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Energy Gaps ofa,a’-Substituted Oligothiophenes from Semiempirical, Ab Initio, and
Density Functional Methods

1. Introduction

Molecular organic devices have been intensely studied in the
last two decadésiue to their potential technological importance.
Organic polymers like polythiophene, or pghyfhenylene)-
vinylene, are pointed out to build new generations of electronic
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Energy gaps have been estimated-f@Me and—NO, o, a’-substituted oligothiophenes up to six monomers

using semiempirical, HartredFock and density functional methods. Scaled values calculated using
noncorrelated methods are in good agreement with the experimental values, and so were nonscaled estimates
predicted by density functional methods. Error bars are ca. 0.2 eV for all 11 oligothiophenes studied. The
influence of the quality of the basis set on the energy estimates is discussed. The discrepancy observed for
the —OMe- and—NO,-substituted sexithiophene result with respect to the experimental value is discussed
and has been attributed to a charge transfer in the moleculeASI#- approach has been found to be an
alternative way to estimate energy gaps for molecular systems where Koopmans’ theorem may not provide
good results. Implications for predictions of HOMQUMO gaps ofz-conjugated systems are discussed

and analyzed in terms of designing new materials with controlled properties.

electronic effect, this was supposed to also influence the
rotational disorder, responsible for increasigg Finally, the
interactions between molecules were also evaluated by studying
the oligomer in both solution and condensed state (thin film).
Interesting structureproperties correlations have been repdrted
and will be used as experimental data for this theoretical work.

and photonic deviceko,a'-Oligothiophenes are particularly The HOMO-LUMO energy gaps of the moleculeAE) is

good candidates for molecular electronics since they are
processable materials and their properties can be easily chemi
cally tailored3

generally determined from the low-energy absorption edge of
the electronic absorption spectrum or by the crossing point of
both the excitation and absorption spectra (in this case, it actually

Extensive reviews af-conjugated systems, including oligo-  ¢orresponds t&og). On the other handhe andE, can also be
and poly(thiophenes), have been published recently and provideyeasured electrochemically from thermodynamic oxidatig) (

comprehensive data concerning synthesis, characterization byyng reduction potentials wheB ~ Eox — Ere Neglecting the
a number of physical techniques, and applicattbns. solvation energy effects.

It is known that control of the band gafeg) of organic Extensive analysis of structure and electronic spectra of
materials is fundamental for building devices and furthermore thiophene oligomers have been performed both at ab initio and

reducing its value is desired to enhance the intrinsic charge
carriers population and also to get a stabilization in both oxidized

semiempirical level§.Correlated calculations including only
s-electrons were performed at spin-coupled level of theory for

and reduced doped states. Concerning the last point, thioPhe”ebligothiophenes from two to six rings, and the spin-coupled

conjugated systems present generally higher stability than othe
conjugated systems. We recently investigated a seriesoof

Torbitals were transferred from relatively large hexamers to the
polymer in a such way to predict the electronic structure of the

substituted oligothiophenes in order to get correlation between polythiophend. The PPP (PariserPar—Pople) with CI and

chemical structure and physical properfiebhe HOMO and  \/gfj (valence effective Hamiltonian) approachesre utilized
LUMO levels of theser-electron systems were changed by 5 predict energy gap values for several conducting polymers,

varying the number of monomer units and by modifying the

among them polythiophene, with the PPP-CI model being able

terminal positions of the chains by electron-releasing (donor) ¢4 reproduce spectral transition energies and intensities for
and -withdrawing (acceptor) substituents. Depending on the oligomers of conjugated systerfis.

conjugation length of the oligomers and beyond the direct

Experimental and theoretical studies have been increasingly
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reported in the literature, but the relation of the electronic
properties of the polymers with their semiconducting properties

31-499-5700. is not still completely understood at a molecular level.
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rapidly from monomer to oligothiophenes, which prevents
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TABLE 1: Dihedral Angle and Energy Difference for the

/ \ Syn-gauche and Antigauche Bithiophene Conformer3
. E(syngauche)-
R R’ dihedral angle (SC—C-S) E(antigauche)
S n method anti-gauche syn-gauche (kJ.mol?)

. . . . . AM1 152 36 0.84
Figure 1. Substituted oligothiophenes. R; Btand for the substitu- PM3 142 30 —2.18
ents: H, OMe,—NOz. n is the number of thiophene units1 = 2, 3, HF 147 45 2.85
4,5, 6. MP2 141 44 2.06

B3LYP 157 32 2.89
treatment of these systems using a high level of theory. The BLYP 161 29 2.84
recent introduction of faster computers and new methodologies, SVVg/N %Z’gi 2 §§i 5 03-7150
able to treat electronic structures with remarkable precision, have **P :
provided a motivation for studying such molecular systems. 3The 6-31G* basis set was used in all calculatidhiSee ref 31.

Semiempirical methods are known to yield satisfactory
geometries and can provide a good insight in the electronic calculations were performed using the Gaussiaf® $hd
structure of large systems. In the present work we have shownMopac?* programs.
that scaled semiempirical energy gaps are in good agreement The ASCF approach in which the energy gap is estimated
with reported experimental results. Correlation effects can be from the calculated total energy difference between the ground
very important for the study of electronic structure of molecules and excited electronic state has been applied using deMon-KS
and should be taken into account particularly when one is prograni®with the same 6-31G* basis set and the S-VWN XC
interested in the evaluation of the energy gap. In this sense,functional. The excited state is calculated by promoting one
density functional theory (DFT), due to its feature of including electron from the HOMO to the LUMO orbital in an unrestricted
the electronic correlation in a computationally efficient manner, SCF calculation.
can be used in larger molecular systems. In its formalism, the
ionization potential and electron affinity are well-defined 3. Results and Discussion
propertie8 that can be calculated. Very,recently, Levy (_ef%ll. We have studied oligothiophenes of size varying from two
developed a DFT version qf Koopmgns theorem, shqwmg that 14 gix monomers, named 2t, 3t 4t, 5t, and 6t thgonosub-
the energy gap can be estimated directly from the eigenvalues,

! stituted forms 3to and 3tn mean methoxy@Me) and nitro
of the Kohn-Sham equations. However, the accuracy of the N0, substitutions, respectively, and the 2too, 4too, 6tnn, and

predicted properties strongly depends on the approximate gon o o'-disubstituted forms correspond to two methoxy group

exchange/correlation functional used, since the exact one is NOtsybstitutions (2too and 4too), two nitro substitutions (6tnn), and
known. In this article we have successfully applied Koopmans’ methoxy and a nitro substitution (6ton), respectively.

theorem to estimate HOMOGLUMO energy gaps of substituted 3.1. Torsional Energy Surface of Bithiophene (2t)The

oligothiophenes, using donor-OMe) and acceptor{NO.) potential energy surface for the bithiophene (2t) molecule has
substituent groups. However, it will be shown that this much- oen found difficult to be described by theoretical met6cRé
used approach may fail when substitution leads to a charge,yiy, rotational barriers being overestimated by DFT and
transfer for thg flrst e_Iect(onlc transition. In the present study Hartree-Fock methods. Viruela et &t suggested that the MP2
we show that, in this situation, tiESCF (total energy difference  .5\cyjated energies using the B3LYP-optimized geometries with
between the ground_ and excited electronic state) approach is dhe 6-31G* basis set could be a good strategy to describe the
better choice to estimate energy gaps. torsional potential energy curve of this system, through a six-
term fitted Fourier series. They also showed that the energy
difference between the two minima on the potential energy
All substituted oligothiophenes studied in this work (see surface, i.e., the syn-gauche and a@uche conformers, is well
Figure 1) have been fully optimized at ANMH1and Hartree- described by most of the methods used. However, it is worth
Fock (HF) levels of theory. The energy gap has been estimatednoting that other important properties like the energy gap may
from Koopmans’ theorem, and the values were appropriately not be treated using such a strategy.
scaled to be compared with the available experimental data. Ab  Table 1 shows the-SC—C—S dihedral angle and the energy
initio RHF calculations were performed using the following difference between sygauche and antjauche conformations
basis sets: 3-21&14 3-21G(S)*12716 6-31G1516 6-31G- calculated using different methods. The geometry results are in
(S)*,127166-31G* 1216 and 6-31-G*.12° 17 The 3-21G(S)*and  good agreement with the previous theoretical reported results
6-31G(S)* notations mean that polarization functions were added and the available experimental values. The optimize®CS
only on the sulfur center. The other basis set nomenclature haveC—S dihedral angle for the amgauche and sygauche
the usual meaning (* anét mean that polarization and diffuse  conformations are 147and 4%, respectively, at the HF level
functions are included, respectively). of theory using the 6-31G* basis set, while Gatial2® obtained
Density functional single-point calculations have been per- the values of 148and 44, respectively (HF/6-31G* value).
formed using the 6-31G* basis set and the HF/6-31G* fully At the MP2 level of theory, our calculated values of 14hd
optimized geometries. The exchange/correlation local XC 44° for the dihedral angle of angauche and sygauche
functional with the expression due to Slafdfor exchange and  conformations can be compared to the’ @ittial26 values of
the VWNL® for correlation (SVWN), the generalized gradient 142 and 43, respectively (MP2/6-31G* value). It can be seen
approximation (GGA) for exchange due to Betkegether with that the torsional angle tends to shift toward the anti and syn
the correlation expression due to Lee, Yang, and Parr (BI2YP), planar values 180and O, respectively, when DFT methods
and the three-parameter hybrid XC functional that includes part are used for geometry optimization. A similar behavior is found
of the exact exchange energy (B3LYP) that has been developedor the semiempirical calculations. The SVWN/6-31G* calcula-
from the adiabatic connection by Be@kdave been used. The tions predicted the structures closest to planarity and also the

2. Computational Procedure
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a) 6ton syn timated since electron correlation is not included in the Hartree
Fock formalism and, furthermore, the electron density relaxation
due to the excitation is not taken into account. Even though
several disadvantages can be pointed out in getting energy gaps
from Koopman'’s theorem, its simplicity and no additional
computational cost make it very attractive and an interesting
approach to study larger and complex systems.

Tables 2 and 3 show the energy gaps calculated from
Koopman’s theorem using semiempirical and HF approaches
for the syn and anti conformers. The anti and syn conformers
are true minima on the PES with the anti conformer being at
least ca. 20 kJ mol more stable than the syn conformer for
all 6t oligomers studied. As the symanti energy difference is
relatively small, as we have already observed for the case of
bithiophene, we decided to show both results for comparison
and completeness of the work. All structures have been fully
optimized using the respective level of theory. Calculated energy

b) 6tnn anti gaps have been scaled using the following equation:

al
gap _EQ P_A

Escaled_ B (l)

whereA andB are scaling parameters.
The scaled energy gaps are in good agreement with the
Figure 2. 6-31G* optimized 6ton and 6tnn oligothiophenes for (a) experimental values, with the correlation factor being ca. 0.94
syn and (b) anti conformations. for the scaled values compared to the experimental energy gaps
for all noncorrelated methods used. As expected, the energy
highest deviation with respect to the MP2 energy difference gaps using Koopman’s theorem are about 4 A\pérameter)
value. Very recently, we have performed high-level ab initio larger than the experimental value.
correlated MP4 (fourth-order ¥ller—Plesset perturbation theory) Figure 3 shows the scaled energy gaps compared to the
and CCSD (coupled cluster with singles and doubles excitations) experimental values using different basis sets. An important
calculations for the stationary points located on the PES of the improvement is observed when a polarization function is added
bithiophene moleculé& and analyzed in detail the performance to the sulfur atom basis sets. This is observed even for small
of distinct quantum mechanical approaches, and conventionalbasis sets such as 3-21G(S)*. Undoubtedly, this is a requirement
ab initio and DFT methods. that has to be satisfied if one wants to study electronic structure
3.2. Structural Properties of o,a’-Oligothiophenes.Olig- of oligothiophenes. The-NO,-substituted oligothiophenes lead
othiophenes present a structure similar to the bithiophene whento a decrease of the energy gap observed for either experimental
one compares the consecutive dihedral angles. We found thator calculated values. An exception is the 6ton structure, where
the corresponding dihedral angle changes abdubr8going the decrease of the energy gap predicted theoretically is not
from bithiophene to sexthiophene. The substituted oligoth- accompanied by the experimental value. Adding diffuse func-
iophenes studied in the present work have similar dihedral angletions does not change appreciably the results compared to the
values. The inductive and resonance effects seem unimportan6-31G* basis sets.
for geometry optimization. In fact, as one can see from Figure  Figure 4 shows the HF/6-31G*, AM1, and PM3 semiempiri-
2, the consecutive monomers of an oligothiophene have similarcal results. It can be seen that the PM3 profile follows closely
dihedral angles (about 15€r anti and 50 for syn conformers). the HF/6-31G* one. It is also interesting to observe that
The syn conformers present a helice-like structure. The bond semiempirical predicted values are in better agreement with
angles and bond lengths do not suffer appreciable variation with experimental data. However, theoretical methods (except for
the oligomer size. In fact, the resonance and inductive effects the AM1 calculation) predict a decrease of the energy gap for
in the geometries are observed only on the chain extremitiesthe 6ton structure that is not observed in the experimental values.
where the substitution occurs. Substitution by an acceptor or 3.4, Energy Gaps from Density Functional Methods.
donator electron group produces small changes over bondpensity functional theory has been used to study systems of
lengths and angles near to the substitution position. We foundincreasing complexity due to its relatively low computational
that the overall effect of the basis set on the optimized structurescost and also to include in its formalism the electron correlation
is such that without polarization functions planar arrangements effects. lonization potential (IP) and electron affinity (EA) are
are predicted while nonplanar structures are obtained only if properties that are well-defined in DFT. Janak’s theorem
polarization functions are added to the sulfur atoms. establishes that the HOMO and LUMO energies are respectively
Of course, in a practical point of view, the dielectric constant the IP and EA (with a minus sign) for a given molecular system.
of the surrounding medium should have a determinant role on Furthermore, very recently, Levy et ¥l.developed a DFT
the stability of each structure as well as the presence of charges/ersion of Koopmans’ theorem, showing that the energy gap
in the chains since it is well-known that the carbon backbone can be estimated directly from the eigenvalues of the Kehn
changes from a benzenoid character for the neutral oligomer toSham equations. Consequently, the energy gap can be estimated
a quinoid one for the charged speciés. directly from the HOMO/LUMO energy difference, in a similar
3.3. Energy Gap from Noncorrelated Methodslt is already way as it is estimated from ab initio calculations using
known that energy gaps from Koopman'’s theorem are overes-Koopman'’s theorem. The development of good approximations
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TABLE 2: Scaled Band Gap (eV) Calculations for Optimized Anti a,o-Substituted Oligothiophenes

Od

HF
expt AM1 PM3 3-21G 3-21G(S)* 6-31G 6-31G(S)* 6-3G* 6-31G*
AP 4.27 4.34 3.32 3.62 3.22 3.69 4.23 4.57
B° 1.07 1.09 1.86 1.91 1.86 1.86 1.69 1.64
2t 3.68 3.64 3.59 3.66 3.60 3.69 3.58 3.62 3.62
2too 3.37 3.52 3.62 3.56 3.49 3.54 3.50 3.47 3.53
3t 3.11 3.05 3.06 3.06 3.08 3.04 3.08 2.99 3.07
3to 2.99 3.00 3.01 3.01 3.03 2.99 3.04 3.04 3.01
3tn 2.36 2.68 2.61 2.68 251 2.63 2.53 2.48 2.66
4t 2.82 2.75 2.79 2.74 2.82 2.73 2.82 2.83 2.78
4too 2.74 271 2.75 2.69 2.76 2.69 2.78 2.78 2.72
6t 2.52 2.48 2.56 244 2.58 243 2.59 2.58 2.52
6too 2.47 247 2.53 241 2.54 241 2.56 2.65 2.48
6ton 247 247 212 212 2.13 2.13 2.10 214 2.12
6tnn 2.29 2.09 2.33 2.48 2.30 2.54 2.25 2.20 231
2 See ref 5P Scaling parameters according to eq 1.
TABLE 3: Scaled Band Gap (eV) Calculations for Optimized Syna,o’'-Substituted Oligothiophenes
HF
expt AM1 PM3 3-21G 3-21G(S)* 6-31G 6-31G(S)* 631G* 6-31G*
AP 4.60 4.62 4.06 4.20 4.30 4.14 4.19 4.90
B 1.00 0.94 1.84 1.84 1.72 1.84 1.82 1.66
2t 3.68 3.67 3.74 3.57 3.55 3.62 3.52 3.52 3.55
2too 3.37 3.49 3.38 3.55 3.53 3.63 351 3.46 3.55
3t 3.11 3.03 3.07 3.03 3.05 3.07 3.03 3.06 3.03
3to 2.99 2.99 2.96 3.03 3.05 2.62 3.05 3.07 3.05
3tn 2.36 2.69 2.78 2.52 2.48 247 241 2.42 2.55
4t 2.82 2.78 2.78 281 2.86 2.87 2.88 2.89 2.86
4too 2.74 2.7 2.67 2.79 2.84 2.87 2.85 2.86 2.84
6t 2.52 251 2.49 2.58 2.65 2.65 2.66 2.66 2.65
6too 247 2.48 245 2.57 2.54 2.64 2.65 2.58 2.14
6ton 247 2.06 2.06 2.09 2.07 2.19 2.01 2.02 2.32
6tnn 2.29 2.34 2.34 2.27 2.26 2.22 2.20 2.21 2.32
2 See ref 5P Scaling parameters according to eq 1.
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Figure 3. Scaled energy gaps (eV) of antjo'-oligothiophenes using  Figure 4. Scaled energy gaps (eV) of antja’-oligothiophenes using
different basis sets.

semiempirical and HF methods.

to the exact exchange/correlation functionals has permitted onejnhomogeneous naturd,the electron density, is taken into

to perform accurate calculations on very complex systems.  account from the electron density gradient. The DFT geometries
Tables 4 and 5 show energy gaps estimated from threeand energies have been greatly improved with the development
different exchange/correlation (XC) functionals. The accuracy of the GGA XC functionalé!-22However, as can be seen from
of the results permitted a direct comparison with the experi- Tables 4 and 5, the predicted energy gaps have the same
mental values without scaling. The SVWN XC functional, behavior as observed for the local SVWN XC functional.
developed from the homogeneous electron gas theory, predictedAnother important improvement of the XC functional is the
energy gaps in good agreement with the experimental values.B3LYP functional that has included part of the exact exchange
The error bars are estimated to be ca. 0.25 eV. The 6ton structuresnergy from the adiabatic connection metRd@®roperties of
is the only one that presents a considerable discrepancy withorganic molecules are well predicted by such hybrid method;
respect to the experimental energy gap of ca. 0.90 eV. The however, the predicted energy gaps are significantly overesti-
withdrawing—NO; group leads to a decrease of the energy gap. mated. The absolute error bars are ca. 1.0 eV., but the overall
The GGA (gradient generalized approximation) BLYP XC behavior follows the same tendency as the other XC functionals,
correlation functional is an improvement, since part of the as one can see in Figure 5. From Figures 4 and 5 it can be
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TABLE 4: Energy Gap (eV) Calculations for Anti ] DFT might be compared with the energy of the 0,0 transitions
& 'ESXU%Srf&”;ﬁ?alo\ll'gftgéog:“el__ﬁ‘aerse?n?rrl‘gsgse)"'a“o”S Relative to (E) usually taken as the crossing point of both the excitation
P u and absorption spectra. The UV-absorption spectra overestimate

expf B3LYP BLYP SVWN the HOMO-LUMO gap, in part due to the vibrational structure
2t 3.68 4.80 (1.12) 3.4040.28) 3.43 (0.25) associated to the electronic spectra, which has not been
2too 337  450(1.13)  3.110.26)  3.11¢0.26) eliminated. Probably this fact lead to a fortuitous good agree-
3t 311 4.16(1.05  2.8610.25)  2.88¢0.23) ment with the B3LYP results because this functional also
g:ﬁ g:gg g’:gé 822; g:;al;(g:igg gg gg:igg overestimates the HOMELUMO energy gap as explained
4t 282 3.83(1.01) 2.590.23)  2.61¢0.21) above. It is opportune to mention that, contrary to the hybrid
4to0 2.74 3.69 (0.95) 2.440.30) 2.45 (0.29) XC functionals and conventional ab initio Hartreleock
6t 2.52 3.53 (1.01) 2.3310.19) 2.35¢0.17) approach, most of the GGA and local XC functionals under-
6too 247  3.01(0.54) 2.230.24) 2.24(0.23) estimate the HOMGLUMO energy gap, as we have also

6ton 247  2.92(0.45)  1540.93  1.52(-0.95

6tnn 599 3.30 (1.01) 1.95-0.34) 1.96 €0.33) observed in the present work. It should be said that the HGMO

LUMO gap is simply an energy level difference between two

& See ref 5. orbitals, and, in principle, it should be corrected by exchange
TABLE 5: Energy Gap (eV) Calculations to Syn ?ndhporrelatlon ﬁffeé:lt_sY th)) bedcg\r;l\s)ve;\rlefd Wlt_h exlperlmeﬂtal data.
a,a’-Substituted Oligothiophenes and Deviations Relative to n this context, the an unctionals are shown to
the Experimental Values (in Parentheses) perform very well.

expe B3LYP BLYP SVWN ,IAII me_thodsftrmt have been used ifn :Ee pg;:sent ;NOI’![( pred{,c\:/ted
a lowering of the energy gap of the 6ton structure. We
2 3.68 500(132)  3.58(0.10) 3.60€0.08) previously observeta bathochromic shift of the energy gap of
2too 337  4.80(1.43) 3.360.01)  3.36 £0.01) . ; )
3t 311 4.39 (1.28) 2.860.25) 3.08 {-0.03) '_the nitro-substituted terthiophenes and we suggest_ed that an
3to 2.99 4.30(1.31) 2.94-0.05) 2.95 ¢0.04) intramolecular charge transfer takes place in the excited states
3tn 2.36 3.60(1.24)  2.3210.04)  2.32(0.04) of these molecules based on this solvatochromic effect. Interest-
ﬁoo 22-% i-%)é ((11252)) 22-% ((%-%5) %-gi‘((’bog ingly, the substituent effects decrease from 3t to 6t and no charge
6t 259 303 (1"41) 266 (0"1 4) 268 (0:16) transfer is dlrectly obser\(ed for 6ton from optlcal data.
6too 2.47 3.84(1.37)  2.56(0.09 2.59(0.12) Two questions then arise from the analysis of our results:
6ton 247  311(064) 16508)  1.63(-0.89 1. For the withdrawing groups, Koopmans’ theorem is not
6tnn 2.29 3.54 (1.25) 2.160.19) 2.11¢0.18) able to adequately describe the energy gap. If a charge transfer
2See ref 5. is actually occurring, one could say that electron density
relaxation of the excited state is important and, consequently,
5’°. \ —m— Experimental the vertical excitation approach is not an adequate method.
4.5 —A—B3LYP 2. If the charge transfer is actually occurring in the excited
\ —e—BLYP . . .

a“__ —— SVWWN state, could it be the explanation for the discrepancy between
< “‘°f ‘\ experimental and calculated values for the nitro-substituted
3 L] -\- A/\\‘\A oligomers? One could calculate small oligomers (2ton, for
§ "~ \ / example) and verify if the same behavior is observed and then
> 301 - w how this happens.

g 25_' \/ In order to address these two questions, we have calculated
S 2

the energy gap using th®SCF approach, i.e., calculating the
ground and the excited electronic state separately using the
ground electronic state optimized geometry and taking the
difference of the total energy as an estimate of the energy gap.
We have used the deMon-KS progr&nto perform these
calculations. The results are shown in Table 6. It is observed
that theASCF method corrects the discrepancies observed for
pointed out that either BLYP or SVWN functional is adequate 6ton. When the excited state is calculated byAlCF method,
for calculating energy gap far,a’-substituted oligothiophenes.  the virtual orbital is relaxed in such a way that the energy gap
By examining the experimental and theoretical energy gap is in good agreement with the experimental value. We observed
difference values quoted in parentheses (Tables 4 and 5), it isthat the discrepancies are related to the withdrawing group
observed that they provide an indication that the syn form should “NO2. This substitution leads to a charge transfer. Figure 6
be the preferred one in the experimental study carried out for shows the HOMO and LUMO densities. The HOMO is
measuring energy gapsThis is an important result since the localized along the thiophene rings and the LUMO is predomi-
source of experimental structural information for oligothiophenes nantly localized on the-NO, group for the 2ton species,
is predominantly for the compounds in the solid state, where it showing that a charge transfer occurs when the molecule is
is well-known that planar or near-planar spatial arrangements excited. With respect to 2too, one does not observe the same
are observed. behavior; HOMO and LUMO are localized along the thiophene
It is worth reminding that Salzner et #.in their study of ~ rings. Our results show that when charge transfers play a
the low band gap polymers using density functional theory significant role Koopman'’s theorem should be used with care
hybrid functionals concluded that DFT hybrid methods provide and may not be adequate to evaluate energy gaps.
energy gaps in good agreement with vertical excitation energies Finally, a word should be said about the nonobservance of
from UV-absorption spectra. In our point of view, assuming charge transfer for the 6ton,a’-disubstituted form in our
that there is no significant difference between the ground and experimental study reported previou8lithe charge transfer
excited state geometries, HOMQ.UMO energy gaps from was experimentally recognized for the 3tn species indirectly

2.0

1.5

2 2o 3 o 3n 4 4oo & 6loo on tnn
Figure 5. Energy gaps (eV) of anti,a’-oligothiophenes using different
DFT methods.
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(c) HOMO 2too

TABLE 6: Energy Gaps of Substituted Bithiophene and
Sexithiophene Using the Koopmans’ Theorem andASCF
Method (SVWN/6-31G*//HF/6-31G* Calculations)

energy gap (eV)
Koopmans’
oligothiophene expt theorem ASCF
2t 3.68 3.43 3.44
2too 3.37 3.11 3.13
2tnn 2.67 2.77
3t 3.11 2.88 2.89
3tn 2.36 2.23 2.55
3ton 1.89 2.40
4t 2.82 2.61 2.62
4tn 1.98 2.37
5t 2.42 2.43
5tn 1.81 2.25
6t 2.52 2.35 2.36
6too 2.47 2.24 2.27
6tnn 2.29 1.96 2.16
6ton 2.47 1.52 2.13

aSee ref 5.
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(d)LUMO 2too
Figure 6. HF/6-31G* contour maps of the HOMO and LUMO orbitals of the 2ton (a, b) and 2too (c, d) substituted bithiophenes.

could greatly modulate and improve the electronic properties
of short oligomers. Furthermore, the energy gap predicted for
the hexamer is, as expected, close to the experimental energy
gap of the polymer due to rotational disorder and other defects
that occur in the polymer. This turns the oligomer approach
attractive for electronic materiaté.

4. Conclusions

Energy gaps of different substituted oligothiophenes up to
six monomers have been estimated by semiempirical, Hartree
Fock, and density functional methods. Scaled values obtained
from the noncorrelated methods are in good agreement with
experiment with exception of the 6ton where a charge transfer
is predicted theoretically. For a direct comparison to the
experimental values, density functional methods provide good
estimates. The error bars are ca. 0.2 eV with respect to the
experimental energy gaps. We have shown that the 6ton
structure has not been well described because the charge transfer
is not adequately treated in Koopmans’ theorem. N&CF

through a solvatochromic effect, where a bathochromic shift of Méthod, in which the ground and excited electronic state is
the energy gap of the nitro-substituted terthiophene was treated sgparately and the difference of the total energy is taken
observed. The absence of solvatochromism is associated with@S an estimate of the energy gap, turns out to be a good approach
the nonexistence of charge transfer in the molecular system!to treat substituted oligothiophene systems.

under study. On the basis of our theoretical results, we suggest Using simple theoretical methodologies, we showed that is
that other effects, such as the solvent effect, might be obscuringpossible to predict reasonably the electronic properties of short
the experimental observation of charge transfer in the 6ton conjugated systems and we are convinced that the systematic

species.

use of those theoretical tools should contribute to orientate the

This theoretical study confirmed our experimental reSults synthesis efforts and help understand the struetpreperties
where it was shown that the use of electroactive substituentsrelation of these conjugated materials. Work is now in progress
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to develop a new methodology to study charged oligomers and
to simulate the solid-state packing effects of the crystallized 2923:

molecules.
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