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Abstract: We present a study of the torsional potential of biisothianaphthene and compare it to that of bithiophene.

The calculations are performed at the ab initio and semi
and density functional theory (DFT) levels. Our study

empirical Harfreek (HF), ab initio post-HartreeFock,
has two major aims: (i) on the physico-chemical side, to

asses the optimal conformation of biisothianaphthene and evaluate the rotational barriers toward coplanar structures

and (ii) on the methodological side, to asses the useful

ness of DFT approaches. In contrast to previous estimates,

the torsional potential of biisothianaphthene is found to differ markedly from that of bithiophene. For biisothianaph-
thene, strongly rotatest-cis-ands-trans-gaucheninima are predicted as the most stable structures. The structural

analysis fully justifies the greater stability of teecis-gauch

eonformer, thus explaining the “unexpectedtislike

structure observed experimentally in the crystal. The attainment of planar conformations is prevented by the high

rotational barriers:~22 kJ/mol é-trang and~63 kJ/mol §-

chains are therefore predicted to be highly distorted fro

cig at the MP2 level. Aromatic polyisothianaphthene
m planarity even in the solid state, which is of importance

with regard to their electronic and optical properties. DFT calculations are shown to provide geometries very close

to those obtained at the MP2 level, but fail in describi
overstabilize planar conformers. The results allow us to

ng the energetics of the torsional potentials because they
propose a very efficient computational approach for reliable

determinations of conformational potentials in conjugated compounds. The poor quality of the potentials provided

by semiempirical HF methods is emphasized.

Introduction

The design of conjugated polymers with a small energetic
separation between occupied and unoccupied levels has attracte
considerable attention because such materials are expected t
present high electrical conductivities, without the need of any
external doping, and interesting optical properties.One of
the most successful approaches to that goal is based on th
substitution of the monomer unit in order to modify its electronic
structure and, thereby, to modulate the electronic properties of
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the resulting conjugated polymer. The fusion of a benzene ring
upon the thiophene unit leads to polyisothianaphthene (PITN),
g)r which an energy band gap ofl eV has been experimentally
measured, compared to the 2 eV band gap reported for the parent

9niophene polymer (PT). A large number of theoretical and

experimental efforts have been devoted to the determination of
the ground-state geometry, aromatic or quinoid, of PFPN;12
which has been the object of controversy since the polymer was
synthesized. The more recent works conclude that PITN
possesses a quinoid molecular structure in its electronic ground
state'l? However, since the two forms are theoretically
predicted to be almost isoenergeflié1both structures could
actually exist depending, for instance, on the polymerization
route.

Band-structure calculations on PITN using the valence
effective Hamiltonian (VEH) methddindicate that the planar
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Structure and Torsional Potential of Biisothianaphthene

s-cis (0=0°)

s-trans (6 = 180°)

Figure 1. Rotational isomerism and atom numbetfof biisothianaph-
thene. 6 denotes the dihedral angle formed by the planes of the
isothianaphthene moieties.

aromatic polymer should possess an energy bandgg@yen
smaller than that of quinoid PITN (0.2 vs 1.2 eV). Thgvalue

J. Am. Chem. Soc., Vol. 119, No. 6,137

both unsubstitutéd? and disilyl-substitute® dimers predict that

the most stable conformation corresponds to a rotational angle
of about 158 and is separated from the plarsatransform by

a barrier of only 1.3 kJ/mol. AM1 results suggest a high
flexibility for aromatic PITN chains since the ITN units can
easily undergo rotations around inter-ring bonds. These results
are in fact very similar to those obtained for 2i#thiophene,

for which the AM1 method also provides a rotational angle of
about 153 and a barrier of only 0.15 kJ/mol to the plarsairans
form.1® This similarity is however rather surprising since shorter
S---H steric contacts take place in thetrans conformer of
biisothianaphthene.

The aim of this work is to provide a complete characterization
of the internal rotational potential of biisothianaphthene using

calculated for aromatic PITN strongly depends on the rotational both ab initio and density functional methods. The conforma-
angle between adjacent isothianaphthene units, which governdional behavior of biisothianaphthene is analyzed by comparison

the intramolecular delocalization of theelectrons along the
conjugated chain. The degree of planarity of the chain
determines the width of the bands and, thereby, the electrical
and optical properties of the polymer including the optical band
gap.

In contrast to polythiophene, for which the internal rotation

with that of 2,2-bithiophene and can be used as a model to
gain information about the conformation of longer PITN chains.
The knowledge of the optimal conformations and the potential
barriers for internal rotation is of wide interest in order to
understand the structural and optical properties observed for
aromatic oligoisothianaphthen¥s!215and to elucidate whether

around interannular bonds has been widely investigated on thethe conformational properties of these oligomers are similar to

basis of calculations on 2;Bithiophene and longer oligomets,

the conformational behavior of PITN has been scarcely studied.

Experimental studies are limited to the very recent X-ray
structural determination reported by Quattrocchi ét &br 5,5-
bis(tert-butyldimethylsilyl)-2,2-biisothianaphthene (see Figure
1 and ref 16 for numbering criteria), which possesses an
aromatic structure. The molecule showssarislike conforma-
tion with a torsional angled between the planes of the
isothianaphthene (ITN) units of about®50This s-cisconforma-
tion contrasts with the plana-transform observed for 2,2
bithiophene in the crystdf,and is explained as a consequence
of packing effects dominated by the bulky side groups. Longer

those of oligothiophenes as suggestéd>

The torsional potential of biisothianaphthene has been
calculated at the ab initio and semiempirical HartrEeck (HF)
levels and including electron correlation effects by second-order
Mgller—Plesset (MP2) perturbation theory and density func-
tional methods. Density functional theory (DRY)s increas-
ingly exploited by chemists since it offers a promising tool that
may be applied to large systems since it includes correlation
effects in a form in which the cost runs witi, N being the
number of basis functions. This contrasts with conventional
ab initio methods such as MP2 or MP4 that scal&Nasr N7,

oligomers up to the tetramer are also synthesized, but attemptgespectively’° DFT calculations are claimed to provide ener-

to grow single crystals from them were all unsucces¥fulhe

getic data closer to MP2 results than HF calculati®ng® The

absorption spectra of the oligomers were compared to the resultscomparison of the rotational potentials calculated for bi-

of INDO/SCI calculations, and it was concluded that the
molecules adopt strongly nonplanar conformations in solution.
Theoretical studies on the conformational isomerism of PITN

isothianaphthene and 2;Rithiophene at the MP2 and DFT
levels can serve to test the reliability of the DFT approach. An
important aspect of our work of general interest is to propose

have been restricted to calculations performed at the semiem-an efficient computational approach, combining DFT and MP2

pirical level. The MNDO method provides an almost perpen-
dicular conformation with9 = 95°,32but it is well known that

calculations, to determine reliable conformational potentials in
organic conjugated compounds; the applicability of semiem-

this method overstabilizes perpendicular vs planar conforma- pirical methods is also analyzed and questioned.

tions. The PRDDO approach yields a less twisted structure with

a dihedral angle of 12119 More recent AM1 calculations on
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Computational Procedure The Berny analytical gradient methi8avas used in all the geometry
optimizations. The isothianaphthene units in biisothianaphthene and

The calculations were performed on IBM RS/6000 workstations of the thiophene rings in 2;bithiophene were assumed to be plai@r,

the Department of Qmica Fsica of the University of VValecia using C,, andC,, symmetry restrictions were imposed for plasaris twisted,

GAUSSIAN 92/DFP* and GAUSSIAN 94° programs. To study the and planars-trans conformations, respectively. The requested HF

internal rotation of biisothianaphthene, at the HF and DFT levels, and convergence on the density matrix was 4 @nd the threshold values

that of 2,2-bithiophene, at the DFT level, the torsional ang@levas for the maximum force and the maximum displacement were 0.000 45

scanned in steps of 3Metweend = 0° (s-cis conformer) andd = and 0.0018 au, respectively.

18C (s-transconformer). The geometries of the resulting conformers The energy values computed for the different conformers at the ab

and those of the-cis-ands-trans-gaucheninima were optimized using initio, MP2, and DFT levels were fitted to the following Fourier

the 6-31G* (d functions on sulfur and carbon) basis*¢efdditional expansion:

calculations were performed at the HF/6-31G* level for biisothianaph-

thene in the rangé = 90—110 due to the flatness of the rotational " ]

potential in this zone. Conformational relative energies including V(¢) = ) (1/2)V{(1 — cosig)

electron correlation were estimated by recalculating the optimized HF/ =

6-31G* geometries using frozen-core MP2 perturbation thiééfand

the 6-31G* basis set. This level of calculations is denoted MP2/6-

31G*//HF/6-31G*. In addition, the plana-transconformer and the

s-cis-ands-trans-gaucheninima were optimized at the MP2/6-31G*

whereV is the relative energy at the rotational angle ¢ has to be
defined as 180 — 6 since thes-trans (6 = 18(C°) conformer was
selected as the energy origin. This method of deriving the potential
function for the internal rotation has proven to provide an accurate

level. . . . . " .
) ) ) way to obtain the locations and relative energies of the critical points
DFT calculations were carried out using GAUSSIAN 94 and the i, the torsional potential when these points cannot be determined by
6-31G* basis set. Within the local spin density (L$T)pproximation, direct optimizatiori4a
the S-VWN functional, which combines the Slat®irac (S) ex-
changé® and the Vosko, Wilk, and Nusair (VWN) correlati8hyas Results and Discussion

tested. Among the variety of functionals including nonlocal corrections, . o .
we used the B-LYP functional, for which gradient corrections are  This section is Struc_:tured as fOHOV_VS- The geometric structures
introduced using the Becke (B) exchafyand the Lee, Yang, and  Calculated for the thiophene and isothianaphthene monomers
Parr (LYP) correlatior$? and Becke’s three-parameter hybrid func- are first discussed and compared in order to select the density
tionals, with the nonlocal correlation provided by the LYP (B3-L¥#),  functionals that are more adequate to deal with the dimers. The
Perdew 86 (B3-P86¥,and Perdew 91 (B3-PW9%)functionals. The  geometry of biisothianaphthene and its evolution as a function
rotational potentials of biisothianaphthene and bithiophene were studiedof the torsional angle are then discussed and compared to
by mainly using the B3-P86 and B3-PW91 functionals, since functionals thegretical results obtained for 2/dthiophene and experimental
that introduce gradient corrections for exchange and correlation X-ray data. Next, a detailed analysis of the torsional potentials
;%Fr’]rgg:gﬁ] Tﬁtzaizgggtzeth?ese;;g?et'CS of systems where weak anargy minima and barrier heights) calculated for biisothianaph-
9 P ’ thene and 2/2bithiophene is given. The accuracy of the
(24) Frisch, M. J.; Trucks, G. W.. Schlegel, H. B.; Gill, P. M. W.; wong,  torsional potentials provided by different density functionals is
M. W.; Johnson, B. G.; Wong, M. W.; Foresman, J. B.; Robb. M. A.; Head- discussed by comparison to MP2 results. Detailed information
CKBOFQQT(,I M-;JRgpkgle, EI- S-:CGO&Wpet_rtsyRR-lz_ Agdresb Jj L-l;3 ngghavelljch?rl, of the optimized geometries using all methodological approaches
., binkley, J. 5.; Gonzalez, C.; Martin, R. L.; FoOX, D. J.; Derrees, D. J.; o ; : :
Baker, J.- Stewart, J. J. P.: Pople. J.Gaussian 92/DFTRevision G.3: 1S included as Supporting Information, Tables-S5b.
Gaussian Inc.: Pittsburgh, PA, 1993. 1. Geometries. A. Thlophene and Isothlanaphthene.
(25) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gil, P. M. W.; Johnson, The molecular geometries calculated for thiophene and
B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G. A.; ; i i i
Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski, V. ISOtTIanaphthen? at ]Ehe HFH.MI:IZ’ and D.FT tlfvels ?rﬁ given ::1
G.; Ortiz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B.; l1apble 1. . |n. going from thiophene to isothianaphthene, a
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.; methods indicate the same trends for the thiophene ring: the
\éVOHQE,) 'VB V\é} AklndFEJs, Js Lb: Rfeploglg E Sé§ EomJPeréSt, R.; tMéjlf“S' RH L-id S1-C2 bond shortens, the €Z3 double bonds and the €3
oXx, D. J.; binkley, J. 5.; Delrees, D. J.; baker, J.; ewart, J. P.; Head- f _ .
Gordon, M.; Gonzalez, C.; Pople, J. Baussian 94Revision B.1; Gaussian C4 single bon_d Ieng_then_, and the €51-C2 angle widens.
Inc.: Pittsburgh PA, 1995, The benzene ring of isothianaphthene presents a cadarbon
(26) Hariharan, P. C.; Pople, J. &hem. Phys. Letll972 16, 217. bond-length alternation of 0.6%.06 A at the MP2 and DFT
(27) Mlier, C.; Plesset, M. S2hys. Re. 1934 46, 618. levels. This small alternation together with the changes

(28) (a) Binkley, J. S.; Pople, J. Ant. J. Quantum Chen1975 9, 229. . . L
(b) Pople, J. A.; Binkley, J. S.; Seeger, Rt. J. Quantum Chem. Symp.  calculated for the thiophene moiety suggest thaelocalization

1976 10, 1. (c) Krishnan, R.; Pople, J. Ant. J. Quantum Chen1978 14, mainly occurs along the periphery of the isothianaphthene unit.

Z%Ad) Krishnan, R.; Frisch, M. J.; Pople, J. A.Chem. Phys198Q 72, The reliability of the optimized geometries is analyzed for
(29) (a) Hohenberg, P.: Kohn, Whys. Re. B 1964 136 864. (b) Kohn, thlophene by calculatlng_the average difference between the

W.; Sham. L.Phys. Re. A 1965 140, 1133. experimental and theoretical values for the bond lengiti),

(b)(glo)t(a)JDiCr_?_% Fé ﬁ-CM-Pr_OE- Ctlle;m%rifdgiﬂ F’IhiIOIS- SO?SQI_gﬁy 376- ) and the bond angleé(o). The HF/6-31G* parameters are the

ater, J. e Self-Consistent Field Tor iMolecules an olids; Quantum X — N —

Theory of Molecules and SolidsicGraw-Hill: New York, 1974; Vol 4. less _accurateS(R) =0.0167 A and(a) = 0.45', because they
(31) Vosko, S. H.; Wilk, L.; Nusair, MCan. J. Phys198Q 58, 1200. provide too short double bonds and too long single bonds. The
(32) Becke, A. D.Phys. Re. A 1988 38, 3098. MP2 resultsd(R) = 0.0045 A andd(a) = 0.17°, are by contrast

(33) Lee, C.; Yang, W.; Parr, R. ®hys. Re. B 1993 37, 785. i i ;
(34) The B3-LYP functional consists of Becke’s three-parameter hybrid very close to the experimental values. For the different density

functional3#® which is a hybrid of Hartree Fock exchange with local and fun_ctionals used, the accuracy of the results evolves along the
gradient-corrected exchange and correlation terms, with the nonlocal series B-LYP< B3-LYP < B3-PW91~ B3-P86 < S-VWN.

correlation provided by the LYLg’Dfunctlorjélacccz'dlgggtO the following  The geometries calculated for isothianaphthene point to the same
expression:E = (1~ 8B+ 8B + AABCT F ake Y+ (1 trends (see the Supporting Information, Tables S1 and S2).

— a)EcYWN, See the following: (a) Gaussian/DFT supplement manual. (b) o .
Becke, A. D.J. Chem. Phys1993 98, 1372;98, 5648. (c) Stephens, P.J.; =~ These results indicate that, among the functionals tested, the

?g:%/gn, F. J.; Chabalowski, C. F.; Frisch, M. Jl. Phys. Chem1994 98, local S-VWN functional provides the most accurate geometries.
(35) Perdew, J. PPhys. Re. B 1986 33, 8822. (38) Schlegel, H. BJ. Comput. Cheml982 3, 214.
(36) Perdew, J. P.; Wang, Yhys. Re. B 1992 45, 13244. (39) Bak, B.; Christensen, D.; Hansen-Nygaard, L.; Rastrup-Andersen,

(37) Novoa, J. J.; Sosa, G. Phys. Cheml1995 99, 15837. J.J. Mol. Spectroscl961, 7, 58.
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Table 1. Optimized Geometric Parameters of Thiophene and Table 2. Optimized Geometric Parameters for the Plasidirans
Isothianaphtherie Conformers of Bithiophene and Biisothianaphttfene
thiophene isothianaphthene bithiophene biisothianaphthene
B3- B3- parameterc Mp2 B3-PW91 MP2 B3-PW91
parameté¥® HF  MP2 PW9l expf! HF MP2 PWOIl
c2-Cc2 1.450 1.448 1.446 1.446

S1-C2 1.7258 1.7178 1.7255 1.7140 1.7092 1.7009 1.7091 g1-C2 1.736 1.746 1.732 1.740
C2-C3 1.3451 1.3762 1.3673 1.3696 1.3607 1.3978 1.3856 (2_C3 1.386 1.378 1.428 1.416
C3-C4 1.4369 1.4201 1.4258 1.4232 1.4453 1.4427 14502 c3-Cca 1.415 1.420 1.444 1.450
C3-C6 1.4446 1.4232 14284 c4-c5 1.376 1.367 1.395 1.383
ce-c7 1.3411 1.3760 13669  c5_g1 1.719 1.726 1.694 1.700
C7-C8 1.4502 1.4252 1.4309 C3-C6 1.422 1.427
S1-C2-C3 111.84 111.58 111.49 111.47 111.47 111.11 111.27 C6—C7 1.381 1'371
C2—-C3-C4 11253 11244 112.63 11245 112.19 111.93 112.01 C7-C8 1.418 1.424
C5-S1-C2 91.27 9197 91.77 9217 9269 93.93 9344 c8-C9 1.376 1.366
C4—C3-C6 119.11 119.65 119.34 '
C3-C6-C7 119.41 119.15 11939 ~ S¢3C4 1.420 1.426

gy ' ' ' C2-C2-C3 128.7 129.1 130.7 131.0
C6—-C7-C8 121.48 121.20 121.27
S oe S1-C2-C3 110.3 110.1 108.8 108.7
o(R) 0.0167 0.0045 0.0055 0.0216 0.0080
5(a)e 045 011 0.20 0.49 0.23 C2-C3-C4 113.2 113.5 112.3 112.6

C3—C4-C5 112.6 112.8 112.7 112.7

a All the optimizations were carried out using the 6-31G* basis set C4—C5-Sl1 111.7 111.6 111.2 111.3
and assumingCp, symmetry constraint®. The atomic numbering C5—-S1-C2 92.2 92.1 95.0 94.6
corresponds to that displayed in Figure¢Bond lengths are in C4-C3-C6 117.6 117.4
angstroms and bond angles in degréddicrowave data from ref 39. C3-C6—-C7 120.1 120.4
¢ Average deviations calculated for bond lengt{&), and bond angles, C6—C7—-C8 121.7 121.6
J(a), with respect to experimental values for thiophene and to MP2 C7-C8-C9 120.2 120.3
values for isothianaphthene. C8—-C9-C4 119.4 119.7

. . _ . C9-C4-C3 121.0 120.6
It is however known that, when dealing with density functional  S1.--H3 2.93 2.94
methods, good geometries do not always lead to good relative S1:+-H6' 2.47 2.45

energies and the introduction of nonlocal corrections is generally ™ a || the optimizations were carried out using the 6-31G* basis set
required to obtain good energet®<? This has been recently  and assumingC,, symmetry constraint®.The atomic numbering
shown for the rotational barrier of acrolein, for which nonlocal corresponds to that used in Figure°Bond lengths are in angstroms
density functionals provide energy differences closer to the MP2 and bond angles in degreé<ata from ref 14a.

and experimental values than local functiorfdfsWe have thus

chosen the B3-P86 and B3-PW91 functionals to investigate the A, X-ray dataf® and comparable to that observed for the central
rotational barriers of biisothianaphthene and'-Bjthiophene  bond of a polyenic system like 1,3,5,7-octatetraene (1.451 A,

since they are the nonlocal functionals that afford geometries X-ray datay* The steric interaction between both rings is
closer to the MP2 results. mainly due to the St-H3' (S1---H3) and S+C3 (SI1-:-C3)

B. Biisothianaphthene. The geometries of the = 0°, 30", contacts which take place at shorter distances (2.93 and 3.21

60°, 9C°, 120, 15C%, and 180 conformers of biisothianaphthene A, respectively) than the sum of the van der Waals radii (3.05
were optimized at the HF/6-31G*, B3-P86/6-31G*, and B3- and 3.50 A, respectively).
PW91/6-31G* levels. For 2)sithiophene, HF/6-31G* and The geometric parameters calculated for biisothianaphthene
MP2/6-31G* geometries have been reported previdéahnd undergo more important changes with respect to the geometry
optimizations were performed only at the B3-P86/6-31G* and 0f the monomer than those obtained for bithiophene. Now, both
B3-PW91/6-31G* levels. Two additional geometry optimiza- the SC2 and C2-C3 bonds lengthen by 0.03 A. This
tions including the relaxation of the torsional anglewere lengthening is accompanied by a narrowing of the-62-C3
performed in order to localize-cis-ands-trans-gaucheninima. and C4-C3-C6 angles of-2.2° and a broadening of the €5
The planas-transand thes-cis-ands-trans-gaucheonformers ~ S1-C2 (1.0) and C3-C6—H6 (1.8) angles. All these changes
of biisothianaphthene were also optimized at the MP2/6-31G* tend to alleviate the high steric hindrance present in the
level. To simplify the notation, the basis set used in the interannular region of biisothianaphthene, where twe $i6'
calculations will be hereafter omitted. contacts occur at only 2.47 A and the-SC3 and S1:-C6
Table 2 summarizes the MP2- and B3-PW91-optimized distances are 3.28 and 3.19 A, respectively. Despite these
geometries for the planartransconformers of 2,2bithiophene ~ nonbonding interactions, the inter-ring C2:®@nd is predicted
and biisothianaphthene (HF and B3-P86 geometries are givento have a length of 1.446 A slightly shorter than in bithiophene
as Supporting Information, Tables S3 and S4). For both (1.450 A). This result suggests that an importaebnjugation,
molecules, B3-P86 and B3-PW91 calculations provide bond €ven stronger than in bithiophene, takes place between the two
lengths and bond angles very close to the MP2 values, while isothianaphthene moieties. The biisothianaphthene molecule
HF results yield more localized structures. The following oOffersin fact the possibility of delocalizing theelectrons along
discussion focuses on the MP2 results. the long polyenic chain defined by the periphery of the two
Starting with 2,2bithiophene, the geometric parameters isothianaphthene units, i.e., a hexadecaoctaene chain, which is
undergoing the most significant changes with respect to the 2 times longer than the octatetraene chain present in bithiophene.
thiophene monomer are the SC2 and C2-C3 bonds which Figures 2 and 3 sketch the variation with the torsional angle
lengthen by 0.02 and 0.01 A, respectively. These changesf of those bond lengths and bond angles in the interannular
originate in the conjugation between theelectronic clouds of  region of biisothianaphthene which undergo the most important
both rings and in the steric interactions that take place betweenchanges with internal rotation. The variations presented are
them. The existence of a strong delocaliza’%\on between the twobased on B3-PW91 calculations since MP2 optimizations were
rings is evidenced by the length of 1.450 A predicted for the -
interannular C2C2 single bond. This length is significantly Eﬁ% ggﬁgbhonqgﬁ?lﬁ?ﬁ.Pﬁgﬂiirdéétéi (l:_re}'\zt,?llf’%r.';’ g;%%izrsl«;ﬁ%
shorter than that reported for a biaryl system like biphenyl (1.496 Met. 1985 11, 37.
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Figure 2. Variation as a function of the torsional angleof the
interannular C2C2, S1—-C2, and C2-C3 bond lengths calculated for
biisothianaphthene at the B3-PW91/6-31G* DFT level.
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Figure 3. Variation as a function of the torsional anglef the C2—
C2—C3, C2-C3-C6, C4-C3—-C6, and C3-C6—C7 bond angles
calculated for biisothianaphthene at the B3-PW91/6-31G* DFT level.
only performed for thes-cis- and s-trans-gaucheonformers.
The MP2- and B3-PW91-optimized geometries of these con-
formers are listed in Table 3 (HF- and B3-P86-optimized

120 150 180

Viruela et al.

Table 3. Optimized Geometric Parameters for theis- and
s-trans-gauche&Conformers of Biisothianaphthehe

s-cisgauche s-transgauche
parameté* MP2  B3-PW91 expfl MP2 B3-PW91
0° 56.7 55.6 ~50 126.5 129.9
c2-Cc2 1.445 1.451 1471 1444 1.449
S1-C2 1.721 1.732 1.718 1.723 1.734
C2-C3 1.411 1.399 1.393 1412 1.401
C3-C4 1.439 1.447 1.445 1.440 1.448
C4-C5 1.400 1.386 1414 1.399 1.386
C5-S1 1.701 1.705 1.718 1.700 1.705
C3-C6 1.420 1.426 1426 1.420 1.426
C6—C7 1.379 1.369 1.353 1.379 1.369
C7-C8 1.423 1.429 1425 1.422 1.428
C8-C9 1.377 1.367 1.364 1.377 1.367
C9-C4 1.422 1.428 1428 1421 1.427
C2-C2-C3 127.7 129.1 128.8 129.7
S1-C2-C3  110.0 109.9 109.9 109.8
C2-C3-C4 112.4 112.6 112.4 112.6
C3-C4-C5 1121 112.2 112.2 112.3
C4—-C5-S1 111.3 1115 111.3 111.5
C5-S1-C2 94.1 93.8 94.2 93.9
C4-C3-C6 119.9 119.2 119.6 118.9
C3-C6-C7 1189 119.4 119.1 119.6
C6—C7-C8 121.3 121.3 121.3 121.4
C7-C8-C9 1212 121.1 121.0 121.0
C8-C9-C4 1191 1194 119.1 119.4
C9-C4-C3 119.7 1195 119.8 119.7

a All the optimizations were carried out using the 6-31G* basis set
and assumin@, symmetry constraint$. The atomic numbering is given
in Figure 1.¢ Bond lengths are in angstroms and bond angles in degrees.
d AverageC, solid state X-ray data for 5®is(tert-butyldimethylsilyl)-
2,2-biisothianaphthene from ref 18Torsional angle defined by the
planes of the two isothianaphthene units. Values of tr@l 103.8
at the HF level and of 53°@and 132.9 at the B3-P86 level are obtained
for s-cisands-trans-gaucheonformers, respectively.

very much shorter than the sum of the van der Waals radii (2.40
and 3.70 A, respectively) and also than the distances calculated
at the B3-PW91 level for the H3H3' (2.43 A) and S%:--ST
contacts (3.31 A) in the-cisconformer of 2,2bithiophene.

The evolution of the C2C2 bond length with 6 is
determined by both conjugative and steric effects. For the less
hindered bithiophene molecule, the loss of theonjugation
present in the planar forms prevails; the length of the-C2
bond has a similar value for ths-cis and s-trans planar
conformers and increases in going from planar to perpendicular
forms142 This is not the case for biisothianaphthene, for which
the strong steric interactions occurring in the planar conformers
determine a decrease of the-©22 bond length in going from
planar to twisted structures, especially for theisconformers,
despite the loss of-conjugation. The largest value (1.464 A)
calculated at the B3-PWO9L1 level for this bond length indeed
corresponds to the plansfcisconformer. This value is-0.02
A larger than for thes-transconformer, thus showing that the
s-cisform is significantly more hindered than teetransform.

Steric interactions lead also to large variations of the
interannular bond angles with the torsional anglsee Figure

geometries are given as Supporting Information, Table S5). The3). The C2-C2-C3 angle decreases from 131.for the
changes shown in Figures 2 and 3 are mostly due to the decreass-transconformer to 128.8for the perpendicular form and again

of the steric interactions in passing from the highly hindered

increases up to 136 9or the s-cisconformer. A similar, but

planar conformers to the less crowded twisted structures. Inless marked evolution is found for the €23—C6 angle which

this way, the minimum lengths of the SC2 and C2-C3 bonds

appear for the perpendicular conformation (1.731 and 1.395 A),

and the maximum lengths for the plarsairans(1.740 and 1.416

A) ands-cis(1.751 and 1.418 A) conformers. The longer bonds
obtained for thes-cis conformer are due to the short steric
contacts that take place in the interannular region for this
conformer. The H6 and H&toms are separated by only 1.58

varies from 130.0(0 = 180°) to 127.8 (6 = 90°) and to 131.7
(6 = 0°). This evolution is complemented by the narrowing of
the C4-C3—C6 angle in passing from perpendicular (1£9.4
to planars-cis(115.8) ands-trans(117.4£) structures. All these
trends tend to alleviate the steric interactions, especially for the
s-cisconformer.

It is worth noting that, although the planascis conformer

A and the two sulfur atoms by 2.94 A. These distances are is more crowded than the plansstransconformer, the bond
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Table 4. Relative EnergiesHy — Eyans kJ/mol) Calculated for 40 ;
Biisothianaphthene at Different Torsional Anglgh? i @--HF
conformation MP2//B3- B3- B3- £ —e— MP2
0 (deg) HP  MP2/HF PW9E MP2 P8® PWIP 1%
30 --o--B3-PWO1 |....
0 (s-cig 39.14  38.29 39.23 34.73 34.33 . e BIPES
30 —2.03 -—-3.20 —2.65 2.85 2.30 b
50 —26.70 —23.53 ]
s-cis-gaucheé —29.95 —23.38 —23.93 —24.75 —11.96 —13.72 20
60 —29.70 —24.25 -—23.71 —11.43 —13.47 — E
75 —29.42 g b
90 —28.54 —-19.22 —18.75 6.66 —9.43 5 ]
95 —28.43 2 4,
100 —28.41 > J
110 —28.36 1
120 —27.65 —21.64 —21.18 —10.28 —12.36 1
s-trans-gauch®e —28.41 —-19.73 —21.54 —22.06 —11.50 —13.01 0 ]
150 —14.60 —-15.73 —15.69 —8.69 —9.28 _ P
180 (s-trang 0.0 0.0 0.0 0.0 0.0 0.0 4 /,;I
b e
a All the calculations were performed using the 6-31G* basis set. . S g‘" y
b Geometries were optimized fixirgjand keeping planar the isothianaph- -10 N S T
thene units. § was also optimized for the-cis- and s-trans-gauche ] Nolite RO SE PY
minima.¢ Single-point calculations! The optimized values of for 4 )
the s-cis-gaucheminimum are 64.9 56.7, 53.8, and 55.8 at the E /
HF, MP2, B3-P86, and B3-PW91 levels, respectivéljhe optimized -20 /"\‘\“\/
values off for the s-trans-gaucheninimum are 103.8 126.5, 132.9, ] B / , !
and 129.9 at the HF, MP2, B3-P86, and B3-PW91 levels, respectively. i ‘\m L’
30'1 N md&_.esﬂmmm—‘ﬁ/

lengths and bond angles reported in Table 3 for gheche 0 30 60 90 120 150 180
minima suggest that thecis-gaucheonformer is less hindered 6 (deg)

than thes-trans-gaucheonformer. For instance, for theecis-
gaucheconformer, the S£C2 and C2-C3 bonds are slightly
shorter, the C2-C2—C3 angle is~1° smaller, and the C4
C3—C6 angle is~0.3 larger. That suggestion is also supported
by the distances calculated for steric contacts. At the MP2 level,
thes-cis-gaucheonformer only shows a single 84S1' contact Table 5. Fourier-Fitted Torsional Potentials of Biisothianaphttfene
(3.56 A) below the respective van der Waals distance (3.70 A), MP2//B3- MP2//B3-
since the H6 and Hetoms are now separated by a distance of parametér* MP2//HF PW91 parametéf MP2//HF PW91
2.66 A. For thes-trans-gaucheninimum, two S1--H6 contacts

Figure 4. Fourier-fitted HF/6-31G*, MP2/6-31G*//HF/6-31G*, B3-
P86/6-31G*, and B3-PW91/6-31G* torsional potentidsalculated
for biisothianaphthene as a function of the dihedral afigiEhes-trans
planar conformerd = 18Q°) is taken as the energy origin.

' Vi 19.14 19.76 Vs 4.41 455

are found (2.92 A) below the van der Waals distance (3.05 &), v, 3456 -3443 Vs —381 -394

and four S1:-C3 and S1:--C6 contacts are calculated at Vs 14.48 1477 V- 0.26 0.16

distances of 3.44 and 3.51 A, which are on the order of the van ;(4 —éé-gZ —2516-332 \és 1—23%2 1207.3;1
i ce . . TG . .

der Waals distance (3.50 A) AEcg  —2445 -2394  AErs  —22.09 —2157

The only experimental information about the structure and
conformation of biisothianaphthene is the single-crystal X-ray  *All the calculations were performed using the 6-31G* basis set.

; ; inati _ bV, (kJ/mol) are the coefficients of the eight-term Fourier expansion.
diffraction determination of the sfructure of Siisert ¢ 0§ andAE refer respectively to the torsional angle (deg) and the relative

butyldimethylsilyl)-2,2-biisothianaphthen®.  The dimer is  gnergy E, — Eyans kd/mol) calculated from the fitted potential for the
reported to show &-cis-gaucheconformation with the two s-cis-gauch€CG) ands-trans-gauch&TG) minima.

isothianaphthene moieties pointing in the same direction and
forming an angle of-50°. The average® symmetry) bond MP2/6-31G*//B3-PW91/6-31G* single-point calculations. The
lengths measured for that compound are given in Table 3 ands-transplanar conformer is always taken as the energy origin.
should be compared with those calculated forghes-gauche (The basis set will be hereafter omitted in the notation.) Figure
minimum, for which torsional angles of 56,%53.8, and 55.8 4 plots the potential energy curves for the internal rotation of
are predicted at MP2, B3-P86, and B3-PW9L1 levels, in good biisothianaphthene as a function of the dihedral amfigleThe
agreement with the experimental value. HF calculations afford MP2//B3-PW91 potential is not displayed because it is almost
too strongly a twisted structure with a torsional angle of 84.9  fully superimposed on the MP2//HF potential. The potential
The largest deviation between the MP2 and experimental bondcurves were obtained by fitting the relative energy values given
lengths is found for the inter-ring GXC2 distance, which has  in Table 4 to an eight-term Fourier expansion as explained
a calculated value of 1.445 A and an X-ray value of 1.471 A. above. The use of six-term Fourier expansions provides slightly
We believe, however, that the experimental estimate might be less accurate potential curves and is not adequate to describe
too long, since recent X-ray studies of 2hiophene all report  the bottom of the HF curve. The values calculated for the
inter-ring distances of 1.4441.448 A7bcin very good accord  coefficientsV; of the eight-term expansions are given in Table
with the distance calculated at the MP2 level (1.450 A). As a 5 for the MP2//HF and MP2//B3-PW91 potentials.
whole, the optimized geometries are in good accord with the  The HF results predict a steep torsional potential with high
experimental data. energy maxima for the planar conformers and a wide, deep
2. Torsional Potentials. A. Biisothianaphthene. Table energy well around the perpendicular conformation. The
4 collects the relative energies obtained for different conforma- torsional potential is very flat in thé = 60—120° zone, where
tions of biisothianaphthene from HF/6-31G*, MP2/6-31G*, B3- a s-cis-gaucheminimum appears aé = 64.9 and a very
P86/6-31G*, and B3-PW91/6-31G* calculations including shallow s-trans-gaucheminimum is localized ap = 103.8.
geometry optimization and from MP2/6-31G*//HF/6-31G* and The s-cis-gaucheminimum is separated from thetransand
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s-cisplanar conformers by barriers of 29.95 and 69.09 kJ/mol, such a conformation as a consequence of packing effects which
respectively. These high energy barriers are due to the strongwere associated with the bulky side groups. The theoretical
nonbonding interactions that take place for planar conformations, calculations presented here show that this is not actually the
as the analysis of the geometric structure has revealed. Thosease, since the conformational behavior of biisothianaphthene
interactions largely destabilize the planar structures and, inis very different from that found for 2\ithiophene. While
particular, thes-cisconformer, for which very short ++H and 2,2-bithiophene presents a very flat torsional potential with
S+++S contacts occur. maximum energy differences of 7.4 kJ/mol and wheiteans

The introduction of electron correlation effects at the MP2 conformations are preferrédbiisothianaphthene shows a very
level very significantly changes the shape of the torsional steep potential where the absolute minimum lies osr@s-
potential (see Figure 4). The major effect is the stabilization gaucheconformation. The fact that trecis-gaucheonformer
of the planar conformations with respect to twisted structures, is more stable than the-trans-gaucheonformer agrees with
thus reducing the depth of the potential wells, and especially the structural analysis performed above, which indicates that
with respect to the perpendicular conformer, which now clearly steric interactions are weaker for the former.
corresponds to a maximum. As a consequence, well-defined  The small energy difference between the two minima (2.74
s-cis- and s-trans-gaucheminima are obtained from MP2  kj/mol at the MP2 level) suggests the coexistence of both
calculations in contrast to the flat pOtential y|e|ded by HF gaucheconformers in Solution' where tmcis_gauch@vould
calculations in the) = 60—120 range. be more abundant, and does not exclude the possibility of

The Fourier-fitted MP2 torsional potentials given in Table 5 finding thes-trans-gauchelisposition in the solid state. Recent
can be used to calculate the position and relative energy of thestudies on tetrathiophenes and longer thiophene oligomers have
minima. At the MP2//HF level, the-cis-ands-trans-gauche  shown that, although ths-transorientations are more stable
minima are located & = 56.3" and 127.8, respectively, and by about 2-4 kJ/mol* s-cis conformations are also found in
are predicted to be 24.45 and 22.09 kJ/mol lower in energy the solid staté2'9 The low barriers of~5.2 and~2.9 kJ/mol
than the planas-transconformer. The use of a six-term Fourier  that separate botfjaucheminima suggest a rapid interconver-

expansion gives a similar description of theis-gauchdt = sion between them in solution. In contrast, the large energy
55.6", AE = —24.57 kJ/mol) and-trans-gauch¢6 = 128.4, difference (22-25 kJ/mol) between the minima and thérans
AE = —22.05 kJ/mol) minima. The-cis-gaucheminimum is planar form would make it difficult to attain fully planar
therefore predicted as the most stable conformation by an energyconformations even in the solid state. These results show that
difference of 2.36 kJ/mol. It is separated from thérans- the optical properties observed in solution for aromatic

gaucheminimum by a barrier of only 5.28 kJ/mol through the  jsothianaphthene oligomers up to the tetramer are due to
perpendiculard = 93.0°) transition state, and by a high barrier - molecules adopting strongly nonplanar conformations, as previ-
of 62.74 kJ/mol through the planarcis form. The energy o5 INDO/SCI calculations of the electronic spectra suggésted.
difference between the planar forms (38.29 kJ/mol) is almost However, the reason for those conformations is not the high
identical to that calculated at the HF level (39.14 kJ/mol). chain flexibility, which allows isothianaphthene units to easily
Nearly identical relative conformational energies and torsional undergo rotations around the inter-ring bond, as previously
angles are obtained at the MP2//B3-PW9L1 level (see Tables 4argued5 but, on the contrary, the high energy of the planar
and 5). . _ . conformations that restricts internal rotation to the neighborhood
The geometries of the-cis-ands-trans-gaucheninima and  of the perpendicular structure. The adoption of strongly twisted
that of thes-transplanar conformer were also optimized at the  conformations dramatically reduces theonjugation between
MP2 level. The minima were localized @t= 56.7 and 126.5 adjacent isothianaphthene units, and thus limits the optical and
and lie at energies of 24.75 and 22.06 kJ/mol belovst@ns-  semjconductivity properties aromaticisothianaphthene chains.
conformer,.respect.ively. The Fourier-fitted torsional potentjals The energy band gap extrapolated for nonplanar aromatic PITN
based on single-point MP2/HF and MP2//B3-PW91 calculations from the optical data recorded for aromatic oligomers in solution
therefore allow one to predict the torsional angles and relative i 1.94 eV15 This value is much higher than the energy gap

energies of thegaucheminima with an accuracy of1° and  predicted for planar aromatic PITN from INDO/SCI (0.63 &V)
~1 kd/mol, respectively. This clearly establishes the validity o vEH (0.21 eV}P calculations.

of using HF- or DFT-optimized geometries.

The MP2 results thus show that the most stable conformation
of biisothianaphthene corresponds ts-eis-gauchelisposition
of the isothianaphthene units. This result is fully consistent with
the s-cis conformation ¢ ~ 50°) observed for single crystals
of 5,5-bis(tert-butyldimethylsilyl)-2,2-biisothianaphthent.In
ref 15, that conformation was thought to be “unexpected”
because the planarcisconformer is much more hindered than
the planars-trans conformer, as the structural and energetic
results discussed above demonstrate for biisothianaphthene, an
because it contrasts with what is found for thiophene oligomers,
which generally adop-translike orientations in the crystaf:42
The authors of ref 15 tentatively explained the appearance of

We now focus on the description that DFT calculations
provide of the conformational isomerism of biisothianaphthene.
As can be seen from Table 4 and Figure 4, both B3-P86 and
B3-PW91 calculations yield 4-fold torsional potentials with well-
defineds-cis-ands-trans-gaucheninima. The major difference
between DFT and MP2 results is that the energy differences
between twisted and planar conformations are reduced1ty
kJ/mol, i.e., by about a factor of 2. It seems like DFT

alculations underestimate the steric interactions that take place
or planar conformers, thus leading to a stabilization of these
conformers with respect to twisted structures. This shortcoming
is more pronounced for the B3-P86 functional, for which the
twisted structures are shifted up in energy by32kJ/mol with

(42) (a) Bolhuis, F. V.; Wynberg, H.; Havinga, E. E.; Meijer, E. W.;  respect to the B3-PW9L1 torsional potential.

Jslt;a['ggb'fzf; E‘ JSGVQQ?MM‘?}?_?G?O?%. flégr)] zgfi\é\ilg,t'hALf;caB.lirr]r?.héﬁjérﬁ The relative stabilization of the planar conformers provided
Soc.1993 115 12158. (c) Barbarella, G.; Zambianchi, M.; Bongini, A.; by DFT calculations has two main effects on theis- and
gg:]olii?]ii, k'A/ggiol\ﬂr?iteI[. 1A9d94 '\?I,a?grl.lgng:rggrzell(z,) ﬁgt%:n;b.i%g?; l\gi.: s-trans-gaucheminima: (i) they appear at less twisted angles
K2 ) Mater. Chem1991 1. 835, (f) Barbarelia. G.. zambianchi M.  (D5-P86, 53.8and 132.9; B3-PW91, 55.6 and 129.9) than
Bongini, A.; Antolini, L. Adv. Mater. 1993 5, 834. (g) Liao, J.-H.; Benz, ~ the minima calculated at the MP2 level (56ahd 126.8) and

M.; LeGoff, E.; Kanatzidis, M. GAdv. Mater. 1994 6, 135. (i) the energy difference between them almost vanishes (B3-
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P86, 0.46 kJ/mol; B3-PW91, 0.71 kJ/mol). The energy barriers Table 6. Relative EnergiesHy — Eyans, kJ/mol) Calculated for

separating bothgauche minima through the perpendicular

2,2-Bithiophene at Different Torsional Angleg)¢

conformation have values of 3%.5 kJ/mol and are on the

same order as those obtained at the MP2 level. The energy
difference between ths-cisand s-transplanar conformers is
calculated to be-34 kJ/mol by both functionals, underestimat-
ing the MP2//B3-PW91 value by only 5 kJ/mol.

The fact that DFT calculations using the B3-P86 and B3-
PW91 functionals underestimate by-465% the MP2Ey; —
E.... relative energies calculated for twisted conformations in
the & = 45—135 range while they underestimate by only 10%

conformationd (deg) MP2:c B3-P86 B3-PW9E
0 (s-ci9 4.09 4.04 4.04
30 —0.17 2.74 2.55
s-cis-gauché —-1.19 2.73 2.55
60 0.17 6.75 6.16
90 2.99 10.98 10.16
120 —0.90 5.87 5.27
s-trans-gauchte -3.32 —0.26 -0.35
150 —2.99 —0.02 —0.19
180 (s-tran9 0.0 0.0 0.0

the E¢is — Ewans €nergy difference suggests that, in addition to

2 All calculations were performed using the 6-31G* basis %Blata

an underestimation of the steric interactions, there are otherfrom ref 14a.° Geometries were optimized fixingjand keeping planar
factors that determine the destabilization of the twisted structuresthe thiophene rings.6 was also optimized for the-cis-anss-trans-

relative to planar conformers at the DFT level. The overestima-
tion of thexr conjugative effects present in the planar conformers
and the underestimation of the-r hyperconjugative effects
occurring in the perpendicular conformers are two factors that
would, for instance, contribute to the relative destabilization of
the twisted conformations.

To test the importance of including gradient corrections in
the functional used in the DFT calculations, the geometries of
the planar and perpendicular conformers and ofstioés-and
s-trans-gaucheminima of biisothianaphthene were optimized
using the local S-VWN functional. Thgaucheminima now
appear at torsional angles of 47.@2nd 146.8 and lie below
thes-transplanar conformer by only 2.76 and 5.09 kJ/mol. The
s-trans-gaucheconformer is therefore predicted to be more
stable by 2.33 kJ/mol. It is separated by a barrier of 14.63 kJ/
mol from the s-cis-gaucheminimum since the perpendicular
form is now calculated to be 9.54 kJ/mol above the planar
s-transconformer. In contrast, the;s — Eyansenergy difference
has a value of 32.25 kJ/mol similar to those obtained with the
B3-P86 and B3-PW91 functionals. These results indicate that
the local S-VWN functional energetically favors the planar
conformers to a higher degree than the B3-P86 and B3-PW91
functionals. The shortcomings of DFT calculations in describing
the energetics of the conformational isomerism of biisothianaph-
thene are therefore accentuated if a local functional is used.

As a conclusion, we suggest that a very efficient computa-
tional methodology would be to perform single-point MP2
calculations on DFT-optimized geometries as it constitutes a
low-cost approach that provides a good description of the
conformational behavior. The use of DFT geometries, even
calculated with local functionals like the S-VWN functional,
guarantees an accurate description of the molecular structure
An MP2 calculation on the basis of these geometries ensures
good energetics for the rotational potential.

B. Bithiophene. In order to gain a deeper understanding
of the applicability and shortcomings of DFT calculations, the
torsional potential of the closely related 2tfithiophene was
calculated at the DFT level. Steric interactions in bithiophene
are less strong than in biisothianaphthene, but large enough t
cause the appearanceg#ucheminima, as gas-phase electron-
diffraction experimental data have recently shd#rlhe results
of previous MP2/6-31G* calculatio®¥ are summarized in
Table 6 together with those obtained here from B3-P86/6-31G*
and B3-PW91/6-31G* calculations. Figure 5 plots the torsional
potentials obtained for 2;bithiophene by fitting the relative
energies listed in Table 6 to a six-term Fourier expansion.

MP?2 calculations provide a very flat 4-fold potential in which
the energy difference between the most stabteans-gauche
minimum and the absolute maximurs-¢isplanar conformer)

(43) Samdal, S.; Samuelsen, E. J.; Volden, HSynth. Met1993 59,
259.

gaucheminima.? The optimized values of) for the s-cis-gauche
minimum are 43.3 29.3, and 30.8 at the MP2, B3-P86, and B3-
PWOL1 levels, respectively.The optimized values & for thes-trans-
gaucheminimum are 142.2 159.0, and 157.4 at the MP2, B3-P86,
and B3-PWO91 levels, respectively.

—e— MP2
15 --e--B3-PW91
: -+ B3-P86
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Figure 5. Fourier-fitted MP2/6-31G*, B3-P86/6-31G*, and B3-PW91/
6-31G* torsional potentiald/ calculated for 2,2bithiophene as a
function of the dihedral anglé. The s-transplanar conformer{ =
180) is taken as the energy origin.

is only 7.41 kJ/mol. Thes-cis- and s-trans-gaucheminima
appear atd = 43.3 and 142.2, respectively, and are separated
by barriers of 3.3 kJ/molsttrans-gauche~ s-trang to 6.3 kJ/
mol (s-trans-gauche~ perpendicular). These theoretical results
explain the coexistence sfcis-ands-transtike conformations

in solutiorf* and in the gas pha$eand justify the planas-trans
structures observed in the solid sté4é? Moreover, the flatness

of the torsional potential is the key to understanding the optical
properties (intensity and broadness of the absorption bands, shift
of the absorption maxima with the aggregation state, etc.) of

0oithiophene and longer oligothiopherfés.

As can be seen from Figure 5, the description obtained for
the conformational isomerism of 2;Bithiophene from DFT
calculations is markedly different from that calculated at the
MP2 level. B3-P86 and B3-PW91 functionals provide nearly
identical torsional potentials where tlsetrans conformations
continue to be the most stable structures; howeversnans-

(44) (a) Khetrapal, C. L.; Kunwar, A. Qviol. Phys.1974 28, 441. (b)
Bucci, P.; Longeri, M.; Veracini, C. A.; Lunazzi, L1. Am. Chem. Soc.
1974 96, 1305. (c) Ter Beek, L. C.; Zimmerman, D. S.; Burnell, E. E.
Mol. Phys.1991, 74, 1027.

(45) (a) Rubio, M.; Mercha, M.; Orti, E.; Roos, B. OJ. Chem. Phys.
1995 102, 3580. (b) Rubio, M.; Mercha M.; Orfl, E.; Roos, B. OChem.
Phys. Lett.1996 248, 321.
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gaucheminimum has almost vanished and appea=t160°

as a very shallow minimum-0.3 kJ/mol below thes-trans
planar conformer. The-cis-gaucheninimum appears & ~

30° and lies 1.3-1.5 kJ/mol below thes-cisplanar form, thus
being very shallow compared with MP2 results (5.28 kJ/mol).
The interconversion between bagaucheminima through the
perpendicular conformation is restricted by barriers of about 8
kJ/mol (-cis— s-trang and 11 kJ/molg-trans— s-cig which

are twice as high as the barriers obtained at the MP2 level.

The shallowness of thgauche minima and the higher
rotational barriers obtained for 2;Bithiophene confirm that,
as discussed above for biisothianaphthene, DFT calculations
favor planar vs perpendicular conformers. The relative stabi-
lization of the planar forms could be ascribed to the underes-
timation of the steric interactions. However, the energy
difference between the-cisands-transplanar forms (4.04 kJ/
mol), which is due to the difference in steric hindrance, is well
reproduced with respect to MP2 calculations (4.09 kJ/mol).
Other factors like those invoked for biisothianaphthene, i.e.,
overestimation ofr conjugative effects in planar conformers
and/or underestimation of—s hyperconjugative effects in the
perpendicular conformer, should therefore be considered as
responsible for the relative stabilization of planar vs twisted
structures at the DFT level. We have also verified for-2,2
bithiophene that the shortcomings of DFT calculations in
describing the torsional potential increase when the local
S-VWN functional is used. At this level, thgaucheminima
disappear and the rotational barrier for thdrans — s-cis
interconversion increases to 16.83 kJ/mol.

We complete our discussion by briefly considering the
applicability of semiempirical methods of the NDDO type:
MNDO,* AM1,4” and PM38 since these methods are often
used in the field of conducting polymers to study the conforma-

Viruela et al.
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Figure 6. AM1 and PM3 torsional potentials calculated for '2,2
bithiophene (3) and biisothianaphthene (IpNas a function of the

dihedral anglé). Thes-transplanar conformerf = 18C°) is taken as
the energy origin.

uncorrectly describe the steric interactions that provoke the
appearance ajaucheconformations and overstabilize perpen-

tion of polyarylenes. The MNDO method fails in describing dicular conformations. Their use to investigate the conforma-
the rotational isomerism of conjugated systems because ittional behavior of polyarylenes should therefore be restricted
strongly favors perpendicular vs planar forms. This shortcoming to cases for which their applicability has been previously tested

has been corroborated for bithioph&end biisothianaphtheria,
for which the rotational energy curves provided by the MNDO
method present ngaucheminimum and localize the preferred
conformation in the neighborhood of the perpendicular structure.
Figure 6 shows the torsional potentials calculated at the AM1
and PM3 levels for bithiophene and biisothianaphthene. The
AM1 method reproduces correctly the torsional profile of
bithiophene showings-cis-gauche(d = 34.5°) and s-trans-
gauche(f = 152.6) minimal84% The torsional potential is,
however, calculated to be very flat, the maximum energy
difference §-trans-gauche— perpendicula) being only 1.79
kJ/mol. The PM3 method also predicts a very flat torsional
wheregaucheminima practically do not exist and the minimum
energy conformation wrongly correspondsst@is structures.
For biisothianaphthene, both the AM1 and the PM3 methods
provide inaccurate torsional potentials. The AML1 potential is
very steep between 0 and4S5ompletely flat between 8Gnd
120, and shows a shallow minimum at= 153.7 lying 1.32
kJ/mol below thes-transplanar conformer. The PM3 potential
presents a unique minimum @t 60°, from which the energy
rises smoothly until reaching the energy maximurfl at 180°.
None of the three semiempirical methods MNDO, AM1, and
PM3 thus provide realistic descriptions of the conformational
behavior of bithiophene and biisothianaphthene. All of them

(46) Dewar, M. J. S.; Thiel, WJ. Am. Chem. Sod.977, 99, 4899.

(47) Dewar, M. J. S.; Zoebisch, E. G.; Healy, E. F.; Stewart, J. J. P.
Am. Chem. Sod 985 107, 3902.

(48) Stewart, J. J. Rl. Comput. Chenil989 10, 209, 221.

(49) (a) Lgpez-Navarrete, J. T.; Tian, B.; Zerbi, Gynth. Met.199Q
38, 299. (b) Alenia, C.; Julia, L.J. Phys. Chem1996 100, 1524.

against more accurate methods.

Synopsis

The conformational isomerism of biisothianaphthene has been
theoretically investigated at the HF, MP2, and DFT levels in
order to gain some insight into the conformational properties
of longer isothianaphthene oligomers and aromatic PITN. MP2
calculations provide a 4-fold potential for the internal rotation
around the inter-ring bond, where minimum energy conforma-
tions correspond to strongly twisted structures and high energy
maxima to thes-cis and s-transplanar structures. The-cis-
gaucheminimum @ = 56.7) lies 2.74 kd/mol below the-trans-
gaucheminimum (¢ = 126.5) and is predicted to be the most
stable conformer. This result explains theislike conforma-
tion (6 ~ 50°) observed for disilyl-substituted biisothianaphthene
in the crystal> The analysis of the molecular structure shows
that, although the planarcisconformer is more hindered than
the planars-transconformer, the steric interactions are more
readily alleviated fos-cistwisted structures, thus justifying the
higher stability of thes-cis-gauchenimimum. The small energy
difference between the two minima further suggests the coexist-
ence of both conformers in solution and makes feasible the
appearance of the-trans-gaucheonformer in the solid state.

Interconversion between the twyaucheminima through the
perpendicular conformation is made possible by low barriers
of 3—5 kJ/mol. On the contrary, interconversion through the
planar conformers, which are destabilized by the short steric
contacts that take place in the interannular region, is prevented
by high barriers of~22 kJ/mol é-trang and ~63 kJ/mol 6-
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cis). These high barriers restrict the internal rotation of methods have been shown to be inadequate to describe the
biisothianaphthene and make it difficult to attain planar conformational behavior of biisothianaphthene and bithiophene;
conformations even in the solid state. The conformational for instance, the popular AM1 method provides a qualitatively
behavior of polyisothianaphthene chains is therefore predicted correct torsional profile for bithiophene but completely fails in
to be markedly different from that observed for polythiophene describing the torsional potential of biisothianaphthene.
chains; in the latter, the torsional potential is very flat and A very useful methodological aspect of our work of general
(nearly) planar structures are the preferred conformations in theinterest is to propose a novel efficient computational approach
solid state. An important result of the present work is that the to describe conjugated compounds: we suggest to have
preference for twisted conformations drastically reducestthe geometries optimized at the DFT level (even simply using local
conjugation in native nonsubstituted aromatic isothianaphthenefunctionals) and conformational energies evaluated via single-
chains, thus limiting their optical and semiconductivity proper- point MP2 calculations. The fitting of the MP2//DFT energies
ties. to truncated Fourier expansions allows one to predict the
The optimized geometries provided by DFT calculations using torsional angles and the relative energies of the critical points
both the local S-VWN and the gradient-corrected B3-P86 and of the conformational potential with an accuracy similar to that
B3-PW91 functionals are very close to the MP2 geometries. afforded by MP2 calculations including full geometry optimiza-
DFT calculations however fail in describing the energetics of tion.
the internal rotation even when gradient-corrected functionals
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