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Analysis of the electronic spectra of 2[dithiophene and 2;%',2"'-terthiophene radical cations has been
performed by using multiconfigurational second-order perturbation theory (CASPT2). Atomic natural orbital
(ANO) type basis sets of split valence quality, including polarization functions on all heavy atoms, have been
used. In agreement with experimental data, in the energy range below the lowest optically allowed transition

of the respective neutral system, theoretical results predict two main absorption bands for both cations. The
2%A, and 3A, states computed at 1.94 and 2.80 eV, respectively, are related to the corresponding band maxima
recorded for bithiophene cation. ThéBl state of terthiophene cation placed at 1.31 eV is assigned to the
observed lowest-energy band. Nevertheless, according to the present results, the highest-energy band observed

in terthiophene cation stems from two electronic transitions. They involve?®g1294 eV) and 3B,(2.12
eV) excited states.

1. Introduction levels, in combination with electron spin resonance (ESR)
Polythiophenes and oligothiophenes are among the mostSPectroscopy. On the ba3|s_of one_-_electro_n band structure
investigated conjugated polymers and oligomers. They have models| three ar!q two electromc transitions at intragap energies
have been traditionally ascribed to polarons and bipolarons,

many interesting technological applications. Oligothiophenes are ) . . ;
used, for instance, as active components in Optoelectronic_respectlvely. Nevertheless, from spectroscopic studies on radical

devices such as light-emitting diodegield-effect transistord, ions and divalent ion; of oligomers, the spectroscopic signatures
and photovoltaic celld The reasons for the spectacular develop- ©f polarlco)ns and bipolarons have been subsequently reas-
ment of these compounds are related to their good environmentals'gned?' . )
stability, in both neutral and doped states, and to their structural _ The current research has focused on the radical cations of
versatility which has led to the synthesis of a large number of the shortese-oligothiophenes, 2;aithiophene and 2,%5',2"-
substituted derivatives as a way of improving and controlling terthiophene (hereafter called bithiophene and terthiophene,
the electrical and optical propertiés respectively). Charge_d ollgo_th|ophenes have been the subject
The most promising applications of conjugated polymers and Of Many spectroscopic studiés* Most of them have been
oligomers are currently based on neutral systems. NeverthelessP€rformed on substituted oligothiophenes because of the inherent
the initial interest in conjugated polymers arose from the reactivity of the.short-chaln radical cations, having a marked
observed pronounced increase in the electrical conductivity upontrend to polymerizé?*°and the low solubility of the long-chain
doping, i.e., after oxidation or reductidnThe increase of ~ compounds.
electrical conductivity is attributed to the generation of localized ~ As far as we know, the chemical oxidation of unsubstituted
charged defects associated with structural distortions along thea-oligothiophenes was first performed by Fichou ef*af These
polymer chains as a consequence of the oxidation or reductionstudies included oligomers containing from three to six thiophene
proces$ Such charged defects are considered to be the chargeings and used Fegas oxidant in highly dilute dichloromethane
carriers in the conduction mechanism. For polymers with a Solutions to prevent aggregation between oligomers. The cationic
nondegenerate ground-state structure, like polythiophenes, onlyspecies formed were subsequently characterized by means of
the so-called polaron and bipolaron defects are posiiem electronic absorption and ESR spectroscopies. Two intense
a chemical point of view, polarons and bipolarons are related bands were observed in the absorption spectra of the radical
to radical ions and spinless divalent ions, respectively. The cations flanked with sidebands of weaker intensity at higher
electronic structure of conjugated polymers is therefore expectedenergies. Fichou et al. assigned each of the four reported bands
to undergo important modifications upon doping due to the to a different electronic transition on the basis of the transitions
presence of charged defects. Electronic spectroscopy hasexpected for a polaron defect according to band structure
significantly contributed to reveal such electronic structure models. Because of the high reactivity of the radical cation of
changes. It has been widely used for identifying the type of terthiophene, its absorption spectrum could not be, however,
charged defects formed in the polymer chains at different doping recorded in those experimental conditidh&? Transient absorp-
tion spectroscopy made possible to measure the absorption
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absorption spectra of the short-chain photogenerated radicalfor oligothiophene radical ions, and the trans orientation has
cations show one strong band in the visible region of the been found for bithiophene to be energetically favoredFor
spectrum and a less intense band at lower energies. For the longthe terthiophene radical cation, the study has concentrated on
chain oligomers, the latter appears out of the experimental the alttrans planar isomer.
energy range examiné&??No sidebands are recorded onthe 7o determine the influence of the method on the structural
upper energy side of the two observed bands, in contrast to theparameters, full geometry optimizations wéns-bithiophene
features found in the absorption spectra of chemically preparedcation were performed at different calculation levels witGin
oligothiophene radical catiort.!*The band maxima appear at  symmetry. In particular, the MP2, CASSCF, and DFT methods
similar energies independently of how the radical cations are \yere used in combination with the 6-31G* basis set and the
generated? 20?As expected, both bands shift to lower energies pynning's correlation-consistent cc-pVDZ basis set. As dis-
as the size of the oligomer increases. The radical cations of o ,ssed in next section. the UB3-PW91/cc-pVDZ calculation
oligothiophenes, from thiophene to sexithiophene, have been|gg| \yas finally adopted to optimize the ground-state structures
recently produced by pulse radiolysis in dichloromethane and ¢ the three systems studied, that i;cis- and s-trans-
th?rIL U\_/—V|s spec_tra cr;arﬁcten;ééi. _ ¢ h g bithiophene andall-trans-terthiophene radical cations.

e Interpretation of the absorption spectra of charge Generally contracted basis sets of atomic natural orbital

oligothiophenes is further complicated by the dimerization .
process observed in radical catid#st® They tend to reversibly (ANO) type have beeq used throughout the spectroscopic study.
form z-dimers in solution at high concentrations or low They have been built from S(17s12p5d)/C(14s9p4d)/H(8s)
temperatures, being the dimerizatgi;on more favored as the Sizeprimitive set8%4%using the same contraction scheme S[4s3p1d)/
b ! g C[3s2pld]/H[2s] as that in previous studies on bithiophene and

of the oligomer increasés: Such z-dimers have been Jerthiophene neutral moleculgs?8 The basis set was shown to
spectroscopically detected by the appearance of two new band - . " o .
P picaty y bp describe the excited states with enough flexibility to achieve

on the upper energy side of the absorption bands observed forth required ; t 2 moderat mputational ¢
the radical cation. A third band related to an intermolecular "¢ "€du!ré .accu apy at a mode gg computationa cgs.
charge-transfer transition emerges at low energies. The low-lying excited states of bithiophene and terthiophene
Less attention has been paid to the spectroscopic propertie<cations have been computed by means of the complete active
of oligothiophene ions from the theoretical point of view. As SPace second-order perturbation theory (CASPT2)In this
far as we know, only the 2;dithiophene radical cation has method, the reference wave function and the molecular orbitals
been recently studied at the ab initio level by means of CASSCF are determined using the CASSCF approximatfithe average
linear response methodologyIn addition, two semiempirical ~ CASSCF procedure has been used to compute the states of a
studies have been reported on oligomers of increasing size,given symmetry. The corresponding ground states, however,
making it possible to analyze the evolution of the properties Were obtained from a single-root calculation. For the systems
with the chain lengti526 The computed excitation energies on considered, the 1s-core orbitals were kept frozen in the form
these studies are, however, quite sensitive to the semiempiricadetermined by the corresponding ground-state HartFeek

method used. As discussed elsewhere, a similar situation occur§HF) wave function, and the valence electrons and the sulfur
for neutral bithiopher®& and terthiophené 2s and 2p electrons were inactive. All electrons except the cores

the low-lying excited states of the radical cations of bithiophene !evel of the correlation energy treatment.

and terthiophene in order to clarify the spectroscopic charac- Thez-valence active space, comprising 10 orbitals with 11
teristics of charge-induced polaron defects. A structural char- active electrons, has been used in the calculations of both
acterization of such defects is also provided. The study has beers-trans- and s-cisbithiophene cations. The equivalent active
carried out using the complete active space CAS(SCF) m&hod space for terthiophene cation comprises 15 active orbitals and
in combination with a second-order perturbation approach, the 17 electrons, a size still too large for the present implementation
CASPT2 method®3! The successful performance of the of the software. As in the previous study of the neutral
CASPT2 method in computing differential correlation effects molecule?® the three deepest-orbitals have been treated as
for excitation energies has been illustrated in a number of earlierinactive, which results in a 12 orbitals/11 electrons active space.
applications’?34 Particularly relevant for this work are the  The level-shift technique (LS-CASPT2Y2was used to remove
studies on the electronic spectra of bithioph&herthiophene&? certain intruder states involving the deepesbrbitals. To
biphenyl®* and biphenyl radical cation and ani#Our previous  determine the lowest value of the level-shift parameter which
researches on the spectroscopic properties of these systems haygovides stable excitation energies for all computed states,
provided a detailed interpretation of their spectra. In particular, calibration calculations were carried out with the level-shift
the studies involving biphenyl have made it possible to parameter within the energy range 824 au. A value of 0.3
rationalize the evolution of the electronic structure of the system au was used for the LS-CASPT2 calculations performed for
upon doping. The results obtained for the excited states of the terthiophene cation. The effect of extending the active space
bithiophene and terthiophene radical cations are presented heregn the computed excitation energies was also examined for a
Reliable assignments are given for the electronic spectra of bothfew states. As expected, the extension of the active space to 14

radical cations. orbitals/15 electrons led to excitation energies similar to those
provided by the level-shift technique but at an extremely high
2. Details of Calculations computational cost.

Planar structures have been assumed for the ground state of The oscillator strengths were evaluated following the usual
the radical cations of bithiophene and terthiophene. The cis andProcedure? transition moments computed at the CASSCF level,
trans isomers have been calculated for bithiophene cation inby means of the CASSCF state interaction (CASSI) metfod,
order to analyze the influence of the eisans isomerism on  and excitation energies obtained at the CASPT2 level.
the structural and spectroscopic properties of these systems. The CASSCF/CASPT2 and CASSI calculations were carried
Experimental studies have shown the existence of this isomerismout with the MOLCAS-4 quantum chemistry softwdfeThe
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Figure 2. Geometry optimized at the UB3-PW91/cc-pVDZ level for
the ground state of planall-trans-+terthiophene radical cation. The
geometry calculated for the ground state of the neutral molecule is given
within parentheses. Bond lengths are in A and bond angles in deg.

results, the UB3-PW91/cc-pVDZ calculation level was used
in the present study to optimize the ground-state structures of
all the systems investigated.

Planar or nearly planar geometries are expected for both
Figure 1. Geometries optimized at the UB3-PW91/cc-pVDZ level for  hithiophene and terthiophene cations from simple molecular

the ground state dd-trans-ands-cisbithiophene radical cations. The  grpjta| considerations. The highest occupied molecular orbital
geometries calculated for the ground state of the neutral molecules are(HOMO) is antibondina with respect to the inter-ring bonds
given within parentheses. Bond lengths are in A and bond angles in 9 P 9 :

deg. These bonds are therefore strengthened upon ionization, thus
preventing internal rotation. Hence, only planar structures have
DFT package of the GAUSSIAN 94 progrdhwas used for been considered. The geometries of the ground states have been

the geometry optimizations. fully optimized within Ca, symmetry fors-transbithiophene
cation and withinC,, symmetry fors-cisbithiophene andll-
3. Results and Discussion transterthiophene cations. The ground state of the cation

belongs to théBy (?A») irreducible representations with{p,

(Cy,) point groups. The computed UB®W91/cc-pVDZ equi-
librium geometries for bithiophene and terthiophene cations are
depicted in Figures 1 and 2, respectively. For the sake of
comparison, the structural parameters obtained for the neutral

The results and discussion are organized as follows. The
equilibrium geometries of the ground state of bithiophene and
terthiophene radical cations are first analyzed. The results for
the low-lying excited states of both cations are subsequently
considered and compared to the corresponding available ex- .
perimental data. molecules at the B3PW91/cc-pVDZ level are also included

3.1. Ground-State Geometry DeterminationsThe geom- n F|gu_res. ) o
etry of the ground-statérans-bithiophene cation was first As Figure 1 shows, there is a strong similarity between the
optimized withinC, symmetry constraints at different calcula- S-Cis and s-trans structures of bithiophene cation, the bond
tion levels. Since MP2/6-31G* optimized geometries were used !engths of both conformers differing at most by 0.002 A. A
for the neutral molecules in our previous spectroscopic stud- dlsto_rtlon toward gqu|n0|d structure is produced upon ionization
ies2728the UMP2/6-31G* level was chosen as starting approach. and is characterized by thle reversal of the sequence.o.f long
However, the calculated structural parameters were rejected@nd short €C bonds on going from the neutral to the oxidized
because of the large spin contamination obtained at the UMp2/form. The G—C; and G—Cs bonds shorten and the,€C,
6-31G* level. The CASSCF method and the density functional @d G—Cs bonds lengthen. The inter-ring {€C;) bond
theory (DFT), using the cc-pVDZ basis set, were next applied distance has the most important change, and it acquires a double-
to optimize the corresponding geometries. Fhealence active bond_c_haracter. lefer_ences about 0.03 A are found for the
space (10 active orbitals/11 active electrons) was used in the'@maining C-C bond distances, the changes for theXCbond

CASSCF calculation. The hybrid BPPW91 functiona®47was distances being smaller. Bond angles are affected by less than
chosen for the DFT calculation on the basis of the results 1-0° upon ionization.

obtained in a study performed by Viruela et al. on'2,2 A similar quinoid distortion is determined for tredl-trans-
bithiophene#® terthiophene cation (see Figure 2). The structural distortion

The geometries predicted for bithiophene cation at theJB3 ~extends over the whole molecule, but the changes tend to
PW91/cc-pVDZ andsz-CASSCF/cc-pvVDZ levels are very  diminish on going to the most externa-C bonds. Thus, the
similar. The C-C bond distances and bond angles differ by central ring has a larger bond length alternation. As for the
less than 0.007 A and POrespectively. The ¢S bond bithiophene cation, the most affected bond lengths upon
distance (see Figure 1 for atom numbering), however is ionization are the inter-ring distances, which are shortened by
computed to be 0.02 A longer at the UBBW91/cc-pVDZ level 0.03 A. The X-ray crystal structures of a substituted terthiophene
(1.760 A) than at ther-CASSCF/cc-pVDZ level (1.741 A),  (3,4-dibutyl-5,5'-diphenyl-2,2.5',2"-terthiophene) and of its
consistent with previous findings reported by Keszthelyi étal. hexafluorophosphate salt have been repdttdthe comparison
These authors have suggested that the CASSCF value is mor@f both structures supports the quinoid-type distortion predicted
accurate. To determine the relative accuracy of those results,here for terthiophene cation. In general, the geometries of many
optimization of the G—S bond distance at the CASPT2/cc- organic oligomers have been predicted to evolve from an
pVDZ level was carried out by using a pointwise procedure, aromatic-type structure to a quinoid-type structure upon charging
with the remaining structural parameters fixed at their optimal (see, for instance, ref 36 and references cited therein).
m-CASSCF/cc-pVDZ values. The optimized,-€S bond dis- 3.2. Excited States of Bithiophene Radical CationThe
tance at the CASPT2 level was computed to be 1.756 A, closeground and excited states of bithiophene cation arising from
to the optimal UB3-PW91/cc-pVDZ value. In light of these  excitations within ther-orbital manifold belong to the Band
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TABLE 1: Principal Configurations and Weights and
Number and (Weights) of Singly, Doubly, and Triply Excited
Configurations? with Coefficients Larger than 0.05 for the
Ground and Lowest Doublet Excited States of Bithiophene
Radical Cation

weight
state principal configurations (%) S D T
s-trans Isomer
1°By  (3a)X(3by)*(4a,)X(4by)* 84  4(3%) 9(4%) —
12, Ega,;zgggigaquggbggf 63 11 (81%) 9 (5%) 1¢1%)
a a,)%(5a,
2By (3a)(3hy)'(4a,)3(4hy)? 75 7(81%) 8 (4%) 2 (1%)
22A, (3a)(3hy)A(4a)A(4hy)? 54  9(82%) 9 (4%) —
(3a)%(3by)*(4a)?(5a)" 18
(3a)4(3by)X(4a) (4by)? 7
FAu (3a)%(3hy3(4a)?i(5a)! 44 14 (78%) 11 (7%)—
(3a)4(3hy)*(4a)?(4by)? 18
(3a)4(3by)%(4a) (4by)? 5
s-cis Isomer
1°A; (3by)?(4by)?(3a)%(4ap)* 84  3(3%) 9(3%) -
227, (3by)¥(4bn)*(3a) (4ap) 76 6(80%) 13 (6%) 4 (1%)
128, Eg&gzg&g;g@g;ggi ié 12 (81%) 10 (5%) 1<1%)
&
228, Eg&g;giggig@;zgi@; ig 12 (82%) 12 (4%) 1<1%)
&) (4a
(3b1)%(4b1)%(32p)%(Shy)* 9
3By (3by)%(4bn)?(3ap)%(5hy)? 42 14 (77%) 16 (9%) —
(3bn)(4b1)X(32p)*(42p)? 13
(3br)X(4br) (3ep)X(420)* 7

(3b)*(4by)%(32)*(42) (5n)t 6
aWith respect to the ground-state principal configuration.

TABLE 2: CASPT2 Vertical Excitation Energies (AE, in
eV) and Oscillator Strengths ) for the Lowest Excited
States of the Radical Cation of Bithiophene and Available
Experimental Data (Exp)

s-trans s-Cis
state AE fa state AE fa exp
1°Byg 12A,
1A, 154 0.010(5) 2%A, 1.56 0.003 (S)
2B, 1.78 forbidden iB; 1.78 <0.001 (L)
22A, 195 0.062(129 2?B; 194 0.068 (L) 2.16,2.14
3FA, 2.78 0.607 (189 3FB; 2.80 0.512 (L) 2.9242.9%
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and s-cis isomers, respectively. As could be expected from the
HF molecular orbital energies calculated for the neutral mol-
ecule?’ both states are mainly described by the electronic
configuration arising from removing one electron of the HOMO
orbital, which has a weight of 84% in the CASSCF wave
function (see Table 1). The CASPT2 calculations predict the
s-trans isomer of bithiophene cation to be 0.40 kcal/mdl.02

eV) lower in energy than the s-cis isomer, in line with recent
theoretical result$**® From computer simulations of the
experimental EPR spectrum of bithiophene cation, the two
isomers, trans and cis, have been estimated to be in a ratio of
about 3:228 in accordance with the greater stability predicted
for the trans isomer. Because of the strengthening of the inter-
ring bond, interconversion of the s-trans and s-cis isomers is
expected to be highly unlikely. Indeed, the rotational barrier to
isomerization has been estimated to be very much higher than
that of the neutral compourfd:37-38The vertical and adiabatic
ionization potentials have been computed using as reference the
minimum-energy MP2/6-31G* -gans-gauche structure re-
ported for neutral bithiophene by Orét al3! The vertical
ionization potential is computed to be 7.58 eV at the CASPT2
level, somewhat below the gas-phase datum of 7.95°é@Whe
computed adiabatic values are 7.21 and 7.23 eV for the s-trans
and s-cis isomers, respectively.

As Table 2 shows, there is a great similarity between the
electronic spectra computed for the s-trans and s-cis bithiophene
cations. The computed excitation energies differ at most by 0.02
eV, and the electronic transitions are predicted to have intensities
on the same order of magnitude for both isomers. There are,
however, differences between the polarization of the transitions
as a result of the different symmetry of the isomers. For the
s-cis cation, the transitions to th&, and?B; states are optically
allowed and polarized along the short and long molecular axes,
respectively. For the s-trans isomer, tH84d— %A, electronic
transitions are polarized in the molecular plane. Transitions
polarized along the short and long molecular axes are thus not
perfectly separated in the s-trans cation, unlike the electronic
transitions of the s-cis isomer. Nevertheless, the computed

2 Direction of the transition dipole moment with respect to the long  transition dipole moment of the two electronic transitions
molecular axis is given within parentheses. L and S stand for the long predicted with the highest intensity for the s-trans cation has a

and short molecular axes, respectivélilectronic absorption spectrum
in Freon glass at 77 K45 cElectronic absorption spectrum in
acetonitrile?® ¢ Electronic absorption spectrum of bithiophene cation

generated by pulse radiolysis in dichloromethéhe.

A, irreducible representations of tl&, symmetry group for

the s-trans isomer (molecule placed in #ygplane) and to the
B1and A symmetries of the€,, point group for the s-cis isomer
(molecule placed in thez plane). The four lowest doublet

excited states, three ofyAB1) and one of B (A2) symmetries,

small angle with the long molecular axis (lzand 18,
respectively), in line with the long-axis polarization calculated
for the respective transitions of the s-cis isomer. The nature of
the states involved in these transitions, as determined from the
CASSCF wave functions, is also found to be quite similar for
both isomers (see Table 1). We shall next focus the discussion
on the results obtained for the s-trans isomer, which has been
characterized to be the most stable and to exist in a larger
proportion3® According to our results, the presence of the s-cis

have been considered for the s-trans (s-cis isomer). Theisomer leads to minor changes in the electronic spectrum.

calculated states cover the energy range up to 4.0 eV, that is,

The two lowest excited states of bithiophene cation are the

the energy region of the spectrum below the first absorption 12A, and 2By states and appear close in energy. THe,State
band of the neutral molecule (see ref 27 and references therein)is located at 1.54 eV above the ground state, and the corre-
All the states have been computed using the optimized-B3  sponding electronic transition is predicted to have a low
PW91/cc-pvVDZ geometries depicted in Figure 1. The main oscillator strength of 0.010. The dipole transition moment is
characteristics of the CASSCF wave functions for the ground computed to form an angle of 5ith the long molecular axis.
and excited states are collected in Table 1. The vertical excitationThe 2B, state, computed at 1.78 eV, is related to a dipole-
energies computed at the CASPT2 level for the s-trans and s-cisforbidden electronic transition. As far as we know, these two
bithiophene cations are listed in Table 2, together with the |ow-lying states have not been detected experimentally. As
calculated oscillator strengths and relevant experimental infor- shown in Table 1, the CASSCF wave functions of tRél

mation.

and 2B, states are dominated by the singly excited HOMO-

The results included in Table 2 confirm the characterization 1(4a) — HOMO(4h,) and HOMO-2(3h) — HOMO(4h,)
of the By and 2A; states as the ground states of the s-trans configurations, respectively. Here the HOMO orbital corre-
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TABLE 3: Main Configurations and Weight of the CASSCF Wave Function, Computed Vertical Excitation Energies (eV), and
Related Oscillator Strengths €) for the Considered Electronic Transitions of the Radical Cation of Terthiophene

state main configuration weight CASSCF LS-CASPT2 f exp
12A; -.-(4@)%(6b)? (7b)(5a)* 79
12B; 77— 5& 47 1.89 1.31 0.051 1.46
53— 8by 24
2°B; 53— 8 28 291 1.94 0.643
7 — 5a 23
6b,— 5& 14
2.25
3B, 6b,— 5& 51 3.33 2.12 0.351
5a— 8 16
22A, 43— 5 63 3.38 2.21 0.002
3PA, 3a— 5a 38 3.08 2.50 <0.001
58— 6a 19
7by— 8by 16

a Calculations at the UB3-PW91 optimized geometry for the planar all-trans isomer. A value of 0.3 au has been used for the LS parameter.

b Experimental data from the electronic absorption spectrum in acetoAfttrile.

sponds to that of the neutral molecule, which is half-filled in has been attributed to bithiophene cation in accordance with
the ground state of the cation. previous resultd?2453The second peak at 350 nm (3.5 eV) has
Indirect experimental information about théAl and 2B, been related to a different radical species or to a triplet state of
states can be derived from the gas-phase photoelectron spectrurhithiophene®54The present results support this suggestion since
of bithiophené®? In this spectrum, the second and third preliminary calculations estimated the next optically allowed
ionization peaks, corresponding to the formation of bithiophene transition at energies higher than 4.0 eV. Th#g3state
cation in its lowest and second excited states, are located 1.21calculated at 3.6 eV is indeed the only state that appears in the
and 1.40 eV above the first ionization peak. These energies areenergy range 3:64.0 eV but is dipole forbidden.
not directly comparable with the computed excitation energies  Finally, it is interesting to note the correspondence between
(1.54 and 1.78 eV) because photoelectron energies correspondhe excited states of bithiophene radical cation and the four
to vertical ionizations from the twisted geometry of the neutral lowest excited states characterized for biphenyl radical c&tion
molecule, while the absorption spectrum is calculated for the regarding both the nature of the states and the relative intensities
planar geometry of the ground state of the cation. The ground predicted for the respective electronic transitions. As for
and excited states of the cation were therefore recalculated usingithiophene cation, the two lowest excited states of biphenyl
the minimum-energy MP2/6-31G*tsans—-gauche structured( cation appear close in energy (1.08 and 1.26 eV). They have
= 142.24) reported for neutral bithiophene. ThéAl and 2B, not been experimentally observed and involve the HOMEO-1
states appear 1.20 and 1.25 eV above the twisted ground statelHOMO and HOMO-2— HOMO excitations, respectively. The
in accordance with the photoelectron data. next two excited states calculated at 1.88 and 3.21 eV, with a
The electronic absorption spectrum of bithiophene radical relative intensity ratio of 1:7, give rise to the two observed
cation generated photochemically in acetonitrile solution shows absorption bands. They are mainly described by a linear
two structureless bands: a strong band with maximum absorp-combination of the HOMO-3~ HOMO and HOMO— LUMO
tion at 420 nm (2.95 eV) and a weak band centered at 580 nmsingly excited configurations.
(2.14 eV)? The strongest band exhibits a well-resolved 3.3. Excited States of Terthiophene Radical CationThe

vibrational structure involving a progression of 680 ¢nin results obtained for the ground and lowest doublet excited states
the absorption spectrum of the cation formed;birradiation of terthiophene cation are summarized in Table 3. As discussed
of bithiophene in a Freon matrix at 77 ®>33 In these in section 2, a level-shift parameter with a value of 0.3 au has
experimental conditions, the lowest-energy peak of the UV band been used in the CASPT2 calculations in order to remove the
appears at 425 nm (2.92 eV) with the highest inter®if} The intruder states appearing in certain cases. All the calculations

CASPT2 calculations locate thé&, and 3A, states at 1.95 have been performed at the optimized UB3N91 geometry

and 2.78 eV, respectively. The?By — 3?A, transition is for the planar altrans isomer illustrated in Figure 2. The vertical

predicted to be approximately 10 times more intense than the absorption spectrum computed for the cation covers the energy

excitation to the 2A, state. The transition dipole moment is range up to 2.8 eV, i.e., the energy region below the lowest

computed to be almost parallel to the long molecular axis for optically allowed transition of the neutral molecule (see ref 28

both transitions (see Table 2). The assignment of thegstates and references therein). Accordingly, six states efafid B

to the two experimentally observed bands is therefore clear, symmetries involving electronic transitionsmfcharacter have

considering the computed excitation energies and relative been characterized.

intensities. Keszthelyi et &k have suggested the same assign-  As expected from the HF molecular orbital energies of the

ment on the basis of their linear response CASSCEF results. Asneutral?® the A, state, which is mainly described by the

can be seen in Table 1, the CASSCF wave functions computedelectronic configuration with a hole in the HOMO Harbital,

for the 2A, and 3A, states are mainly described by a mixing is characterized as the ground state of the cation. The values

of the two singly excited HOMO-3 (33— HOMO (4hy) and 7.04 and 6.67 eV have been obtained for the vertical and

HOMO (4ky) — LUMO (5a,) configurations. adiabatic ionization potentials, respectively, at the CASPT2
Emmi et al?® have recently generated the radical cations of level. Both energies are referred to the ground state of

oligothiophenes by pulse radiolysis in dichloromethane and terthiophene computed at the twisted minimum-energy structure

measured the U¥vis spectra. Although the recorded spectrum optimized at the MP2/6-31G* level witlls symmetry. This

for bithiophene cation shows two intense bands in the=500 structure is slightly more stable than the fully pla@ay structure

350 nm energy region, only the lowest energy peak at 425 nm by 0.27 kcal/mol at the CASPT2 level. The computed vertical
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and adiabatic ionization potentials of terthiophene are lower than intragap energies. For both oligothiophene cations, we have
those predicted for bithiophene, in agreement with the decreaseexamined the energy region of the electronic spectrum situated
of the oxidation potential determined experimentally when the below the first absorption band of the neutral oligomer in order
chain length of the oligothiophene increa%eas for bithiophene, to achieve a better understanding of the changes which can be
the vertical ionization energy computed for terthiophene un- expected in the absorption spectrum due to the formation of
derestimates the experimental gas-phase value (7.43 by) radical cations.
0.4 eV. The lowest singlet excited state fettransbithiophene, the
The electronic spectrum of terthiophene cation photochemi- 1'By state, was computed at 3.88 eV and was found to have a
cally formed has a very intense and broad band with absorptionlarge multiconfigurational character dominated by the HOMO
maximum at 550 nm (2.25 eV) and a second less intense band— LUMO singly excited configuration (43% of the weight in
located at 850 nm (1.46 eV¥}. The UV—vis region of the the CASSCF wave functiorf). A lower excitation energy of
spectrum has been recently investigated by Emmi &t fair 2.86 eV was obtained for the'B, state of terthiophene,
radical cations of increasing size generated by pulse radiolysischaracterized as the lowest singlet excited state and found to
in dichloromethane. For the terthiophene cation, a prominent be mainly described by the HOM& LUMO excitation (76%
band is observed approximately in the range-6680 nm (2.1 of the CASSCF wave functiorf§.As discussed in the previous
2.6 eV), with the maximum absorption wavelength peaking at papers;’? these states account for the lowest energy band
545 nm, as it occurs in the spectra previously repotied. observed in the electronic spectra of the neutral molecules, and

As can be seen in Table 3, the three lowest doublet excited th® computed excitation energies are in good agreement with
states of terthiophene cation correspond to states,cyB- the.experlmental data. Fo.r bithiophene, the second smglet
metry, which give rise to optically allowed transitions from the €Xcited state (B,) was predicted to appear at 4.15 eV close in
12A, ground-state polarized along the long molecular axis. The €nergy to the B, state and was also suggested to contribute
12B, state is computed at 1.31 eV above the ground state, with t0 the experimental barfd.Calculations on bithiophene cation
an oscillator strength of 0.051 for the corresponding transition. Predict three dipole-allowed doublet excited states related to
According to these results, the lowest-energy band of the electronic transitions with energies lower than that of thg,1
spectrum, with maximum at 1.46 eV in acetonitrile solufidn, ~ State of the neutral molecule. Five doublet excited states are
arises from the 2, — 12B; electronic transition. The CASSCF ~ found for terthiophene cation below 2.8 eV. As a whole, the
wave function of the 2B, state is mainly characterized by the ~States calculated are characterized by one-electron promotions
singly excited configurations HOMO-+ HOMO and HOMO from the highest doubly occupied-molecular orbitals to the
— LUMO, which contribute with weights of 47% and 24%, half-filled HOMO orbital and by the HOMO— LUMO
respectively_ excitation. -

The 2B, and 3B; states, calculated around 2 eV above the N the energy range studied (see Table 2 and Table 3), two
ground state, are related to the most intense transitions of the@d three detectable transitions are predicted for bithiophene
computed electronic spectrum. Oscillator strengths of 0.643 and@nd térthiophene cations, respectively, As discussed above, such
0.351 have been obtained for the transitions to these states. Th&/ansitions result in the appearance of two absorption bands for
computed excitation energies (1.94 and 2.12 eV for #i& 2 both cations at energies lower than those of the neutral oligomer,
and 3B, states, respectively) and oscillator strengths suggest!" accordance with the experimental déé??2Spectroscopic
that these two states give rise to the intense band with maximumStudies on longer oligothiophenes also observe two absorption
at 2.25 eV observed in the absorption spectfdA23 This bands for radical cations at intragap energies, which shift to

= - . - ’ i i i 118,19
assignment is consistent with the broadness and shape of thdOWer energies as the chain length increade¥.'**However,
experimental band since it shows a shoulder on the high energy®!" results reveal that the highest energy band in terthiophene

side, in agreement with the relative values of the computed cation stems from two electronic transitions involving tRB2
oscillator strengths for the 2B, and 3B, states and the and 3B; states. In contrast, one state is responsible for each

computed energy difference between them. As far as we know, band in l_Jithiophene cation. Similarly to _bithiophene c_ation, two
this is the first time that the observed band is attributed to two €!€ctronic states have been characterized and assigned to the
electronic transitions. The pronounced multiconfigurational OPServed bands in longer oligothiophene radical cations on the

character of the corresponding CASSCF wave functions, in basis of the results obtained from theoretical studies at the
particular for the 2B, state, is remarkable. " " semiempirical leve?526 At this point, the question of whether

. A2 more than two excited states are responsible for the two observed
The next excited states are t and 3A, states computed . bands in the electronic spectra of longer oligothiophene cations

at 2.21 and 2.50 eV, respectively. These states appear close in

. . can be raised. Just the formulation of such a possibility can be
energy to the intens®; states and are also in the energy range - : .
. . i 2 considered as a remarkable conclusion derived from the present
where the prominent absorption band is deteétéltansitions

from the around state to t#&, states are diole allowed and research. It is worth mentioning that the suggestion is consistent
e g 2 re dip . with the shape and broadness of the experimental b&r@s.
polarized along the short molecular axis. As shown in Table 3, . L - )
) . o . course, to provide a definitive answer, high-level theoretical
a relatively low intensity is, however, predicted for both

transitions. These twéA, states are therefore expected to be results should have also to be carried out for longer oligoth-

hidden at the high-energy side of the intense peak at 2.25 lophene radical cations.
eV.20’22'23

. . . . . 4. Summar
3.4. Final Discussionln addition to their intrinsic interest, y

bithiophene and terthiophene radical cations can be considered The present results provide a structural characterization of
as models of the shortest positive polaron defects which can bethe bithiophene and terthiophene radical cations, as well as a
formed in doped polythiophenes. As stated in the Introduction, detailed interpretation of their electronic spectra. A geometry
polaron defects, as well as other charged defects in conjugatedrelaxation toward a more quinoid structure in comparison with
polymers, have been usually identified by means of electronic that of the neutral molecule has been determined for both
spectroscopy, in particular by the presence of transitions atcations. In addition, the computed excitation energies are in
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agreement with the available experimental data. On the other
hand, bithiophene and terthiophene radical cations represen

models for “isolated” polaron defects in doped polythiophenes.

Rubio et al.

(28) Rubio, M.; Mercha, M.; Orfi, E.; Roos, B. OChem. Phys. Lett.

{1996 248 321.

(29) Roos, B. O. IMAdvances in Chemical Physics; Ab Initio Methods
in Quantum Chemistry - lLawley, K. P., Ed.; Wiley: Chichester, England,

The present results have also been examined from this point 0f1987; Chapter 69, p 399.

view. According to our results, a polaron defect in poly-

thiophenes is expected to be spectroscopically characterized b
two absorption bands at intragap energies, as also indicated byyg
the experimental evidence on longer oligothiophene radical

cations!4-16.18.19Hgwever, two electronic transitions have been

found to be responsible for the high-energy band of terthiophene

radical cation.
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