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The role of low-frequency (terahertz) vibrational motions on charge
carrier dynamics in organic semiconductors (OSCs) is becoming
well-known, and efforts are underway to rationally design new
materials to mitigate these detrimental effects. However, most
efforts have focused on stabilizing the fused-ring semiconducting
‘core’, often by functionalizing with various side-groups, yet ques-
tions regarding the role of such modifications on electron-phonon
couplings are still outstanding. In this work, the influence of
thiophene rings σ -bonded directly to the π-conjugated cores is
explored. The manner in which these groups alter low-frequency
vibrational, and resulting electronic, dynamics is quantified using
a theoretical approach employing fully-periodic density functional
theory (DFT) simulations. Ultimately, these results showcase how
the equilibrium geometry and corresponding electronic structure
are directly related to detrimental electron-phonon coupling, which
have important implications for the design of improved organic
optoelectronic materials.

OSCs have been the subject of immense study over the past
several decades owing to their unique molecular nature, which
affords numerous benefits such as low-cost bench-top solution
processing and fascinating electronic properties due to their ex-
tended π-conjugation.1 Because OSCs often crystallize through
weak non-covalent interactions, such as van der Waals forces
and π-stacking, additional factors arise that both promote –
and inhibit – charge transport. Specifically, the weak inter-
molecular forces that exist in these materials give rise to large-
amplitude low-frequency (terahertz) vibrations that severely limit
carrier mobilities through electron-phonon coupling – a phe-
nomenon commonly referred to as “dynamic disorder.”2–4 Re-
cently, there have been reports involving the “rational” design
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of molecules specifically purposed to suppress detrimental low-
frequency molecular motions, while simultaneously attempting
to improve the electronic structure, ultimately in search of molec-
ular properties that drive the design of next generation OSCs.5,6

However, no such broad guiding principles currently exist. Side-
group functionalization, such as alkylation, has been of partic-
ular interest, owing to both the previously reported effects on
low-frequency dynamics and device performance, as well as the
synthetically diverse scope of coupling reactions that are com-
monly used to install these linkages.5,7,8 Additionally, collective
motion of sterically-bulky alkyl side-chains has been attributed to
martensitic phase transformations in these materials, enabling the
prospect of shape memory devices, as well as accessing previously
unobtainable crystalline polymorphs.9

In an attempt to install more electronically-relevant side-
groups, a number of molecules have been synthesized with
σ -bonded thiophene rings, which were specifically introduced
to enhance intermolecular π-π and S-π interactions to fur-
ther reinforce charge transport in these materials.10–13 How-
ever, the specific influence of installing such groups on the low-
frequency dynamics, and associated electron-phonon couplings
that plague these materials, remains largely unknown. In or-
der to investigate the impact of σ -bonded thiophene groups on
both intermolecular electronic couplings and low-frequency vi-
brational dynamics, four organic semiconducting molecular crys-
tals bearing similar σ -bonded thiophene subtituents were ini-
tially selected as model systems, including: 2,7-bis(Thiophen-
2-yl)-pyrene (DT-P),11 2,6-(Thien-2-yl)anthracene (DT-Ant),12

6,13-bis(5-Hexylthiophene-2-yl)pentacene (DT-Pen),13 and a
newly-synthesized benzothienobenzothiophene (BTBT) deriva-
tive, 3,8-bis(5-hexylthiophen-2-yl)benzo[b]benzo[4,5]thieno[2,3-
d]thiophene (C6-DT-BTBT), which are shown in Figure 1).

C6-DT-BTBT was synthesized using a Suzuki-Miyaura cou-
pling of a 3,8-triflate-BTBT precursor and an alkylated thiophene
boronic ester, yielding the desired product.14 Preparation of the
synthetic precursors followed previously reported methods.15,16

Single crystals were obtained from recrystallization from CHCl3
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Fig. 1 Molecular Structures (top) and crystalline packing (bottom) of the investigated materials.

and MeOH, affording yellow needles suitable for single-crystal X-
ray diffraction. All other crystalline structures were obtained from
the reported single-crystal X-ray diffraction experiments.11–13 Ad-
ditional synthetic and experimental details are available in the
ESI.

Using the structures obtained with single-crystal X-ray diffrac-
tion experiments, each solid was modeled using fully-periodic
DFT simulations with the CRYSTAL17 package, using the GGA
PBE density functional with Grimme’s dispersion corrections and
Becke-Johnson damping functions, along with the split valence
double-ζ def2-SVP basis set.17–22 Full geometric optimizations
(atomic positions and lattice vectors) performed with this method
yielded theoretical structures in good agreement with those de-
termined experimentally from single-crystal X-ray measurements,
which has been demonstrated to be a good metric in the assess-
ing the accuracy of a periodic simulation, with a maximum av-
erage absolute error of ≈3%.23 Vibrational analyses were then
performed using the optimized structures within the harmonic
approximation with two-point displacement scheme, affording
Γ-point vibrational transition frequencies and normal modes.24

Because anharmonic effects are pronounced in modes with low-
transition frequencies,7 any mode with a transition frequency
less than 20cm−1 was corrected through evaluation of the an-
harmonic vibrational potential obtained by explicitly determin-
ing the energy as a function of normal coordinate displacement,
at which point the corrected transition frequency was found us-
ing the one-dimensional anharmonic oscillator Schrodinger equa-
tion.7,25 The influence of each vibration on charge transport was
then determined using the dimer projection approach, wherein
transfer integral fluctuations induced by independent vibrational
modes are found from the classical thermal vibrational amplitude
and the non-local electron-phonon coupling.7,26,27 Additional de-
tails regarding the simulations are available in the ESI.

The investigated systems belong to common classes of fused
conjugated molecular cores that facilitate charge transport, in-
cluding linear acenes DT-Ant and DT-Pen, the former of which

exhibits herringbone packing, polycyclic aromatic hydrocarbon
(PAH) pyrene DT-P, and quasi-linear thioacene C6-DT-BTBT. Each
of these systems exhibit a co-planar orientation of the σ -bonded
thiophene-containing side-groups relative to the fused molecular
core, with the exception of DT-Pen, which exhibits an orthogonal
arrangement of these groups.

Owing to the unique chemical identities and crystalline struc-
tures of the investigated materials, each molecular crystal (unsur-
prisingly) exhibits a distinct set of low-frequency dynamics, which
directly influence charge carrier dynamics. To quantify these im-
pacts, the effective modulation of the intermolecular electronic
coupling was calculated as transfer integral fluctuations for each
vibrational mode below 400cm−1, which is determined from cal-
culating the derivative of the transfer integral as a function of
normal mode displacement (i.e., non-local electron-phonon cou-
pling), while also accounting for the amplitude of vibrational dis-
placement, which is inversely proportional to the calculated tran-
sition frequency.7 Figure 2 showcases the mode-resolved transfer
integral fluctuations that arise from low-frequency vibrations for
each material, as well as the specific molecular motions that are
particularly detrimental for charge transport. In the case of DT-
Ant, which crystallizes in the same herringbone pattern as the
well-known BTBT system, the familiar mode-type involving long-
axis molecular sliding induces the largest transfer integral fluc-
tuation.7,8 This motion has been previously demonstrated to be
uniquely harmful for charge transport in systems that exhibit her-
ringbone packing, which is desirable for bulk geometry that pro-
motes high-performance 2-D charge transport systems.4,5,7

However, for the DT-P and C6-DT-BTBT materials, torsional mo-
tions of the σ -bonded thiophene-containing side-groups induce
the largest transfer integral fluctuations, while a similar mode
in DT-Ant has the second-largest impact, as shown in Figure 2.
Further, these torsional dynamics persist at comparatively high
frequencies. For example, in the case of C6-DT-BTBT, while the
vibrations predicted with transition frequencies 103.39cm−1 and
39.52cm−1 are similar in mode-type (Figure 2), the more pro-

2 | 1–4Journal Name, [year], [vol.],

Page 2 of 4ChemComm



Fig. 2 Transfer integral fluctuations (top) and identified vibrational modes (bottom) for DT-Ant (a), DT-P (b), C6-DT-BTBT c, and DT-Pen (d),
with the cumulative total disorder calculated for each material illustrated with a red line. Modes with large transfer integral fluctuations are noted
with green and blue circles on the transfer integral fluctuation figures, with red arrows illustrating atomic displacement. Alkyl chain displacements
have been scaled to 30% of the predicted eigenvectors for visual clarity.

nounced torsional dynamics of the former mode results in a com-
paratively larger electron-phonon coupling than the latter (18 and
10 meV, respectively, Figure S3). However, the vibration with
more modest torsional displacements in fact produces a greater
transfer integral fluctuation than the more pronounced mode, due
to the larger amplitude of displacement as a result of the lower
transition frequency (Figure 2).

This is not the case for DT-Pen, where the most detrimental vi-
brations involve hindered-rotational mode-types about the axis
normal to the molecular plane, and only slight torsional mo-
tions of side-groups. This implies that dynamics of the thio-
phene groups play a less pivotal role in this system, compared

Fig. 3 HOMO electronic structures of the investigated materials. Alkyl
chains of C6-DT-BTBT and DT-Pen have been excluded for visual clarity.

to the other investigated materials. Though the material shares
the commonality of σ -bonded thiophene rings, motions of these
groups do not meaningfully impede charge transport for this ma-
terial. However, DT-Pen is unique amongst this family, as it is
the only investigated material with a perpendicular orientation of
the thiophene groups with respect to the central molecular core.
Close inspection of the HOMO electronic structure for each ma-
terial showcases that in the co-planar systems, the aromatic thio-
phene ring strongly participates in the conjugated π-system. The
perpendicular orientation of DT-Pen yields a HOMO electronic
structure with only a minor amount of electron density on the σ -
bonded thiophene rings, which have significantly larger HOMO
expansion coefficients in the aforementioned materials with pla-
nar orientations of these groups (Figure 3).

As a result, it appears that torsional dynamics are particularly
detrimental for co-planar orientations of σ -bonded thiophene-
containing side-groups. This is because such motions meaning-
fully disturb the intermolecular overlap of electron density that is
strongly delocalized among these rings, which prominently mod-
ulates the coupling of molecular wavefunctions. In order to fur-
ther investigate this hypothesis, the torsional motions of the iden-
tified detrimental modes for each material were artificially re-
moved by only displacing atoms in the molecular core along the
normal coordinate, while the displacement vectors for the atoms
of side-groups were set to zero, locking them into their equilib-
rium orientation. Re-evalutation of the non-local electron-phonon
couplings in this manner significantly reduces the impact of these
motions, with direct implications on the magnitude of transfer
integral fluctuations and consequent dynamic disorder for DT-
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Fig. 4 Calculated non-local electron-phonon coupling values (β) for the
identified vibrational modes with torsional motions of side-chains for the
investigated materials. The standard term is illustrated in gray, while the
term calculated using structures that artificially preserve the equilibrium
orientation of the side-groups is illustrated in dashed green.

Ant, DT-P, and C6-DT-BTBT, with the largest change (≈ −77%)
occurring for DT-Ant. However, in the case of DT-Pen, this re-
evalutation only slightly modulates the electron-phonon coupling
term (≈+5%), and in fact represents a slightly more detrimental
mode-type than the unmodified vibration, as illustrated in Fig-
ure 4. Ultimately, this validates the premise that for systems with
perpendicular arrangements of these aromatic side-groups, tor-
sional side-chain motions do not induce meaningfully significant
transfer integral fluctuations – and by extension – are less critical
for charge transport.

Thus, while the hypothesis that σ -bonded thiophene groups
might enhance intermolecular π-π and S-π interactions, the equi-
librium conformation and resulting low-frequency dynamics must
be strongly considered when designing new materials. It is clearly
apparent that a co-planar orientation of the thiophene substiuent
results in an exstention of the aromatic system to the side chain,
and when coupled with relatively soft torsional potential, pro-
motes significant displacement of such groups at low frequencies.
Because these low-frequency modes are highly-excited at ambi-
ent conditions (kbT298 = 207.1cm−1), such dynamics play an im-
portant role in modulating charge carrier dynamics. However,
as the thiophene substituent deviates from a co-planar arrange-
ment with the fused core, its participation in the aromatic system
diminishes, effectively reducing the impact from associated tor-
sional dynamics on charge transport properties. In this regard,
it is important to emphasize that all of the studied materials ex-
hibit torsional motions of their side chains, and it is the equilib-
rium electronic structure – and how that electronic structure is
perturbed by vibrations – that ultimately dictates the impact on
electron-phonon coupling.

Overall, this study investigates the low-frequency dynamics of
a sample of organic semiconducting materials bearing similar
thiophene-containing side groups. In a general case for these ma-
terials, torsional dynamics involving these groups were found to
strongly influence intermolecular electronic couplings when these
side-groups are arranged with planar orientations with respect to
the central molecular core, while perpendicular orientations re-
duce the impact of such dynamics on charge transport. While the
scope of this communication is focued upon σ -bonded thiophene

rings, these results motivate future work for related substituents,
such as phenyl rings and alkylated derivatives. This work em-
phasizes the underlying entangled connection between molecu-
lar conformation, low-frequency vibrational dynamics, and semi-
conducting performance. Additionally, these results highlight the
care that must be taken when designing prospective molecules for
organic electronic devices, which must consider low-frequency vi-
brational dynamics and their implications for intermolecular elec-
tronic couplings.
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