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The interesting electrical and optical properties of semicon-
ducting polymers critically depend on the conformation of the
π-conjugated chain in both ground and excited state and on the
interchain orientation.1 By introducing chirality, the structural
characteristics can be assessed with chiroptical techniques, like
circular dichroism (CD) and circular polarization of lumines-
cence (CPL). Both techniques are well accepted for probing
the conformation of ground and excited state, respectively.2

Enantiomerically pure side chains or chiral dopants can afford
chiral semiconducting polymers that exhibit optical rotatory
dispersion and circular dichroism in theπ-π* band.3 Large
optical rotations and strong, bisignate, CD bands have been
observed, provided that well-defined and regioregular polymers
are used in an associated phase in a poor solvent or in the solid
phase.3 Here we report on the (chir)optical properties of
optically active poly{3,4-di[(S)-2-methylbutoxy]thiophene} (PD-
MBT) and demonstrate that in aggregated phases a splitting of
the excited state into two exciton levels occurs. This splitting
which cannot be detected in linear absorption or emission is
important for understanding photoluminescence and electrolu-
minescence behavior of conjugated polymers.4

Optically active PDMBT is prepared from 3,4-di[(S)-2-
methylbutoxy]thiophene. The monomer is prepared from 3,4-

dimethoxythiophene,5 which is treated with 2.2 equiv of (S)-
(-)-2-methylbutanol under slightly acidic conditions in toluene
at 80 °C to give 3,4-di[(S)-2-methylbutoxy]thiophene in 79%
yield after distillation.6 Polymerization is accomplished using
anhydrous ferric chloride. The polymer is purified and isolated
by Soxhlet extractions (Mw ) 15.4 kg/mol,D ) 3.49). 1H-
and13C-NMR spectroscopies reveal the desired 2,5-polymeri-
zation without any observable irregularities. This reaction
sequence represents a convenient general synthetic route to poly-
(3,4-dialkoxythiophene)s, since the transetherification is ap-
plicable for most of all primary alcohols, making 3,4-
dimethoxythiophene an interesting synthon.
Linear absorption and circular dichroism spectroscopy of

PDMBT in dichloromethane at 20°C show that conformation-
ally disordered polymer chains are present with no optical
activity in theπ-π* transition atλmax ) 438 nm. Cooling to
-30 °C affords a highly ordered form of PDMBT as evidenced
from the significant red-shift of the onset of the absorption and
the appearance of a series of well-resolved vibronic transitions
atλmax) 508, 544, and 592 nm (Figure 1). The thermochromic
behavior is accompanied by the appearance of a strong,
bisignate, and vibronically coupled Cotton effect in the CD
spectrum.7 The CD spectrum follows the first derivative of the
linear absorption spectrum (Figure 1). Inn-decanol, PDMBT
is already highly ordered at room temperature and the degree
of circular polarization in absorption, defined asgabs) (εL -
εR)/ε, is an unsurpassed high for aπ-π* transition. Typically
we find gabs ) 2 × 10-2 for PDMBT in n-decanol at 20°C,
although the actual value critically depends on sample prepara-
tion, and values as high as 8× 10-2 have been recorded. This
ordered phase of substituted polythiophenes is usually associated
with the formation of small aggregates or microcrystallites with
interchain interactions.8-10

The formation of an ordered phase of PDMBT also results
in significant changes in photoluminescence (Figure 2). The
emission of the free chains (n-decanol, 110°C, excitation at
λex ) 450 nm) is strong, withλmax ) 558 nm. The excitation
spectrum (emission recorded atλem) 580 nm) closely follows
the absorption spectrum of free PDMBT chains. The emission
of the aggregated phase, recorded at 20°C, is weaker by 1 order
of magnitude, but exhibits a well-resolved vibronically structured
emission atλmax ) 606, 660, and∼730 nm when using
excitation light withλex> 530 nm. When the sample is excited
at λex ) 450 nm, some remaining emission of the disordered
chains is observed at shorter wavelengths (λem) 553 nm). The
excitation spectrum (λem ) 660 nm) of the structured long-
wavelength emission resembles the absorption spectrum of the
aggregates with peaks at∼500, 532, and 580 nm.11

The Stokes shift (ES) between 0-0 transitions of absorption
and emission inn-decanol is less than 90 meV (25 nm),
indicating a small structural reorganization in the excited state.
The small Stokes shift is close to the ones observed for other
highly ordered polymers such as gel drawn blends of poly[2-
methoxy-5-(2′-ethylhexoxy)-1,4-phenylene vinylene] in ultra-
high molecular weight polyethylene (UHMW-PE) and ordered
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poly(p-phenylene vinylene) films whereES ranges from 50 to
70 meV.12,13 The linear polarization of the fluorescence in the
aggregated phase is high,plum g +0.3, which indicates that the
transition dipole moments in the long-wavelength absorption
and emission are to a large extent parallel.
In addition to optical activity in absorption we find that the

photoluminescence of PDMBT in the associated phase is also
circularly polarized.14 The degree of circular polarization in
emission, defined asglum ) 2(IL - IR)/(IL + IR), shown in Figure
2 has the same sign asgabson the high wavelength side. The
magnitude ofglum is on the order of (+5.0 ( 1.0)× 10-3, a
factor of 4 smaller than that in absorption. The exact cause of
this difference is presently unclear, but might be related to very
small conformational changes (quinoid form) upon photoexci-
tation or to emission from polymer chains that are defects in
the lattice of the aggregate.15

The molecular origin of the strong CD effect, and especially
the largegabsvalue, must be ascribed to a highly ordered packing
of the polythiophene chains in a chiral aggregate. The
resemblance of the bisignate CD spectrum with the first
derivative of the linear absorption spectrum is in full agreement
with a splitting of the excited state into two exciton levels via
a Davydov interaction.16 The full width at half maximum of
the first vibronic transition at-30°C (∼70 meV (20 nm), Figure
1) serves as an upper limit to the energy separation between
these exciton levels. The oscillator strengths of the optical
transitions to these exciton levels strongly depend on the
orientation of the transition dipole moments and for a parallel
orientation excitation to (and emission from) the lower level is
formally forbidden.16 Classical theory on exciton coupling using
a point dipole approximation, however, cannot explain highgabs
values as are presently found for PDMBT with long conjugated
segments.17,18 Therefore, it seems necessary to include either
a helical main chain conformation or a delocalization over more
than two chain fragments into the theory. The circular polariza-
tion in the luminescence of the aggregated form proves that
the chirality in conformation or packing is not destroyed by
photoexcitation and is in agreement with the small Stokes shift.
The relative weak emission observed from aggregates as
compared to the optically inactive emission of free chains is a
result of a more efficient radiationless decay in the ordered
phase. The splitting into exciton levels with different dipole
strengths which occurs in aggregates of conjugated polymers
is expected to affect the luminescence efficiency and should be
taken into account when comparing polymers in different
environments (e.g. films vs solutions). Moreover, these results
suggest that understanding interchain interactions is important
in the design of highly luminescent conjugated polymers.4

In summary we have shown that PDMBT can be obtained in
a highly ordered phase in solution. The optically active ordered
phase of this chiral semiconducting polymer has been studied
in detail using CD and CPL spectroscopy and was shown to
exhibit a vibronically resolved and circularly polarized absorp-
tion and luminescence due to splitting of the excited state into
two exciton levels.
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Figure 1. Normalized absorption (dashed line, left axis), first derivative
of the absorption (dotted line, left axis), and CD spectrum (solid line,
right axis) of PDMBT in dichloromethane at-30 °C.

Figure 2. Emission and excitation spectra of PDMBT inn-decanol at
20 °C (solid line, right-hand axis,λex ) 540 nm,λem ) 660 nm) and
at 110°C (dashed line, left-hand axis,λex ) 450 nm,λem ) 580 nm).
The inset shows the circularly polarized luminescence spectrum (9) at
20 °C of PDMBT in n-decanol recorded with excitation at 540 nm.
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