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A semi empirical analysis of a series of 3-hexylthiophenes
[3-XHT, where X = Br, NH,, SH, CN, COOH, CONC(CH;),
and N(CHjs),] having functional group attached to the hexyl
substituent up to four monomeric units with head-tail-head-
tail regioselectivity was carried out. The energy band gap
obtained at PM3 level and the results showed that oligomers
with 3-(N,N-dimethyl)aminohexylthiophene (3DAHT) present
lowest energy band gap although larger that than 3-amino-
thiophene (3HT). 3DAHT and 3-aminothiophene (3AHT)
both with electron donating substituents respond differently
when the polymer was torsioned. The electronic donating
ability of NH, through the hexyl carbon-carbon bonds was
drastically reduced whereas that of N(CH3), was enhanced.
The energy band gap changed with the functional group
attached to hexyl substituents with some effects on the mole-
cular properties related to electronic conductivity.
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INTRODUCTION

Regioregular polyalkylthiophenes are important building blocks for
new electrical applications such as field effect transistors and nanoscale
materials'. One way of adding complexity to the family of polythiophenes
is side chain elaboration. The electronic and photonic properties of
polythiophenes with functionalized side chains are known to be sensitive
to chemical and electrochemical perturbations, chemical structure and
ordering in solution®’. These properties have made these series of polythio-
phenes interesting materials for chemosensors™®, through production of a
variety of functionalized polymers with oxidized m-electrons with good
conductivities and stability at oxygen atmosphere®'’.

Recently theoretical quantum mechanical methods have been applied
to the study of thiophene derivatives'"'°. Oligomers up to six thiophene
monomeric units have been considered with substituents like nitro'',
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cyano'? and phenyl" and the energy band gap was estimated (from LUMO-
HOMO energy difference) using the configuration interaction (CI) approach.
The head-tail-head-tail and head-head-tail-tail coupling of poly(3-alkylthio-
phenes) oligomers up to six monomeric units were also studied using
Hartree Fock (HF) and density functional theory (DFT)'”'®. Generally, the
nature, length of alkyl side chains and bulkiness of side chains have been
found to have great effect on performance and field-effect mobility of the
polymers. The hexyl group at position 3 on the heterocyclic polymers has
also been found to have better and long-term performance'**.

In this present work, we investigate the functionalized poly(3-
hexylthiophenes, 3HT) oligomers of n monomeric units (n=1, 2, 3 and 4)
arranged in head-tail-head-tail fashion using semi empirical method at PM3
level of calculations. The functional groups chosen are electron donating
[NH,, SH and N(CHj5).], electron withdrawing (CN and COOH) and the
intermediate between the two classes [Br and CONC(CHs),] to study the
effect of functional groups on electronic properties of hexylthiophenes.
Structures and electronic properties are discussed as function of the number
of monomeric units and functionalized hexyl substituent.

COMPUTATIONAL DETAILS

Conformational analysis was carried out on the molecules sketched in
Fig. 1 while the optimized structures of dimer, trimer and tetramer of 3-hexyl-
thiophenes are presented in Fig. 2. Initial geometries were fully optimized
using semi empirical method at PM3 level®'. The vibrational frequency
calculations were carried out to characterize the stationary points without
any imposition of symmetry constraint. The derivatives of hexylthiophenes
(3HT) considered are 3-bromohexylthiophene (3BHT), 3-(2(4,4-dimethyl-
thyloxazolin-2-yl)-heptylthiophene (3DTHT), 3-heptanic acid thiophene
(3HAT), 3-thiohexylthiophene (3THT), 3-cyanohexylthiophene (3CHT),
3-aminothiophene (3AHT) and 3-(N,N-dimethyl)-aminohexylthiophene
(B3DAHT) as represented in Figs. 1a-d. All calculations were performed
using Spartan Essential 2.0.1 version® running on Pentium III 1.60 GHz
computer.
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Fig. 1. Head-tail-head-tail (HT-HT) structure of functionalized poly(3- hexyl-
thiophenes) oligomers of n monomeric units (n = 1,2, 3 and 4)
where, X = Br, NH,, SH, CN, COOH, CONC(CHs;), and N(CHj3),

RESULTS AND DISCUSSION

Geometries: The bond lengths and bond angles are listed in Tables 1-3.
The bond lengths of S,-C; for monomers are the same (1.723 A) except 3SDAHT
that is shortened by 0.013 A. The S;-C, bond length for the monomers
when compared to experimental value and B3LYP/CEP6-31G* deviated
by 0.009 A and 0.026 A, respectively'”. The bond lengths (except 3DAHT
which slightly shortens) and C-S-C bond angles of all functionalized hexyl
substituents considered are similar without appreciable differences as com-
pared to 3HT. However, for tetramers the inter-ring bond lengths between
rings 2 and 3 become longer (3DAHT is shortened), this means that the
functional groups on the hexyl have little or no effect on geometry of 3HT
and the structure remain untwisted at equilibrium geometry as the polymer
chains grow. There is slight lengthening of S;-C, and shortening of S;-C;
as 3XHT becomes larger, which indicates an increment in delocalization
of T-electrons, hence increase in conductivity character'® (Table-3).

Fig. 2. Optimized structures of dimer, trimer and tetramer of 3-hexylthiophenes
(3HT) at PM3
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TABLE-1
SELECTED BOND LENGTHS (A) AND ANGLES (°) FOR OPTIMIZED
STRUCTURE OF FUNCTIONALIZED POLY(HEXYLTHIOPHENES)
OLIGOMERS AT PM3

Number of 3-Hexylthiophene derivatives
units (n)  3BHT 3AHT 3THT 3CHT 3HAHT 3DTHT 3DAHT 3HT
n=1

Bond length

S,-C, 1.723 1.724 1.723 1.723 1.723 1.723 1.708 1.723
S,-C, 1.725 1.726 1.725 1.725 1.725 1.725 1.710 1.725
Bond angle

CS.C, 9146 9142 9144 9145 9149 9144 9143 9145
n=2

Bond length

S,-C, 1.721 1.721 1.720 1.721 1.721 1.721 1.704 1.720
S,-C, 1.746 1.747 1.746 1.746 1.746 1.746 1.716 1.748
C-C, 1.444 1444 1444 1444 1444 1444 1440 1.442
S,-C, 1.746 1747 1.746 1.746 1.746 1.746 1.711 1.747
S,-C, 1.721 1.721 1.721 1.721 1721 1.721 1.709 1.721
Bond angle

CS.C, 91.33 91.33 91.34 9134 9133 9134 091.34 91.39
CS.C, 91.27 9126 9127 9127 9127 91.27 9127 91.30
n=3

Bond length

S,-C, 1.720 1.721 1.720 1.720 1.720 1.720 1.720 1.720
S,-C, 1.746 1746 1.746 1.746 1.746 1.746 1.748 1.746
C,-C, 1443 1.443 1446 1443 1443 1445 1442 1.444
S,-C, 1742 1.743 1742 1742 1.742 1.743 1.743 1.745
S,-C, 1.745 1.745 1.744 1.744 1745 1.745 1.745 1.744
C,C, 1.444 1444 1444 1444 1444 1444 1444 1442
S,-C, 1.746 1746 1.746 1.745 1746 1.746 1.746 1.748
S,-C, 1.720 1.721 1.720 1.720 1.720 1.720 1.721 1.719
Bond angle

CS.C, 91.37 9138 91.36 91.37 9136 9130 9141 91.27
CS,.C, 91.26 91.25 9124 9126 9128 91.14 91.27 91.27
CS,C, 91.27 9126 9129 9128 9129 91.29 91.27 9142

Torsion potentials: The torsion potential curves of dimers for 3BHT,
3DTHT, 3HAHT, 3THT, 3CHT, 3AHT, 3DAHT and 3HT associated with
the rotation of the two rings in different directions are displayed in Fig. 3.
The energy barrier height is compared to the equilibrium energy of 3XHT
dimers in the free state. Analysis of Fig. 3 shows that potential curves for
3XHT dimers are not flat but present shallow curves except 3HT which
increase linearly (linear correlation is 0.98) in energy with increase in torsion
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TABLE-2
SELECTED BOND LENGTHS (A) AND ANGLES (°) FOR OPTIMIZED
STRUCTURE OF FUNCTIONALIZED POLY(HEXYLTHIOPHENES)
OLIGOMERS AT PM3

Number of 3-Hexylthiophene derivatives
units (n)  3BHT 3AHT 3THT 3CHT 3HAHT 3DTHT 3DAHT 3HT
n=4

Bond length

S,-C, 1.720 1.720 1.720 1.720 1.720 1.720 1.704 1.720
S,-C, 1.746 1747 17746 1.7746 1.746 1.746 1.715 1.746
C,-C, 1444 1444 1444 1444 1444 1444 1439 1443
S,-C, 1.743 1.744 1.743 1.743 1743 1.743 1.709 1.745
S,-C, 1.741 1.740 1.740 1.740 1.740 1.741 1.709 1.743
C,-C, 1445 1.445 1.445 1445 1445 1445 1436 1442
S,-C, 1742 1.742 1742 1.742 1742 1.743 1.704 1.746
S,-C, 1.745 1.744 1.744 1.744 1744 1.746 1.714 1.743
C,-C, 1444 1444 1444 1444 1444 1443 1439 1441
S,-C, 1.743 1.743 1.743 1.742 1743 1.744 1.709 1.749
S,-C, 1.721 1722 1.721 1.720 1.721 1.724 1.710 1.721
Bond angle

CS.C, 91.34 91.34 9135 9135 91.34 9134 9140 91.28
CS,.C, 91.10 91.10 91.14 91.14 091.14 91.08 91.26 91.28
CS.C, 91.08 91.03 91.13 91.14 91.13 91.01 91.36 91.39
CS,C 91.27 9120 9123 9126 9124 9120 9140 91.32

TABLE-3
DIHEDRAL ANGLES (°) OF FUNCTIONALIZED
POLY(3-HEXYLFURANS) OLIGOMERS (n =2, 3 and 4) at PM3

. n=2 n=3 Dihedral angle
Thiophene
SCCS, | SCCS, SCCS,| SCCS, SCCS, SCCS,
3BHT -91.87 61.48 -48.80 61.73 -46.77 62.14
3AHT -92.33 59.28 -44.24 61.15 -49.50 149.28
3THT -85.77 58.88 -45.50 59.19 -45.70 88.70
3CHT -51.93 62.67 -46.12 57.51 -55.62 142.72

3HAHT -79.53 61.42 -74.66 62.37 -50.79 123.48
3DTHT -58.66 59.16 -55.06 66.07 -64.67 125.85
3DAHT -53.61 62.64 -74.76 62.48 -85.55 117.81
3HT -52.24 61.97 -47.99 60.58 -47.16 149.75

angles. The energy barrier towards 0° and 90° conformations are 0.08 and
1.64 Kcal/mol, respectively and that towards 180° conformation is 3.62
Kcal/mol, therefore the polymer could adopt 0°-90° conformation when
closely packed. The energy barriers height towards 0° conformation for
3AHT, 3BHT, 3DAHT and 3THT are 1.05, 1.39, 0.51 and 1.63 Kcal/mol
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and that towards 180° conformation are 1.36, 3.37, 6.51 and 2.68 Kcal/
mol, respectively and they are less than 1.0 Kcal/mol for perpendicular
conformation in exception of 3DAHT (2.0 Kcal/mol). The equilibrium torsion
angles for 3AHT, 3BHT, 3DAHT and 3THT are 60°, 80°, 60° and 20°,
respectively, meanwhile the torsional potential in the region between 20°-80°
for 3BHT, 0°-60° for 3AHT and 40°-60° are quite flat. These segments
would be flexible in the free state and may be driven to more coplanar
conformations by the packing force™.
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Fig. 3. Torsion potential curves of the functionalized hexylthiophenes
obtained with PM3 calculations

In the case of 3DTHT and 3CHT, the energies barriers towards 0° confor-
mation are 4.78 and 2.88 Kcal/mol; for 180° conformation are 8.31 and
4.69 Kcal/mol and towards perpendicular conformation are 4.75 and 2.82
Kcal/mol, respectively. The energy barrier is sufficiently high especially
for 3DTHT to inhibit a co-planar conformation®. The change in 3HAHT is
not similar to others in the sense that the energy barrier towards co-planar
is lower while that of perpendicular conformation is higher (Fig. 3). The
change of the torsion curves for all the functionalized hexyl thiophenes
(except 3BHAHT) are similar with that of the dihexyl-substituted bithiophene
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(DHBT)* and 3,3'-diehyl-bithiophene (DE33BT)*. Increase in energy
barrier and change in torsion curves of the functionalized polymers (3XHT)
as compared to hexyl polymer (3HT), indicates that addition of functional
groups can be used to selectively control the electronic and molecular properties
of the hexylpolymer.

Energy bands gaps: Spectroscopic data for organic 7-systems are
usually determined either in solution or in solid state (crystal or thin film).
Since our calculations are for isolated molecules in the gas phase, we have
attempted to compare our calculations to un-substituted thiophene oligomers
and also with alkyl thiophene oligomers results performed at different levels
of calculations.

The energy band gaps calculated for all functionalized polyhexyl-
thiophene oligomers considered have lower energy band gaps as compared
to those calculated using HF/6-31G*(d)*. This is not only due to overestimate
of energy band gap because of the absence of correlation contribution®,
but also as a result of effect of functional group attached to the hexyl substi-
tuent (Table-4). Although, the energy gaps calculated are higher than the
experimental results of un-substituted monomer” and dimer”’, this could
be improved by using DFT and advance correlation methods. However, our
interest is to study the effect of functional groups on electronic properties
of hexylthiophenes (3HT). The analysis of the values HOMO-LUMO
differences of the tetramers (Table-4) show that the energy band gaps
obtained for hexylthiophenes could be arranged in decrease order as 3DTHT
>3BHT >3HAHT ~ 3CHT > 3THT > 3DAHT > 3AHT > 3HT. It is inter-
esting to note that decrease in energy band gap is observed as the oligomer
chain becomes larger. Although the energy band gaps are larger than that
of 3HT, the electron donating effect of N(CH3),, NH, and SH through hexyl
carbon-carbon bonds are noticed by presenting lower energy band gap as
compared to other functional groups. The extrapolated energy band gaps
of the infinity polymers were predicted as shown in Table-4 and Fig. 4. The

TABLE-4
HOMO-LUMO ENERGY BAND DIFFERENCE [ENERGY BAND GAP (Eg)]
IN eV AT PM3 LEVEL OF SEMI EMPIRICAL CALCULATIONS

Th‘ﬁgﬂem 3BHT 3AHT 3THT 3CHT 3HAHT 3DTHT 3DAHT 3HT
Monomer 920 9.14 9.2 921 920 920 889 9.0
Dimer 857 889 845 859 857 858 840 838

Trimer 804 7.88 805 8.03 8.06 8.37 797 795
Tetramer 803 758 796 797 797 828 772 754
H* 762 766 7.63 758 7.59 7.97 748 7.19

H* = Energy band gap for the infinity polymers calculated considering a linear
behaviour Eg with 1/n being number of monomeric units.
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quality of the correlation used is exemplified for the HT-HT derivatives as
shown in Figs. 1 and 2 and the results obtained in the present study show
that the inclusion of functional groups to hexyl side chain in thiophene
derivatives allows selective control of the molecular structure and energy
band gaps that are sufficient to control macroscopic properties.
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Fig. 4. Correlation of energy band gap (Eg) and reciprocal of the number of
thiophenes (1/n), n being the number of monomeric units

Fig. 5 shows the evolution of the energy difference (AE) between the
HOMO and the LUMO of 3BHT, 3DTHT, 3HAHT, 3THT, 3CHT, 3AHT,
3DAHT and 3HT dimers as function of torsion angles. As expected, the
increment in interring torsion angles reduces the m-electrons delocalization
and consequently increases the energy band gap (AE) between the HOMO
and the LUMO. It is observed that the increment in AE becomes higher at
the large torsion angles. This is important for the effect of the torsion angles
in different torsion range, which means that the effect is less at the low
torsion angle than at higher ones. All the curves except 3THT are more or
less overlap in lower torsions and 3DTHT, 3HAHT, 3THT, 3CHT and 3HT
overlap through out the torsion range indicating that the functional groups
CONC(CHs;),, COOH, Br and CN have little or no electronic effect on the
hexyl thiophene dimers especially when torsioned. On the other hand, the
curves for 3THT and 3AHT lie above, indicating less electronic donating
effect of the functional groups SH and NH, on the hexyl thiophene dimers.
The curve for 3DAHT lies far below, indicating stronger electronic donating
effect of functional group N(CHjs),. It is interesting to note that N(CHs),
and NH, are both electron donating substituents but respond differently
(opposition) when the polymer is torsioned, electronic donating ability of NH,
through the hexyl carbon-carbon bonds is drastically reduced whereas that
of N(CHj5), is enhanced when the polymer is torsioned (Table-4 and Fig. 5).
It could be argued that in molecular and electronic properties modulation
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of hexylthiophene using functional groups, polymer films preparation can
affect regulating ability of the functional group attached to hexyl substituent
as it is in torsional behaviours of N(CHs;), and NH: functional groups. All
curves are similar to those observed for bithiophene (BT) and dihexyl-
substituted bithiophene (DHBT)*, therefore the photoluminescence (PL)
efficiency of the functionalized hexyl thiophenes considered are expected
to decrease as the torsion angles increase*.
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Fig.5. Evolution of the energy difference between the HOMO and the LUMO as a
function of the torsion angle between the rings at PM3 level of calculation

Conclusion

The structure and energy band gap are calculated for a series of
functionalized poly(3-hexylthiophenes) oligomers using semi empirical
methodology based on PM3 approaches.

The functionalized oligo(3-hexylthiophenes) energy band gaps calculated
in the phase are found to be lowered for hexylthiophene carrying tertiary
amine substituent (3DAHT), although higher than that of 3HT, indicating
that tertiary amine has stronger electronic donation than all other functional
groups considered. The electronic and molecular regulating abilities of the
functional groups can be affected by polymer films preparation. The photo-
luminescence (PL) efficiency of the functionalized hexyl thiophenes considered
are expected to decrease as the torsion angles increase. In general, the present
results show that the energy band gap does change significantly with the
functional group attached to hexyl substituents, which affect the molecular
properties related to the electronic conductivity.

ACKNOWLEDGEMENT

The authors would like to express their gratitude to Ladoke Akintola
University of Technology, Ogbomoso, Nigeria for financial support.



4352 Odunola et al. Asian J. Chem.

o]

10.
11.

12.

13.
14.

15.
16.
17.

18.

19.

20.
21.

22.
23.
24.
25.

26.
27.

REFERENCES

R.D. McCullough, S.P.S. Willians, Tristram-Naggle, M. Jayaraman, P.C. Ewbank and
L. Miller, Synth. Met., 69, 299 (1995).

R.D. McCullough, Adv. Mater., 10, 93 (1998).

L.B. Groeuendaal, F.F.D. Jonas, R.D. Pielartzik and S.P. Williams, Adv. Met., 12, 481
(2000).

M.J. Marsella and T.M. Swager, J. Am. Chem. Soc., 115, 12214 (1993).

(a) M.J. Marsella, R.J. Newland, P.J. Carolland J.M. Swager, J. Am. Chem. Soc., 117,
9842 (1995); (b) R.D. McCullough, P.C. Ewbank and R.S. Loewe, J. Am. Chem. Soc.,
119, 633 (1997).

P. Bauerle, M. Hiller, S. Scheib, M. Sokolowski and E. Umbach, Adv. Mater., 8, 214
(1996).

(a)J.A.Joke, A.J.J. Rene, P.R.L. Malenfant, L. Groenendaal and M.J.F. Jean, J. Chem.
Soc., 122, 7042 (2000); (b) A. Iraqi, J.A. Crayston and J.C. Walton, J. Mater. Chem.,
8, 31 (1998).

S.C. Ng, Y.F. Ma, H.S.O. Chen and Z.L. Dou, Synth. Met., 101, 95 (1999).

R.S. Loewe, S.M. Khersonsky and R.D. McCullough, Adv. Mater., 11,250 (1999); (b)
Z. Lei, L. Richard, K.L. Pilston, K.K.S. Zaiger and R.D. McCullough, Macromole-
cule, 36, 61 (2003).

Z. Lei and R.D. McCullough, Polym. Preprints, 42, 187 (2001).

M.A. De Oliveira, H.A. Duarte, J.M. Pernaut and W.B. De Almeida, J. Phys. Chem A,
104, 8256 (2000).

M.A. De Oliveira, H.F. Dos Santos and W.B. De Almeida, Int. J. Quantum Chem., 90,
603 (2002).

M.A. De Oliveira, H.F. Dos Santos and W.B. De Almeida, Phys. Chem., 2,3373 (2000).
V. Salzner, J.B. Lagowski, P.G. Pickup and A. Poirier, J. Comp. Chem., 18, 1943
(1997).

P.M. Lathi, J. Obrzut and F.E. Kerasz, Macromolecules, 20, 2023 (1987).

S. Irle and H. Lischka, J. Chem. Phys., 103, 4 (1995).

A.C. Alguno, W.C. Chung, R.V. Bantaculo, R.M. Vequizo, H. Miyata, E.W. Ignocio
and A.M. Bacala, NECTEC Tech. J., 215 (2001).

A. Imamura, Y. Orimoto and Y. Aoki, Theo. Chem. Acc., 102, 180 (1999); (b) E.
Yurtsever, Synth. Met., 105, 179 (1999).

M.A. De Oliveira, H.F. Dos Santos and W.B. De Almeida, J. Braz. Chem. Soc., 15,
832 (2004)

Z. Boa, A. Dodabalapur and A.J. Lovinger, Appl. Phys. Lett., 69, 4108 (1996).
J.C.A. Kong, A.L.. White, C.D. Kryluv, R.D. Sharill, T.R. Adamon, M.S. Furlani, A.M.
Lec, S.R. Lee, T.R. Gwaltney, C. Adams, A.T.B. Ochsenfeld, G.S. Gidert, V.A.
Krddziora, D.R. Rassollov, N. Maurice, Y. Nair, N.A. Shao, P.E. Bashey, J.P. Maslen,
H. Domobroski, W. Daschil, P.P. Zhang, J. Korambath, E.F.C. Baker, T. Byrd, V.A.
Van, S. Oumi, C.P. Hirata, N. Hsu, T. Ishikawa, A. Florion, B.G. Warshet, P.M.W.
Johnson, M. Gui, Head-Gordon and J.A Pople, J. Comp. Chem., 21, 1532 (2001).
Spartan Essential 2.0.1, Wavefunction, Irvine (2005).

P. Jing-Fang, C. Soo-Jin and W. Huang, Chem. Phys. Lett., 363, 18 (2002).

N.D. Cesare, M. Belletete, G. Durocher and M. Leclerc, Chem. Phys. Lett., 275,533 (1997).
W.J. Henhre, A Guide to Molecular Mechanics and Quantum Chemical Calculations,
Wavefunction, Irvine (2001).

W.W. Simmons, Hand Book of Ultraviolet Spectra, Sdler Res, Lab. Philiphia (1998).
K. Colditz, D. Grebner, M. Helbig and S. Rentsch, Chem. Phys., 201, 309 (1995).

(Received: 2 May 2007, Accepted: 1 March 2008) AJC-6391



