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ABSTRACT

A semi empirical analysis of functionalized 3-hexylfurans[3XHF, where
X= Br, NH,, SH, CN, COOH, CONC(CH,), and N(CH,),| having func-
tional group attached to the hexyl substituent up to four monomeric units
in head-tail-head-tail regioselectivity was cartied out. The energy band gap
obtained at PM3 level showed that oligomers with 3HAHF present lowest
energy band gap not in consonant with that of 3DAHP and 3DAHTI>"I,
All the structures increase in twisting at equilibrium geometries as the poly-
mer chains grow except 3HF that remains nearly constant which means
that in condensed phase the functional group interactions present modifi-
cation of the polymer structure. The 3AHF, 3DAHF and 3THF have
electronic donating effect through the intervening hexyl carbon atoms by
reducing HOMO-LUMO band gap as compared to 3HF while 3CHE,
3DTHFand 3BHF affect otherwise. The energy band gap changed with
the functional group attached to hexyl substituents, which affect the mo-
lecular properties related to the electronic conductivity.
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INTRODUCTION

Conjugated organic polymers have been subject
of intense experimental and theoretical studied since
1977 when this class of material was fully tested™.
In the recent years systematic efforts have been aimed
at investigating the molecular and electronic struc-
tures of polymers, polyfurans inclusive and its de-
rivatives for building photonic devices®?l. Polyfuran

has been used in copolymerizing conducting poly-
mers as gas Sensors, wires, mircoactuators,
antielectrostatic coating, solid electrolytic capacitors,
polymeric batteries, electronic devices and functional
membranes™fl. The nature, length of alkyl side chains
and bulkiness of side chains have been found to have
great effect on performance and field-effect mobil-
ity of the polymers. The hexyl group at position 3 on
the heterocyclic polymers has found to have better
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and long-term performancel”. Theoretically, confor-
mational analysis of un-substituted and mono-sub-
stitution of furans at various semi empirical meth-
ods as well as heats of formation and energy band
gaps using ab initio(G2:MP2) and density functional
theory(DFT)have been carried out®. In this work,
the functionalized hexylfurans (3XHT) oligomers of
n monomeric units(n=1,2,3 and 4) were studied in
Head-Tail-Head-Tail using semi empirical method
at PM3 level of calculations. The functional groups
chosen are electron donating(NH,, SH and N(CH,),),
electron withdrawing(CN and COOH) and the in-
termediate between the two classes(Br and CONC
(CH,),) to study the effect of functional groups on
electronic properties of hexylfuran energy band gaps
are discussed as a function of the number of mono-
meric units and functionalized hexyl substituents.

COMPUTATIONAL DETAILS

Conformational analysis was carried out on the
molecules sketched in figure 1. Initial geometries were
tully optimized using semi empirical method at PM3
level™. The vibrational frequency calculations wete
carried out to characterize the stationary points and
symmetry constraints were not imposed. The
functionalized hexylfurans(3XHF) considered are 3-
bromohexylfuran(3BHF), 3-(2(4,4-dimethylthy
loxazolin-2-yl)-heptylfuran(3DTHF) 3-Heptanic acid
furan(BHAF), 3—thiohexylfuran(3THP), 3-cyanohexy
lfuran(3CHF), 3-aminofuran(3AHF), 3-(N,N-dim-
ethyl)-aminohexylfuran (3DAHF) and 3-hexylfuran
(BHF). All calculations were performed using Spar-
tan essential 2.0.111,

TABLE 1: Selected bond lengths(A) and bond angles(°C) for optimized structure of functionalized poly(3-

hexylfurans) oligomers at PM3

Number of

3- Hexylfurans derivatives

units (n)
n=1 3BHF 3AHF 3THF 3CHF 3HAHF 3DTHF 3DAHF 3HF
Bond length
01-C; 1.378 1.379 1.378 1.378 1.378 1.378 1.378 1.378
01-C, 1.377 1.377 1.377 1.377 1.377 1.377 1.377 1.377
Bond angle
CiO1C, 103.94 106.91 106.94 106.94 106.93 106.94 106.93 106.95
n =2
Bond length
01-Cy 1.373 1.373 1.373 1.373 1.373 1.373 1.373 1.373
01-C, 1.391 1.390 1.390 1.390 1.390 1.391 1.394 1.394
C2-Cs 1.439 1.438 1.439 1.439 1.438 1.439 1.441 1.441
02-Cs 1.391 1.390 1.390 1.390 1.390 1.392 1.392 1.392
02-Cy4 1.373 1.374 1.374 1.374 1.374 1.373 1.374 1.374
Bond angle
CiO1C, 106.71 106.59 106.61 106.61 106.60 106.71 106.73 106.74
C30,C4 106.59 106.46 106.48 106.48 106.46 106.59 106.58 106.58
n=3
Bond length
01-Cy 1.372 1.373 1.372 1.372 1.372 1.372 1.373 1.373
01-C, 1.391 1.392 1.391 1.390 1.391 1.391 1.390 1.394
C2-Cs 1.440 1.439 1.440 1.439 1.439 1.440 1.439 1.440
02-Cs 1.387 1.385 1.387 1.387 1.387 1.387 1.387 1.386
02-Cy4 1.387 1.388 1.387 1.387 1.386 1.387 1.387 1.390
Cy.Cs 1.439 1.440 1.439 1.440 1.439 1.439 1.440 1.440
03-Cs 1.391 1.391 1.391 1.391 1.390 1.391 1.391 1.391
03-Cs 1.373 1.372 1.373 1.372 1.372 1.373 1.372 1.373
Bond angle
CiO1C, 106.73 106.75 106.72 106.54 106.77 106.71 106.51 106.72
C30,C4 106.32 106.32 106.32 106.33 106.35 106.31 106.30 106.48
C502Cq 106.52 106.63 106.52 10974 106.55 106.53 106.70 106.56
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RESULTS AND DISCUSSION

Geometries

The bond lengths and bond angles are listed in
TABLES 1 and 2. The interring C-C bond lengths are
quite similar(1.438A to 1.442A) for all the functiona
lized hexylfurans (3XHF). This is similar to that of
hexylpyrroles(3XHP)™! but shorter than that of
hexylthiophenes(3XHT) analogues calculated at the
same PM3 level™. The interring distances calculated
for 3XHF dimers are slightly shorter than that of un-
substituted pyrrole dimers calculated at Hartree Fock
(HF) using different basis sets™l. The interting bonds
are not change even as the polymer chains become
larger. There is slight lengthening of O -C,and short-
ening of O -C, as 3XHF becomes larger, which indi-
cates an increment in delocalization of T-electrons,
hence increase in conductivity character™l. The func-
tional groups on the hexyl have little or no effect on

—= Py Paper

bond lengths and bond angles, but reducing the dihe-
dral angles as compared to that of 3HF (TABLE 3).
All the structures are increase in twisting at equilib-
rium geometries as the polymer chains grow except
3HF that remains fairly constant (TABLE 3). It means
that in condensed phase the functional group inter-
acts and presents modification of the polymer struc-
ture. The O-C bond lengths are shorter and C-O-C
bond angles are larger than that of thiophenes and
pytroles analogues!™l.

HOMO-LUMO energy band gap

Spectroscopic data for organicm-systems are usu-
ally determined either in solution or in solid state
(crystal or thin film). However, since our calcula-
tions are for isolated molecules in the gas phase, we
have attempted to correlate functional groups on the
hexyl substituent to the energy band gap of the furans
and attempt to compare them to corresponding
functionalized hexylpyrroles™ and hexylthio

TABLE 2 : Selected bond lengths(A) and bond angles(°C) for optimized structure of functionalized poly(3-

hexylfurans) oligomers at PM3

Number of units (n)

3- Hexylfurans derivatives

n =4 3BHF 3AHF 3THF 3CHF 3HAHF 3DTHF 3DAHF 3HF
Bond length
01-Gy 1.373 1.373 1.373 1.372 1.372 1.372 1.372 1.373
01-C, 1.391 1.391 1.391 1.394 1.394 1.394 1.391 1.393
Co-Gs 1.439 1.439 1.439 1.441 1.441 1.441 1.440 1.441
02-C5 1.385 1.384 1.384 1.386 1.385 1.386 1.386 1.387
O2-Cy 1.390 1.392 1.392 1.390 1.392 1.390 1.387 1.388
C4-Cs 1.442 1.441 1.441 1.442 1.441 1.442 1.439 1.440
03-Cs 1.386 1.385 1.385 1.386 1.386 1.386 1.387 1.384
03-Ce 1.388 1.388 1.388 1.388 1.388 1.387 1.385 1.388
Ce-C5 1.442 1.438 1.438 1.441 1.439 1.441 1.438 1.440
O4-C; 1.391 1.391 1.391 1.391 1.391 1.392 1.389 1.390
O4-Cs 1.373 1.373 1.373 1.373 1.374 1.372 1.375 1.374
Bond angle
Ci0:1C, 106.60 106.59 106.60  1006.74 106.74 106.73 106.70 106.66
C30,Cy 106.20 106.33 106.33  106.30 106.50 106.33 106.51 106.25
C505Cs 106.31 106.33 106.31  106.39 106.30 106.33 106.07 106.58
C704Cs 106.57 109.65 106.55  1006.61 106.55 106.60 106.36 106.46

TABLE 3 : Dihedral angles(in degree) of functionalized poly(3-hexylfurans) oligomers(n =2,3and 4)at PM3

Furans n =2, n =3 n=4
0,C,C;50; 0,C,C30; 0,C4C503 0,C,C30; 0,C4C;503 0;C4C,04
3BHF -11.77 -13.05 3.86 -18.80 145.55 -160.27
3AHF 6.51 -2.73 16.89 -52.66 143.23 -161.79
3THF 7.49 -12.60 3.60 -51.68 145.52 -159.90
3CHF 7.52 -12.16 3.65 -53.89 141.69 -160.34
3HAHF 6.59 -9.27 4.61 -51.39 142.18 -161.21
3DTHEF -12.30 -14.66 3.32 -54.06 142.54 -124.72
3DAHF 6.53 -15.35 3.62 -19.54 144.76 -161.52
3HF 170.43 171.69 172.39 155.94 168.19 -176.37
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Figure 1 : Head-Tail-Head-Tail(HT-HT) structure of
functionalized poly(3-hexylthiophenes) oligomers of n

monomeric units(n=1,2, 3 and 4)
Where, X = Br, NH,, SH, CN, COOH, CONC(CH,),

oy

Figure 2 : The optimized structures of dimer, trimer and
tetramer of 3-cyanohexylfuran(3CHF) at PM3

and N(CH,),

3HF = 3.6457/n +6.3367

R?=0.9995
| 3CHF=3.4588/n + 6.4464
R? =0.9986

3AHF= 3.5765/n + 6.3327
7] R?=0.9985
3HAHF= 3.5571/n + 6.3428
R?=0.9987
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Figure 3 : Correlation of energy band gap (Eg) and recip-
rocal of the number of furans (1/n) , n being the number
of monomeric units

TABLE 4. HOMO-LUMO energy band difference (en-
ergy band gap(Eg)) in eV at PM3 level of semi em-
pirical calculations

Furans 3HF3BHF3AHFE3THF3CHF3HAHF3DTHF3DAHF

Monomer 9.97 9.17 9.89 9.61 991 9.88 9.86 9.65
Dimer 820 822 817 8.18 8.18 8.18 8.22 8.23
Trimer 7.53 7.53 7.54 754 753 7.52 7.55 7.52

Tetramer 7.23 741 717 721 736 7.19 7.37 7.19

H* 634 6.85 633 650 645 6.34 6.50 6.47

H* is the energy band gap for the infinity polymers calculated consid-
ering a linear behavior Eg with 1/n being number of monomeric units

—— 3AHF

=
o

—=&— 3BHF
3CHF
3DAHF

—%— 3THF

—e— 3HAHF

—+— 3DTHF

—=—3HF

©
o

©

o
o

®

HOMO-LUMO energy band gap (eV)

~N
o

0O 20 40 60 80 100 120 140 160 180

Torsion angles in dgree

Figure 4 : Evolution of the energy difference between the
HOMUO and the LUMO as a function of the torsion angle
between rings

of intrinsic functionalized hexylfurans(3XHF) mono-
mers, dimers, trimers and tetramers at PM3. It is in-
teresting to note the decrease in energy band gap as
the oligomer chain becomes larger. The infinity en-
ergy band gaps for 3XHF predicted in figure 3 were
lowered than that of thiophene(x1.27e¢V) and
pytrole(=0.59¢V) analogues™l. The quality of the
correlation used is exemplified for the HT-HT deriva-
tives as shown in figures 1 and 2. Analysing the val-
ues HOMO-LUMO differences(TABLE 4) show that
the energy band gaps obtained for 3XHF could be
arranged in decreasing order as 3AHF>3HAHF~
3DAHF>3THF>3HF>3CHF>3DTHF>3BHF
from the tetramers energy band gaps. Therefore 3AHE,
3DAHF and 3THF have electronic donating effect
through the intervening hexyl carbon atoms by reduc-
ing HOMO-LUMO band gap as compared to 3HF
while 3CHF, 3DTHFand 3BHF affect otherwise.
However, COOH though an electron withdrawing
group present a lower energy band gap comparable to
that of N(CH,), in this study. In 3XHF, 3AHF has the
lowest energy band gap in contrary to 3-(IN,N-dim-
ethyl)-aminohexylthiophene BDAHT)!™ and 3-(N,N-
dimethyl)-aminohexylpytrole (3DAHP)M.

Figure 4 shows the evolution of the energy dif-
ference (AE) between the HOMO and the LUMO
of 3AHEF, 3BHF, 3CHF, 3DAHF, 3THE, 3HAHE,
3HF and 3DTHF dimers as functions of torsion
angles. As expected, the increment in interring tor-
sion angles reduces the m-electrons delocalization
and consequently increases the energy gap(AE) be-
tween the HOMO and the LUMO!"I. The increment
in AE becomes faster at the larger torsion angles until
it reaches optimum at 90°(Figure 4). This is impot-

p%@?ﬁ%mnmmgy Band gap
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tant for the effect of the torsion angles in different
torsion range, which means that the effect is less at
lower torsion angles than at higher ones. All curves
of 3XHF overlapped especially at lower torsion
angles, the electronic donating effect of 3BHF and
3DAHEF is pronounced than others at higher torsion
angles(60" to 90"). This is quite different from the
semi empirical(PM3) results for thiophene analogues
in which N,N-dimethylhexylthiophene(3DAHT) has
the stronger electronic donating effect!™. Although,
bromohexyl substituent has highest electronic do-
nating effect in both 3XHF and 3XHP™! when the
polymer is torsioned, it was more pronounced in
3XHP. This is an indication that the nature of het-
eroatom on the rings and twisting or torsioning of
polymer has effect on the functional groups modifi-
cation in relation to electronic and molecular prop-
erties of the polymer.

Finally, the results obtained in the present study
showed that the inclusion of functional groups to alkyl
side chain in furan derivatives allow selective control
of the molecular structure and energy band gaps that
are sufficient to control macroscopic properties.

Torsion potential of dimers

The torsion potential curves for 3BHE, 3AHE,
3THEF, 3CHF, 3HAHEF, 3DTHE, 3HF and 3DAHF
associate with the rotation of the dimers in different
directions are displayed in figure 5. Analysis of fig-
ure 5 shows that potential curves for 3XHF dimers
are not flat with increase in barrier height energies
towards perpendicular conformations(except 3CHF).
Therefore, the segments would be slightly twisted in
their free states and increase in twisting as the mo-
lecular packing increases in conformity with the di-
hedral angles of the moststable conformations as
shown in TABLE 3.

The energy barrier height is compared to the equi-
librium energy of 3XHF dimers in the free state. The
energy barriers towards co-planar conformation are
in the range of 0.45-1.98 Kcal/mol for 3BHF and
3DTHF and they are about 2.0Kcal/mol for the 0°
conformation and less than 1.0Kca/mol towards
180" conformation respectively. The enetgy bartiers
towards perpendicular conformation for 3BHF and
3DTHEF are 1.50 and 0.54Kcal/mol respectively.

—= Py Paper
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Figure 5 : Torsion potential curves of the functionalized
hexylfurans obtained with PM3 calculations

In the case of 3THE 3CHE, DAHF and 3HAHEF,
the energy barriers towards 0° conformation is ap-
proximately 3.0 Kcal/mol and that of towards 180"
conformation are 1.40, 0.67, 0.45 and 0.70 Kcal/
mol respectively. The energy barriers towards per-
pendicular conformation for 3THE, 3CHE, 3DAHF
and 3HAHF are 0.37, 1.18, 1.39 and 0.32Kcal/mol
respectively. The barrier height towards 0° and
180°conformations for 3AHF are 4.01 and 2.58
Kcal/mol respectively and that towards perpendicular
conformation is 1.57Kcal/mol. In 3HF, the barrier
height towards 0° and perpendicular conformations
is about 1.0Kcal/mol, and that towards 180° confor-
mation is 0.02Kcal/mol. Therefore, there is increase
in energy barrier of the functionalized polymers
(3XHF) as compared to hexyl polymer (3HF), this
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ﬂaVMnW



136 Conformational analysis and electronic properties of punctionalized oligobexylfurans

MSAIJ, 3(2) August 2007

Full Poper ==

indicates that addition of functional groups can be
used to selectively control the electronic and molecu-
lar properties of the hexylpolymer. However, all the
polymers would be very flexible in the polymer chains
and probably adopt perpendicular and 180° confor-
mations expect 3AHF where the polymers chains are
closely packed enough. The change of the torsion
curves of 3CHF is very similar with that from 3-
Bromohexylthiophene(3CHP, and 3CHT)™™. From
the potential curves, the hexyl carbon-carbon atoms
may not be the major factor that determines the co-
facial packing distance, but also the interactions of
functional group attached to the hexyl substituent as
predicted in our previous works.

CONCLUSION

The structure and energy band gap are calcu-
lated for series of 3XHF oligomer using semi em-
pirical methodology based on PM3 approaches. The
3XHF has lowest energy band gap than 3XHT and
3XHP studied at the level of semi empirical
method(PM3). All the structures are increase in
twisting at equilibrium geometries as the polymer
chains grow except 3HF that remains constant. It
means that in condensed phase the functional group
interactions present modification of the polymer
structure. 3AHE, 3DAHF and 3THF have electronic
donating effect through the intervening hexyl car-
bon atoms by reducing HOMO-LUMO band gap as
compared to 3HF while 3CHE, 3DTHFand 3BHF
affect otherwise. In general, our results show that
the energy band gap does change with the functional
group attached to hexyl substituent and that the na-
ture of the heteroatom in the rings chain affect the
conjugation, and hence the molecular properties re-
lated to the electronic conductivity.
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