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The electronic spectrum of bithiophene in the energy range up to 6.0 eV has been studied using
multiconfigurational second order perturbation the@ASPT2 and a basis set of ANO type, with

split valence quality and including polarization functions on all heavy atoms. Calculations were
performed at a plandtrans) and twisted geometry. The calculated ordering of the excited singlet
states isB,,, 'B,, 'Aq, 'Aq, and'B,, with 00 transition energies: 3.88, 4.15, 4.40, 4.71, and 5.53

eV, respectively. The first Rydberg transitionsj3as been found at 5.27 eV. The results have been
used in aiding the interpretation of the experimental spectra, and in cases where a direct comparison
is possible there is agreement between theory and experimed99® American Institute of
Physics.

I. INTRODUCTION more than six thiophene rings. They have observed the 0—-0
band of the transition to the’2 state 0.81 eV above the 0—0
The 2,2-bithiophene molecule has been studied extenband of the 1'A—1 B transition in bithiophené.The fact
sively, since it is the smallest building blockexcept that the energy difference between these two 0-0 bands is
thiophene itselfof polythiophené® The idea is that studies much smaller in hexathiopheri®.11 eV}, although the same
of the small oligomers will give the key to the understandingordering is found, suggests that the reversed order prevails
of the electronic structure of polythiophene. Working with for longer chaing>6 monomer units that is, 2'A is below
small oligomers avoids problems such as those found in the 'B. Periasamyet al'?*®have, however, suggested that the
synthesis of the polymer: the resulting polymer usually de-electronic energetics of “real” polythiophene follows the
pends on the procedure employed for the synthesis, and cosame excited states ordering as in hexathiophene based on
sequently the spectroscopic experiments, as well as thge similarity observed between the photoluminescence of
physical properties of the material, are sensitive to thehe polymer and the oligomer.
sample preparatiotf. In theoretical studies it is possible to Theoretical studies of the lowest excited states of
use higher level methods in studies of small oligomers, anthiophene oligomers have been recently repoftédBel-
extrapolation of computed properties to the polymer mightionneet al.” have analyzed the evolution of the state ordering
give results more reliable than those obtained with the polyas a function of chain length. They have calculated the low-
mer itself. est singlet excited states for thiophene oligomers containing
The lowest excited states, in addition to the geometry ofrom one up eight rings using the semiempirical INDO/CI
the molecule, have been the most important items investimethod and AM1 optimized geometries. The geometries of
gated. There is a great interest in determining the symmetrghe excited states 1Bu and 21Ag were optimized using two
of the lowest excited statéA or B) and in knowing if the  different approaches. They predict the two lowest excited
order of the lowest excited states is equal or different fromstates of bithiophene to be in reversed order with respect to
that found in polyenes. Due to their structural simplicity, experiment:? By a modification of the CI expansion they
linear polyenes and polyacetylene have been the focus @hanaged to reproduce the experimental order.
most of the experimental and theoretical studies. It is experi- The two lowest excited states of thiophene oligomers
mentally known that for the longer aitans polyenes, start- from 1 up 4 rings have been extensively studied by Negri
ing with hexatriené! the lowest singlet 0—0 transition cor- and Zgiersk? Semiempirical methods were used to compute
responds to an electronic state of the same symmetry as thiee excitation energies and oscillator strengths. Different ap-
ground statdfor example, in dodecahexaene théA% state  proaches, includingb initio methods, have been employed
is 0.6 eV below the 1B, statg. Experimental results for to optimize the geometries of the ground and excited states.
bithiophene andx-hexathiophene show, on the other hand,Although the vertical excitation energies place théAg
that in both molecules theliAg state is higher in energy than state of bithiophene above the'B,, state, the reversed order
the 1'B, state(0-0 transition.>**?*3There have been no is predicted for the 0—0 transitiori8.8 eV for the 0—0 tran-
direct measurements of the location of th&A2state in poly-  sition to the 21Ag state and 4.1 for the 0-0 transition to the
thiophene, and therefore, all the predictions about the ordert 'B, statd. Based on these results, Negri and Zgiétski
ing of the 2'A and 1'B states in the polymer are hypotheti- claim that the two lowest excited states of thiophene oligo-
cal. Thus, both possibilities have been suggested. Birnbaummers and polyenes are similar, and therefore the lowest ex-
and Kohlef consider it highly probable that the order of the cited state is predicted to have the same symmetry as the
2 1A and 1'B states reverses for polythiophenes containingground state, which is contrary to the experimental
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TABLE |. Influence of the basis set on the valence excitation energies andn the study of larger and related systems like bithiophene. In
oscillator strengths of thiophene computed at the CASPT2 level. addition, in order to locate the lowest Rydberg state, the
original basis set was supplemented with tsrxaexponents

TW?2 i
Previous 0.002666 and 0.007 235and two p-type (exponents

State AE Osc. Str. AE Osc. Str. 0.002 332 and 0.006 331diffuse functions placed at the
N 515 0.084 533 0.089 charge centroid of the molecule. This enlarged basis set was,
V,:1B, 558 0.087 5.72 0.070 however, only used in the calculation of the Rydberg state.
V3:1A1 6.79 0.338 6.69 0.185 Calculations have been performed at the plammans
Vai'B, 7.29 0.427 7.32 0.392 geometry (C,, symmetry and at the twistedtrans
*Basis setC[3s2p1d]/ S[4s3p1d]/H[2s]. bithiophene Conforlrénatlor(C2 symmetry obtained .at the
bBasis set:C[4s3pld]/S[5s4p2d]/H[2s1p] +1slpld diffuse functions MP2/6—-31C level.” At the same level of calculation, the
(Ref. 15. twist angle between the two rings was computed to be 38° at

the equilibrium geometry, with a small barrier toans
planarity (=1 kcal/mo). Electron diffraction experiments
have determined that bithiophene is twisted in the gas
has€?! The most recent experiméhthas shown the ex-
istence of two conformations. The plarteains geometry has
been only observed in cryst&sAs will be discussed below,

. . . ) L the reduction of symmetry upon rotation around the central
tions find the first excited state in thiophene to be of the Same_~ 1ond plays gkey ro?/e ir? the interpretation of the spec-

symmetry as the ground stag8,). This is not the case in trum. The molecule was placed in tkg plane, with the long

cis-butadiene, where instead the excited state symmetry is . . . .

. molecular axis corresponding to tlyeaxis. Thes orbitals
By, The oscillator strengths have the same order of MadNelong therefore to the, anda,, irreducible representations
tude in the two lowest excited states of thiophene in contrasl? g 9 u P

to the values reported for butadielfe® In addition, the Of the C,y, Symmetry group. . _—
. . . : 1 - Multiconfigurational wave functions were initially deter-
multiconfigurational wave function of the-2; state is dif-

. : - mined at the complete active spa¢€AS)SCF level of
ferent in the two molecules, having a larger contribution ofa roximatior? In most of the calculations the active space
double excitations in 1,8is-butadiene(50% vs 16%. We PP ' P

disagree therefore with the similarity proposed by Negri andOMPrses the ten va!e_n ce orbitals. IF may h_appen, how-
ever, that large coefficients appear in the first order wave

ZgierskP between thiophene oligomers and polyenes. . .
simple examination of the molecular orbitals of bithiophen':s.funCtlon due to the appearance of, so-called, intruder states

shows the important contribution of tf&atom. in the f'hrSt (irdgr mt(TracUgg spa(;:e. :f thlslhgppt)ﬁns, thte tactlyet
Here, we shall present results from a high leaklinitio space has to be enfarged in order {o include these states into

study of the lower excited states of bithiophene. The com:[he CAS Cl space and thus make them noninteracting with

plete active space SCF method has been used in combinati<t)|?1e reftentange ffurt'ﬁtm]; SUC.T ; ‘:"ttuat'.o nthoc;:ur rtedd in the
with multiconfigurational second order perturbation theorypresen study for the 2, excited states in the twisted con-

and an adequate basis set which includes polarization funégrmatlon. Two orbitals(one of each symmetjyhad to be

tions on all centers. We shall show that the electronic spec@dded' The orbitals were of diffuse character and only

trum cannot be simply related to that of the small polyenesweakly interacting with the remaining configurations. The

or even to thiophene itself, since the coupling between thgﬁect on the excitation energies is therefore small. Still, this

two units is strong and the molecular orbitals do not retairS"9!e €xcitation energy may carry a larger uncertainty than

the characteristics of the monomer orbitals. The computed!® fémaining ones, since it was computed with a different
spectrum will be shown to be in full agreement with the most2ctive space. The 12 electrons were active. All remaining

recent experimental information. A detailed discussion of the/@l€nce electrons were inactive, including the sulprsiagd
experimental situation will be given in the result section. 2P €lectrons. The carbon and sulphu dlectrons were kept
frozen in the form determined by the ground state SCF wave

functions and were not correlated. The relative energy of
each excited state refers to the ground state energy computed
Generally contracted basis sets of atomic natural orbitalith the same active space. The molecular orbisl®s) for
(ANO) type are used, which have been obtained fronthe excited states have been obtained from average CASSCF
S(17s12p5d)/C(14s,9p,4d)/H(8s) primitive setst”*8The  calculations, where the averaging includes all states of inter-
contraction scheme wused in most calculations wa®st for a given symmetry.
S[4s3p1d]/C[3s2pld]/H[2s]. Table | shows the results of The CASSCF wave functions are used as reference func-
control calculations performed for the valence excited stateions in the second order perturbation treatment through the
of thiophene. For sake of comparison, the results obtained iEASPT2 method®?® Dynamic correlation effects, which are
a comprehensive study of the electronic spectrum ofmportant for accurate predictions of the excitation energies,
thiophene, using a more flexible valence contraction schemare accounted for in this way. The performance of the
and diffuse functions, are also includ&dThe present basis method in calculations of electronic spectra has been dis-
set is able to describe the valence excited states within theussed in detail in earlier applicatioffs.
required accuracy and therefore can be confidently employed The dipole transition moments are computed using the

evidence:?1213|n order to explain the experimental infor-
mation, they suggest that tﬁAg experimentally observed is
the 31Ag state. Here, one could note that a comparison of th
two lowest excited states of 1@3s-butadiene and thiophene
shows important differences. High levab initio calcula-

Il. COMPUTATIONAL DETAILS
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CASSCEF state interactiofCASS|) method?’ Energy differ-  Three well-defined electronic transitions were observed in
ences corrected by CASPT2 are used in the oscillatothe 3.75—6.20 eV energy region and assignest-tes™ tran-
strength formula. sitions. For the three bands, the position of Xhg, changed
The calculations have been performed on IBM RS/6000very little with the solvent polarity, but the relative intensity
workstations of the University of Valencia using the of the second and third bands was more affected by the sol-

MOLCAS-3 quantum chemistry softwaré. vent. Thus in cyclohexane the maxima of the bands appear at
4,12, 5.00, and 6.05 e\f=0.36 and 0.22 for the two first
Ill. RESULTS transitiong. The band at 6.05 eV is more intense than the

In this section we shall discuss the results of the calcu:b"’lnd at 5.00 eV, but the oscillator strength is not given. Us-

lations. In order to qive backaround for this discussion we9 methanol as solvent the positions are 4.09, 5.02, and 5.93
: 9 9 eV, and the oscillator strengths 0.35, 0.21, and 0.11, respec-

first summarize the experimental situation. Before discussin : ; : :
the computed energies and molecular properties, a Simloﬂvely. Hence, in methanol the third band has less intensity
’ ﬁﬁan the second one. Whatever the solvent, the long-

gga#]taa(tj';ir?;aslﬁzj\;sbvﬁed on orbital energy q|fferences, W”\@/avelength band appears with the highest intensity and
y we can expect to find a number Proad, which has been attributed to the existence of a number
electronic states with low energies. '

of nearly planar conformers of comparable energy.
A. Experimental background A study of the polarizations of the—=* transitions of
biaryls, including bithiophene, was carried out by Norde
e& al3° They reported the uv absorption spectra in cyclohex-
ane solution and a polarized spectrum in oriented polyethyl-
ene films. The same three bands were observed but with
E{Flative intensities different from that reported by Abu-Eittah
et al?° Thus the third band was located at 6.46 eV in cyclo-
6(§xane with the largest extinction coefficient. The long-
wavelength band was found to be polarized along the long
axis. Mixed polarizations were observed for the second band
(the angle between the transition moment and the long axis
of the molecule was estimated to be 16The bands ap-
peared at the same positions in solution and in film. Norde
et al3 reported also PPP calculations for plaras and
)E[ans-bithiophene in order to elucidate the preferred confor-

periments. Birnbaum and Kohfeassign theS; state to the me|1t|0|nto1:jthedmolecu!e bytnlweans tOf :Ze compfarlso?_ of the
1'B, state, which they assume to be described by th&aicuiated and experimental spectralrans conformation

HOMO—LUMO configuration. The overlap of the 0—0 band was s_hown to reproduce better the experimental spectrum_.
in the excitation and emission spectra, as well as the similar Itis clear from the summary given above that the experi-

vibrational development, indicate that t S. transition mental situation is unclear with respect to the state ordering
is symmetry allowed, supporting the assignment t®a an_d the symmetry o_f the lowest states in bithiophene. Most
state. evidence seems to indicate that the lowest state B efm-

Birnbaum and Kohler have also reported the two-photor{ﬂetry but the Ioc_:ation of the lowest statevsymmetry has
fluorescence excitation spectrum of a dilute solution of Ot been established. Below we shall present the results of

bithiophene in crystallin@-hexane at 77 K. The observed the calculations, which explain the complexity of the experi-

spectrum seems to have some vibrational structure. Thus tr[gental spt_actr_un:hgnd STOW that thte stqtle 8 rderlmtg :?d ttr:a?s:c—
0-0 band is located at 36 200 c/n(4.48 eV}, and the vi- lon energies in this system cannot easily be refated to that o

bronic band with the greatest intensity appears as a doublétee polyenes.
(centered at 36 400 and 36 600 ¢h It is clear that the
two-photon fluorescence signal is due td\g state(if Cy,
symmetry is assumgdut the question is if it is the second It is tempting to try to relate the electronic states in
or third 1A@j state. The authors suggest that the observed bartthiophene to those of the monomer. Such an analysis was
corresponds to the 12\9 state due to the close correspon- recently, and successfully, performed for biphenyl, where it
dence between the observed origin energy to that predictedtas shown that the excited states could be identified with
by extrapolating the measured dithienylpolyene origin enerfespect to the corresponding excitations in benZéow-
gies. The suggestion by Negri and Zgiefskiat the thirdA4 ever, the coupling of the twa systems in biphenyl is rather
is observed would require that orBs emission is seen in the weak (the CC bond distance is close to a single bond: 1.50
condensed phase, which would be very surprising. A). Therefore the orbitals are only weakly perturbed and
The uv absorption spectrum of bithiophene has been inretain their benzene identity to a large extent. The situation in
vestigated in solution in order to provide experimental infor-bithiophene is different. The coupling is much stronger with
mation for determining the predominant conformation of thea CC link distance of only 1.45 A. The molecular orbitals of
molecule?®*° Abu-Eittah et al?® reported the uv absorption the dimer are therefore considerably modified, in particular,
spectrum of bithiophene using solvents of different polarity.since the HOMO and HOMO-1 orbitals in thiophene are

Kohler et al. have recently reported the fluorescence ex
citation and fluorescence spectra of bithiophene seeded in
supersonic helium expansiband in solid solutions in hex-
ane at 4.2 K The vibronic progressions in both the fluores-
cence excitation spectra are very similar, which suggest th
the molecular conformation of bithiophene is similar in the
gas and the condensed phases. A solvent to gas shift of 15
cm 1 (0.19 eV} is observed. Changing the expansion con-
ditions, the fluorescence excitation spectra of tie and
transisomers can be separated. T®eorigin excitation en-
ergy was located at 31100 ¢th(3.86 eV} for the trans
isomef in a supersonic He expansion, and at 29 600 tm
(3.67 eV} in condensed phaseOnly the spectrum of the

B. A qualitative analysis
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TABLE Il. SCF w-orbital energiegin eV) of thiophene and planarans The geometry of bithiophene in the ground stateass,
bithiophene. but slightly out of plane with a twist angle of about 38°. The
i barrier to planarity is smalf’ The situation is most probably
Thiophene C,,) b, a, . . . . . :
144 90 different in the excited states. The HOMO is antibonding
95 453 over the dimer while the HOMO-1 and HOMO-2 orbitals are
+3.0 nonbonding. The LUMO is, on the other hand, bonding,
Bithiophene(,p) by ay while the LUMO+1 is antibonding. Thus, we expect the first
’_13'3 :ig'i 1B, state(HOMO—LUMO) to be planar. The same is most
77 96 probably true for the other states, which have the LUMO
+3.8 +1.6 orbital strongly occupied. Long vibrational progressions are
+6.0 +5.4 expected in gas phase spectra, while spectra recorded in solid

phases at low temperatures would be redshifted, if the
ground state is trapped in a planar conformation.

close in energy and therefore mix strongly when perturbed ) )
(cf. Table 1. It is thus not possible to identify an excitation C- The calculated excited states and the electronic
pattern in the dimer from the orbitals of thiophene. spectrum

However, an inspection of ther-orbital energies for The six lowest singlet valence excited states have been
bithiophene shows that we can expect a complicated loweonsidered, four ofB, and two 01‘1Ag symmetry(*B and'A
energy spectrum involving several excited states. Thén the twisted form. We shall usually use th€,,, labels also
HOMO to LUMO orbital energy separation is 9.3 eV, which in this case. The main characteristics of the CASSCF wave
is considerably smaller than in thiophe(®2 eV). The first  functions are given in Table IIl. The fir$B, state is domi-
1B, state is therefore expected at an energy lower than theated by the HOMG-LUMO excitation, but contains in ad-
corresponding'B, state in thiophene, which is the second dition a sizable contribution from HOMO-2LUMO. The
excited state and appears at 5.7 eV. The HOMO-1 energy isame is true for the nexB, state even if there are now
this molecule is only 0.5 eV below the HOMO and it is the larger contributions from higher excitations.
HOMO-1—-LUMO excitation, which gives rise to the first The first state oflAg symmetry mainly corresponds to
excited state, 2A,, in thiophene at 5.3 eV. It is pushed be- the HOMO-1-LUMO excitation, but contains also 23%
low the B; state due to the interaction with the double excitations. The character of being doubly excited is
HOMO—LUMO +1 excitation(for a more detailed discus- even larger in the next state of this symmeg#2%) and here
sion of the thiophene spectrum see Ref). 16is this com- it is the (HOMO)?>—(LUMO)? that dominates the wave func-
petition between the HOMO LUMO excitation and the in- tion. Thus, the characteristics of the wave functions for the
teracting HOMO-1--LUMO and HOMO-LUMO+1  four lowest excited states are those expected from the simple
configurations that determines the ordering of the lowestjualitative analysis given above.
states in the molecules containing two interacting double The computed excitation energies and transition intensi-
bonds. ties for the planar and twisted forms are presented in Table

The situation in bithiophene is further complicated by IV together with relevant experimental information. The
the fact that the HOMO-1 and HOMO-2 orbital energies dif- computed energy differend€ASPT2 between the two ge-
fer by only 0.2 eV. Thus four excitations, two 8f; and two  ometries in the ground state is only 0.01 &/25 kcal/mol.
of B, symmetry, can be expected at energies below 5 eV. ThA somewhat larger valu€d.81 kcal/mo] was obtained in a
ordering cannot be predicted from simple arguments, since itecent MP2 calculatioft The same calculation showed that
depends on the strength of the interaction between the twthe entire potential curve for the intramolecular rotation is
pairs of electron configurations. We can also expect theery flat. The energy difference between thens— andcis-
(HOMO)?>—(LUMO)? double excitation will contribute gaucheforms is only 0.54 kcal/mol with a barrier of 1.56
strongly to the lowesA states, similarly to what happens in kcal/mol in between. This finding is confirmed by the recent
the five-membered ring systems. It is clear that the experimeasurements of the fluorescence excitation spectrum, which
mental difficulties in assigning the measured spectra are r@s shown to have two components, one which decreases with
lated to this complexity with four states of two different sym- increasing temperature and one, which incre4sEse cis—
metries within a narrow energy range. transenergy difference estimated from the experimental data

Another possible analysis would be to compareis 1.160.13 kcal/mol. These results are important for the
bithiophene withcis-octatetraene, for which the conjuga- present analysis for two reasons. The fact that the ground
tion ought to be similar. This is, however, not the case.state potential is flat implies that variations in computed ex-
Thiophene itself is the five-membered ring system that difcitation energies for different geometries will reflect mostly
fers most fromcis-butadiene. It is considered to be most the shape of the upper state potential. Second, the compari-
aromatic, since the sulphut-orbital interacts more strongly son with experiment is complicated by the fact that measured
with the rest of the ring than the corresponding nitrogen obands will depend strongly on the temperature and on the
oxygen orbital in pyrrole and furan, respectivély® It is medium. It is not unlikely that theis conformation is more
therefore not possible to neglect the coupling of the sulfuistable thartransin polar media, since there is a large differ-
atom to the carbomr system in a discussion of the electronic ence in dipole moment. It is only low-temperature gas phase
structure of the polythiophenes. data that can be directly compared to the present results.
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TABLE lll. Principal configurations and weights, number amekights of singly, doubly, and triply excited configurations with coefficients larger than 0.05
of the ground and singlet valence excited states of pltmas-bithiophenée’

Weight
State Principal configurations (%) S D T
1A, (3a,)2(3bg)%(4a,)*(4by)? 84 16 (9%)
1B, (2bg)*(3a,)%(3by)?(4a,)%(4by) (5a,)" 43 778%) 14(10%)
(2bg)?(3a,)?(3bg) (4a,)*(4bg)?(5a,)* 20
(2bg)*(3a,)?(3bg)*(4a,)?(4by) (6a,)" 7
21B, (2bg)*(3a,)%(3by)?(4a,)(4by) (5a,)" 36 868%) 15(18%) 3 (1%
(2bg)?(3a,)?(3bg)(4a,)*(4bg)?(5a,)* 19
(2bg)*(3a,)?(3bg)*(4a,)*(4by) ' (6a,)" 9
(2bg)?(3a,)%(3bg)*(4a,) (4by) (5a,)? 6
(2bg)%(3a,)?(3bg)*(4a,)?(5by) ' (5a,)* 6
27, (2bg)?(3a,)%(3bgy)%(4a,) (4by)*(5a,)* 50 762%) 18(23%) 1(<1%)
(2bg)*(3a,)?(3by)*(4a,)*(5a,) 8
(2bg)?(3a,)?(3bg)*(4a,)*(4bg) (5bg)* 6
3'A, (2bg)?(3a,)%(3bgy)?(4a,)%(5a,)* 26 544%) 19(42%) 3 (1%)
(2bgy)%(3a,)%(3by)?(4a,)?(4b,) (5b,)! 19
g [¢] g g
(2bg)?(3a,)(3bg)*(4a,)*(4bg)?(5a,)* 17
(2bg)%(3a,)?(3bg)*(4a,) (4by)?(5a,)* 5
31B, (2bg)?(3a,)%(3by) (4a,)4(4by)*(5a,)" 29 753%) 18(32%) 2(<1%)
(2bg)*(3a,)?(3bg)*(4a,)*(4by)?(5a,)" 14
(2bg)?(3a,)?(3bg)*(4a,)*(5a,) " (5bg)* 1
(2bg)?(3a,)(3bg)*(4a,)*(4bg) (5a,)? 8
(2bg)*(3a,)?(3bg)*(4a,)?(4by) ' (6a,)" 8
(2bg)?(3a,)?(3bg)*(4a,) (4by) (5a,)? 5
4B, (2bg)*(3a,)%(3by)?(4a,) (4by)?(5by)" 32 642%) 26(40%) 3 (1%
(2bg)?(3a,)*(3bg)*(4a,)*(4by) (5a,)? 14
(2bg)%(3a,)"(3bg)*(4a,)?(4by)?(5a,)* 5

®Results from CASSCF calculations with the basis §#{f3s2p1d], S/[4s3p1d], H/[2s]. The orbitals 1-2, and 1b, are not given since they appear in
the list with occupation 2 everywhere.

The potential curves for the excited states are very dif{V. As a result, the computed excitation energies for the pla-
ferent from those of the ground state. In the region of thenar conformation are close to the 0—0 transition energies.
trans conformer they have a distinct minimum at the planarThe computed “vertical” energiegthose for the twisted
geometry. The energy difference to the twisted geometry varform) are more difficult to relate directly to experimental
ies between 0.14 eV for the'B, state to 0.45 eV for the data, again because the potential for the ground state is flat,
21Ag state. Since the potential for the ground state is flatwhile the upper potential is not. It should be noted that the
these energy differences are almost identical to the differencgansition moments vary strongly with geometry.
between the two sets of excitation energies given in Table As expected from the qualitative analysis, we find four

TABLE IV. Calculated and experimental singlet—singlet excitation ener@¥s and calculated oscillator strengths in planar and twistads-bithiophene.

States B, 2B, 2'A, 31A, 3B,
Planar conformation
CASSCF 5.64 6.13 5.92 5.31 7.82
CASPT2 3.88 4.15 4.40 4.71 5.53
osc.str. 0.062 0.014 Forb. Forb. 0.253
Twisted conformation
CASSCF 5.76 6.29 6.67 5.56 7.86
CASPT2 4.36 4.22 4.90 4.99 5.79
osc.str. 0.049 0.034 0.013 0.0014 0.172
Experimental energies 3.86-0,° 3.670-0° 4.969 5.029 6.46

4.13%4.11" 4.09 4.480-0° 5.9%

aState computed using the active sp&8®) due to intruder states problems.

PFluorescence excitation spectrum of bithiophene seeded into a supersonic He expansion, Ref. 4.

‘Fluorescence excitation spectrum of solid solutions of bithiophemetiaxane at 4.2 K Ref. 1.

dGas-phase absorption spectrum at room temperature, Ref. 4.

€Two-photon fluorescence excitation spectrum of a dilute solution of bithiophene in crystaliagane at 77 K, Ref. 2.
fUV absorption spectrum in cyclohexane, Ref. 30.

9UV absorption spectrum in methanol, Ref. 29.
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TABLE V. Comparison between the present excitation energies for planar bithiophene and earlier theoretical data. Energies in eV, oscillator strengths within
parentheses.

State This work INDO/MRDCY QCPF/PKCISDP CNDO/S+CISDP PPP
1B, 3.89.062 4.37 4.31.76) 4.25.540 4.29.92)
2B, 4.15.014 472 5.14.016 4.83.025 4.96.25
2'A, 4.40-) 3.91 4.54-) 4.25-) 5.06—)
3'A, 4.71-) 5.02 5.48-) 5.05-) 5.77-)
3B, 5.53.253 - 6.52.635 6.04.295 7.04.74)

% rom the work of Beljonneet al. using experimental geometfiref. 7).
®Negri and ZgierskiRef. 8.
Pariser—Parr—Pople-electron theory by Nordeet al. (Ref. 30.

excited states at low energiéselow 5.0 eV). A third !B,  therefore not possible, since the ground state conformation of
state is found with energies around 5.5 @40 transition.  the molecule is not known. It is probable that itis, at least
The first excited state is dB, symmetry with a computed in polar solvents. But the assignment of the band is clear. A
0-0 energy of 3.88 eV. This is in agreement with the recenfourth !B, state has actually been found with an adiabatic
fluorescence excitation spectrum of Chadwick and Kchler, energy of 6.02 e\Mnot included in Table IY. The band at 6
who place the 0-0 transition at 3.86 eV. The correspondin@V is probably composed of both these transitions. The com-
spectrum in solid solution oh-hexane places the band at puted intensity for the latter state is, however, very small.
3.67 eV, corresponding to a solvent shift-00.19 eV(this is Finally we should mention that the location of the lowest
almost exactly the redshift expected if the molecule is forcedRydberg statd HOMO—3s) has also been determined. An
to be planar in the condensed phaSée second state is also active space of 11 orbitals was us@@lences and one 3
of !B, symmetry. This possibility has not been discussedrbital) and the calculations were performed at the twisted
earlier. The 0—0 energy is 4.15 eV. It has considerably lowegeometry. The computed excitation energy was 5.36 and 5.27
intensity in the planar geometry than the first state, but theyV at the CASSCF and CASPT2 level, respectively.
become more similar when the molecule is twisted. Gas
phase absorption spectroscopy finds the first band with
peak at 4.13 e¥.The band is broad with several features on
the low energy side and it is not unlikely that it contains A number of semiempirical calculations have been per-
more than one transition. Also uv absorption spectra in soluformed on bithiophene and larger oligomers. It is of interest
tion show the same barfd° to compare with the present results, since a test of the reli-
The first band of‘Ag symmetry appears at 4.40 eV in the ability of the different semiempirical approaches can aid in
planar conformation. It is shifted to 4.90 eV when the mol-evaluating the results obtained for the larger systems, where
ecule is twisted(notice, however, that this latter energy is theab initio methods cannot be used. Bithiophene was stud-
computed with another active spac&he two-photon exci- ied by Norde and co-workers in 1972 using the Pariser—
tation spectrum of Birnbaum and Kohfelocates the 0-0 Parr—Popler-electron modef’ They obtained the same or-
band of a state deg symmetry at 4.48 eV, which is again in der of the excited states as in the present study. The
agreement with the present result. It is discussed, wheth@omputed excitation energies are somewhat larger, but the
they see the first excited state of this symmetry or the secseparation of the 1B, and 21Ag states are similar: 0.77 vs
ond. The present results strongly indicates that it is the first).52 eV (cf. Table \). The computed intensities are much
but the 31Ag state is only 0.31 eV higher in energy. Consid- larger than theab initio values.
ering the error bars of the computed excitation enerfe3 Beljonne et al. used the INDO/MRCI method, which
eV) we cannot completely rule out the possibility that it is seems to be less successful than the PPP appfddehstate
the third state, which is observed. The proposition of Negriordering is different, but also this method finds four states
et al® that the first excited state is of this symmetry and thatwith low excitation energies. A different choice of configu-
for this reason the observed state i%Ag can, however, be rations in the Cl expansion led to correctly ordered excitation
ruled out. Both these states are forbidden for the planar gesnergies. Negri and Zgierski have recently published results
ometry, but become allowed when the system is twisted. Ulobtained using the CNDOASCISD and QCPF/P+CISD
traviolet absorption spectroscopy finds a second band witmethod€ Also these techniques give the wrong order of
peak at about 5.0 e¥#*% This band most likely contains states, although the latter method places the fifgt state
both thelAg transitions, which in the twisted conformation above the first(but not the secor)dlBu state. These two
are almost degenerate. states become degenerate with the CNDO/S method. Com-
The uv absorption spectra contains a third band withputed excitation energies are within 1 eV of the present re-
maximum at about 6.0 e¥*° The calculations assign this sults. The general conclusion must be that the semiempirical
band to the third state dBu symmetry, which is computed approaches seem to be able to correctly predict the general
to have a 0-0 transition energy of 5.53 eV, which increasestructure of the spectrum, but fails to describe the finer de-
to 5.79 eV at the twisted geometry. The uv absorption spectrails (which is not unexpectedThe present results could be
have been recorded in solution and a direct comparison igsed to calibrate the approximate data for' Zhzhiophene.

6. Comparison with earlier theoretical results
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