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The geometrical, electronic and optical properties of R,R′-quater(3,4-ethylenedioxythiophene) (4EDOT) and
R,R′-quater(thiophene) (4T) are studied by quantum-chemical calculations; the computed vibronic spectra at
low and room temperature (RT) are compared to experiment. Our results suggest that the better resolved RT
absorption spectrum of 4EDOT in comparison with 4T is not due to the molecule’s rigid nature as commonly
assumed but due to very similar out-of-plane modes in the electronic ground and first excited states of 4EDOT,
with low frequencies indicative of its rather soft nature.

Introduction

3,4-Ethylenedioxythiophene (EDOT) has been used as a
building block for the synthesis of functional conducting
polymers with interesting electrochemical and electro-optical
properties.1 Its specific strong electron donor properties make
it interesting as a building block for the design of low band
gap π-conjugated systems with applications in electro-optical
devices such as organic light-emitting diodes and solar cells.2

An interesting aspect of EDOT-type materials is its proposed
“self-rigidification”.3,4 This is suggested to arise from attractive
sulfur-oxygen interactions and to be the reason for the well-
structured absorption spectra,4-7 compared to unsubstituted
oligothiophenes (nTs), which at room temperature show only
vibronic structure in emission, but broad featureless absorption
spectra.8,9

It was shown in earlier combined experimental and quantum-
chemical work that the broad absorption of unsubstituted nTs
arises from thermal population of torsional modes, where these
modes exhibit a much more shallow potential in the electronic
ground state (S0) compared to the first excited-state S1.9,10 The
important featuresthe large increase in the force constant (and
thus frequency) of the torsional modes upon electronic
excitationsarises from the enhanced double bond character of
the bonds linking the thiophene rings in the S1 state. Upon
lowering the temperature,9-11 or placing the molecule in a rigid
environment,12,13 thermal population of torsional modes becomes
negligible and the broad featureless absorption transforms into

a well-resolved spectrum showing vibrational progressions, and
mirror-symmetric absorption and fluorescence spectra are ob-
tained.9

Following this idea, we will thus investigate in this contribu-
tion the geometrical, electronic, and optical properties of the
four-unit oligomer 4EDOT (and for consistency of 4T) in a full
quantum-chemical approach to elucidate the reason for the well-
structured absorption spectrum and give an answer to the
question of self-rigidification in EDOT-type materials.

Materials and Methods

The experimental absorption and emission spectra of 4T and
trimethylsilyl end-capped 4EDOT (4EDOT-TMS2) at low and
room temperature (RT) in solution are depicted in Figure 1.
The spectra of 4EDOT-TMS2 were recorded in MeTHF at 80
K and RT. The spectra of 4T were recorded in tetradecane at
12 K and RT. The terminal TMS groups are needed to
chemically stabilize 4EDOT.6 In the calculations, the TMS
groups were replaced by hydrogen atoms to reduce the
computational time, because the substituents are not expected
to substantially affect neither the vibronic structure nor the
spectral position by a large extent.6 The equilibrium geometries,
the highest occupied and lowest unoccupied molecular orbitals
(HOMO, LUMO), the vibrational frequencies of the S0 and S1

states, the adiabatic and vertical transition energies, and the
emission and absorption spectra were calculated at the (time-
dependent) density functional (TD)DFT level, using the hybrid
BHLYP functional and the standard 6-31G* basis set. The
geometries of the thiophene backbones were set planar (C2h and
C2 symmetry for 4T and 4EDOT, respectively). No frequency
scaling was applied to derive the theoretical spectra. All
calculations were performed in vacuo, using the TURBOMOLE
program.15 The Huang-Rhys (HR) factors and Duschinsky
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matrix elements (DME) were calculated with the DUSHIN
program.16 All calculations for the simulation of the optical
spectra were done using in-house programs.

Results and Discussion

a. Low Temperature Spectra. The first step to calculate
the optical spectra on a quantum-chemical basis is to compute
the coupling between the electronic transition and the vibrational
normal modes, determined by the Franck-Condon (FC) factors.
At low temperature (LT), the vibronic coupling will be most
effective with totally symmetrical in-plane modes because in
these modes the displacements are large. If the geometry change
upon electronic excitation is small, such normal modes are well
described within the displaced undistorted harmonic oscillator
model (linear coupling)17 and thus, the spectra can be obtained
by a procedure described, e.g., in ref 10. The FC factors within
this approximation for transitions from vibrational quanta m in
the initial state to quanta n in the final state, for a totally
symmetrical mode k, at T ) 0 K (m ) 0) are given by

Fn0
2 (k))

(Sk)
nke-Sk

nk!
(1)

Sk are the Huang-Rhys factors, which are obtained from the
projection of the geometrical change upon electronic excitation
on the normal coordinates associated with the vibrational
modes.18 The stick spectrum is obtained by calculating all
intercombinations of the modes. The spectra are then simulated
with a Gaussian function of width at half-height γ to account
for the dynamic inhomogeneity of the environment. Note that
γ is the only adjustable parameter in this approach. The
simulated low temperature spectra (see Figure 2) reproduce well
the experimental ones (Figure 1), which is consistent with earlier
studies.9,10,19,20 At low temperature, 4T exhibits well-structured
fluorescence and absorption spectra, which reveal that only a

few vibrational modes couple effectively to the electronic
transition.8,21 As previously observed,21 the vibronic progressions
in 4T are mainly based on two stretching modes labeled a and
b, with frequencies νa ) 166 cm-1 and νb ) 1585 cm-1, as
calculated for the S0 state; see Table 1.

At a first glance, the vibronic pattern in 4EDOT looks similar,
dominated by a strong peak around 1600 cm-1,6 which is
actually due to two different modes (k ) 135, 136) with very
similar nuclear displacements and frequencies, see Table 2. The
mode at ν ) 154 cm-1, is similar to the a mode in 4T, but

Figure 1. Experimental fluorescence (left) and absorption (right)
spectra of 4EDOT-TMS2 and 4T at low (dotted lines) and room (solid
lines) temperature.14 For better comparison, the abscissa scale is
normalized to the electronic origin ν00. The blue-shift of ν00 upon
increasing the temperature is due to the change in the polarizability
(see ref 9).

Figure 2. Calculated fluorescence (left) and absorption spectra (right)
of 4EDOT and 4T from BHLYP/6-31G* calculations according to eqs
1 and 2 and ref 10. Dashed lines: low temperature simulation with
inserted Gaussian half-width γ ) 150 cm-1. Solid lines: room
temperature convolution at 293 K with γ ) 800 cm-1 and ν0 ) 11, 21,
25, 40, 54 cm-1 and ν1 ) 10, 29, 33, 50, 55 cm-1 (4EDOT) and ν0 )
16, 30, 48 cm-1 and ν1 ) 103, 110, 125 cm-1 (4T). An additional
broadening with γ ) 800 cm-1 (4EDOT) and γ ) 500 cm-1 (4T) has
been performed to better reproduce the experiment. For better com-
parison, the abscissa scale is normalized to the electronic origin ν00.

TABLE 1: Selected Modes for 4T: Calculated Vibrational
Frequencies (in cm-1), for a Given Normal Mode k in the
Excited State, of the Ground (ν0) and First Excited State
(ν1), Symmetry, Duschinsky Matrix Element (DME),
Description, Distortion R, and Huang-Rhys Factors Sk for
Absorption (Force Constant for the Torsional Normal Modes
in Parentheses (in 10-3 mDyne/Å))

k ν1 ν0 symmetry description
DME
(%)

|R|
(%) Sk

In-Plane
2 59 45 bu in-plane bending 100 13 0
6 119 109 ag in-plane bending 99 4 0.01
8 167 166 ag in-plane stretching 97 0 0.64
10 180 177 bu in-plane bending 94 0 0
14 344 334 ag in-plane bending 86 1 0.25
30 721 735 ag intra-ring stretching 30 1 0.33
74 1666 1585 ag inter/intra-ring

stretching
27 2 1.03

Out-of-Plane
3 87 76 bg butterfly 90 7 0
4 103 (43.0) 16a (0.8) au torsion 73 73 0
5 110 (48.7) 30a (3.1) bg torsion 73 57 0
7 125 (62.7) 48a (10.3) au torsion 80 45 0

a Reference 25.
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couples less strongly to the electronic transition. In 4EDOT,
this mode necessarily contains nuclear displacements within the
ethylenedioxy units whereas in 4T it is located within the
thiophene backbone. Because the geometrical change upon
electronic excitation is exclusively localized in the thiophene
backbone, the coupling of this mode in 4T is significantly
stronger. This accounts in general for the vibronic pattern in
4EDOT, thus revealing a smaller reorganization energy, which
can be seen from the significant decrease of the ratio of the
high energy sub-bands F2/F1 in the emission spectra of 4EDOT
compared to 4T; see Figure 1. Quantitative determination of
the reorganization energy10 from the experimental emission
spectrum I(ν), which corresponds to the difference between the
vertical (νvert) and adiabatic transition energy (electronic origin;
ν00),

∆ν) ν00 - νvert ) ν00 -
∫ I(ν)ν dν

∫ I(ν) dν
(2)

yields ∆νexp ) 1700 cm-1 for 4EDOT, but ∆νexp ) 2100 cm-1

for 4T. The DFT calculations yield higher values (∆ν4EDOT )
2100 cm-1, ∆ν4T ) 2400 cm-1); however, they show the same
qualitative trend.

b. Room Temperature Spectra. Starting from the LT
spectra, simulation of RT spectra has to take into account the
increase in inhomogeneous broadening due to interactions with
the environment via a larger Gaussian half-width γ.10 In a second
step, thermal population of higher vibrational levels of the initial
electronic state i has to be included; this changes the overall
intensity distribution of excitations to the various vibrational
levels of the final electronic state f. At room temperature, only
modes with hν j kBT (where h is the Planck constant, kB is the
Boltzmann constant and T is the temperature) are thermally
accessed and thus only modes with νj 200 cm-1 are considered
in the calculation.

When calculating the effect of thermal population, we
distinguish between totally symmetric modes and out-of-plane
modes. Totally symmetric modes are found to contribute little
to the broadening in comparison to the effect of the environment
(γ) and can be neglected. In contrast, non totally symmetric

out-of-plane modes, which are not displaced when going from
the initial to the final state in the approximation used here,
contribute significantly to the thermal broadening. These modes
can couple with the electronic excitation when the frequency
differs in the initial and final state (distortion). In this quadratic
coupling case,17 transitions between states i and f of thermally
populated vibrational quanta can be calculated either in a
semiclassical approach, where the different curvature of the
modes in i and f give rise to an exponential distribution
function,10,17,22 or by a full quantum-chemical approach. Here,
the FC factors Fnm

2 of transitions between quantum numbers
m, n of the torsional frequencies (νi, νf) in the initial and final
electronic states, respectively, are calculated by a recursion
formula23 based on the expression for excitations at 0 K18 (i.e.,
m ) 0)

Fn0
2 ) (1-R2)1⁄2Rn(1)(3)(5)...(n- 1)

(2)(4)(6)...(n)
, for n even

Fn0
2 ) 0, for n odd (3)

where R ) (νi - νf)/(νi + νf) is the relative distortion of the
frequencies ν from state i to f for a given normal mode k against
their mean. The intensity distribution for a given temperature
is then calculated by populating the initial vibrational states m
according to Boltzmann. The impact on the spectrum will be
large if R is large. Appropriate candidates are typically torsional
modes. Other out-of-plane modes, on the other hand, like
butterfly modes, show only small distortions (see Table 1) and
usually do not have to be considered.

In the case of 4T, the low-frequency out-of-plane normal
modes in both the ground and excited states can be essentially
described by local motions, e.g., “torsions” and “butterfly”; see
Table 1. Mode-mixing24 is typically small and consequently the
Duschinsky matrix elements connecting the modes in the ground
and excited states are close to unity (Table 1). For all the normal
modes except for torsions, R is very small and the coupling is
sufficiently described by eq 1. For torsional modes,25 the HR
factors are zero and the distortions are large with R ) 45-73%
(Table 1); thus eq 3 is valid. The simulated 4T spectra, shown
in Figure 2, reproduce well the changes observed experimentally
(Figure 1): Increasing the temperature results in a broadening
with loss of mirror symmetry and the appearance of a broad
structureless absorption band, accompanied by a considerable
blue-shift, as previously observed for systems with large degrees
of torsional freedom.8,9,26 This effect arises from the different
rigidity of the molecular backbone in the ground and excited
states, here due to a substantial shortening of the inter-ring bond
length upon electronic excitation; see Table 3. Therefore, the
force constants, and thus the frequencies associated with
torsional motion, become larger in S1 compared to S0 (Table
1). Hence, thermal population in S0 causes a wider spectral
distribution function compared to S1 and therefore a stronger
blurring and blue-shift for absorption as compared to fluorescence.

TABLE 2: Selected Modes for 4EDOT: Calculated
Vibrational Frequencies (in cm-1), for a Given Normal
Mode k in the Excited State, of the Ground (ν0) and First
Excited State (ν1), Symmetry, Duschinsky Matrix Element
(DME), Description, Distortion R, and Huang-Rhys Factors
Sk for Absorption (Force Constant for the Out-of-Plane
Normal Modes in Parentheses (in 10-3 mDyna/Å))

k ν1 ν0 symmetry description
DME
(%)

|R|
(%) Sk

In-Plane
4 34 35 b in-plane bending 97 1 0
7 64 65 a in-plane bending 87 1 0
17 154 162 a in-plane stretching/bending 47 3 0.03
18 163 154 a in-plane stretching 47 3 0.18
40 464 441 a intra-ring stretching

(+inter-ring bending)
11 3 0.32

54 603 441 a intra-ring stretching 18 16 0.10
135 1651 1554 a in-plane stretching 27 3 0.78
136 1660 1609 a in-plane stretching 15 2 0.20

Out-of-Plane
1 10 (0.3) 11 (0.4) a torsion+butterfly 99 5 0
2 29 (3.9) 21 (2.2) a torsion+butterfly 90 16 0
3 33 (3.8) 25 (2.2) b torsion 95 14 0
5 50 (8.1) 40 (5.7) a torsion+butterfly 89 11 0
6 55 (14.1) 54 (12.7) b butterfly 92 1 0
8 76 (23.3) 78 (24.4) a butterfly 91 1 0

TABLE 3: Inter-ring Bond-Lengths ri of 4T and 4EDOT
and S · · ·O Distances di of 4EDOT (in Å) in S0 and S1

Calculated at the BHLYP/6-31G* level (ri and di Given in
Figure 2)

inter-ring bonds S · · ·O distances

r1 r2 d1 d2 d3

4T S0 1.447 1.444
S1 1.413 1.388

4EDOT S0 1.440 1.438 2.927 2.939 2.934
S1 1.408 1.387 2.908 2.930 2.912
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The same procedure is applied to 4EDOT. However, it is
difficult to assign the torsional modes: the normal modes in S0

and S1 need to be described as a combination of local motions
(see Table 2). In any case, the nuclear displacements of a given
out-of-plane mode are very similar in S0 and S1, as can be seen
from the high DME values, which are close to unity. To simulate
the room temperature spectra, we have thus applied eq 3 to the
first six out-of-plane modes (see Table 2). Again, the simulated
spectra reproduce well the changes observed with increasing
temperature, namely, broadening of the spectra, whereas, in this
case, the vibrational fine structure is still observed in both the
emission and absorption spectra (see Figures 1 and 2). The
reason is readily seen from Table 2: the distortion of the out-
of-plane modes is small, yielding small R, a direct result of the
fairly similar force constants (and thus frequencies) in S0 and
S1, for all low-frequency out-of-plane modes.

Similar force constants are induced by the combination of
two opposite effects: on the one hand, a geometrical effect due
to the shortening of the inter-ring bonds upon electronic
excitation, which is essentially the same as in 4T (see Table 3)
(the increase of the rigidity in S1 will increase the force constants
for the ring torsions in S1 with respect to S0, as previously
described for 4T); on the other hand, an electronic effect, which
can be seen in the topologies of the HOMO and LUMO orbitals
(see Figure 3), because the first electronic transition is well
described by a HOMOf LUMO excitation. In the HOMO, no
bonding interaction between sulfur and oxygen is found because
the LCAO coefficients of sulfur are essentially zero (alike in
4T), whereas in the LUMO an antibonding (repulsive) interac-
tion is observed, which lowers the force constant in S1. The
compensation of these two opposite effects leads to substantially

similar force constants of the torsional potentials in both
electronic states.

Most importantly, the force constants for the torsions in
4EDOT are very similar to the ground state of 4T, and not to
its excited state (see Tables 1 and 2), as one might expect from
the self-rigidification paradigm.3,4 The latter was drawn from
the short S · · ·O distances, which amount to 2.96 Å on average
as found in the crystal structures;3b,4 our calculations give ca.
2.94 Å for S0; see Table 3. This is shorter than the van der
Waals distance between S and O (3.35 Å), and it was thus
assumed to be driven by attractive S · · ·O interactions.28

However, comparison of the one-unit monomer 1EDOT with
oligomer 4EDOT at the DFT level reveals very similar
geometries in the thiophene and the ethylenedioxy moiety.
Furthermore, the inter-ring bonds in 4EDOT, for which r )
1.44 Å is yielded, are only slightly shorter (less than 0.01 Å)
than those in 4T; see Table 3. Therefore, the S · · ·O distances
are largely dictated by the intra-ring constraints within the EDOT
unit and by the inter-ring bond length.

Further evidence for nonbonding S · · ·O interaction in the
electronic ground state of EDOT-type materials arises from an
analysis according to Raos et al.,29 following the change ∆ )
(� - R)180° - (� - R)90° of the bond angles R, � between oxygen
and the thiophene ring (Figure 2) along the torsional coordinate
where 180°, 90° correspond to trans-planar and perpendicular
conformations, respectively. The small negative value of ∆ )
-0.0330 points to an essentially nonbonding S · · ·O interaction,
where opposite charges on S (δ+) and O (δ-) compensate
sterical repulsion.31 For the unsubstituted species, significant
repulsive interaction is observed,29 yielding ∆ ) -1.37, which
might mainly arise from the rejection of positive partial charges
on S and H rather than sterical hindrance.32 This difference in
the S · · ·O and S · · ·H interactions in nEDOT and nT, respec-
tively, are held responsible for the different gas-phase equilib-
rium geometries in the electronic ground state: while 4EDOT
is calculated to be coplanar, geometry optimization of 4T yields
a distorted structure with inter-ring dihedral angles of typically
10-30° at the DFT level (depending somewhat on functional
and basis set).26 Hence, from the geometry and from the torsional
force constants in the ground-state compared to 4T, 4EDOT
has to be reconsidered as a planar, but soft, nonrigidified
molecule. Its well-resolved absorption spectrum arises not from
rigidification, but from an “electronic softening” upon electronic
excitation, which compensates the usual geometrical “hardening”
in oligothiophenes upon electronic excitation.

Conclusions

We have provided a quantum-chemical approach to under-
stand the well-structured room-temperature absorption spectrum
of the 4EDOT oligomer by a thorough comparison with the
unsubstituted species (4T), which exhibits an unstructured
spectrum. We have stressed that the shape of the spectrum arises
from the change of the geometrical and vibrational properties
upon electronic excitation and cannot be predicted from the
properties of the ground state alone, but requiring the complete
knowledge of electronic structure, geometries, and thermally
populated vibrations of the electronic states involved. We have
demonstrated that the well resolved spectral features of 4EDOT
are due to very similar out-of-plane modes in the electronic
ground (S0) and first excited state (S1), which exhibit surprisingly
low frequencies. Our calculations thus reveal that EDOT-type
materials are not rigid systems, but have to be considered as
“soft” materials rather similar to the unsubstituted species.

Figure 3. Electronic density contours (0.04 e/bohr3) calculated for the
HOMO and the LUMO of 4EDOT (ref 27).
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