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ABSTRACT: In this paper, we have studied the conformational and opto-electronic
properties of several oligomers of bridged oligo(bithiophene)s (BTX), , n=1 to 4 with (X:
CH,, SiH,, C=0, C=S and C=C(CN),). The conformational analysis shows that the most
stable conformation is anti-planar conformation. The opto-electronic properties of the
octamer (OTX) lead us to suggest that this oligomer is a good model to reflect opto-
electronic properties for the parent polymer.
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Introduction

Polythiophene and its oligomers are almost the most intensively studied
conducting polymers because of their good environmental stability [1, 2]. These
materials have attracted much interest for potential application in opto-electronic devices
due to their electronic and photonic properties [2]. Whereas polythiophenes obtained as
highly amorphous, oligothiophenes are not amorphous and can be synthesized as well
defined compounds. Moreover, these oligomers provide interesting models for
understanding the structural and electronic peculiarities which control the charge
transport and optical properties in parent polymers [3]. These materials are currently
under intensive investigations for applications in film transistors [4], electroluminescent

diodes [5], lasers [6], sensors [7] and photovoltaic cells [8].

One of the challenges when studying conducting polymers is to investigate new
low band gap polymers. This even involves looking for polymers that are intrinsically
conducting and thus do not require doping. Although various routes are presently
followed for designing novel conducting polymers [9], a very exciting possibility in this
direction is provided by the donor-acceptor polymers based on the approach suggested
by Havinga et al. [10, 11]. Therefore, in the past decade, many efforts have been
devoted to designing and synthesizing new polymer conducting materials, which have
low band gap. Recently, a few low band gap polymers based on polyparaphenylene [12],
polythiophene [13-15], were synthesized and studied intensively. Moreover, Lambert et
al. [16, 17] have synthesized polydicyanomethylene-cyclopenta-dithiophene and poly-
4H-cyclopenta-dithiophene-4-one with experimental band gap values of 0.8 and 1.2 eV,

respectively.

In this regard, we investigated the geometric and electronic structures of some
donor-acceptor polymers differing in their electron-donating and electron-accepting
moieties. The electron-donating are derived from the bridging groups containing
elements carbon C and silicon Si, where the electron-accepting groups are C=0, C=S and
C=C(CN),.

The results of B3LYP/6-31G(d) studies of bridging effects of oligo(bithiophene)s
with a variety of bridging groups (CH,, SiH,, C=0, C=S and C=C(CN),) (Scheme 1)
showed that:

- The important reduction of the energy gap observed for the whole series of bridged

compounds is explained on the basis of the orbital interaction analysis;

- The most relevant structural change is the decrease of the inter-rings bond between

bridged thiophenes;
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- The polymers with C=S and C=C(CN), bridged groups are expected to exhibit the very
low band gaps suggesting that these compounds can be used in the optoelectronic

applications.

X
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X: CH,, SiH,, C=0, C=S and C=C(CN),

Scheme 1: Studied oligo(bithiophene)s

Computational details

DFT method of three-parameter compound functional of Becke (B3LYP) [18] was
used to study the bridged oligothiophenes. The 6-31G* basis set was used for all
calculations [19-22]. The conformational analysis for the neutral structures was carried
out by changing the torsional angle (6, dihedral angle between central two thiophene
rings, S—C—C—S) by 20 steps in the same direction between 0 (syn-planar) and 180°
(anti-planar). For each conformation, 8i were held fixed while the remaining variables
were fully optimised, i.e., no rigid rotor approximation was adopted. The stable molecular
geometries, corresponding to the energy minima on potential energy surface (PES), were
separately obtained by releasing the constraints of the torsional angles, 6i. To obtain the
charged oligo(bithiophene)s structures, we started from the optimized structures of the
neutral form. The geometric structures of charged structures were optimized
independently from the neutral molecules prior to calculation of spin densities. Radical
cations were treated as open shell systems by UB3LYP/6-31G" method. All calculations
were carried out using the GAUSSIAN 03 program [23].

Results and Discussion

Conformational analysis

The results of the torsion potential of the oligo(bithiophene)s bridged by (X: CH,,
SiH,, C=0, C=S and C=C(CN),) calculated at B3LYP/6-31G(d) level are presented in Fig.
1 and Fig. 2. The rotational profiles obtained are similar and both the existence of the

syn—gauche conformer corresponding to average values of 6 with 28.5° (see Table 1).

The region corresponding to anti-gauche conformer is very flat in both cases, for the both
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computational level, the difference between the syn-gauche and the anti-gauche region
is about 0.89 eV, the rotational barrier present five extrema, three maxima situated at
0°, 90° and 180° and two minima located at about 29° and 160° (see Table 1).

Table 1. Relative energy (Kcal/mol) and torsional angle of bridged quaterthiophene
obtained at B3LYP/6-31G(d).

Syn- Anti-

QTX Syn gauche Perpendicular gauche Anti plane
4T - 28.8/23.8(0.11)* - 162.7 (0.00) -
CH, 1.23 28.8 (0.93) 3.46 162.0 (0.00) 0.06
SiH, 1.04 28.1 (0.80) 3.28 166.6 (0.00) 0.01
C=0 1.00 29.9 (0.72) 2.94 159.7 (0.00) 0.07
C=S 1.04 30.8 (0.76) 2.57 161.3 (0.00) 0.04
C=C(CN), 1.18 34.5 (1.27) 2.97 160.9 (0.00) 0.09
* Relative energies of state
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Figure 1: Torsion potential of oligo(bithiophene)s bridged by (X: CH,, SiH,, C=0, C=S
and C=C(CN),) obtained by B3LYP/6-31G(d) level.

The torsional angles and barriers to internal rotation depend on the balance of two
interactions: as a result of the m-electron conjugation between the thiophene rings, the
molecules tend to remain planar, whereas the steric repulsion between hydrogens and
groups (X: CH,, SiH,, C=0, C=S and C=C(CN),) causes the molecules to twist. The most
significant result found with hybrid B3LYP functional is the presence of two minima. The
first in the anti-gauche region corresponding to 6=160°, and the second in the syn-
gauche conformer at 6=29° which is less stable than the anti-gauche conformer by about

0.87 Kcal/mol. A schematic representation of the syn- and anti-gauche conformer for all
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bridged oligomers is given in Fig. 3. These representations were done by the animation
option of the GaussView 3.0 graphical interface for Gaussian programs [23]. While the
values of the most important geometrical parameters, for the most stable conformer

(anti-gauche) structure are collected in Table 2.
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Figure 2: Torsion potential of oligo(bithiophene)s bridged by (X: CH,, SiH,, C=0, C=S
and C=C(CN),) obtained by B3LYP/6-31G(d) level, for 6 included between 150 and 180°.

The most relevant change observed in the comparison between the geometrical
parameters, was more pronounced in the inner thiophene rings and in the terminal rings
of the C—S and C=C bonds. This trend is in good agreement with theoretical calculations
[24] and experimental results [25]. The structures of these oligomers present a shorting
C—S and C=C bonds length in the terminal bonds of the thiophenes rings. In the
comparison of the unbridged oligothiophene, the same evolution is noted by the C=C
bond, but the bond C=C changes length while passing from the terminal to the inner of
the chain. This variation of distance can be caused by the effect of insertion of the
grouping X: CH,, SiH,, C=0, C=S and C=C(CN), between the two thiophenes rings (see
Fig. 3).

The variation of inter-ring bond C;—C;- as well as the function of 6 is showed in
Fig. 4. All curves have similar look, and the shorter interring bond corresponds to
conformation planar syn and anti, indicating that this conformation holds a larger
conjugation between dienic structure what can be also evidenced by enlargement of
interring bond between monomer (C;—C;) and a shortening of C—C single bond of the

ring. As expected, the degree of conjugation changes with oligomers conformations being
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minimal at 6=90° and maximal at planar conformations (anti-planar conformation) (see
Fig. 4).

Table 2. Optimized structural parameters bond length (in R), angle (in degree) of
bridged gquaterthiophene obtained at B3LYP/6-31G(d).

Parameters QTCH, QTSiH, QTC=0 QTC=S QTC=C(CN), 4T
CiC, 1.386 1.384 1.387 1.385 1.385 1.380
C,C3 1.411 1.416 1.408 1.411 1.413 1.419
C5Cy 1.386 1.390 1.384 1.390 1.391 1.380
C4Cs 1.440 1.451 1.456 1.451 1.446 1.441
CsCs 1.386 1.391 1.385 1.392 1.391 1.379
CeCy 1.419 1.424 1.416 1.419 1.420 1.422
C,Cq 1.372 1.371 1.372 1.372 1.371 1.367
Ty 1.516 1.879 1.504 1.419 1.480 -
CsCy1y 1.517 1.881 1.509 1.411 1.482 =
CsSo 1.750 1.743 1.751 1.754 1.752 1.786
CsSo 1.730 1.737 1.719 1.716 1.726 1.758
C4S10 1.730 1.736 1.719 1.717 1.726 1.757
CiS1o0 1.775 1.767 1.776 1.778 1.776 1.758
CaCy 1.441 1.443 1.442 1.442 1.442 1.442
C1C,GC5 112.9 114.0 112.3 112.4 112.8 113.8

C,C;Syp 110.8 110.4 110.8 110.8 110.9 110.0
C,C3C, 113.1 112.0 113.7 113.5 113.0 113.9
C1S10Cq 90.8 91.1 91.0 91.0 90.9 92.1
C3C4Sqp 112.2 112.3 111.9 112.0 112.1 110.0
C3C4Cs 109.2 116.9 109.3 108.6 108.9 129.1
C4CsCs 109.2 116.9 109.4 108.6 108.9 129.0
C4C3Cyy 109.8 106.8 108.5 109.0 108.7 -

CsCsCi1 109.8 106.8 108.5 109.1 108.8 -

C5C4:Cs 101.8 92.3 104.1 104.5 104.6 -

CsCeCy 112.8 111.7 113.4 113.1 112.7 113.6
CeC,Csg 112.0 113.1 111.5 111.6 111.9 112.9
C,CsCy 112.5 112.0 112.3 112.4 112.5 111.6
CgCoCs 90.5 90.8 90.8 90.8 90.6 91.7
CoCsCs 112.1 112.1 111.8 111.9 112.0 110.0

Calculation of band gap (Egap)

The band gap in conjugated oligomers is governed by their chemical structures.
There are two theoretical approaches for evaluating the energy gap. One way is based on
the ground-state properties, from which the band gap is estimated from the energy

difference between the highest occupied molecular orbital (HOMO) and the lowest
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unoccupied molecular orbital (LUMO) [24]. The TDDFT, which has been used to study

systems of increasing complexity due to its relatively low computational cost and also to
include in its formalism the electron correlation effects, this method gives a better
account of the excitation energy and even oscillator strength but it is not perfect for
determining the gap energy. Many paper in the literature showed that this method is not
sufficient for this type of calculation in the case of conjugated molecules and it gives

values of gap far from the values of the experience [24-29].
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Figure 3: Geometries structural of bridged quaterthiophene: a) conformer syn-gauche b)
conformer anti-gauche (stable conformation).
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Figure 4: Inter-ring bond length as function of torsional angle6 for the bridged
oligo(bithiophene)s QTX (X: CH,, SiH,, C=0, C=S and C=C(CN),).

For our work, we have used the method HOMO-LUMO because we have showed in
preceding works that it is a best method which gives satisfactory results especially in the

case of oligothiophenes and oligophenylenes [26].

Therefore, the detailed band gap theoretical calculations are carried out on the
bridged oligomers structures. All values of band gaps were obtained by DFT(B3LYP/6-
31G(d)). For comparison we have also presented in Table 3 the energy gaps calculated
by TD/DFT method. The HOMO, LUMO and Eg,,=HOMO-LUMO energies of the oligomers
(BTCH3),, (BTSiH,),, (BTC=0),, (BTC=S),, (BTC=C(CN),), with n=1 to 4, are presented
in Table 3 and the relationships between the calculated energy gaps (Egsp) and the
inverse chains length are plotted in Fig. 5. One can see that there is a good linear
relation between the energy gap and the inverse chain length. Obviously, the Egp
presented in Table 3, yields a better agreement with the experimental data. However, we
noted that calculations were performed in isolated state; they are still small variations of
the calculated results and experimental values. The first factor responsible for deviations
by both methods from experimental is that the predicted band gaps are for the isolated
condensed phase chains, while the experimental band gaps are measured in the liquid
phase, where the environmental influence may be involved. Additionally, the solid state
effects have been neglected in the calculations. The theoretical band gaps calculated for
isolated chains are expected to be about 0.2 eV larger than condensed phase values
[27]. When taking into consideration this difference, the B3LYP/6-31G(d) method has the
particularity to reproduce gap values similar to those of the experiment [28]. The band
gaps obtained by DFT (B3LYP/6-31G(d)) is 2.41 eV for unbridged octathiophene (8T)
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[29], which are higher than that OTCH, (2.23 eV),0TSiH, (2.27 eV), OTC=0 (1.86 eV),
OTC=S (1.43 eV) and OTC=C(CN), (1.56 eV) indicating that the reduced band gap of

bridged bithiophene oligomers are due to the effect of insertion of grouping (CH,, SiH,,

C=0, C=S and C=C(CN),) between two thiophene rings. The measured values of OTX are
very close to values measured experimentally [16, 17]. These results lead us to suggest
that these oligomers are good models to reflect optoelectronic properties for
corresponding parent polymer.

Table 3. Calculated values of HOMO, LUMO and Egap of bridged octathiophene (OT)
derivatives (eV).

Polymers Eomo E, iuo Egap Egap oxp
OT (unbridged) -4.72 -2.31 2.41 2.3-2 [30]
OTCH, -4.32 -2.09 2.23
OTSiH, -4.66 -2.39 2.27
OTC=0 -4.98 -3.12 1.86 1.2 [16,17]
OTC=S -4.95 -3.52 1.43
OTC=C(CN), -5.40 -3.84 1.56 0.8 [16,17]
45
—m—CH,
1 ——siH, .
40 —4—C=0 °
] —v—c=s
—#— C=C(CN),
— 3,51
>
2
o 3,0+
O
Q0
o 2,5 1
(0]
c
Y 20
1,5
T T T T T T T T T T T T T T T T T
0,2 0,3 0,4 0,5 0,6 0,7 0,8 0,9 1,0 1,1

1/n (n=number of monomer units)

Figure 5: The band gap as a function of reciprocal chain length (n) in bridged
oligo(bithiophene)s.

Conclusion

The calculation performed at the B3LYP/6-31G(d) level for bridged
oligo(bithiophene)s gives torsional potentials. The most stable conformation is the anti-

planar conformation. The calculated gap energy decreases with the chain length from the
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dimer to the octamer, and when passing from the neutral to the doped form for each

oligomer. The obtained energy band gap for the octamer is very close to those of

polythiophene as measured experimentally. This octamer seems to be a useful model to

understand electronic properties of the parent polymer. The calculation appears to be

reliable for the estimation of the band gap of the conjugated polymers; the effects of

bridging on the electronic properties of the octamer entities (OTX) have been examined.

The insertion of CH,, SiH,, C=0, C=S and C=C(CN), groups between two thiophene rings

leads to a reduction of the energy gaps. Concerning the C=C(CN), derivative the lowing

of the HOMO-LUMO energy gap observed certainly indicates a possible reduction of the

band gap in corresponding polymer.
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