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Enantiopure (+)-3-(2-methylbutyl)thiopheneI and (+)-3,4-di(2-methylbutyl)thiopheneII and their polymers
were prepared using literature procedures and investigated using vibrational circular dichroism (VCD).
Experimental absorption and VCD spectra of (+)-3-(2-methylbutyl)thiophene, (+)-3,4-di(2-methylbutyl)-
thiophene, and their polymers in CDCl3 solution were recorded in the 2000-900 cm-1 region, and the
experimental absorption and VCD spectra of (+)-3-(2-methylbutyl)thiophene were compared with the ab
initio predictions of absorption and VCD spectra obtained with density functional theory using B3LYP/6-
31G* basis set for (S)-3-(2-methylbutyl)thiophene. This comparison indicates that (+)-3-(2-methylbutyl)-
thiophene is of the (S) configuration and has six predominant conformations in CDCl3 solution and allows to
securely distinguish the vibrational motions of the thiophene ring from those of the substituent moiety.

Introduction

Polythiophenes have attracted much attention because of their
significant electrical conductivity and chemical stability.1 The
polymerization of mono or dialkyl thiophenes (with substituents
in position 3, or 3 and 4, respectively) yields products2,3 which
can serve as soluble semiconductors.4 3-Alkyl-substituted achiral
polythiophenes have been studied in detail for their solvato-
chromic and thermochromic behavior.5 Optically active poly-
thiophenes, which can be used as stereoselective electrodes and
membranes, are noncentrosymmetric and consequently desirable
optical and optoelectronic properties are expected for these
systems. For these reasons, synthesis and characterization of
thiophenes with an optically active alkyl moiety attracted much
attention. It has been shown that some sense of chirality onto a
conjugated polyheterocycle can be induced by introducing
optically active substituents on the backbone.6 The optically
active substituents introduce a perturbation to the chain or to
the supramolecular arrangement of several chains and eventually
produce an overall chirality of the polymeric systems. (+)-3-
(2-Methylbutyl)thiophene (compoundI ) is a member of the rich
family of optically active thiophenes, whose polymer was found
to be of superior quality probably due to the new synthetic
methodology.7 Chiral poly(3-(2-methylbutyl)thiophene) (poly-
mer I ) can serve as asymmetric electrodes for chiral electrosyn-
thesis.8 To understand the relationship between the structure
and the properties of the polymer, it is necessary to understand
the structure of the repeating unit of the polymer first. (+)-3-
(2-Methylbutyl)thiopheneI was assigned (S) configuration by
chemical correlation,8 but its conformations have not been
studied before. An independent study of the absolute configu-

ration and predominant conformations of chiral 3-(2-methyl-
butyl)thiophene by spectroscopic methods would be useful to
understand the analogous thiophenes and polythiophenes. The
vibrational infrared and Raman spectra9 are used as structural
probes for understanding the structures of polyhexyl and
polyoctyl thiophenes. Polythiophenes with chiral substituents
have been studied using electronic circular dichroism (ECD),
and it has been demonstrated that large ECD signals are
observed in mixed solvents (e.g., CHCl3/CH3OH) or by varying
the temperature for solutions in “poor” solvents.10 The existence
of ECD spectra is associated with conformational changes due
to different supramolecular arrangements and/or interchain
couplings.10

Vibrational circular dichroism (VCD) is a powerful and
reliable spectroscopic method used to monitor the absolute
configuration and predominant conformations of chiral mol-
ecules in solution phase. Combined with density functional
theory,11-13 it is possible to use VCD for a confident determi-
nation of the absolute configurations and/or conformations in
solution phase.14,15 Indeed the absolute configuration and
conformation of some mid-size molecules, polypeptides, and
proteins have been successfully determined by the VCD
technique. Recently, the absolute configurations and predomi-
nant conformations of some chiral molecules such astert-butyl
n-butyl sulfoxide,14a2,5-dimethyl thiolane and sulfolane,14b and
tert-butylphenylphosphine oxide14chave been studied in solution
phase using the VCD technique. VCD spectra of some synthetic
chiral polymers such as poly-menthyl methacrylate15aand poly-
3-[5-((()mentholate)-pentyl]thiophenes15b in solution phase have
also been reported.

In the present study, we use VCD for the independent
verification of the absolute configuration and the determination
of the predominant conformations of chiral 3-(2-methylbutyl)-
thiophene. One motivation of this stems from the fact that the
specific rotation of the starting material (S)-1-bromo-2-meth-
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ylbutane is+4.5° at the sodium D line at 21°C, whereas
compoundI shows a specific rotation of+2.99°. VCD spectra
of mono and disubstituted alkylthiophenes, namely (+)-3-(2-
methylbutyl)thiopheneI (compoundI ) and (+)-3,4-di(2-meth-
ylbutyl)thiopheneII (compoundII ) and their corresponding
polymers (polymerI and polymerII ) are measured.

State-of-the-art ab initio theoretical VCD investigations of
chiral (R)-3-(2-methylbutyl)thiophene are undertaken by using
the B3LYP/6-31G* basis set. The absolute configurations and
predominant conformations of (+)-3-(2-methylbutyl)thiophene
I are elucidated from these results. The differences in the
absorption and VCD spectra of monomers and their polymers
are reported.

Experimental Section

Synthesis.Chiral poly[3-(2-methylbutyl)thiophene] was syn-
thesized with Ni(dppp)Cl2 catalyst using the McCullough
method7 from the corresponding chiral 3-substituted thiophene
that had been prepared using enantiomerically pure (S)-(+)-
1-bromo-2-methylbutane.

Chiral poly[3,4-di(2-methylbutyl)thiophene] was prepared
from (+)-3,4-di(2-methylbutyl)thiophene through oxidative po-
lymerization using anhydrous ferric chloride.10c The monomer
had been prepared from the corresponding 3,4-dibromothiophene
and the (S)-(+)-1-bromo-2-methylbutane.

Measurements.The average molecular weight (Mw) deter-
mined by GPC in THF against polystyrene standards was 25 000
for polymerI and 12 000 for polymerII with polydispersityD
) 1.7 and 1.6, respectively.

The thermogravimetric analysis was made: polymerI is
stable up to 400°C and polymerII to ca. 350°C.

The infrared and VCD spectra were recorded on a commercial
Fourier transform VCD spectrometer, Chiralir. The VCD spectra
were recorded with 3 h data collection time at 4 cm-1 resolution.
Spectra were measured in CDCl3 solvent at∼0.25 M and at
path length of∼100µm for (+)-3-(2-methylbutyl)thiophene and
(+)-3,4-di(2-methylbutyl)thiophene. In case of the polymers, a
0.025 g sample was dissolved in 1 mL and 0.5 mL CDCl3,
respectively, for polymersI andII . Using the average molecular
weights of the polymers given above, these amounts correspond
to 0.164 M and 0.225 M in monomer units, respectively for
polymersI andII . Although these concentrations are comparable
to those used for monomersI and II , the polymers at these
concentrations may form aggregates, which is not apparent from
the IR and VCD spectra. Measurements at lower concentrations,
which require larger path lengths, could not be undertaken due
to interference from solvent absorption. The sample was held
in a variable path length cell with BaF2 windows. In the
presented absorption spectra, the solvent absorption was sub-
tracted out. In the presented VCD spectra the raw VCD spectrum
of the solvent was subtracted.

Calculations.The ab initio vibrational frequencies, absorption
and VCD intensities for (R)-3-(2-methylbutyl)thiophene were
calculated using the Gaussian 98 program.13 The calculations
used the density functional theory with B3LYP functional11 and
6-31G* basis set.16 The procedure for calculating the VCD
intensities using DFT theory is due to Cheeseman et al.12 as
implemented in Gaussian 98 program.13 The theoretical absorp-
tion and VCD spectra of (R)-3-(2-methylbutyl)thiophene were
simulated with Lorentzian band shapes and 8 cm-1 full width
at half-height. The theoretical VCD spectrum of (S)-3-(2-
methylbutyl)thiophene was obtained by scaling the intensities
of (R)-3-(2-methylbutyl)thiophene by-1. Since the ab initio
predicted band positions are higher than the experimental values,
the ab initio frequencies were scaled with 0.96.

Results and Discussion

The geometries were optimized with the B3LYP/6-31G* basis
set using the standard dihedral angles of 0, 60, 120, 180, 240,
and 300° for the C2′C3′C6′C* segment and 60, 180, and 300°
for C3′C6′C*C8′ and C6′C*C8′C9′ segments (see Figure 1) of (R)-
3-(2-methylbutyl)thiophene. These starting geometries con-
verged to 18 conformations, as summarized in Table 1 and
shown in Figure 1. Each conformation is labeled with a three-
letter designation, with these letters representing the conforma-
tion of C2′C3′C6′C*, C3′C6′C*C8′, and C6′C*C8′C9′ dihedral
segments, respectively. The converged C2′C3′C6′C*, C3′C6′C*C8′,
and C6′C*C8′C9′ dihedral angles, optimized electronic energies,
Gibbs energies, and relative populations are listed in Table 1.
Thus the g+tt conformation is expected to be the most stable
conformation for isolated 3-(2-methylbutyl)thiopheneI . From
the population composition in Table 1, it is elucidated that at
least six conformations have populations greater than 5%. We
also notice that the four most probable conformations (g+tt,

Figure 1. Different conformations of (R)-3-(2-methylbutyl)thiophene,
based on the dihedral angles of C2′C3′C6′C*, C3′C6′C*C8′, and C6′C*C8′C9′.
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g-g+t, g+tg-, and g-tt) encompass close to 75% of the possible
conformations.

The absorption and VCD intensities were calculated for the
12 most stable conformations at the B3LYP/6-31G* level, and
all these conformations were found to have potential energy
minima (i.e., all vibrational frequencies are real) at the B3LYP/
6-31G* level. The predicted absorption and VCD spectra for
all 12 conformations of chiral 3-(2-methylbutyl)thiophene with
(R) configuration were simulated with 8 cm-1 half widths and
Lorentzian band shapes (shown in Figures 2 and 3). The
unpolarized absorption spectrum is independent of the absolute

configuration. The predicted absorption spectrum, obtained as
population weighted sum of the absorption spectra of different
conformers, is compared to the experimental absorption spec-
trum in Figure 4. The predicted VCD spectrum for (S)-3-(2-
methylbutyl)thiophene was obtained by multiplying the VCD
intensities obtained for the (R) configuration by -1. The
population weighted theoretical VCD spectra for chiral 3-(2-
methylbutyl)thiophene with (R) and (S) configurations can be
compared to the experimental VCD spectra in Figure 5.

TABLE 1: Conformations and Energies of (R)-3-(2-Methylbutyl)thiophene

starting geom.b converged geom.b energyc

labela C2′C3′C6′C* C3′C6′C*C8′ C6′C*C8′C9′ C2′C3′C6′C* C3′C6′C*C8′ C6′C*C8′C9′ electronic Gibbs ∆Ed pop.e

a g+tt 60 180 180 112.1 171.2 -172.7 -749.575160 -749.403875 0 0.244
b g-g+t 300 60 180 -113.0 65.0 -171.0 -749.575121 -749.403743 0.083 0.212
c g+tg- 60 180 300 111.7 172.1 -66.8 -749.574919 -749.403597 0.174 0.182
d g-tt 300 180 180 -83.6 172.6 -172.2 -749.574260 -749.403033 0.528 0.100
e g+g+t 60 60 180 81.0 63.1 -172.4 -749.574181 -749.402673 0.754 0.068
f g-tg- 300 180 300 -84.9 173.3 -66.2 -749.574058 -749.402664 0.760 0.068
g g+tg+ 60 180 60 110.0 167.2 63.0 -749.573770 -749.401987 1.185 0.033
h g-g+g+ 300 60 60 -115.0 59.8 63.4 -749.573746 -749.401787 1.310 0.027
i g+g-t 60 300 180 96.6 -64.6 -170.4 -749.573406 -749.401531 1.471 0.020
j g-g-t 300 300 180 -96.8 -64.2 -168.9 -749.573439 -749.401434 1.532 0.018
k g-g-g- 300 300 300 -96.7 -63.8 -63.9 -749.573356 -749.401225 1.663 0.015
l g+g-g- 60 300 300 97.3 -63.0 -64.1 -749.573421 -749.401087 1.750 0.013
m g-tg+ 300 180 60 -86.8 168.6 63.5 -749.572945
n g+g+g+ 60 60 60 84.6 61.2 65.8 -749.572798
o g-g+g- 300 60 300 -120.2 70.0 -76.6 -749.572270
p g+g+g- 60 60 300 62.3 71.8 -71.4 -749.571307
q g+g-g+ 60 300 60 106.8 -66.2 81.7 -749.569462
r g-g-g+ 300 300 60 -84.8 -65.7 82.4 -749.569330

a See Figure 1 for the labels.b Dihedral angle.c In Hartrees.d Relative energy difference, in kcal/mol.e Population based on Gibbs energies.

Figure 2. Ab initio vibrational absorption spectra for 12 conformers
of 3-(2-methylbutyl)thiophene obtained with the B3LYP/6-31G* basis
set. The spectra were simulated with Lorentzian band shapes and 8
cm-1 half-widths and frequencies were multiplied with 0.96. The labels
on the top 12 traces are the conformation labels (Table 1). The final
predicted absorption spectrum, labeled A, is obtained by adding the
population weighted absorption spectra of all conformers.

Figure 3. Ab initio VCD spectra for 12 conformers of (R)-3-(2-
methylbutyl)thiophene obtained with the B3LYP/6-31G* basis set. The
spectra were simulated with Lorentzian band shapes and 8 cm-1 half-
widths and frequencies were multiplied with 0.96. The labels on the
top 12 traces are the conformation labels (Table 1). The predicted VCD
spectra (A for (R) configuration and B for (S) configuration) are shown
at the bottom; A is obtained by adding the population weighted VCD
spectra of all conformers with (R) configuration and B is obtained by
multiplying the VCD intensities obtained for (R) configuration by-1.
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The experimental absorption spectra of 3-(2-methylbutyl)-
thiophene and 3,4-di(2-methylbutyl)thiophene and their poly-
mers obtained in CDCl3 are shown in Figure 4, where the
absorption spectrum of the solvent has been subtracted. The
absorption bands in the predicted spectrum of 3-(2-methylbutyl)-
thiophene show one-to-one correspondence with the absorption
bands in the experimental spectrum of 3-(2-methylbutyl)-

thiophene (traces A and B). The notable differences between
predicted and experimental absorption spectra are (a) the
experimental absorption band (#4) at 1409 cm-1 is not as strong
as the corresponding band at 1419 cm-1 in the predicted
spectrum and (b) the experimental band (#10) at 1297 cm-1 is

TABLE 2: Comparison of Predicted and Observed Frequencies and Vibrational Assignments for 3-(2-Methylbutyl)thiophene

band no. exp.a (cm-1) pred.b,c (cm-1) calc.b,d (cm-1) assignmente

ν1 1536 1540 1602 asym. ring deformation, In-plane CH* bend
ν2 1462 1475 1534 asym. CH3 deformation, HCH Bend
ν3 1440* 1453 1511 HCH Bend, Asym. CH3 deformation
ν4 1409 1419 1474 sym. ring deformation (C-C and CdC),

in-plane CH* bend, CH2 twist
ν5 1378 1383 1439 sym. CH3 deformation
ν6 1351 1351 1406 CH2 and CH3 wag
ν7 1345 1343 1397 CH2 and CH3 wag
ν8 1323 1321 1375 CH2 and CH3 wag
ν9 1308 1306 1359 CH2 and CH3 wag
ν10 1297 1290 1342 CH2 twist and CH3 wag
ν11 1285 1280 1331 CH2 and CH3 wag
ν12 1258 1251 1303 CH2 and CH3 wag
ν13 1241 1231 1280 in-plane CH* bend, CH2 and CH3 wag
ν14 1200 1192 1239 CH2 twist and CH3 wag, in-plane CH* bend
ν15 1153 1143 1189 CH2 and CH3 wag, C-C stretch
ν16 1081 1073 1116 in-plane CH* bend, CH2 twist
ν17 1031 1012 1053 C-C stretch, CH2 twist, CH3 wag
ν18 1015 998 1038 C-C stretch, CH2 and CH3 wag

a Experimental wavenumbers obtained from the absorption spectrum at concentration of 0.267 M; asterisks (*) denote those may show as shoulders
in the spectrum.b Band positions from the simulated spectra in Figure 4.c Ab initio wavenumbers scaled with 0.96.d Unscaled ab initio wavenumbers.
e Deduced from Gaussview (version 2.1), asterisks (*) denote ring mode.

Figure 4. Comparison of the experimental absorption spectra with
the predicted (population weighted) absorption (bottom trace) spectra
of 3-(2-methylbutyl)thiophene obtained with the B3LYP/6-31G* basis
set. The absorption spectra are labeled as (A) predicted spectrum; (B)
experimental spectrum for compoundI (0.25 M in CDCl3, 100 µm
path length); (C) experimental spectrum for compoundII (0.25 M in
CDCl3, 100µm path length); (D) experimental spectrum for polymer
I (0.025 g/mL in CDCl3, 100 µm path length); and (E) experimental
spectrum for polymerII (0.050 g/mL in CDCl3, 100µm path length).

Figure 5. Comparison of the experimental VCD spectra with the
predicted (population weighted) VCD (bottom traces) spectra of 3-(2-
methylbutyl)thiophene obtained with the B3LYP/6-31G* basis set. The
VCD spectra are labeled as (A) predicted spectrum for (R) configura-
tion; (B) predicted spectrum for (S) configuration (for band #15, the
designations a, b, and c are conformation labels (see Table 1)); (C)
experimental spectrum for compoundI (0.25 M in CDCl3, 100 µm
path length) where a, b, and c are conformation labels (see Table 1);
(D) experimental spectrum for compoundII (0.25 M in CDCl3, 100
µm path length); (E) experimental spectrum for polymerI (0.025 g/mL
in CDCl3, 100 µm path length); and (F) experimental spectrum for
polymer II (0.050 g/mL in CDCl3, 100 µm path length).
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not as evident as the corresponding band in predicted spectrum,
and the experimental band (#11) at 1285 cm-1 is not as strong
as the corresponding band in the predicted spectrum. Except
for these differences, the experimental spectra in CDCl3 are
considered to be in good agreement with the absorption spectrum
predicted for 3-(2-methylbutyl)thiophene.

The experimental VCD spectra of (+)-3-(2-methylbutyl)-
thiophene and (+)-3,4-di(2-methylbutyl)thiophene and their
polymers obtained in CDCl3 are shown in Figure 5, where the
VCD spectrum of the solvent has been subtracted. The
significant VCD bands in the observed (+)-3-(2-methylbutyl)-
thiophene spectrum (trace C in Figure 5) are 1462 (+, #2), 1409
(+, #4), 1378 (+, #5), 1323 (+, #8), 1308 (-, #9), 1297 (+,
#10), 1285 (-, #11), 1241 (+, #13), 1200(-, #14), 1156 (+,
#15b,c), 1151 (-, #15a), 1081 (-, #16), 1031 (+, #17), and
1015 (-, #18) cm-1. The major VCD features observed for (+)-
3-(2-methylbutyl)thiophene are reproduced in the predicted VCD
spectrum of (S)-3-(2-methylbutyl)thiophene (trace B in Figure
5). This agreement indicates that (+)-3-(2-methylbutyl)thiophene
is of (S) configuration.

The experimental absorption and VCD spectra for monomer
and polymer of (+)-3-(2-methylbutyl)thiophene are compared
in Figures 4 and 5 (traces B and D in Figure 4; traces C and E
in Figure 5). The absorption spectrum of polymerI is similar
to that of compoundI (see Figure 4), except that (a) the band
at 1409 cm-1 (#4) in the spectrum of compoundI shifts left
and becomes weakened in the spectrum of polymerI ; (b) the
band at 1536 cm-1 (#1) shifts right and becomes broadened;
(c) general broadening of other bands is observed in the
spectrum for polymerI . From the VCD spectrum of polymerI
(trace E in Figure 5), the positive band at 1409 cm-1 (#4) and
positive-negative couplet corresponding to bands #13 and 14
[seen in the VCD spectrum of compoundI (trace C)] disappear,
and the negative band #16 becomes weakened. Based on
vibrational analysis (Table 2), the two bands (#1, 4) are
attributed to ring deformation and bands #13, 14, and 16 have
some contribution from in-plane C-H (ring) bending. Ring
deformations (#1,4) may be influenced by the delocalization of
π electrons in the conjugated polythiophene. C-H bending (ring
mode) vibrations are highly influenced by the removal of
hydrogen atoms at positions 2 and 5 of thiophene in the
formation of the polymer. In addition, the four polymer
arrangements, which are indicated with HT-HT (head-to-tail
head-to-tail), TT-HT (tail-to-tail head-to-tail), HT-HH (head-
to-tail head-to-head), and TT-HH (tail-to-tail head-to-head), may
influence the conformational population of the repeating unit.
Then the changes in absorption and VCD spectra between
monomer and polymer may also come from the interplay
between the conformational flexibility of the side chain with
the conformational flexibility of the polythiophene backbone.
Since there is no significant difference in wavenumbers specified
for the side chain of monomer and polymer, and the main VCD
patterns of the monomer and polymer are similar (see compound
I and polymerI , and compoundII and polymerII , see Figures
4 and 5), the configurations of the side chain in the two
polythiophenes appear the same as those for monomers, and
no conformational changes are evident for the repeating units
in the formation of polythiophenes. This suggests that the
conformations of monomer are mainly determined by the
dihedral angles of the alkyl substituent group of thiophene. The
aggregation of polymers is also expected to affect conforma-
tional stability, but aggregation is not evident in this study.

From the above comparison, significant changes are observed
for those bands specific for the backbone (ring deformation and

ring C-H bending) in the formation of polymers. The features
specific for the side chain, such as CH3 deformation, HCH
bending, CH2 twist, and CH3 and CH2 wag, remain almost the
same, except for band broadening and decreasing. These
observations suggest that the changes between monomer and
polymer partly come from the influence of polymerization on
ring deformation and C-H (ring) bending vibrations. However,
the influence from other sources, such as conformational
flexibility of the side chain and the polythiophene backbone,
could not be evaluated herewith.

From the comparison of the experimental absorption and
VCD spectra of the two monomers (compoundsI and II , see
Figures 4 and 5), bands of compoundII corresponding to bands
#4, 13, and 14 of compoundI also become weakened. This
indicates that the substitution of hydrogen at the 4-position could
interrupt the ring mode C-H bending, and the inductive effects
of the alkyl chain may influence the ring deformation. The
similar VCD sign pattern of compoundI and compoundII
indicates that (+)-3,4-di(2-methylbutyl)thiophene is also of (S)
configuration.

Conclusion

The comparison of experimental and ab initio predicted
absorption and VCD spectra indicates that (a) (+)-3-(2-methyl-
butyl)thiophene and (+)-3,4-di(2- methylbutyl)thiophene are of
(S) configuration, in agreement with the known absolute
configuration;8 (b) the repeating units in polymersI andII have
the same configuration and conformation as those for the
corresponding monomers; (c) at least six conformations are
present for (S)-3-(2-methylbutyl)thiophene in CDCl3 solution,
with each contributing more than 5% to conformer population.
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