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Vibrationally Resolved Emission Spectra of Lumines-
cent Conjugated Oligothiophenes from Anharmonic
Calculations†

Diana Madsen,a Ove Christiansen,a Patrick Norman,b and Carolin König∗c

We report on accurate and efficient calculations of vibrationally resolved emission spectra for
oligothiophenes from anharmonic vibrational configuration interaction wave-function calculations
in reduced vibrational spaces. These reduced spaces are chosen based on the independent
mode displaced harmonic oscillator model. Good agreement with experiment is obtained for
all-trans oligothiophenes with two to five rings also when employing only a few active modes.
Vibrational modes incorporating inter-ring carbon–carbon stretches and a ring breathing mode are
found to be the main players in the vibrational progression for the emission from the first excited
electronic state for all investigated oligothiophene derivatives. The presented framework is here
illustrated for oligothiophenes, but we have made no underlying system-dependent assumptions
and believe it to become a valuable tool for the rational design of fluorescence biomarkers.

1 Introduction
In the scientific field of organic electronics, molecular derivatives
based on oligothiophenes represent a corner stone in the devel-
opment of functional materials.1–8 But there exists also a less
known yet highly important application of this class of systems
in biochemistry where oligothiophene derivatives in the form
of conjugated polyelectrolytes are used as luminescent biomark-
ers. The emission spectra of oligothiophene-based biomarkers
exhibit clear band structures, which are most likely assigned to
vibrational progressions. In this study, we propose a system-
independent protocol for the efficient calculation of vibrationally
resolved electronic spectra from anharmonic vibrational wave
functions in reduced spaces. We apply this model to pristine
oligothiophenes with up to five rings as well as a model for an
oligothiophene-based biomarker. For the latter, we attempt to
capture the effect of constraining it in a binding pocket by freez-
ing certain atoms in the vibrational treatment.

It has been demonstrated that a water-soluble zwitterionic
polythiophene derivative undergoes noncovalent interactions
with minuscule concentrations of single-stranded DNA as to in-
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crease the molecular planarity of the polymer probe and which in
turn causes probe aggregation and red-shifted fluorescence with
lower quantum yields. Sequence-specific DNA hybridization can
thereafter follow and give rise to blue-shifts and increased emis-
sion.9 In the same spirit, optical responses of polythiophenes have
proven controllable by interactions with negatively and positively
charged polypeptides that affects probe planarity and aggrega-
tion and which is envisioned to result in an opportunity to create
biomolecular switches.10 The underlying microscopic mechanism
for these kinds of detections is found to be oscillator strength
redistributions among vibronic transitions as H-aggregates are
formed or broken. The observed vibrational progressions in emis-
sion spectra are identified as due to carbon–carbon stretch vibra-
tions in the molecular complex with an energy quantum of about
0.18 eV.11 More recently, the formation of H-aggregates of a spe-
cific pentameric oligothiophene derivative known as p-FTAA has
also been observed in water solution and systematically studied
under conditions of varying pH and oxygen saturation.12 At low
pH, the probe is hydrogenated and charge neutral enabling the
formation of large H-aggregates and, at high pH, the probe is an-
ionic and fully dissolved or at least found in the form of very small
aggregates. In accordance with the oligothiophene–DNA interac-
tion study, a vibrational progression could be tentatively identi-
fied in the photoluminescence spectrum of the large H-aggregate
and, in addition, the effect of oxygen saturation and the role of
triplet states was discussed.12

A dedicated experimental–computational study to the interac-
tions between the singlet and triplet manifolds of states have been
performed on quaterthiophene by Sun et al.13 Their work shows
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that the S1 relaxation time is fast (∼70 ps) in comparison to the
process of inter-system crossing (∼400 ps) and that the triplet
yield is surprisingly high for an organic compound due to a near-
degeneracy between S1 and T2 states along the S1 relaxation coor-
dinate.13 This is a very interesting note since a variety of molecu-
lar scaffolds have been developed and successfully used under in
vitro as well as in vivo conditions as to detect the cross β -pleated
sheet conformations of protein aggregates that are responsible for
neurodegenerative diseases such as Alzheimer’s and Parkinson’s
diseases,14,15 and since, apart from target-specific emission shifts,
the binding of the fluoromarker to the protein is often associated
with large increases in the fluorescence yields.16,17 It appears
likely that the constrained nuclear motions of probes in binding
pockets18 will sensitively affect the S1 relaxation and thereby the
degree of fluorescence quenching by means of inter-system cross-
ing. As demonstrated on several occasions, clear vibronic profiles
are often seen in fluorescence spectra of oligothiophenes.19 These
spectral profiles become particularly pronounced after binding to
proteins has taken place as can for instance be seen in the case of
Aβ 1–42 and tau fibrils.16,17 Arguably, it is therefore highly rele-
vant to account for the effects of nuclear motions in the theoreti-
cal simulations of the luminescence properties of these biomark-
ers as to make correct spectral assignments and achieve rational
molecular design.

Calculations of vibronic profiles of oligothiophenes have previ-
ously been targeted by other authors. It has been demonstrated
by Improta et al.20 that highly accurate vibronic absorption and
emission spectra of oligothiophenes (with up to seven rings) can
be calculated with a hybrid quantum–classical protocol. Torsional
modes are treated at the anharmonic level with classical sam-
pling methods (giving rise to line broadenings) whereas others
(potentially responsible for spectral progressions) are treated at
the harmonic level with all quantum Franck–Condon factors com-
puted based on the planar Cs symmetry-constrained Hessians of
the initial S1 and final S0 states (in emission). An approxima-
tion strategy is presented to force the Duschinsky matrix to be
block-diagonal with harmonic and anharmonic modes in differ-
ent blocks as required in this approach to deal with systems as
large as oligothiophenes. Furthermore, Wehrle et al.21 calculated
emission spectra for these molecules with the inclusion of anhar-
monicity from a semi-classical thawed Gaussian approach. They
presented an a posteriori analysis of the full-space results, which
revealed that only a limited number of modes contribute to the
vibrational progression in oligothiophenes.

In the present work, we adopt a fundamentally different ap-
proach based on vibrational configuration interaction (VCI)22–25

theory. We propose a protocol that identifies the important modes
to describe vibrational progressions based on a harmonic model.
In contrast to the work of Wehrle et al., our scheme ranks a pri-
ori the importance of the different modes to describe the vibra-
tional progressions in the anharmonic calculation. In doing so,
we can largely reduce the required vibrational space and thereby
the computational cost compared to the full-space treatment.
The resulting reduced vibrational space is thereafter employed in
fully anharmonic Franck–Condon calculations employing multi-
dimensional anharmonic vibrational wave functions and provid-

ing a systematic inclusion of mode couplings. There are no
system-specific assumptions that need to be made concerning for
instance the nature of modes or how to disentangle the couplings
in between them and we therefore argue that our approach lends
itself well to treat complex systems such as a fluoromarker in the
binding pocket of an amyloid.18

In Section 2, we present a method for the spectral ranking of
modes. Computational details are provided in Section 3 to be
followed by a presentation of results and discussion in Section
4. In Section 4, we assess (i) our proposed scheme for mode
ranking, (ii) the convergence of vibrationally resolved emission
spectra with respect to included modes and the importance of an-
harmonicity, and (iii) spectra for the cases of bi-, ter-, quater- and
pentathiophene. Alternative equilibrium conformations are dis-
cussed as are simple effects of environments on the vibrational
progressions, simulated by restricting the movements of certain
atoms in the vibrational treatment. A comprehensive study of en-
vironment effects is beyond the scope of the present study but we
wish here to illustrate in a simplistic manner how our approach
enables the study of oligothiophene derivatives in their relevant
biochemical applications. We conclude the study in Section 5.

2 Methodology
Even disregarding environmental effects, the computational elu-
cidation and prediction of vibrationally resolved spectra represent
a highly challenging task for the oligothiophene building blocks
themselves. Within the last decades, the development of practi-
cal methods applicable for spectral profile computations employ-
ing Franck–Condon factors have been a very active field of re-
search, see, e.g., Refs. 26–45. A full account of these develop-
ments goes beyond the scope of the present introduction and we
refer to a review article by Santoro and Barone.46 When anhar-
monic effects need to be considered the situation becomes much
more complicated. The main source of computational expense in
these calculations is the large number of vibrational degrees of
freedom (DOFs) that are considered in the full treatment as well
as the fact that all DOFs can be coupled. In this work, we propose
a computational protocol for selecting modes that dominate the
vibrational progression based on harmonic calculations and use
those modes in a subsequent reduced-space anharmonic calcula-
tions of the Franck–Condon factors. The proposed protocol paves
the way to accurate, yet affordable quantum-mechanical calcula-
tions of vibrationally resolved spectra of medium-sized molecules,
such as oligothiophenes. The computational protocol includes
the following steps:

1. Generate vibrational coordinates (from a harmonic Hes-
sian).

2. Rank the modes according to their importance for the vibra-
tional progression.

3. Perform anharmonic Franck–Condon factor calculations for
the reduced vibrational space.

These steps are described below.
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2.1 Vibrational coordinates

The Franck–Condon factors are calculated as overlap between
the VCI wave functions of the vibrational states involved in the
transition. This wave-function ansatz is based on a set of vibra-
tional coordinates. In case of a full VCI wave function on a fully
anharmonically coupled PES, the full space is spanned, so that
the choice of coordinates becomes irrelevant. For every restricted
ansatz, however, the choice of vibrational coordinates can affect
the quality of the approximation. Our current implementation of
Franck–Condon factors requires the wave function of the initial
and final state to be expressed in the same set of coordinates. By
default, we use normal coordinates obtained from the Hessian of
the initial state, i.e., here we use normal coordinates of the emit-
ting state. In certain cases, we also use a so-called FALCON ap-
proach.47 This allows to selectively choose a reduced vibrational
space, for instance to fix the positions of certain atoms.

2.2 Mode ranking

For the ranking of mode importance, we use the displace-
ment from the independent-mode displaced harmonic oscillator
(IMDHO) model.29,31 This displacement, ∆i, is calculated from
the gradient of the ground electronic state at the equilibrium
structure of the excited state,

∆i =−
GB;i(RA)

h̄ωi
(1)

where GB;i(RA) is the gradient of the electronic energy for state B
along a given dimensionless normal coordinate i for state A and
ωi is the corresponding harmonic angular frequency. The IMDHO
model, ωi is assumed to be the same in the final state as in the ini-
tial state. The idea behind this ranking is that within this model
large displacements of the potential energy curve give rise to non-
vanishing Franck–Condon overlap for multiple states, and thereby
to pronounced vibrational progression, when assuming the wave
functions are internally orthonormal. On the contrary, zero dis-
placement leads to overlap between the vibrational ground-states
only, and thereby to a single peak rather than a pronounced vibra-
tional progression within the IMDHO model. By this, we follow
the same argumentation as made previously in Ref. 48. On the
one hand, its simplicity makes the IMDHO model an ideal candi-
date for mode ranking as it enables fast evaluation of the ranking
measures. On the other hand, it also sets the limitation for this
protocol: All modes along which the gradient of the final state at
the structure of the initial state (i.e. at the Franck–Condon point)
is zero will not be considered further. In case the equilibrium
structures of the initial and final states belong to the same point
group, this will necessarily lead to a neglect of all non-symmetric
modes. As these modes come with zero displacement their im-
pact on the vibrational profile is often expected to be small and it
thus may appear reasonable. However, a more problematic situa-
tion occurs if the gradient of the final state is zero at the Franck–
Condon point due to a maximum along this mode rather than a
minimum. This points to a saddle point on the surface and a dif-
ferent point group for the equilibrium structure of the final state.
This mode will in the current procedure be deemed unimportant,

despite a potentially large impact on the vibrational progression.
We will discuss such a case for a trans-bithiophene in Sec. 4.1, but
argue that the band profile can be computed without this mode
in the given case.

The IMDHO model may further lead to somewhat incorrect
rankings for cases where strong vibrational progressions are as-
sociated to modes with significantly different frequencies in the
initial and final states, especially because we consider only the
vibrational frequency of the initial state in our criteria. Moreover,
this purely harmonic model only approximately assesses the di-
rect impact of independent modes to the vibrational progressions.
It does not provide any information on how much these modes are
anharmonically coupled to any other mode. For this reason it can
well happen that modes that have a strong anharmonic coupling
to the modes driving the progression are neglected in the final an-
harmonic treatment. This in return may lead to a loss of detailed
information in the simulated spectra for the reduced spaces.

Additionally, we note that the effect of low-frequency modes is
usually not resolved in the final simulated spectrum with a non-
zero broadening width. These modes at most cause a broadening
of the main peaks, which we assume can be effectively modeled
by a Lorentzian line broadening function. This is, of course, only
true for a symmetric broadening and the applied threshold as well
as broadening factor will depend on the desired resolution and
thereby on the experimental spectrum one aims to compare to.

To focus our computations we thus include modes only if the
dimensionless displacement is larger than or equal to 0.6 and the
harmonic frequency larger than 161 cm−1 (corresponding to half
of the employed broadening, see Section 3) unless noted other-
wise. This choice was motivated by initial computations, and will
be illustrated very briefly for trans-bithiophene in Section 4.1.

The IMDHO model is of course only strictly valid for normal
modes. Within this study we regard the alternative coordinates
(such as FALCON coordinates) as approximately similar to normal
modes and thereby consider the IMDHO approximation for mode
ranking to be applicable also in these coordinates.

2.3 Anharmonic Franck–Condon factors from VCI wave
functions

For the selected vibrational subspace we perform VCI-based
Franck–Condon factor calculations. For this, we first need to gen-
erate multi-dimensional PESs for both involved states in a com-
mon set of coordinates. We expand the PESs of both states in an
n-mode expansion49–54 around the minimum point of the initial
state. This choice is motivated by the observation that the ver-
tical regime is most important for Franck–Condon factors.55 In
the subsequent anharmonic wave function calculations, we use
the VCI nuclear wave functions, which introduce mode-couplings
with a linear expansion of excitations of a reference state. A fea-
ture of VCI wave-functions is the inclusion of mode-couplings in
a hierarchical manner.24,56 The emission spectra are calculated
from Franck–Condon factors based on the overlaps of the VCI
wave functions of the lowest vibrational state in the excited elec-
tronic state and different vibrational states in the ground elec-
tronic state. There are a number of previous works reporting com-
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Fig. 1 Illustration of energy differences in eqn (3).

putations of anharmonic Franck–Condon factors with VCI for up
to about five-atomic systems.57–60 The VCI wave function over-
laps are computed (numerically) exact, and the details of the
adopted numerical method will be described in a forthcoming
study.61

The energy difference ∆Eab = (Ea−Eb) between the vibronic
states a and b involved in the emission process can be written as

∆Eab = ∆Eadiabatic
AB +

(
Ea−Eel

A(RA)
)
−
(

Eb−Eel
B(RB)

)
(2)

or, equivalently,

∆Eab = ∆Evertical
AB (RA)+

(
Ea−Eel

A(RA)
)
−
(

Eb−Eel
B(RA)

)
, (3)

where ∆Eadiabatic
AB and ∆Evertical

AB (RA) are the adiabatic and vertical
transition energies, respectively, between electronic states A and
B; see Fig. 1 for an illustration. In our calculations, we do not op-
timize the molecular structure in state B but rather expand both
potential energy surfaces A and B around the nuclear configu-
ration RA. In doing so, we depart from the more conventional
eqn (2) and focus our expansion at the Franck–Condon region as
expressed in eqn (3). We thus calculate the vibrational energy
relative to the electronic energy at a point that is not a minimum.
In fact, the adopted scheme does not require an optimization of
the ground state molecular structure but the region around this
minimum must of course be part of the grid-representation of the
PESs. For vibrational modes that are not included in our calcula-
tions, this corresponds to a vertical description.

3 Computational details
We generated the reference structures for all PES representations
by structure optimization in the first excited state using time de-
pendent density functional theory (TD-DFT) in Gaussian62 using
the Coulomb-attenuated CAM-B3LYP exchange correlation func-
tional63 with the basis set 6-31+g(d).64 This choice of method
was motivated by previous good performance of this or simi-
lar methods for optical spectra of oligothiophenes.21,65,66 Vibra-
tional coordinates obtained using the Hessian of the first ex-
cited state were used to span the PES representations of both
involved electronic states, i.e., the ground and S1 states. The

Adaptive Density-Guided Approach (ADGA),67 implemented in
MidasCpp68, was used to choose which single points to calculate
for the 2-mode coupled PESs. These electronic-structure calcula-
tions were performed with the same computational setup as used
in the structure optimizations. The PESs were fitted to the calcu-
lated points using a two-mode coupled polynomial representation
with maximum degree eight.

For calculating Franck–Condon factors, we employed VCI wave
functions, denoted VCI[n], where n is the maximum number
of simultaneously excited modes. We used a maximum mode-
coupling level of four modes, meaning VCI[4], for all calculations
with considering four or more DOFs, unless stated otherwise. A
Vibrational Self-Consistent Field (VSCF) wave function was used
as reference state for the VCI wave function. A B-spline basis69

with a basis set density of 0.8 was applied. The boundaries for the
wave-function calculations have been chosen from the boundaries
obtained adaptively in the PES generation in the following man-
ner: for each mode included, both boundaries were chosen from
the largest automatically constructed ADGA boundaries of either
the excited or ground state PES. The sum of the Franck–Condon
factors was required to be at least 0.98 to ensure that most of the
intensity was captured in the simulated spectra. To achieve this
value, different number of VSCF modals have been included in
the VCI calculations for the different molecules and also the total
number of calculated states varies. These settings can be found
in the ESI†.

For generating the emission spectra based on the calculated
Franck–Condon factors a Lorentzian broadening was used. We do
not explicitly include physical effects that cause broadenings such
as interactions with solvents, finite lifetimes, etc. These are only
accounted for by the imposed Lorentzian. We employ a half-width
at half-maximum (HWHM) of 0.04 eV, unless stated otherwise.
This broadening was early in the project seen to be reasonable
in comparisons with experiments. It was then kept constant for
most of the calculations to have a fair internal comparison of the
results. We have made use of a plot digitizer70 to extract data
points from experimental spectra. The intensities were scaled to
have the highest peak from the calculation match the height of
the highest peak in the experimental spectrum. No scaling was
employed to the energy values.

4 Results and discussion
In the following we present results for mode rankings, conver-
gence of spectra for oligothiophenes of different lengths and con-
formations. For the exemplary case of the trans-bithiophene, we
also show the impact of the anharmonicity. Furthermore, we in-
vestigate the differences between peak maxima for one- and four-
mode spectra. Finally, we restrict certain atoms in an oligothio-
phene derivatives to mimic the effect of a constraining environ-
ment as an attempt to capture environmental effects.

4.1 In-depth analysis of trans-bithiophene

The first five highest ranked modes for trans-bithiophene are
shown in the left columns in Table 1, ordered with decreas-
ing IMDHO displacements together with their displacements, fre-
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(a) Inter-ring C-C stretch (CCs) (b) Inter-ring bending (irb)

(c) Ring breathing (rb) (d) Inter-ring stretch (irs)

(e) C-S stretch (CSs) (f) Chain deformation (cd)

(g) C-H bending (CHb)

Fig. 2 Illustration of selected modes for all-trans-terthiophene, trans-
bithiophene and cis-bithiophene. The blue arrows denote modes dom-
inated by movement of individual atoms, whereas red arrows denote
movement of entire ring structures.

quencies and assigned mode character. An illustration of the dif-
ferent characters can be found in Fig. 2. The ring breathing and
inter-ring C–C stretching modes exhibit the largest displacements
of 1.42 and 1.35 and are therefore expected to be most important.
They are followed by a chain deformation mode with a displace-
ment of 0.824. The subsequent modes show significantly smaller
displacements.

The largest displacements are of course expected for the modes
that can be correlated to the largest differences between the
ground- and excited-state equilibrium structures. The structural
parameters that are subject the most significant change are the
bond length between the rings (1.38 Å in the excited state and
1.46 Å in the ground state) as well as the SCCS dihedral angle
(180.0◦ in the excited state 151.5◦ in the ground state). In view
of this observation, it is not surprising that the inter-ring C–C
stretching mode is identified as one of the most important ones.
The out-of-plane vibration that lead to the staggered orientation
of the thiophene rings in the ground-state structure is, however,
not represented in the list of important modes. The reason for
this is that at the planar equilibrium structure of the excited state
the gradient along this mode in the ground state is zero by sym-
metry. This point, however, is not a minimum along this mode,
but rather a transition state connecting two minima with stag-

gered conformations. The IMDHO model is, hence, not reliable
in predicting the importance of this mode, but, in view of the low
frequency of this mode (37 cm−1 for the final (ground) state and
88 cm−1 for the initial (excited) state, both below our frequency
cut-off) it is still reasonable to assume that its spectral effects can,
together with that of other low-frequency modes, effectively be
modeled by the employment of a Lorentzian line broadening. In
Fig. 3 the vibrationally resolved emission spectra are presented
with an increasing number of vibrational modes included in the
calculation: one, two, three and five modes. It is observed, that
the vibrational progression is converged with respect to including
modes for as few as three modes. We further compare our re-
sults to experimental data for the respective fluorescent spectrum
in ethanol at 77 K.19 We note, that the calculated anharmonic
spectrum with two or more modes is shifted by about 0.1 eV to
higher energies compared to experiment. However, the overall
agreement with the experiment is surprisingly good, considering
what can be expected from a TD-DFT calculation and so drasti-
cally reduced vibrational space. We would here like to emphasize,
that only the Lorentzian broadening is a chosen parameter, and
no adjustments according to experiment was done of the data.
The selected criteria discussed in Section 2.2 correspond to the
three-mode computation and is thus illustrated to be adequate
for trans-bithiophene.

The spectrum including two modes but a different Lorentzian
broadening can be found in Fig. S-1(a) in the ESI†. We observe
that the effect of low-lying frequencies (adding the third chain
deformation mode with a frequency of 387 cm−1) corresponds to
a larger broadening of the spectrum, but does not add additional
features to the spectrum. For sake of completeness of the series
from one to five modes for trans-bithiophene, the spectrum cal-
culated with four modes is provided in Fig. S-1(b) of the ESI†.

4.2 Anharmonic effects for trans-bithiophene

To assess the impact of anharmonicity for the calculated vibronic
spectra, we have taken the computed anharmonic potentials for
trans-bithiophene with five modes and systematically erased vari-
ous terms. This allows us to investigate the effect of one-mode an-
harmonicities and mode couplings separately. The spectrum con-
sidering both one-mode anharmonicity and mode–mode coupling
terms is presented together with the other more approximate cal-
culated spectra in Fig. 4. This anharmonic reference spectrum
has been obtained similar as the one presented in Fig. 3(d), but
has been calculated with VCI[5] (for five modes VCI[5] = FVCI)
instead of VCI[4]. Neglecting all terms arising from couplings be-
tween different modes (thus having uncoupled anharmonic oscil-
lators), we obtain the spectrum shown in Fig. 4(c). In Fig. 4(b),
we present the spectrum resulting from only up to second or-
der terms in total including couplings between different modes.
Considering only first and second order terms for the individual
modes, but no mode–mode couplings, gives the spectrum pre-
sented in Fig. 4(a). This approach is thus closest to a standard
harmonic treatment.

The spectra in Fig. 4(a) and 4(b) are very similar. We, hence,
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Table 1 Mode ranking for all-trans-oligothiophenes of different lengths: bi-, ter-, quater- and pentathiophene abbreviated as 2T–5T. The five highest
ranked modes with the absolute value of the dimensionless displacement |∆i|, harmonic frequency ν in cm−1 and type, i.e., ring breathing (rb),
symmetric inter-ring C–C stretch (CCs), chain deformation (cd), inter-ring stretch (irs), C–S stretch (CSs) and inter-ring bending (irb). See Fig. 2
for illustration of the characterized modes. The entries written in bold are for the selected modes according to Section 2.2 except for the case of
trans-bithiophene where the 1–5 modes were included in the convergence study.

Structure 2T 3T 4T 5T
rank |∆i| ν type |∆i| ν type |∆i| ν type |∆i| ν type

1 1.42 674 rb 1.31 1631 CCs 1.28 1616 CCs 1.01 137 irb
2 1.35 1658 CCs 1.05 697 rb 1.02 162 irs 0.960 1600 CCs
3 0.824 387 cd 0.925 210 irs 0.894 705 rb 0.835 1592 CCs
4 0.529 290 irs 0.741 350 cd 0.693 333 cd 0.795 711 rb
5 0.446 1214 CSs 0.454 1264 CSs 0.406 1277 CSs 0.690 323 cd
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Fig. 3 Anharmonic emission spectra (arbitrary units) for the S1→S0 transition of trans-bithiophene and experimental spectra (at 77 K in ethanol). 19

The calculated spectra are represented with black lines, the experiment with green lines and the vertical electronic emission energy with gray lines.
The calculations were performed with (a) one, (b) two, (c) three and (d) five highest ranked modes.
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(a) Harm., no couplings
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Fig. 4 Harmonic (Harm.) and anharmonic (Anh.) emission spectra with
and without couplings (arbitrary units) for the S1→S0 transition of trans-
bithiophene. The fully anharmonic spectrum is shown with blue lines
behind all more approximate spectra shown in black lines. All calculated
spectra (represented with black and blue lines) include the five highest
ranked modes and were obtained with VCI[5].

observe no clear improvement when including coupling terms,
but staying within a second order expansion. Only the anhar-
monic coupled treatment, the blue lines, give a strength distri-
bution between the two strongest peaks that match the experi-
ment, though the overall broad profile is fairly similar in all com-
putations. Going back to Fig. 3(b) we see that it is seemingly
preferable to have few fully anharmonic modes with anharmonic
coupled than more modes with various restrictions.

4.3 Mode-ranking and spectra for all-trans ter-, quater-,
and pentathiophene

In this section the longer all-trans-oligothiophenes are investi-
gated including the pentathiophene, which is the backbone of the
above-mentioned fluorescent biomarker. In Table 1, the five high-
est ranked modes are presented for all-trans ter-, quater-, and
pentathiophene in the columns: 3T, 4T and 5T. It is noteworthy
that the inter-ring C–C stretches places high in the ranking in all
the molecules investigated and the ring breathing mode is im-
portant as well. All the inter-ring C–C stretches among the few
highest ranked modes are symmetric regarding the center and
the stretches are in-phase [c.f., molecule in Fig. 5(e)], as can be
expected from symmetry considerations.

Another, maybe surprising observation is, that keeping the
thresholds found adequate for the trans-bithiophene (i.e. |∆i| ≥
0.6∧ν > 161cm−1), the number of modes selected for the vibra-
tional progression does not increase significantly for the longer
oligothiophenes: We select four modes for all-trans ter-, quater-,
and pentathiophene, respectively, compared to three modes for
trans-bithiophene. This means, while we include 7% of all vibra-
tional modes in the trans-bithiophene case, we only include 6%,
5%, and 4% of vibrational modes, respectively for all-trans ter-,
quater-, and pentathiophene. This finding suggests, that the per-
centage of important modes decreases with system size in this
case. This is a rather promising finding as it suggests a possible
sublinear scaling of the number of selected modes in this case. A
possible generalization of this observation, however, goes beyond
the scope of this study.

In Fig. 5, we present calculated spectra for all-trans ter-, quater-
and pentathiophene, including energetic spacing between the
peaks along with the experimental spectra. The spectra are shown
for calculations including only the highest ranked mode as well
as for those with the chosen thresholds for the displacements and
frequencies. The latter include four modes in all shown cases.
The one-mode spectra capture all the major peaks. In the four-
mode spectra, secondary progressions are observed. They are par-
ticularly pronounced for the terthiophene (c.f., Fig. 5(b)). Such
secondary progressions are unfortunately not well resolved in the
experimental spectra. However, there is clearly a shoulder to
the left of the highest energy peak in the terthiophene spectrum
[Fig. 5(b)], which is reproduced in our calculations. We, hence,
find that the vibrational progressions are reproduced remarkably
well with our reduced-space treatment, also with increasing sys-
tem size.

As can be seen from Fig. 5, we observe peak spacings of
about 0.18–0.19 eV for the progressions due to the inter-ring C–C
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Fig. 5 Anharmonic emission spectra (arbitrary units) for the S1→S0
transition of all-trans terthiophene (3T) with (a) 1 mode (b) four modes,
quaterthiophene (4T) with (c) 1 mode (d) 4 modes and pentathiophene
(5T) with (e) 1 mode and (f) 4 modes and experimental spectra (at 77 K in
ethanol). 19 The calculated spectra are represented with black lines, the
experiment with green lines and the vertical electronic emission energy
with gray lines. The vertical dashed lines denote the local maxima of
the calculated spectra. The differences between neighboring peaks are
given in eV.

stretches. This is in line with the finding of Ref. 11 that a sepa-
ration between peaks for an oligothiophene based polyelectrolyte
was found to fit with experiment, when fixing the peak separation
to 0.18–0.19 eV. We further observe small differences in the spac-
ings between the peaks depending on the length of the oligothio-
phene. This is seen for instance for the spacing between the two
highest peaks for the one-mode calculations for terthiophene and
pentathiophene, Fig. 5(a) and 5(e), which are 0.193 eV and 0.196
eV, respectively. We further obtain smaller spacings between the
highest peaks for pentathiophenes in the calculation with four
modes [0.189 eV, see Fig. 5(f)] than with one mode [0.196 eV,
see Fig. 5(e) ]. In other words, the spacings are dominated by
the inter-ring C–C stretching modes, but are also affected by the
other modes and, therefore, depend on multiple modes and not a
single mode or the molecular structure alone.

4.4 Mode ranking and spectra for other conformations

We have investigated other conformations of oligothiophenes,
namely cis-bithiophene, trans-cis-cis-trans-pentathiophene and
all-cis-pentathiophene. Looking at the mode rankings for cis-
bithiophene presented in the left column of Table 2 and trans-
bithiophene (see Table 1), the first two modes are of the same
character (ring breathing and inter-ring C–C stretch) and similar
frequencies, but from the third mode on they differ. This config-
urational aspect has also been investigated for pentathiophene.
The first five highest ranked modes are presented in Table 2 for
trans-cis-cis-trans-pentathiophene and all-cis-pentathiophene, re-
spectively, in the middle and last column. For both conformers,
we again find the inter-ring C–C stretching and ring breathing
modes to be most important. These observations are in line with
the rankings for the all-trans conformer (c.f. Table 1). We note
that there are higher ranked inter-ring stretching modes. Their
frequencies, are, however, only slightly above the rather conserva-
tive threshold of 161 cm−1 and their main effect is still an overall
broadening, rather than a strong contribution to the vibrational
progression.

Comparing the calculated spectrum for the cis conformer of
bithiophene [in Fig. 6(a)] with that of the trans conformer
[Fig. 3(c)]shows that these spectra differ only slightly in the rel-
ative intensities of the peaks. The spectrum for the trans-cis-cis-
trans pentathiophene with four modes is presented in Fig. 6(b). It
looks more similar to the experimental spectrum regarding peak
positions than the respective spectrum for the all-trans conformer,
previously presented in Fig. 5(f). The same is the case for the re-
spective spectrum for the all-cis conformation [c.f. Fig. 6(c)]. In
any case, it is expected that the experiment is taken for a mixture
of the different conformers. Moreover, the current setup does not
allow to draw conclusions based on these small differences in ab-
solute emission energies.

4.5 Anharmonic emission spectra of all-trans terthiophene
with side groups

To investigate whether binding of thiophenes to amyloid-like
structures might influence the vibrational profile, we calculate
emission spectra of trans-terthiophene with side-groups. The
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Table 2 Mode ranking for cis-bithiophene (cis-2T), trans-cis-cis-trans-pentathiophene (trans-cis-cis-trans-5T) and all-cis-pentathiophene (all-cis-5T). Five
highest ranked modes with the absolute value of the displacement |∆i|, harmonic frequency νi in cm−1 and type, i.e., ring breathing (rb), symmetric
inter-ring C–C stretch (CCs), inter-ring stretch (irs), inter-ring bending (irb), C–H bending (CHb) and C–S stretch (CSs). See Fig. 2 for illustration of the
characterized modes. The entries written in bold are for the selected modes according to Section 2.2.

Structure cis-2T trans-cis-cis-trans-5T all-cis-5T
rank |∆i| νi type |∆i| νi type |∆i| νi type

1 1.50 626 rb 1.15 167 irs 1.30 168 irs
2 1.36 1649 CCs 1.05 1586 CCs 1.07 1591 CCs
3 0.814 322 irs 0.707 1597 CCs 0.846 658 rb
4 0.589 115 irb 0.674 642 rb 0.641 1581 CCs
5 0.587 1162 CHb 0.568 691 rb 0.542 1214 CSs

(a)
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Fig. 6 Anharmonic emission spectra (arbitrary units) for the S1→S0 tran-
sition of different conformers of oligothiophenes and experimental spec-
tra (at 77 K in ethanol). 19 The calculated spectra are represented with
black lines, the experiment with green lines and the vertical electronic
emission energy with gray lines. (a) cis-bithiophene including the three
highest ranked modes (b) trans-cis-cis-trans-pentathiophene including the
four highest ranked modes and (c) all-cis-pentathiophene including the
four highest ranked modes.

choice of terthiophene over the more relevant pentathiophene
was simply to reduce the involved computational cost. The side
groups were chosen to be the same as in the above mentioned
p-FTAA biomarker.16 When attempting to model the effects on
the vibronic structure of complexation of oligothiophenes with
amyloid fibrils, the presented protocol is still computationally too
costly. In these cases an a priori reduction of the vibrational space
is required even for the harmonic ranking. Most importantly, we
need to capture the important differences between the free and
the aggregated form. Inspired by the recently proposed binding
pocket for substituted pentathiophene biomarkers for amyloid fib-
rils,18 we simulate the spatially confined nuclear motions that
occur in experiments upon complexation and investigate what
changes in vibrational progressions follow from this. The spa-
tial restriction is modeled by constraining certain atoms to fixed
positions. In practice, we employ FALCON coordinates to make
sure that the polar side groups stand still during the vibrations.

In Table 3 the six highest ranked modes are presented for
terthiophene with two −CH2COOH groups and no constraints
[molecule in Fig. 7(a)], with two −CH2COOH groups and hy-
droxy groups frozen [molecule in Fig. 7(b)], and with two
−CH2COOH groups and two −COOH groups and the hydroxy
groups frozen [molecule in Fig. 7(c)]. Once again, the inter-ring
C–C stretching and ring-breathing modes are deemed most im-
portant for the characteristic vibrational profile of the emission
from the first excited state. We have chosen to include the ring-
breathing mode, which is the second most spectroscopically rel-
evant mode for all the molecules, together with the inter-ring
C–C stretching modes in a consistent comparison of the three
molecules. This means, here, we exclude all other modes, such
as other inter-ring stretches and chain deformations, noting that
they are associated to lower frequencies.

To investigate potential differences from freezing atoms, we
have calculated spectra, with the two above-described modes,
with and without freezing atoms [Fig. 7(a) and Fig. 7(b)]. Re-
garding the peak progression, they look very similar, except for a
variation of the relative intensities of the two highest peaks and a
very small energy shift of the peaks.

The lack of major changes from freezing atoms in the added
groups, could simply be due to the most important vibrational
mode being the inter-ring C–C stretch, and these are almost as
free to move as without the additional groups. As an addi-
tional check, we added two acid groups more in each end of
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Table 3 Mode ranking for all-trans-terthiophene (3T) with two −CH2COOH groups [molecule in Fig. 7(a)], with the same groups and hydroxy groups
frozen [molecule in Fig. 7(b)] and with two −CH2COOH groups and two −COOH groups and the hydroxy groups frozen [molecule in Fig. 7(c)]. Six
highest ranked modes with the absolute value of the displacement |∆i|, harmonic frequency ν in cm−1 and type, i.e., symmetric inter-ring C–C stretch
(CCs), internal rotation (ir), inter-ring stretch (irs), ring breathing (rb) and chain deformation (cd). See Fig. 2 for illustration of the characterized modes,
except for internal rotation, which is rotation of the two −CH2COOH groups with respect to the molecular plane. The entries written in bold are for the
modes fulfilling the criteria described in Section 2.2, and only the inter-ring C–C stretches and ring breathing modes among these have been included.

Structure 3T 2 groups 3T 2 groups, frozen OH 3T 4 groups, frozen OH
rank |∆i| ν type |∆i| ν type |∆i| ν type

1 1.27 1635 CCs 1.27 1635 CCs 1.23 1612 CCs
2 0.947 19 ir 0.822 216 irs 0.666 215 irs
3 0.843 193 irs 0.793 725 rb 0.631 732 rb
4 0.765 14 ir 0.618 392 cd 0.505 686 rb
5 0.748 725 rb 0.547 643 rb 0.374 736 rb
6 0.680 405 cd 0.446 725 rb 0.357 530 rb

the molecules and froze once again all hydroxy groups [molecule
in Fig. 7(c)]. In the resulting spectra [Fig. 7(c)], we see that
the spectral shape is similar to the that in Figs. 7(a) and 7(b).
For all substituted terthiophene derivatives, we obtain a shift
of the peaks towards lower energies compared to the all-trans-
terthiophene spectrum presented in Fig. 5(b). This shift is much
more pronounced for the terthiophene derivate with four acid
groups than for the spectra based on adding only two acid groups.
We assign this shift to the addition of the polar groups themselves,
since a shift, however smaller, is also seen in the case with two
acid groups and no constraints.

The results obtained with this simplistic model, hence, point
to no significant change in the vibrational profile upon bonding
to an amyloid. Still, these initial calculations demonstrate how
the combination of local vibrational coordinates (FALCON coor-
dinates) and further reduced vibrational spaces can enable ac-
curate, yet feasible simulation of vibrational profiles for bound
biomarkers in the future.

5 Conclusions
Emission spectra based on anharmonic calculations of Franck–
Condon factors have been calculated for different oligothio-
phenes. The IMDHO model has been used to rank the vibrational
modes, and it has been observed for bithiophene by including
one mode at a time that as few as three vibrational modes in the
anharmonic calculations are sufficient to obtain good agreement
with the experimental spectrum. We thereby conclude, that the
method for the ranking of modes works as intended for bithio-
phene. Next, calculations were performed for all-trans thiophenes
with two to five rings. The most important modes for the vi-
brational progression are the inter-ring C–C stretching and ring-
breathing modes in all cases. Calculations with other cis/trans
variations lead to similar results, which justifies the comparison of
the results with experimental spectra, which most likely is a mix-
ture of different conformations. Investigations on energetic spac-
ings between peaks showed, that these depend not only on the
molecular structures, but also on the number of modes accounted
for in the computational setup. By adding polar groups and fix-
ing the positions of certain atoms by employing FALCON coordi-
nates, simulation of binding of oligothiophenes was attempted.
However, no significant change in the vibrational profiles were

observed upon the simulated binding.
The overall framework proved to be solid for all the calcula-

tions, and is suggested for future calculations of vibrationally re-
solved emission spectra, for molecules where including all the
vibrational degrees of freedom would be too computationally de-
manding. We emphasize once again, that the applied approaches
are system-independent. The initial tests with freezing atoms and
thereby vibrational DOFs from the outset furthermore outlines a
way on how this approach may in the future be applied to larger
systems: In this case we only froze a few atoms, but this approach
can straightforwardly be applied on larger environments and also
be combined with multi-scale methods for the PES construction.

Currently work is being made by some of the authors to in-
crease numerical stability for the generation of PES and anhar-
monic vibrational calculations of Franck–Condon factors. For ex-
ample, the goal is to make the PES in an adaptive manner for both
the ground and excited state simultaneously, instead of separately.
This will make the somewhat tedious computations of this work
significantly easier to do, whereby similar analysis could become
useful in many other studies.
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