisingly, the nature of the loweststate effects, are estimated to be 4.3 and.5eV,
lying excited state they calculate with their INDO parametri-respectively. The very small electron affinity of the polymer
zation corresponds to a large mixing of one-electron excitaindicates that LEB films should not be easily reduced.
tions instead of the dominant contribution of the HOMO-  The polymer VEH absorption spectrum of LEB is pre-
LUMO transition, we find in our case. We have investigatedsented in Fig. &). The electronic transition peaking at 4.03
the influence of amino terminal groups NH,) on the opti- eV is found to dominate the spectrum, while a second less
cal properties of LEB oligomers; they have actually negli-intense feature is observed around 4.90 eV. The broad band
gible effects on the transition energies, due to the absence tfing between 3.6 and 5.0 eV actually originates from one-
significant LCAO coefficients on these sites in the waveelectron transitions between the valence and conduction
functions of the levels involved in the description of the bands, covering the impulsion range going frm 0 (band
peaks. It must be emphasized that the INDO/CI results obgap E;=3.81 eV} to k=m/a (E;=4.99 eV), although the
tained by Stafsinm and Sjgren on the aniline oligomers most intense excitations involve electronic transitions occur-
have to be regarded with much caution due to parametrizaing neark=0.
tion problems?® As illustrated in Fig. 6),** the analysis of the VEH-
LCAO-7 coefficients of the frontier bands of the LEB unit
4. VEH band structure cell have revealed a strong breakdown of charge conjugation

We reproduce in Fig. ®) the one-electron band structure Symmetry since the HOMO is delocalized over the whole
of the neutral leucoemeraldine base that we detailednit cell, while the LUMO is essentially localized within the
previously*? Due to the glide-plane symmetry within the Phenylene rings?
unit cell of the polymefsee Fig. 2a)], the bands are degen-
erate at the end of the Brillouin zonk= 7/a). The valence B. Emeraldine base
(HOMO) and conductionLUMO) bands are characterized
by large (2.81 eV} and flat(0.17 e\j) bandwidths, respec-
tively; these bands are separated by a band-gap value of 3.81 We illustrate in Fig. 2b) the AM1-optimized geometry of
eV that compares very well to the experimental transitionthe EB unit cell, as extracted from the center of the 12-ring
energy’ as well as to the VEH and INDO/SCI results ob- oligomer (i.e., the EB trimer. The repeat unit is composed
tained for the LEB oligomers. This validates the choice ofby three consecutive phenylene ring¥2, C3, andC4) that
the one-electron VEH approach to estimate the lowest erpresent an aromatic characté€,—N~1.399 A, Cp—GC,

1. Geometric structure
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FIG. 5. VEH results relative to a neutral single LEB chdia: calculated one-electron band structuif®; associated optical-absorption
spectrum.

~1.413 A, andC,—C,~1.386 A, wherep and o denote similar energies. These results again illustrate that the elec-
the para and ortho positions, respectiyedynd by a fourth  tronic bands progressively build up as the chain grgsee
ring adopting a quinoid charactdC,—N=1.299 A, C, Fig. 4b)]. The LUMO (-3.77 eV} and LUMO+1 (—3.74
—C,~1.476 A, andC,—C,=1.341 A). Analysis of the op- €eV) levels are also almost degenerate and centered on the
timized torsion angles indicates that the quinoid ring slightlyimine-quinoid segments. This analysis confirms that the
leaves the plane defined by the nitrogen atorfis=8°),  HOMO and LUMO levels of EB have the same electronic
while the adjacent rings largely go out of this plafB=(  characteristics as in the LEB and R&ee below oligomers,
—43°) in order to minimize the steric hindrance; the depar+espectively; this validates the description of EB in terms of
ture of planarity of the central aromatic ring8) is then not  an alternated “copolymer” of LEB and PB.
as large T=16°) due to the fact that high torsion angles are  The VEH-calculated absorption spectra of the EB mono-
found for the adjacent two aromatic rings. We note that themer, dimer, and trimer are collected in Figa) there occurs
optimized geometry provides a value close to 59° for thethree peaks below 4.0 eV for each compound; in the case of
dihedral angle between adjacent aromatic rings that is almo#fie dimer (eight-ring oligomey, the peaks appear at 0.97,
identical to the angle obtained for the LEB chaif§°). The  1.83, and~2.60 eV and correspond td—L (for the most
aromatic part of the EB unit cell can thus be considered tdntense transition H—2—L+1, and H—4,-5—L elec-
correspond to a LEB segment, still characterized by the altronic transitions, respectively. We also observe an intense
sence of bond-length dimerization; however, we observe thpeak around 4.2 eV that originates from the overlap of elec-
appearance of a torsion-angle dimerizatiakiTé29°) be-  tronic transitions involving a large set of occupied and unoc-
tween the aromatic rings due to the introduction of quinoidcupied levels. It is worth stressing that these results fail to
moieties that impose new steric constraints along the chairationalize the experimental measurements where a single,
The EB chain can thus be described as an array of LEBtrong peak, often referred to as an “excitonic feature”, is
trimerlike units interconnected by quinoid moieties, i.e., anobserved at-2.0 eV.3 This failure is attributed to the one-
alternated “copolymer” of LEB and PB. electron nature of the VEH approach as demonstrated in the
next section.
2. VEH oligomer calculations

In the EB dimer(H,N—AQAAAQAA—NH,, whereA
andQ denote aromatic and quinoid rings, respectiyethie The INDO/SCI calculations result in two dominant ab-
HOMO and HOMO-1 wave functions are mostly localized sorption features at 2.59 and 3.64 eV in the optical-
on the central part of the aromatic segments. Due to theiabsorption spectrum of the EB dimgsee Fig. T)]. The
similarity, these two levels are close in enefgy4.71 and lowest absorption peak actually originates in the superimpo-
—4.85 eV, respectively; see Figb}]. Furthermore, we note sition of two transitions, at 2.58 and 2.64 eV, that present
that the HOMO-2 5.56 eV) and HOMO-3 £5.84eV) relative intensities in a 7:1 ratio, as reported in Table II; the
levels also present similar wave functiofiscalized on the main contribution to the total intensity is thus given by the
imine units and on the adjacent aromatic ringsd possess lowest energy transition that involves thkandH-2 levels

3. INDO/SCI calculations
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tion of three optical transitions that are all described by a _
large mixing of configurations involving deep occupied lev-  FIG- 7. (8 VEH and(b) INDO/SCI calculated absorption spec-
els and the lowest three unoccupied molecular orbitals. W&@ ©f the EB monomefsolid line), dimer (dashed ling and trimer
emphasize that the changes in charge distributions, when g flotted ling.

ing from the ground state to the lowest-lying singlet excited

state, take place from twe=N—A—NH— units (loss of
—0.23¢| for each to the quinoid ring they surroun@ain of  that our INDO/SCI approach simply deals with vertical tran-

—0.46e|). We thus expect a strongly confined intramolecu-sition energies; the lattice relaxation occurring in the lowest-
lar charge-transfe(in the sense that a local charge transfer islying singlet excited staté.e., the “excitonic” stat¢ is thus
observed between different units of the chaémciton to be  not addressed. Direct AM1/SCI optimization of this excited
generated upon photoexcitation. Similar results have beestate actually depicts the charge transfer in a slightly differ-
obtained for the monomer in which a charge transfer ofent manner than the INDO/SCI calculations, namely by a
—0.5(e€| is calculated. local charge transfer of about0.50 |e| taking place from
The INDO/SCI results are in good agreement with thethe —A—NH—A— sites to the quinoid sites
experimental transition energies of the octathemd the (—N=Q=N—), i.e., from the reduced units to the oxi-
polymer3~7 which are measured around 2.0 and 3.8 eV; ourdized units.
results therefore stress the need for a correlated approach in The theoretical results obtained for the EB monomer and
order to describe properly the 2.0 eV absorption feature ofrimer are very similar to those reported for the dimer. Going
EB. However, the INDO/SCI calculations are found to over-from the monomer to the trimer, it is interesting to observe in
estimate by~ 0.6 eV the experimental value reported for the Fig. 7(b) that the first absorption peak position remains al-
lowest transition energy. This shift can be partly attributed tomost unchanged~2.60 eV), while the second absorption
polarization effects induced by polar environmésiich as a band is slightly blueshiftedfrom 3.59 to 3.74 ey, both
NMP solution that could stabilize the charge-transfer lowestintensities increasing significantly with the oligomer size.
excited state; such environmental effects have not been takéffe should thus keep in mind that EB oligomers are also
into account in the present calculations. We also mentiorcharacterized by a lack of significant evolution of their opti-
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TABLE II. INDO/SCI transition energies, oscillator strengths, and main Cl expansion coefficients of the
lowest energy absorption featuréselow 4.5 eV in the EB oligomers.

Transition
Number energy Oscillator
of rings (eV) strength Main CI expansion coefficients of the excited states
4 2.56 0.76 -0.59H—L)—-0.59H—-1—L)—0.30H—-8—L)

3.57 1.12 —0.49H—-8—L)+0.40H—4—L)+0.38H—L)

421 0.19 0.58( —L+1)+0.40H—L+4)—0.33H—L)
+0.29H—L+5)

8 2.58 1.56 0.601—2—L+1)+0.36(H—L+1)
+0.35H—L)

2.64 0.22 -0.41H—L)—0.38H—1—L)+0.37(H-3—L)
+0.30H—-2—L)
+0.30H—L+1)

3.59 1.85 —0.35§H—L)+0.28H-10-L)

+0.27H-15—L+1)
—0.26H—L+2)
3.77 0.17 —0.55H—-1—L)+0.28H—L)+0.21H—L+2)
3.86 0.19 0.5(H-2—L+1)—0.47H—L+1)
—0.29H—-14—L+1)
—0.25H—-15—-L+1)

4.09 0.44 —0.59H—-3—L)—0.46(H—L)+0.32H—4—L)

4.27 0.20 0.3H-1—L+2)+0.3QH—-1—L+3)
+0.29H—-1—-L)

+0.27H-1—L+11)-0.25H—1—L+8)
cal properties as a function of chain size. We finally note that 4. VEH band structure

a detailed comparison with the previous theoretical results On the basis of the AM1-optimized geometry of the unit
reported by Sjgren and Stafstra®® based on different pa- cell [Fig. 2b)], we have calculated the one-electron band
rametrization and geometric structure appears rather difficulstructure of a single emeraldine base chain, see Fia. 8

(a) (b)
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FIG. 8. VEH results relative to a neutral single EB chdim: calculated one-electron band structuta);, associated optical-absorption
spectrum.
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(note that there are twice as many bands as in the LEB band( ) 100
structure since the size of the EB unit cell is twice as large as 90 4
that of LEB). The loss of the glide-plane symmetry makes ]
the valence band of LEB split into four narrow bands, the
highest of them constituting the conduction band of the EB
chain® The valence band and the conduction band are sepa-
rated by a band-gap value of 0.88 eV. The values of the
ionization potential and electron affinity, corrected for solid-
state effects, are calculated to be 4.7 and.8 eV and are
intermediate with regard to those calculated for LEB and PB
(see below. ]
The VEH absorption spectrum of the EB polymer 20 4
presented in Fig.®) is in deep contrast with the experimen- 10 3
tal spectrum, where a single intense peak is observed at
~2.0eV3 This discrepancy was expected since the
INDO/SCI calculations have demonstrated that a correlated
approach is required to describe the absorption spectrum in
EB chains. However, it is worth stressing that the EB va-
lence density of states spectrum calculated on the basis of the 100 At
VEH band structure matches well recent ultraviolet photo- (b) ]
electron spectroscopyUPS data®’ this confirms that the %0 1
one-electron structure is well reproduced within the VEH 80 3
formalism. ]
The VEH-LCAO- coefficients of the HOMOH-1, H-2,
and LUMO of the EB unit cell are presented in Fighp
The wave function of the HOMO is mainly localized on the
amine units and the aromatic ring they surround. The wave
function of theH-1 level extends chiefly on the amine sites
and on all the phenylene rings. In contrast, the2 wave
function presents its largest contributions on the imine sites
and all the aromatic rings. We finally note that the LUMO is ]
mainly localized on the quinoid ring and the imine sites 10 3
while theL +1 is essentially localized within the phenylene ] .
rings, as observed in LEBee the LUMO description in Fig. 0

6(&)] ' Energy (eV)

80 4
70

-4
60
50 3

40

Absorbance (arb. units)

30 3

70
60 3
50 4

40

Absorbance (arb. units)

30 4

20

) - FIG. 9. () VEH and(b) INDO/SCI calculated absorption spec-
C. Pernigraniline base tra of the PB dimef(solid line), trimer (dashed ling and tetramer

1. Geometric structure (dotted ling.

Figure Zc) illustrates the AM1-optimized geometry of the B )
PB unit cell, as extracted from the center of the eight-ring" Polyaniline chains. As for LEB and EB, the VB and CB

oligomer (tetramey; this repeat unit contains two phenylene bands of PB progressively build up with increasing oligomer
rings, one of them 1) presenting a quinoid structut€, size[see Fig. 4c)].

—N=1.298 A, Cp—Co~1.477 A, Cu—Cy=1.3404), Figure 9a) presents the VEH absorption spectra of the PB
while the other €2) is characterized by an aromatic charac-dimer, trimer, and tetramer described in Figa)LNo signifi-

ter (C,—N=1.409 A, Cp,—Co~1.412 A, and c,—C, cant changes in the position and relative intensities of the

=1.387 A). The quinoid ring hardly leaves the plane definedabsorption features are observed with increasing chain
by the nitrogen atomsT(=2°), while the aromatic ring length. Two peaks are calculated at 1.85 and 4.01 eV for the
largely goes out of this pland'& —58°). The pernigraniline  tetramer. The first peak corresponds to the superimposition

base therefore presents both bond-length and torsion-angié several features that mainly originate from one-electron
dimerizations® transitions between the last four occupied levels and the low-

est four unoccupied levels, among whidh1— L transition
calculated at 1.88 eV is found to dominate in intensity; note
that the molecular orbitals involved in the description of this

The VEH results indicate that the HOMO of the PB oli- peak are part of the VB and CB bands at the polymer scale
gomers is systematically localized on aromatic units and disfsee Fig. 4c)]. The second feature observed at 4.01 eV cor-
plays weaker contributions on adjacent quinoid units; in contesponds to the overlap of one-electron transitignsn en-
trast, the LUMO presents LCA@- coefficients exclusively ergy range between 3.8 and 4.1 )etdking place between
on the quinoid units {—N=Q=N—). These trends once occupied molecular orbitals and the lowest three unoccupied
again reflect the total breakdown of electron-hole symmetryevels.

2. VEH oligomer calculations
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TABLE IIl. INDO/SCI transition energies, oscillator strengths, and main Cl expansion coefficients of the
lowest energy absorption featuréselow 4.5 eV in the PB oligomers.

Transition
Number energy Oscillator
of rings (eV) strength Main CI expansion coefficients of the excited states
4 2.59 0.76 -0.73H—L)—-0.29H-6—L)+0.28H—L+1)
3.58 0.11 —0.63H-10—L+1)—0.48H—-10—L)
—0.32H—-10—L+8)
—0.25H—-9—L+1)
3.62 1.29 0.4040 —L)—0.36(H—3—L)—0.33H—-6—L)
+0.23H—-10—L+1)+0.22H—-2—L+1)
—0.22H—-12—L)
3.98 0.25 0.4H—L+1)-0.33H-1-L)

—0.28H—-9—L+1)
—0.26H—3—L+1)
8 2.60 1.91 —0.56H—L)—0.44H—L+1)

+0.23H-1—L+2)

+0.23H—-1-L)
2.72 0.20 —0.56H—1-L)—0.31(H—L+1)

+0.30H-2—L+1)

+0.28H—L+2)

3.71 2.57 0.291— 7—L)+0.25H—6—L+1)
+0.22H—L)
—0.22H-12—-L+1)—0.21(H—4—L+3)
3.84 0.59 —0.28H—1—L)+0.24H-19—-L+3)

—0.20H—4—L+3)
+0.20H—7—L)
421 0.14 0.3(H-1—-L+2)—0.23H—-1—-L+3)
+0.23H—-2—L+2)
+0.21H-6—L+2)—0.21H—19—L+1)

3. INDO/SCI calculations The plots presented in Fig.(l9 again illustrate that the
position of the absorption peaks are almost unchanged with
'Hcreasing chain length; indeed, the transition energy of the
irst peak remains unaffected-@.60 eV), while the second
band tends to be very slightly blueshiftéfdlom 3.63 eV in

. o the dimer to 3.74 eV in the tetrameas the chain size is
originates from electron transitions from the HOMO to theincreased. We stress that our results are in close agreement

LUMO andL+1 levels. The dominant contributiolil —L i, the experimental absorption spectrum of octa-aniline in
transition) becomes increasingly contaminated by additionaky, fully oxidized statd® where two bands are observed at
contributions with longer chain lengths, which involve the 5 5 544 4.0 ev. The Cl results obtained for the PB tetramer
various levels forming the VB and CB bands in the polymer.(j e three absorption bands at 2.61, 3.74, and 4.85ae¥
The nature of the first transitioimeasured at 2.3 Vs very  also consistent with the experimental values reported for PB
different from that in the EB oligomers, despite the fact thatchains around 2.3, 3.8, and 4.3 &° Note that the third
similar electronic configurations are involved; indeed, the PBpeak observed in Fig.(B) corresponds to a large mixing of
chains present a chemical structure without amine sites;onfigurations and is weakly redshifted with increasing chain
which therefore prevents the formation of “charge-transfer” length.
excitons. The second absorption band of the PB tetrqater
3.74 eV, Fig. 9)], is mainly due to an optical feature cal- 4. VEH band structure
culated at 3.71 eV, corresponding to a large mixing of exci- Figure 1Ga) presents the VEH one-electron band struc-
tations from occupied levels to the three lowest unoccupieg e of 4 single PB polymer cha[whose representative unit
levels (see Table II). cell is illustrated in Fig. &)]. Since twom electrons are
We have also carried out highly sophisticated CI calculaextracted per unit cell with respect to the LEB chain, the
tions including from singly to fourfold excited configura- upper branch of the VB band of LEBee Fig. %a)] is emp-
tions. The results do not show contributions arising fromtied to become the CB band of the PB chain; as a result,
double excitations in the description of the optical featureshere is no longer a degeneracy at the end of the Brillouin
below 5.0 eV, in contrast to the theoretical results reportedone due to the opening of a Peierls gap induced both by
earlier by Sjgren and Stafstra.*° torsion-angle and bond-length dimerizatidAg.he resulting

We report in Table 1l the nature of the lowest-lying ex-
cited states of the PB tetramer and display the associat
INDO/SCI simulated spectra in Fig(l9. The lowest energy
absorption feature of the tetraméat 2.60 eV primarily
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FIG. 10. VEH results relative to a neutral single PB ch&i:calculated one-electron band structuii®; associated optical-absorption
spectrum.

valence and conduction bands both possess bandwidths amd adjacent nitrogen atoms, as described for the PB oligo-
the order of 0.30 eV. It is interesting to note that the ioniza-mers.

tion potential of PB, corrected for solid-state effects, is esti-

mated at 5.7 eV, i.e., at a value higher than those reported for

LEB and EB(4.3 and 4.7 eV, respectivélythese trends are IV. CONCLUSIONS

fully consistent \.Ni.th the higher degree of oxidat_ion of PB.  \we have investigated in this work the chain-length depen-
The electron affinity calculated for PB at3.9 eV is, how-  gence of the electronic and optical properties of oligomers
ever, close to the value obtained for EB aB.8 eV. The representative of the three base forms of polyaniline. Analy-
Peierls gap provided by the present VEH calculations is 1.8%js of the AM1-optimized geometry of these oligomers
eV, this value is in much better agreement with the experistrongly suggests that EB can be viewed as an alternated
mental measuremen{sowest energy peak around 2.3 eV copolymer of LEB and PB. EB is characterized by a
with an onset close to 1.7 efRefs. 14 and 18 than previ- torsion-angle dimerizationXT=29°) that is intermediate
ous VEH calculationg? due to the use of a refined geometri- between those calculated for LERAT=0°) and PB AT
cal description of the polymer unit cefit is worth stressing =60°), as a consequence of the presence of quinoid moieties
that recent UPS measuremeit®nce again validate the every fourth phenylene ring along the chain. Such a descrip-
good description of the PB one-electron structure providedion is further validated by an analysis of the AM1 Mulliken
by the VEH formalisn. charge distributions and the VEH-calculated ionization po-
The VEH absorption spectrum of the PB polymer chaintential and electron affinity values showing that EB com-
displays a large absorption band in the energy range betwedaines the electronic properties of the LEB and PB base
1.7 and 2.5 eV, with a maximum at 2.4 eV and a shoulder atorms.
1.8 eV([see Fig. 1(b)]. This band originates from electronic =~ The INDO/SCI-calculated absorption spectra of neutral
transitions taking place between the HOMO and LUMOoligoanilines representative of the three base forms of polya-
bands. The second absorption band observed around 3.9 aNline are in very good agreement with the experimental data
consists of two distinct features at 3.9 and 4.1 eV; theseeported for oligomers and the corresponding polymers. The
originate from electronic transitions between the HOMO-2correlated calculations show that the optical transitions are
and HOMO-3 bands to the LUMO band; these merge in theveakly modified as a function of chain length, due to a lack
simulated spectrum due to their weak separation. The VEHf significant = delocalization of the molecular orbitals in-
calculations can thus afford a rationalization for the absorpduced by steric effects and by the incorporation of nitrogen
tion bands measured at 2.30, 3.80, and 4.30 eV in the exper@toms interconnecting the adjacent phenylene rings.
mental spectrum of the PB polym#!® The INDO/SCI results indicate that the lowest energy ab-
The VEH wave functions of the HOMO and LUMO of sorption feature in the leucoemeraldine base primarily origi-
the PB unit cell are represented in Figch the HOMO  nates in electronic transitions between the highest occupied
(LUMO) is mainly localized on the aromatiquinoid) rings  and lowest unoccupied levels, i.e., between the valence and
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conduction bands at the polymer scale. In the emeraldinaeature of the VEH formalism since a proper description of
base, we demonstrate that a correlated approach is requiréite lowest excited state of EB requires a correlated approach.
to suitably describe the lowest energy peak measured arour@in the other hand, the excellent agreement between the VEH
2.0 eV. Analysis of the changes occurring in the lowest-lyingone-electron band structures of polyanilines and recent UPS
excited state of emeraldine oligomers shows that a locabéxperiments is clear evidence that the occupied levels of the
charge transfer takes place between a quinoid (@&n of  one-electron structure are well-depicted within the VEH for-
—1/2|e|) and the adjacent imine/phenyl/amine urfltsss of  malism.
—1/4e| for each and gives rise to the formation of a con-  Finally, we stress that the results of our work illustrate
fined intramolecular charge-transfer exciton. Despite the fachat the oligomer approach is a very useful tool to shed light
that the lowest energy absorption occurs at nearly the samgnto the properties of the polyaniline chains. The oligoa-
energy in EB and PB, the absorption peak has a very differnjlines can be considered as excellent model systems since
ent nature in pernigraniline bas@nd corresponds to a there is hardly any significant evolution of the electronic and
Peierls transition between the valence and conduction bandptical properties as the chain grows.
at the polymer sca)e The higher energy features observed
around 4 eV in EB and PB oligomers are described by a very
large mixing of excitations. ACKNOWLEDGMENTS
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