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We have investigated the geometry and the nature of optically allowed transitions in neutral and charged
phenylene-based oligomers by means of Hartree-Fock calculations. Geometry optimizations are performed
using the semiempirical Austin Model (AM1) method for oligomers containing from two P2 to twelve
(12P) benzene rings. The transition energies and related intensities of the optical-absorption spectra are
calculated by means of the intermediate neglect of differential overlap Hamiltonian that is combined with a
single configuration interaction technique in order to include electron correlation effects in the description of
the excited states. The calculations show that two subgap absorption features appear in short oligomers carry-
ing a single chargdpolaron, whereas a single intense peak is observed in the presence of two charges
(bipolaron. These results are consistent with a wide range of experimental and theoretical data obtained for
various conjugated oligomers. Interestingly, the appearance of a second subgap feature is predicted in the
spectra of long doubly oxidized chains as well as for chains supporting interacting bipolarons.
[S0163-182699)08311-3

[. INTRODUCTION fundamental electronic properties and nature of the excited
states in neutral and doped conjugated matetislsreover,

In recent years, the interest in organic conjugated materieligomers with a large number of repeat units often display
als has been steadily growing due to the wide range of pogaroperties very similar to those observed in the parent poly-
sible applications, such as light-emitting diod@sED’s),>  mers, because limited conjugation lengths generally prevail
light-emitting electrochemical celldLEC’s),> or photo- in polymer samples as a result of the synthesis condifions.
diodes® Other technological applications such as organic The main goal of the present work is to shed light on the
transistors based on oligothiophenes have also beemodifications of the geometric and optical properties of PPP
achievedt Phenylene-based materials, such as (mly chains upon doping. To do so, we have considered
phenyleng (PPB, are widely used in light-emitting devices phenylene-based oligomers and performed Hartree-Fock cal-
due to their high quantum efficiencieand luminescence in culations coupled to a configuration-interactiotCl)
the blue spectral randewhich allows for the fabrication of techniqué® for the description of the excited states, in order
red-green-blug€RGB) full color displays via color conver- to ensure an adequate treatment of the electron correlation
sion technique$.The chemical or electrochemical doping of effects. The calculated optical transitions of neutral and
organic conjugated materials is also of high interest sifice doped molecules compare very well to experimental data.
the physics of such processes, yielding localized charged di§he results show that several absorption features can be well
tortions of the polymer backbone and high electricalcharacterized by one-electron pictures whereas others require
conductivities® is markedly different from that in inorganic the consideration of correlation effects that are lacking in
semiconductors; an@i) doping is of immediate importance standard band-structure techniques. The choice of isolated
for applications such as LEC's and electrochromic windowssystems in our study is motivated by the fact that recent

The study ofconjugated oligomeris especially attractive  experimental results*?have shown that the electronic struc-
since finite-size systems can be obtained with high purity anture of molecular crystals built up from conjugated oligo-

a well-defined chemical structure and conjugation lengthmers is primarily based on the intrinsic properties of the
The oligomer approach is thus convenient to investigate thenolecular building blocks. This is further supported by the
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compared to those obtained by sophisticat@dl initio

e T e o calculationst®?° In the case of charged systems, the geom-
| ommme e LU e L2 o vy etry optimizations are performed on isolated molecules, thus
sl T e POL2(L) ... BP2(L+1) - QPY(LA2) neglecting the possible effects of counterions whose impact
e _ﬁ_ LI BPI(L) - mt)ﬂ) on the geometry is expected to be weaker in solution than in

: H H _L_H the solid state. The effect of counterions on the structure of

2 :; :; N phgnylene-bgsed materials has been investigated in detall,
Neutral Polaron Bipolaron Interacting for |nstance, In REfS 21 and 22 . .
bipolarons We have considered two oligomer conformationg)

o fully optimized molecules, in which a significant deviation
FIG. 1. Schematic diagram of the one-electron structure of NeUsom planarity is calculatedin good agreement with previ-

tral and singly, doubly, and quadruply positively charged ollgophe-Ous ab initio calculations performed on biphe?@l and

nylenes; bold lines represent singly or doubly occupied levels Wh”ierpheny?z) and (i) planar conformations, for which the di-

the dashed lines refer to unoccupied orbitals. The lowest opticahedral andles are set to zero and onlv the bond anales and
transitions provided within a single-particle representation are de: 9 y 9

picted with arrowsH andL denote the highest doubly occupied and 20Nd Iengths are optimized. The first situation corresponds to
lowest unoccupied molecular orbitals, respectively. molecules in the gas phase and in solution, whereas a quasi-

planar conformation is expected in the solid state as a result

very good agreement between the calculated momentunf Packing effects? The twisted molecules can actually dis-
dependent excitation spectra of isolated oligomeric and polyPlay various conformations ranging from a chiral structure
meric p-phenylene chains and experimental data for solidWith all torsion angles having the same sign, to an alternating
state sampleS’ We stress, however, that an explicit accountStructure where the sign of the torsion angle changes when
of interchain interaction processes is required to allow for £30ing from one ring to the nexso that every other ring is in
detailed description of the absorption and luminescence chafte same plane These conformations correspond to local
acteristics of ordered materiats. minima in energy and show weak fluctuations in their other
Important aspects concerning the properties of doped ofMain geometric parameters. In the following, the results ob-
ganic materials are the number and nature of subgap absorfsined with an alternating conformation are discussed. The
tion peaks appearing upon the addition or removatefec- neut(al and doubly charged mqlecules are treated within the
trons as well as the influence of geometry relaxation effectéestricted Hartree-Fock formalistRHF), whereas for the
on the electronic structure of the chaffish detailed knowl- ~ Singly charged species a restricted open-shell Hartree-Fock
edge of such properties is very helpful to isolate the opticalROHF) approach is chosen. It is our experience that the
signatures of charge carriers created in various processes intter better reproduces the localized nature of the geometry
tiated by light or redox agents. Calculations performed orfelaxations around t_he chargze5 carriers than an unrestricted
short thiophene and phenylenevinylene oligortfeféshow ~ Hartree-Fock formalisniUHF).™ _
the appearance @#vo strong subgap absorption features fol- The transition energies and optlca_l osc[ll_ator strengths are
lowing the formation of polarongradical ions in chemical Calculated on the basis of the semiempirical Hartree-Fock
terminology and only asingle intense maximum in bipo- Intermediate neglect of differential overlagINDO)
larons(di-ions). Interestingly, a second absorption feature ismethod;® as parametrized by Zerner and co-workeraiith
predicted for long, doubly charged chains and in systems ifhe¢ Coulomb rep_ulglon terms expressed via the Mataga-
which interaction between bipolarons takes place along thilishimoto potentiaf® The electron correlation effects are
backbone. A schematic diagram of the relative positions ofcluded via a single configuration-interaction technique
the frontier levels, their evolution upon doping, and the na{(SC),™ in which the excited states are described by a linear
ture of the most intense optical transitions provided by gcOmbination of Slater determinants generated by promoting
single-particle representation are shown in Fig. 1. These feg2ne electron from an occupied to an unoccupied level. This

tures will be discussed in detail throughout the paper. INDO/SCI approach allows us to characterize the importance
of correlation effects in various one-photon allowed excited
Il THEORETICAL METHODOLOGY states and is parametrized to reproduce the experimental lin-

ear absorption spectra of neutral organic molecules. If an

We have investigate@-phenylene oligomers containing excited state is dominated by a single Slater determinant, we
from two to twelve repeat unit$hereafter denotedP, withn  can conclude that theoretical approaches based on a one-
corresponding to the number of ring§he study of oligo- electron picture can provide a suitable description of the
mers with a relatively large number of monomer units allowstransition; in contrast, if there are several strongly interacting
us to describe the actual extent of polarons and bipolaronsne-electron excitations with similar energies and the same
without interferences from chain-end effects and also to deadymmetry, this gives rise to highly correlated states. In this
with conjugation lengths close to those encountered in actuaontext, we emphasize that the actual weights of the different
conjugated polymers. configurations are to a certain extent influenced by the cho-

The geometry of the neutral and charged oligomers isen parametrization. However, this does not prevent assess-
optimized with the semiempirical Hartree-Fock Austin ing qualitatively the single-particle versus highly correlated
model 1(AM1) method, which provides good estimates of nature of the excited states from the Cl expansion.
geometries and heats of formation for organic molecules in In order to maintain size consistency among the various
their ground staté® The AM1 approach also yields a reason- systems(i.e., to keep a consistent level of correlation taken
able description of torsion potential-energy curves wherinto account in our calculations independent of chain length
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we have scaled the Cl-active space according to the size of 393 301
the molecules. For example, the description of the excited- (1.393) (L391)
state wave function of B (bipheny) involves excitations (11?;;5) ll»ffgz) (li‘_*fgz)
from the 12 highest occupied to the 12 lowest unoccupied
molecular orbitals, whereas for ROand 1P we have in-
cluded the 60 highest occupied and 60 lowest unoccupied
levels.

In the case of charged systems, we stress that the INDO/ FIG. 2. AM1-optimized C-C bond lengthén A) of the PPP
SCl-simulated spectra presented here have been calculattiner in its planar conformation; the values obtained for the fully
for oxidized molecules. We are thus dealing wittype dop- ~ optimized(twisted geometry are given in parentheses.

ing processes associated with withdrawatmodlectrons. The bonds range between 1.461 and 1.464vhich is about 0.04
calculated optical spectra of positively and negativelyg g ter than experimental resdftsy, while the intra-ring
chargeq PPP. ollgomers .WOU|d actually be Very similar if %onds are calculated to be between 1.391 and 1.406 A. The
full configuration-interactiorfCl) (Ref. 29 calculation could C-C bond lengths in the inner repeat units remain unchanged
be performed. However, within the SCI formalism, the final, - increasing the number of benzene rings. The AM1-

results crltlcal!y depend on the nature of the on_e—elect_ro ptimized geometry in the trimer @ displayed in Fig. 2 is
structure provided by the Hartree-Fock self-consistent-fiel herefore representative of the whole series of oligophe-

caIcuIatlons used as an mput to the ClI process. Our eXperhylenes. The calculations do not show significant differences
ence is that the most reliable one-electron structure to bf‘n bond lengths between the planar conformation and the
used as a starting point within the INDO/SCI approach is th wisted geometry. The bond angles betweenpiaga carbon

one in which the defect levels coming from the valence ban : : : ; !
. ) . . toms and their two intraring neighbors are estimated to 117°
(i.e., the highest occupied molecular orbijatan be treated % g nelg

1.464
(1.461)

. . inst f120° f titut i h timal torsi
as occupied levels whereas the defect levels emerging fro nstead of 120° for unsubstituted ringghe optimal torsion

. . ngle between rings is calculated to be about 40°. This is
the conduction band can be treated as unoccupied Ieveléonsistent with the results of bod initio calculation223:32

Such a situation is not encountered in singly and doubly, x-ray-diffraction experiments on gaseous biphéhyl.
n-doped species, since in those cases the molecular orbitals The doping process, corresponding to a chemical oxida-

originating from the conduction band and becoming thetion or reduction of the conjugated chains, leads to a signifi-

highest polaronic/bipolaronic levels are occupied. ArtlfactsCant modification of the geometric structure of the mol-

are then experienced in the interaction of configurations. IQEcules In the following, we discuss the effect ptype
contrast, calculations performed on positively charged rnOI'doping. and emphasize t’hat very similar results are obtained
e_cules supporting a polaron do not suffer from such deficienl-n the case of-type doping. In Fig. 3 the changes in C-C
Fond lengths upon single oxidation are shown f&r @ its
rpf'ully optimized geometry. We note that slightly weaker
modifications are obtained for a planar conformatiahich

in the case of singly charged molecules corresponds to a

has also to be expected with positive bipolarons for abso
tion features for which the lowegempty bipolaron level is
involved in the CI expansion. Finally, we note that the re-

ducf[;_on Im tr?e dlfgusw(te cha_ract_er_og thte glecttrgntlc CIOUd.mIocaI minimum in energy In the central rings we observe an
positively charged systemsaspriorl best adapled 1o a Semi- o, tion towards a semiquinoid structure with the central

empirical approaph based on a minimal bags set. Despite tr]ﬁter—ring bond reduced by 0.04 A with respect to the neutral
fact that calculations performed on negatively charged spe-

i . o) ) case. The geometry modifications in the outer rings are much
cies suffer from several disadvantages, it is interesting t?/veaker On the basis of the AM1/ROHF calculations. we
note that such calculations have yielded results which i : '

Most cases are in aood qualitative acresment with those or]e_stimate the extent of the polaron to be close to four benzene
tained for th ' 'tg | q# ! dlv g Wi l?ings. This value has to be regarded as an upper limit since
ained for Ine Positively charged Spectes. interactions with counterions are neglected. These are ex-

rlrn Iotridir t?f gft aWbe;]te\r/ 'ns'?:t '?tz E[?]e flgnlrtlcangf ir?f ected especially in the solid state and lead to an increase in
correiation €fiects, we have compare € resulls obtain€l,q -onfinement of the charged defects as pointed out, e.g.,

via the INDO/SCI approach to those afforded by valence, e et 5121 The evolution to a semiquinoid structure is

. . . . 0 .
effective Hamiltonian (VEH) calculations)’ which are also accompanied by a reduction in the calculated inter-ring

known to prowdg a reliable dgscrlptlon of the_ong—electrontwist angles of the central benzene rings, as illustrated in Fig.
structure of conjugated materialband gap, ionization po- 3(b)

Lent:al,xal?ditleli\cl:ittrg)nIaﬁ;pma/_TlhetYIiH t?rcflmtliqune (:foe? nort]d Doubly oxidized molecules display much larger geometry
eal explicitly electron-€lectron correiation enects and,, ., jigiations than the singly charged moieties, in good

is parametrized to reproduce the energies of the occupieg

levels provided byab initio calculations with molecular or- greement = with previ60us calculations on17 charged
bitals expanded in a double-zeta basis8et. oligo(phenylenevinylens™® and oligdthiophengs.'” The

calculations indicate that for doubly charged molecules only
2P and 3P have a fully planar conformation corresponding
IIl. GEOMETRIC STRUCTURE to th_e global minimum in energy. In longer chains_, the cen-
tral rings adopt a strongly quinoid character and display very
In neutral oligophenylenes, a strong aromatic structure ismall torsion angle¢see Fig. 4, while the outer rings adopt
observed within the phenylene rings in both planar anda geometry equivalent to that in neutral chains. Since very
twisted conformations, the latter corresponding to the globalow inter-ring twist angles are observed in the conjugated
minimum in energy. The AM1 optimized inter-ring C-C segments mostly affected by the geometry relaxations, there
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FIG. 3. (a) Changes in the AM1 calculated C-C bond lengths of

6P when going from the neutral state to the singly oxidized state in g1 4. () Changes in the AM1 calculated C-C bond lengths of

its fully optimized conformation;(b) AM1-optimized inter-ring  gp and 1 when going from the neutral state to the doubly oxi-

twist angles in singly positive charged oligophenylenes containingyi;eq state in its fully optimized conformatidonly the geometry

from two to six benzene _ring(;To ease comparison, the same scalefOr half of the 10 molecule is showp (b) AM1-optimized inter-

as that in Figs. 4 and 5 is chosgn. ring twist angles in doubly positively charged oligophenylenes con-

taining from two to ten repeat units.

are no significant differences in the C-C bond-length modi-

fications between the planar and the fully optimized confor-calculated for doubly oxidized Rin a closed-shell configu-

mations. The distortion of the bond angle betweepasa ration shift from the center to the two extremities of the

carbon atom of the central ring and its two intraring neigh-molecule. This indicates that two polarons might become

bors is largest in doubly oxidized systems, giving a valuemore stable than a bipolaron in long conjugated chains, as

close to 115°. has been recently suggested by experimental measurements
Due to the closed-shell nature of doubly oxidized mol-performed on doped oligothiopheriésThe present theoret-

ecules, we have been able to extend our calculations to rath&ral approach, however, is not appropriate to describe the

long oligomers containing up to 12 rings. We can thus estiproperties of biradicals.

mate, from both the changes in C-C bond lengths and inter- Ultraviolet photoelectron spectroscopfJPS experi-

ring twist angles, that the extent of the geometry modifica-ments have recently shown that it is possible to add four

tions induced by the formation of a bipolaron is of the ordercharges to a single 6P molecdfeAccordingly, we have also

of six benzene rings. As expected, the extent of the geometiiypvestigated the properties of long oligophenylenes in the

relaxations in bipolarons is wider than the upper limit esti-quadruply oxidized state, which can be regarded as a model

mated for polarons. Interestingly, the geometry modificationgor doped polymers supporting several bipolarons on a single
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2 7] A. Neutral molecules
2 o 0 ] In Fig. 6 we present the INDO/SCI-simulated absorption
& 10 A A A i spectra of the series of neutral oligophenylenes in the fully
= optimized conformation. The spectra have been obtained by
a convolution of the calculated transition energies with 0.5
] eV full width at half-maximum Gaussian functions. The first
0{ B— L, B e—e T 7Y 4 absorption feature is markedly shifted to lower energies with
Ring position increasing chain length, in excellent agreement with corre-

. sponding experimental data; see Fig’ 7°The redshift pro-
FIG. 5. (a) Changes in the AM1 calculated C-C bond length of

6P and 1 when going from the neutral state to the quadruply 55

F T v T v T 4 T T T v T T T T T 53
oxidized state in the fully optimized conformatigfor 12P only 52- X {52
half the molecule is shown (b) AM1-optimized inter-ring twist 2(1): “D'jg‘r:g::uf:,"a,_ o::-;
angles in quadruply positively charged oligophenylenes containing aok -2 Gimme et al. 8 e
from 6 to 12 benzene rings. ask :)‘(:{’;‘EE:.?/SCI T s
S 4TE 347
: . X3 348
chain.(Note that the UPS experimefthave not found any 3z 45 E P
indication of a doping level at which three additional chargesl%’ 44 444
reside on a single chain; this situation is therefore not in-~ 3¢ ia
cluded in our discussion.The geometry modifications in- 4:15. EDY
duced by the removal of four electrons from a single oli- 40k 440
gophenylene molecule containing between 6 and 12 rings ai °F o @: f Dot
very different from those calculated for positive polarons anc  5,£ X - : N P
bipolarons. Instead of having the geometry relaxations lo 010 015 0-12‘; oiin f‘l))-zo 035 040 045 050
cated in the center of the molecule, the quadruply chargeu number ofbenzene fings
oligomers display their most significant deformatioine., FIG. 7. Evolution of the energy of the first transition in neutral

an increase in the quinoid character and degree of plaparityligophenylenes as a function of inverse number of benzene rings;
at the two extremities of the chairisee Fig. 3. In the long-  experimental data for unsubstitut¢®efs. 37 and 38and substi-

est oligomers, no significant geometry modifications are caltuted PPP oligomerRef. 39 are compared to INDO/SCI and VEH
culated in the center of the molecule. The optimized geomresults obtained on the basis of fully optimized geometries.
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TABLE I. INDO/SCI transition energies, oscillator strengths, and main Cl expansion coefficients of the
lowest optically allowed excited state in neutral oligophenylenes containing from 2 to 12 repedtuaits
L refer to HOMO and LUMO, respectively

Oscillator strength

Oligomer Energy(eV) (arb. unitg Main CI expansion coefficients

2P 4,92 0.72 0.98—L

3P 4.46 1.24 -09MH—-L-02H-1—-L+2

4P 4.21 1.73 0.9 —-L—-028H-1—-L+1

5P 4.10 2.21 -09H—-L+0.3H-1—-L+1

6P 4.00 2.67 -08H—-L-03H-1—-L+1+0.1H—-2—-L
+2

8P 3.91 3.62 0.88l—-L-04H-1-L+1-02H—-2—L+2

10P 3.86 4.55 -0.7H—-L-04H-1—-L+1-0.3H-2—-L
+2+0.2H-3—L+3

12P 3.83 5.49 -0.7H—-L+04H-1—L+1+0.3H-2—-L

+2—-0.244—-3—L+3

portional to the inverse number of repeat units obtained irtions). The correlated nature of that state is explained by the
our calculations has also been observed and predicted faery similar energies of these three transitions. Since this
other conjugated organic systeMis’“° This can be ex- peak originates from transitions between delocalized levels,
plained by the delocalized nature of the HOMI@ghest oc- its polarization is also in the direction of the molecular axis.
cupied molecular orbitaland LUMO (lowest unoccupied e also calculate several weak optically allowed and highly
molecular orbital wave functions, which are mostly in- correlated features around 5.9 d¥ot clearly resolved in
volved in the descripti_on of the Io_west excited state. At the,:ig_ 6 due to the Gaussian broadeninghich are described
scale of very long conjugated chains, such delocalized levelgy yransitions from delocalized to localized orbitals and vice
give rise to the formation of the broad valence and conducye s, (Note that localized level refers to a molecular orbital

tion banotljsr,] WhliCh dominate the Iow]:energy aﬁsorﬁ’ti%;lspe(iivithout significant electron density on the para-carbon atoms
trum and the electronic properties of p(dgra-phenyle of the phenylene rings. It is thus localized within the rings

As pointed out before, the optical spectra calculated fOILI'hese transitions are polarized in a direction perpendicular to

molecules in their fully optimized conformations are ex- o : :
. .~ the molecular axis; for planar conformations, they are ori-

pected to match very well experimental measurements in so- X )
lution. In Fig. 7 we compare the transition energies of theeme.d in the plane formed by the bepzene fINgSs. The strong
lowest optical absorption calculated via the INDO/SCI andmapmum.at 6'13 evis pola}rlzed in the dlrectloq ,Of the
VEH approaches to experimental data obtained in solutiorch@ins axis and is characterized by several transitions be-
An excellent agreement between theory and experiment i&veen localized molecular orbitals. Our results are in agree-
observed. The suitability of a one-electron approach such a@(g_ent with those from th_e e_arher t|ght-b|nd|ng cal_culat|ons of
VEH to describe these transitions is explained by the facRice and co-worker§! It is interesting to emphasize that the
that the lowest excited state at the Cl level is dominated byrature and the ordering of the optically allowed transitions
the HOMO to LUMO transition, as shown in Table I. are very 4r§r‘rl17iniscent of those found in olighenylene

As the chain length grows, the energy separation betweeWnylengs.™"
the one-electron levels progressively decreases, introducing
significant weight for the symmetry-allowed HOM{L to
LUMO + 1 transition in the CI description of the first excited
state. Deviations between the spectra measured in solution The INDO/SCI calculations indicate that the formation of
and in solid stat&® originate from possible geometry modi- polarons leads to the appearancetwb strong subgap ab-
fications induced by packing effects and from the influencesorption featuredn the spectra of phenylene oligomers, as
of interchain interactions on the electronic properties of theshown in Fig. 8. These results are fully consistent with the
ground and excited staté$A discussion of the nature of the experimental data of Khannet al®” and Gregoriuset al*®
absorption spectra expected in the solid state as a function @k illustrated in Fig. 9. As is the case in
the orientation of the chains relative to the direction of theoligo(phenylenevinylens'® and oligdthiophengs!’ the
incident light has been given by Niket al*® lowest transition is primarily described by an excitation be-

We now focus on the nature of the transitions in fully tween the HOMO and the lowest polaron level, while the
optimized &, which is the most widely investigated and second mainly corresponds to an excitation between the two
used PPP oligomer: The HOMO to LUMO transition at polaron levels(see Table Il, Fig. 1 Both transitions are
4.00 eV (Fig. 6) is the dominant transition in B and is  polarized in the direction of the chain axis. As observed for
polarized in the direction of the molecular axis. The weakthe neutral molecules, measurements and calculations show
peak at 4.88 eV is described by a linear combination of thre¢he expected shift of the peak positions to lower energies as
Slater determinants (involving HOMO—LUMO+2, the chain size is increased. The redshift is also proportional
HOMO—-1—-LUMO+1, and HOMO-2—LUMO excita- to the inverse number of repeat unisee Fig. 9.

B. Singly charged molecules



PRB 59 THEORETICAL INVESTIGATION OF THE GEOMETRC. . .. 7963

The transition energies calculated for singly oxidized
chains in a planar conformation do not show significant de-
viations from those obtained with the fully optimized geom-
etry. This is related to the small inter-ring tilt angles calcu-
lated in the central part of the charged molecules, where the
charge densities of the molecular orbitals involved in the
transitions are the largest.

The transition from the HOMO to the upper polaron level
has a vanishing oscillator strength, since in thg, group
characterizing planar conformations, this excitation corre-
sponds to a one-electron forbiddeyy transition between
levels withb,, symmetry. This situation does not change in
weakly twisted conformations. The number of peaks might
change when going from small to larger oligomers or at dop-
ing levels at which polaron-polaron interactions play a sig-
nificant role, as discussed below for bipolarons. In that case,
the appearance of new subgap maxima does not result from a
violation of selection rules; the new peaks originate either
from the emergence of highly correlated states gaining a sig-
nificant optical coupling to the ground state or from a split-
ting of the polaronic/bipolaronic levels due to interactions
among the charged species.

Above the two dominant subgap peaks, we calculate at
the INDO/SCI level several highly correlated excited states

FIG. 8. INDO/SCI-simulated absorption spectra of singly posi-Optically coupled to the ground state in the low-energy re-

tively charged oligophenylenes, containing from two to six repeatgion of singly dop.ed oligophenylenes. For ins_tance, in the
units, in the fully optimized geometry. case of & we obtain a relatively strong absorption feature at

4.02 eV. This peak is predominantly described by excitations
' " . . involving localized states coupled to the transition between
The energy of the first transition obtained with VEH the two polaron levels. Since this absorption is located in the

agrees very well with the experimental data, whereas th%nergy range of the HOMO to LUMO transition for the neu-

ZEH:zlgl#i?galfn%?:;:ﬁ;;the% sbe Cc;%%l?tbiog\)}'oghtaé?srﬁal molecule, the complete bleaching of the optical absorp-
y y y ' tion at that energy cannot be a criterion for full doping, at

ond peak in sinalv charaed phenviene olicom Table Yeast as far as the formation of polarons is concerned. We
b gy ged pheny gomézee also calculate a feature at 4.71 eV that mainly originates

II). This is supported by_the fact _that the transition eNergy: ' the HOMO to LUMO1 and HOMO-1 to LUMO
between the two polaronic levels is calculated at the INDO

one-electron level to be also about 1 eV larger than the Valu%uppgr polaron Ievelexclzltatlons.(note that in the present
. i . . : .~ _terminology the HOMO in the singly charged system corre-
obtained after including the coupling to other single-particle

transitions upon confiquration interaction sponds to the HOM©1 in the neutral molecule—see Fig.
P 9 ' 1). The shift of that peakK~0.17 eV} is very weak when
compared to its original location in the neutral molecule at

Absorption coefficient (arb. units)

00 05 1.0 15 20 25 30 35 40 45 50 55
Energy (eV)

b oligomers up to ®, we observe a single strong subgap ab-
13 sorption feature, in agreement with previous calculations re-
10 ported on short p-phenylenevinylene and thiophene

, . . _15s  oligomers!®'” The peak position monotonically shifts to
015 02 025 030 0% 040 045 080 lower energies with increasing chain length, as in the neutral
1/ number of benzene rings and singly charged molecules. The agreement between the
FIG. 9. Evolution of the lowest-energy transitions in singly VEHSS?l'CU'at'OnS and the experimental data of Gregorius
charged systems as a function of inverse chain length. Experiment&tt @l is very good, as shown in Fig. 11; the INDO/SCI
data forn-type doped unsubstituté@ef. 37 and substituted oligo- ~ calculations systematically lead to transition energies that are
mers (Ref. 39 are compared to INDO/SCI and VEH calculations Slightly overestimated, for the reasons emphasized in Sec. Il.
performed for positively charged molecules in their fully optimized When comparing oligophenylenes in planar and fully opti-
conformations. mized conformations, both VEH and INDO/SCI calculations

ig :_D__m',metaL ''''' X 3; 4.88 eV. This indicates that the geometry relaxations induced
4:0_:2::?’\1’;9&?233“‘" — e Js0 by oxidation mostly affect the energetic positions of the
SBEX-veH | o 13 HOMO and LUMO levels of the neutral molecule.
aF X 134
bod J32
—~ 30| 430
3 gg E ] gg C. Doubly charged molecules
§§g: E The INDO/SCI-simulated absorption spectra for doubly
G 20F 20 positively charged oligophenylenes are shown in Fig. 10. In
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TABLE II. INDO/SCI transition energies, oscillator strengths, and main ClI expansion coefficients of the
lowest two optically allowed excited states in singly oxidized oligophenylenes containing from two to six
repeat units(H andL refer to the highest doubly occupied and lowest completely empty molecular orbital,
respectively; POL1 and POL2 denote the two polaron levels with POL2 thus correspondinrgsée Fig. 1.

Oscillator
Energy strength
Oligomer (eV) (arb. unitg Main CI expansion coefficients
2P-peak 1 1.97 0.15 0.38—2—POL1-0.39POL1-POL2(L)
peak 2 2.81 0.42 0.71POLIPOL2(L) +0.38H—2—POL1-0.23
H—-L+1+02H-1—L+2
3P-peak 1 1.36 0.37 —0.91H—POL1-0.23POL1-POL2(L)
peak 2 2.34 0.46 0.78POLIPOL2(L) +0.2H—-3—L+1-0.22
H—POL1
4P-peak 1 1.09 0.55 0.983—POL1-0.18H-6—POL1
peak 2 2.13 0.46 0.78POLAIPOL2(L) +0.1H—L+1
5P-peak 1 0.89 0.69 —0.9H—-POL1+0.2H-6—POL1
peak 2 2.02 0.44 0.77POLIPOL2(L) +0.18H —3—POL2(L)
-0.18H—L+1
6P-peak 1 0.76 0.78 —0.91H—POL1-0.34H—-4—POL1
peak 2 1.95 0.39 —0.73POLEPOL2(L)+0.21H—1—POL2(L)

provide very similar transition energies for the lowest opticalactual positions of the absorption peaks do not match the
transition (the largest difference in the INDO/SCI results is data of Ref. 39 and are not reproduced by VEH or INDO/SCI
0.02 eV in 1®). This behavior is easily rationalized by the calculations for positively or negatively charged bipolarons.
fact that the formation of bipolarons induces an evolutionThis is possibly due to a strong pinning effect of the coun-
towards a planar quinoidlike structure in the central part ofterions for the specific dopants and solvents used in Ref. 37.

the conjugated backbone.

The redshift of the peak positions as a function of chain

The positions of the maxima for the doubly charged PPHength in Ref. 37 is indeed far weaker than both the calcu-

oligomers reported by Khanret al’ also display a shift to

lated one and that observed in Ref. 39, thus indicating a

lower energies as the chain length increases; however, threduced influence of the extent of conjugati@md hence a

Absorption coefficient (arb. units)

Energy (eV)

stronger localization of the bipolarinSuch a behavior has
been theoretically predicted in the case of strong interactions
between the charges located on a conjugated backbone and
the counterioné! An alternative explanation to rationalize
the data in Ref. 37 is the formation of complexes formed by
two chains, with each of them supporting a polaron, 2.,
dimer$® instead of bipolarons, at high doping concentra-

38 -_ T T M T T T T T T T T ] 38
36 --{>-- Gregorius et al. @ ]se
34r | . @- INDO/SCI 134
32 - -3~ VEH b 32
30F 130
28} 128
26 o 426
> 24f 24
L 22f B J22
& 20F o J20
o 18k e J1s
wefF = O X 116
14 o J14
12| <>>< J12
10[ X""'X J10

OAI10 ' 0.15 l O.|20 ' 0.I25 ' 0.230 ‘ 0.I3>5 l 0.110 ‘ 0.115 l 0.50
1/ number of benzene rings
FIG. 11. Evolution of the lowest bipolaronic transition energy in

doubly oxidized oligophenylenes as a function of inverse chain
length. Experimental data for substituted PPP oligoniBef. 39

FIG. 10. INDO/SCI-simulated absorption spectra of doubly oxi- obtained upom-type doping are compared to the INDO/SCI and
dized oligophenylenes, containing from two to ten phenylene ringsVEH calculations performed on positively charged molecules in the

in their fully optimized geometry.

fully optimized conformation.
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TABLE Ill. INDO/SCI transition energies, oscillator strengths, and main Cl expansion coefficients of the
lowest excited states optically coupled to the ground state in doubly oxidized oligophenylenes containing
from two to ten repeat unit§The LUMO (L) level here corresponds to the lower bipolaron level—see Fig.

1]
Oscillator
strength
Oligomer Energy(eV) (arb. unitg Main CI expansion coefficients
2P 3.61 1.56 —0.98H-2—-BP1(L)
3P 2.55 2.49 —0.98H—BP1()
4p 1.99 3.23 0.9A—BP1(L)
5P 1.66 3.84 0.9A—BP1(L)+0.2H-1—L+1
6P 1.43 4.34 -0.98H—-BP1(L)-0.2H-1—-L+1
8P-peak 1 1.12 4.88 0.95-BP1(L)—0.1H—-1—L+1
8P-peak 2 2.14 0.26 —0.9H-4—BP1(L)—0.18H—BP1(L) +0.18H
—-8—BP1(L)
10P-peak 1 0.89 4.54 —0.98H—BP1(L)—0.20H—2—L
10P-peak 2 1.57 1.03 0.90-2—BP1(L)+0.24H—-8—BP1(L) —0.24
H—BP1()
tions. As pointed out earliét, the relative stability of po- Upon quadruple oxidation, the highest two occupied mo-
larons versus bipolarons is expected to be strongly influtecular orbitals of the neutral molecule are depopulated, thus
enced by the nature and position of the counterions. making the HOMG-2 level of the pristine molecule the

The first optical transition in doubly charged oligomers HOMO of the charged system. The HOMO and HOMD
has a strong single-particle natutsee Table Il and is (LUMO and LUMO+1) levels of the neutral chain become
dominated by a transition from the HOMO to the lower bi- the two lower(highep bipolaronic levels, which are not de-
polaron level(however, in doubly oxidized R, since the generate due to the interaction between the two bipolarons.
highest two occupied levels are localized, the lowest-energin all cases, the INDO/SCI-simulated absorption spectra
transition of this particular oligomer takes place between theshow the appearance of two relatively strong subgap absorp-
HOMO-2 and the lower bipolaron levelln longer oligo- tion peaks. The most intense peak is dominated by a transi-
mers, a second subgap peak appears next to the first matien from the HOMO level to the lowest bipolaronic level
mum and gains oscillator strength as the chain grows up.
This spectral feature is weaker in molecules with a fully
planar conformation. The energy and intensity of this absorp-
tion in films of polymers supporting isolated bipolarons will
thus critically depend on the effective conjugation length as
well as on the degree of planarity of the chaildsiven by
packing effects A second subgap absorption feature in bi-
polarons is traditionally assigned to a transition from the
HOMO to the higher bipolaron levéf. As discussed already
for polarons, a transition between these orbitals is one-
photon forbidden due to selection rules. The second peak is
actually dominated by a symmetry-allowed transition from a
lower-lying molecular orbital (HOMG4 in 8P and
HOIg/(I)O—Z in 10P) to the lower bipolaron leve{see Table
).

D. Quadruply oxidized molecules

Absorption coefficient (arb. units)

As shown in the discussion of the geometric structure of
highly doped oligophenylenes, the removal of four electrons
from a single molecule results in the formation of two inter-
acting bipolarons. The corresponding absorption spectra are
shown in Fig. 12 for fully optimized chains; similar results
are pbtaineq for _the planar confgrmation. The generation of 00 05 10 15 20 25 30 35 40 45 50 55 6.0
two interacting bipolarons on a singlé>@molecule has been Energy (eV)
clearly identified in UPS measurements and supported by the
results of VEH calculation¥’ Interaction between charged  FIG. 12. INDO/SCI-simulated absorption spectra of quadruply
species might thus play a major role in determining the op-oxidized oligophenylenes, containing from 6 to 12 rings, in the fully
tical properties of polymer chains. optimized conformation.
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TABLE IV. INDO/SCI transition energies, oscillator strengths, and main Cl expansion coefficients of the
lowest two intense absorption peaks in quadruply positively charged oligophenylenes containing from 6 to 12
repeat unitgsee Fig. 1

Oscillator
strength
Oligomer Energy(eV) (arb. unitg Main CI expansion coefficients
6P-peak 1 1.99 4.17 0.41—QP1()+0.36H—1—QP2(L +1)
6P-peak 2 3.54 0.31 ~0.8H—-1—-QP2(L+1)+0.33H—QP1()
—0.3H-8—L
8P-peak 1 1.67 5.06 0.87—QP1()—0.43H—-1—-QP2(L+1)
8P-peak 2 2.83 0.74 —0.6H-1—-QP2(L+1)+0.56H—-3—QP1()
—0.3H—QP1(Q)
10P-peak 1 1.46 5.90 0.82—QP1()—0.48H—1—QP2(L+1)
10P-peak 2 2.33 1.05 —0.60H—2—QP1()—0.5MH—1—-QP2(+1)
+0.4H—-QP1(Q)
12P-peak 1 1.30 6.30 0.19—QP1()+0.51H-1—-QP2(L+1)
+0.2H-2—QP1()
12P-peak 2 1.96 1.62 0.59—2—QP1()—0.52H—QP1()+0.50

H-1-QP2QL+1)

(QP1, see Fig.)1 The second peak inBand & is mainly  do not affect much the central part of the oligomer. This
described by the HOMO1—-LUMO+1(QP2 excitation, corresponds to the formation of two interacting bipolarons.
whereas in longer chains (RO and 12) the The transition energies calculated by means of the INDO/
HOMO—-2—LUMO(QP) and HOMO-LUMO(QPY) exci-  SCI approach compare very well to experimental data re-
tations start having significant weight in the CI expansion,ported for neutral and doped oligophenylenes in solution.
thus increasing the correlated nature of the excited state. Thene lowest-energy absorption of neutral molecules and the
transition energies, oscillator strengths, and main Cl expansubgap features of the charged species display a redshift with
sion coefficients are given in Table IV. It is interesting t0 jncreasing chain length, which is proportional to the inverse
note that transitions involving the hlghest.two bipolaronic nymber of benzene rings. We have shown that the formation
levels (LUMO+2 and LUMO+ 3 corresponding to QP3 and st polarons in short oligomers leads to the appearance of two
QP4 show up only in highly correlated states at energiesanarate and intense subgap absorption peaks while a single
above the band gap of the neutrgl molecules. The CaIC'“'I%ature appears in the presence of bipolarons, in agreement
tions also show that the energy difference between the tw ith previous calculations reported on
apsorption maxin_1a_ decreases with increasing chain Igngth. Sligo(phenylenevinylens'® and oligathiophenes 2 In both
gq;gz:irtr? gr?tatl)ipdelg':f; lz)ftgozsrsnoel\r/s(a&ril[ﬁ ;Wr?i gfﬁaet#éiivg] Ctgr?_cases. the natu're of the optical transitions is governed by
jugation length. selectlon_ rult_as imposed by molecular symmetry.

We note that VEH calculations also predict two strong _nvestigations of longer oligomers such a8,810P, and
absorption features, which are redshifted with respect to th&2P in the doubly oxidized state reveal that correlated states
results obtained via the INDO/SCI approach. These are dd0volving transitions from lower-lying occupied orbitals can
scribed in all oligomers by transitions from the HOMO to the 9ive rise to the appearance of a second subgap absorption

LUMO (QPD and from the HOMG-1 to the LUMO+1 peak. The assignment of the optical transitions in the spectra
(QP2, respectively. of doped conjugated chains containing a relatively high num-

ber of benzene rings thus becomes more complex than usu-
V. CONCLUSIONS ally assumed. Furthermore, calculations perform_ed on qua-
druply charged systems establish that the interaction between
The geometry optimization at the AM1 level of neutral bipolarons also results in the appearance of a second subgap
oligophenylenes vyields a slightly quinoid character in theabsorption feature. Further theoretical and experimental
benzene rings and inter-ring twist angles on the order of 40°works carried out on well-defined oligomers are thus desir-
Upon doping, the central part of the oligomer is stronglyable to better understand the influence of the interaction be-
affected by geometry relaxations leading to an increase in theveen charged defects on the optical properties of conjugated
quinoid character of the rings and a strong reduction in therganic macromolecules. The present calculations clearly
amplitude of the inter-ring twist angles. On the basis of thedemonstrate that the sole consideration of the number of sub-
AM1 results and when neglecting the influence of counteri-gap absorption peaks is not a good criterion to assess the
ons, we estimate an upper limit of four benzene rings for thenature of the charged species generated upon chemical dop-
extent of the geometry modifications induced by the forma-ing or photoexcitations in long conjugated chains.
tion of polarons and six rings for bipolarons. In quadruply On the basis of our theoretical results, it is not straight-
charged oligomers, the geometry modifications are localizefbrward to assign the second intense subgap feature observed
in a symmetric way at the two extremities of the chain andin the spectra of highly doped conjugated polymete the
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