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Exploring the Interplay of Lattice Dynamics and Charge Transport in
Organic Semiconductors: Progress Toward Rational Phonon
Engineering
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and Michael T. Ruggiero*

Abstract: Organic semiconductors (OSCs) have garnered significant attention due to their potential use in flexible,
lightweight, and cost-effective electronic devices. Despite their promise, the assembly of organic molecules into the
condensed phase promotes a diverse set of lattice dynamics that introduce a detrimental modulation in the intermolecular
electronic structure—termed dynamic disorder—that results in charge carrier mobilities that are orders of magnitude lower
than inorganic semiconductors. This dynamic disorder is generally associated with low-frequency phonons, yet whether a
small subset of modes or a broad range of phonons drives dynamic disorder remains contested. Resolving this debate
is critical for defining how targeted phonon engineering could practically improve OSC performance. In this review,
we explore progress toward uncovering the interplay between lattice dynamics and charge transport in OSCs, focusing
on the critical role of thermally activated phonons. We describe the powerful insight that mode-resolved analyses of
electron–phonon interactions lends toward the rational design of new materials. We highlight recent efforts to achieve
this, showcasing proposed strategies to mitigate dynamic disorder through molecular and crystal design. This work offers
an overview of the insight gained toward understanding the fundamental mechanisms governing charge transport in OSCs
and outlines pathways for enhancing performance via targeted manipulation of interatomic/intermolecular interactions and
resulting phonon modes.

1. Introduction

Organic semiconductors (OSCs) represent a groundbreak-
ing class of electronic materials that have transformative
potential for applications ranging from flexible electron-
ics to optoelectronic devices, including organic field-effect
transitors (OFETs), organic light-emitting diodes (OLEDs),
and organic photovoltaics (OPVs).[1–4] Unlike their inorganic
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counterparts, OSCs consist of carbon-based molecules or
polymers that exhibit semiconducting properties, in many
cases, due to molecules that contain highly conjugated aro-
matic systems with delocalized π -electrons.[5,6] The intrinsic
properties of organic solids, such as mechanical flexibility,
lightweight nature, and the possibility of low-cost, large-
area manufacturing via solution processing, make OSCs
highly attractive for next-generation electronic devices that
can leverage these in unique ways that more traditional
inorganic materials cannot easily replicate.[7–9] Furthermore,
the development of new OSCs can utilize the extensive
molecular and crystalline engineering tools that have been
developed to readily modify molecular and/or bulk structures,
which provide precise control and allow for promoting
favorable features, opening up a nearly infinite chemical space
for design and optimization.[10–13]

However, the same factors that provide OSCs with their
significant potential are also what reduce their applicabil-
ity, primarily due to much lower charge carrier mobilities
compared to inorganic semiconductors.[14,15] Charge carrier
mobility (µ) is a measure of how fast charge carriers, such
as electrons or holes, can move through a material per
unit of applied electric field. High mobility is crucial for
efficient charge transport, impacting the performance and
efficiency of electronic devices. OSCs often exhibit much
lower charge carrier mobilities, usually 1 – 20 cm2 ·V−1 ·s−1,
compared to inorganic semiconductors (>103 cm2 ·V−1 ·s−1).
This originates from a variety of factors, most of which arise
from their inherent molecular nature.
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Inorganic semiconductors (e.g., crystalline silicon) are
held together by robust covalent bonds, which promote
efficient charge transport via two related, but distinct,
mechanisms.[16,17] In the static regime, such solids have a
large overlap of interatomic wavefunctions, providing an
efficient route for charge transport.[18,19] Furthermore, the
nature of the strong interatomic interactions promotes the
formation of a stiff lattice, where nuclear displacements are
minimized due to the associated high frequencies of the lattice
vibrations.[20–22] On the other hand, the bulk structures of
OSCs are often characterized by molecules or polymers that
are held together by non-covalent interactions—examples
of common OSC structural motifs are shown in Figure 1.
This inherently leads to intermolecular wavefunction overlap
that is reduced compared to covalently bound networks, and

various routes for charge transport—indicated in Figure 1 by
the symmetry-independent transfer integrals, J.[23–25] These
weak interactions promote a large number of low-frequency
(terahertz or far-IR) molecular dynamics that result in large-
amplitude nuclear motions, altering the population of these
vibrational states at room temperature.[26,27] Such dynamics
are incredibly detrimental to charge transfer, as they readily
modulate the intermolecular charge transfer integral (J),
which significantly hinders electronic coherence—and by
extension, the charge carrier mobility— in OSCs.[28–30]

Over the past two decades, an increasing number of studies
have shown that these thermally activated dynamics play a
critical role in dictating charge transport in OSCs, and as
such they represent one of the most active areas of study
in the design of advanced organic materials for transistor
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Figure 1. Examples of common packing motifs exhibited by OSCs and the dimensionality of the charge transport in each packing. (a) and (b)
slipped-stack and slipped π -stack, respectively, where the charge transport is predominately uni-dimensional due to a single major transfer integral J1
between pairs of molecules. c) Brick-wall, where two major transfer integrals J1 and J2 arise due to the alternate arrangement of molecules in a single
layer. d) Herringbone, which exhibits three major transfer integrals, J1, J2, and J3.

applications.[31–36] Early efforts from Troisi and coworkers
effectively studied the modulation of electronic structure
in OSCs using molecular dynamics simulations[30,37,38] In
one seminal work, the intermolecular electronic coupling in
pentacene-derivative crystals was shown to be significantly
modulated by thermally active dynamics, which resulted in
localizing the free charge carriers to individual molecular
sites and thereby reduced charge transport.[37] In that study,
the authors coined the now-often used phrase of “dynamic
disorder” to represent the fluctuations in the intermolecular
coupling as a result of thermal motion. Over the years, this
rationalization has proven to be effective, and has spurred
numerous further studies related to characterizing thermally
activated dynamics, including the incorporation of dynamic
disorder into theoretical models to efficiently compute free-
carrier mobilities,[28,39–41] and, more recently, leading to the
rational design of new materials that aim to mitigate detri-
mental vibrational effects through chemical modification and
crystal engineering.[42–46] This has corresponded to parallel
advances in experimental and computational methods that
enable directly capturing the nuclear motions responsible for
such effects.[43,47–50]

Over the last decade, these efforts have accelerated and
have resulted in a wave of research focused on under-
standing the specifics of the intermolecular interactions
that dictate such dynamics. Specifically, recent efforts have
highlighted that the so-called “thermally activated dynamics”
are in fact quantized low-frequency vibrational modes, which
tend to have frequencies in the terahertz (far-infrared)
region of the electromagnetic spectrum (0.1–10 THz, 3–
330 cm−1, 0.3–40 meV, λ = 3.1 mm – 30.3 µm). Progress
in the experimental acquisition of low-frequency vibrational
spectra, including terahertz time-domain spectroscopy (THz-

TDS), low-frequency Raman spectroscopy, and inelastic
neutron scattering (INS), coupled with advances in high-
performance computing and ab initio quantum simulations,
has enabled unprecedented insight into the exact coordinates
that are responsible for reducing charge carrier mobility
in OSCs.[43,47,49–58] Through these combined experimental
and theoretical approaches, the field has made substantial
progress in elucidating and addressing the challenges posed by
thermally induced dynamic disorder in OSCs—providing the
community with new tools and techniques for understanding
such phenomenon with atomic-level insight, paving the way
for the next generation of OSC materials. Yet—despite
these significant advances in understanding—much debate
exists regarding the exact nature of the phonon modes
that predominantly affect charge transport. Specifically, the
literature contains two contrasting views: one proposing
that a single or very few phonon modes primarily dictate
charge transport,[47,59] enabling targeted phonon engineer-
ing, and the other suggesting that no individual phonon
mode dominates,[43,60] thus complicating efforts toward tar-
geted phonon engineering and leading to a rich area of
future research.

Building on these insights, significant efforts are now
focused on utilizing detailed knowledge of molecular and
lattice dynamics to design new materials that minimize
harmful vibrational modes in OSCs.[43,61] Substantial progress
has been made in tackling the challenges posed by thermally
induced dynamic disorder; however, some key obstacles
remain. The first is the computational cost of accurately simu-
lating the low-frequency dynamics of OSCs (and molecular
crystals in general), which can become prohibitive as the
molecular size increases.[62] The second is the difficulties asso-
ciated with the a priori prediction of bulk crystal structures
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for materials that have not been experimentally obtained,
which limits the computational search for new efficient
OSCs.[63–68] Moreover, using current simulation methods, it
is challenging to calculate non-gamma point phonon modes
due to the computational cost, limiting many studies to
analyzing optical phonons—despite the obvious importance
of phonon dispersion on the actual dynamics present within a
material.[43,48,69–72] Finally, a major challenge lies in bridging
the gap between molecular-level phenomena and practical
device engineering, as the relationship between meso-scale
effects—such as defects, grain boundaries, surface passiviza-
tion, and so on—on the overall performance of OSC devices
is complex and not yet fully resolved. To overcome these
hurdles, ongoing advancements in computational methods
and experimental techniques are essential, as is the need for
interdisciplinary collaboration to translate these fundamental
discoveries into real-world applications.

As the field advances, the integration of theoretical models
with experimental data will be key to unlocking the full
potential of OSCs. Understanding how molecular dynamics
influence charge mobility at the atomic level opens new
avenues for material design. This review aims to highlight
the most exciting advances over the last few years while
providing a realistic assessment of current challenges so that
the community is well-equipped to develop high-performance
organic electronics that overcome many of the limitations
facing the field.

2. Dynamics, Dynamic Disorder, and Transient
Localization Theory

2.1. Atomic-Level Description of Molecular and Crystalline
Vibrational Dynamics

The literature on electron–phonon coupling in OSCs fre-
quently refers to “thermally activated” dynamics.[30,35,73]

These dynamics originate from quantized vibrational modes
thermally populated at ambient conditions. Given the
interdisciplinary composition of the OSC research commu-
nity, it is valuable to clarify these concepts, particularly
to bridge understanding across subfields and standard-
ize terminology for better coherence in interdisciplinary
collaborations.

In crystalline materials, vibrational motions result primar-
ily from interatomic or intermolecular interactions, typically
described within the harmonic approximation. The simplest
representation of a vibrational potential energy surface, V(Q),
for a given normal-mode coordinate Qi is described by:

Vi(Qi) = 1
2

kiQ2
i (1)

Here, Vi(Qi) is the potential energy (in units of energy,
e.g., Joules), ki is the force constant with units of force per
distance (e.g., newtons per meter (N m−1), and Qi is the
generalized coordinate (displacement from equilibrium) with
units of length (e.g., meters, m).

Solving the quantum harmonic oscillator Schrödinger
equation yields discrete vibrational energy levels:

Ei,ν =
(

ν + 1
2

)
�ωi, ωi =

√
ki

Mi
(2)

where ν is the vibrational quantum number, � is the reduced
Planck’s constant, ωi is the angular frequency, and Mi is the
reduced mass associated with the mode.

This fundamental relationship connects the stiffness of
the vibrational potentials (quantified by ki) to vibrational
frequencies (ωi) and their thermal populations at a given
temperature. As illustrated in Figure 2, vibrational modes
associated with stronger interactions (large ki) possess higher
vibrational frequencies, and thus remain predominantly in
the ground vibrational state at room temperature due to
limited thermal excitation (Figure 2a,b). Conversely, softer
interactions with lower frequencies exhibit significant thermal
populations at ambient conditions, leading to larger ampli-
tude displacements and thus more substantial impacts on
intermolecular electronic coupling (Figure 2d,e).

In molecular crystals, the vibrational potentials arise
from interactions between atoms and/or molecules, with the
nature of the vibrational motion (i.e., the coordinates along
which particles move) dictating the associated energies of
the vibrational states.[27,62] Intramolecular vibrational modes,
such as O–H stretching, involve displacement along cova-
lent bonds and behave as “stiff” springs, with large force
constants and high vibrational transition frequencies (e.g.,
3400 cm−1 for O–H stretches). Variations in bond strength
due to environmental factors are small, allowing for well-
defined transition frequencies for common functional groups
(e.g., C─H and C═O stretches). Conversely, intermolecular
interactions, weaker than covalent bonds, result in smaller
force constants and thus lower-energy vibrational frequencies.
This distinction is critical for understanding dynamic disorder
in OSCs.

Molecules bound by van der Waals forces frequently
exhibit intermolecular low-frequency vibrational modes,
often referred to as hindered translational and rotational
modes.[26,27] These soft modes, involving entire molecules or
large molecular fragments, typically lead to large displace-
ments from equilibrium (0.1–0.5 Å) at ambient conditions due
to their small transition frequencies and associated vibrational
energies. These modes significantly modulate intermolecular
orbital overlap and charge transfer integrals, contributing
predominantly to dynamic disorder (see Figure 3).

Examples of this phenomenon are depicted in Figure 3.
In OSCs, rigid-molecule hindered translational modes along
the molecular long axis have long been hypothesized[30,39,73,74]

and later confirmed[47,49,50,75] as particularly detrimental to
charge transport. As illustrated, antisymmetric translational
motion substantially reduces intermolecular wavefunction
overlap relative to the equilibrium structure. Figure 3b
further demonstrates the modulation of the highest-occupied
molecular orbital (HOMO) overlap in rubrene, resulting
from displacement along a vibrational mode at 76 cm−1.[76]

These examples are shown to illustrate the modulation of
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Figure 2. Schematic representation of two vibrational potentials with b) representing a stiff force constant and e) a soft force constant. Considering
two temperatures, T1 and T2, the amount of thermal energy (kBT) is shown, with the horizontal dashed lines representing the maximum potential
energy possible for a classical thermal oscillator. Panels (a) and (d) show how changing temperature alters the thermal-population of the vibrational
states, with a) showing that the stiff potential only has the ground-state populated at both temperatures, while d) shows that the soft potential
exhibits a dramatic change in thermally populated states as temperature is decreased. This translates to the amount of thermally induced motion for
each of these modes, with c) demonstrating that there is no change in the displacement amplitude for the two representative temperatures, while f)
shows that the soft mode produces a large change in displacement amplitude as temperature is changed.

Figure 3. a) Cartoon representation of the modulation of intermolecular orbital overlap in a planar OSC-like molecular dimer by long-axis
antisymmetric hindered translational motion, reproduced with permission from ref. [49] and b) the highest occupied molecular orbital in rubrene
shown as a function of displacement along a predicted terahertz vibrational mode at 75 cm−1.

intermolecular dynamics on the electronic structure, as they
are more clearly visualized here compared to other, more
complex, examples.

The energetic origins promoting terahertz dynamics are
inherently complex, stemming from entangled interatomic
interactions and long-range effects.[27,77,78] Unlike mid-
infrared vibrations, low-frequency modes exhibit no standard
transition frequencies, as minor variations in molecular
structure or crystal packing significantly alter vibrational
potentials. Consequently, low-frequency vibrational spec-
troscopy has become an essential tool for studying crystalline
polymorphism.[79–81] Terahertz vibrational potentials are so
sensitive to intermolecular interactions that even subtle guest
molecule orientation differences within framework materi-
als drastically alter observed spectra.[82,83] This complexity
presents both challenges and opportunities: while assigning

and controlling these modes is difficult, tuning intermolec-
ular interaction strengths provides a path to influence—
and ultimately mitigate—the impact of thermally activated
dynamics.[43] This particular point is crucial for the rational
design of OSCs, and it has recently been used successfully to
generate a material with double-digit mobility.[43]

2.2. Dynamic Disorder in OSCs

Although the exact nature of the charge transport mechanism
in OSCs remains a topic of debate,[74,84,85] it has been now
clearly demonstrated that the fluctuations in intermolecular
electronic interactions reduce the overall coherence of charge
transport.[86–88] Although early models of charge transport in
OSCs relied on a purely incoherent hopping mechanism,[89–91]
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described by Marcus theory, later observations revealed that
this framework was insufficient for explaining the higher
mobilities (often µ > 10 cm2 ·V−1 ·s−1) found in OSCs,
along with their temperature dependence.[86] In high-mobility
OSCs, fluctuations in intermolecular electronic interactions
temporarily localize charge carriers and force them to hop
between localized states, rather than allowing free movement
through delocalized bands.[87,92] This realization led to the
development of the transient localization theory (TLT),
introduced by Fratini et al.,[39,41] which more accurately
captures the dynamic behavior of charge carriers in OSCs.

Throughout this review, we focus on understanding the
fundamental, atomistic origins of charge transport in OSCs.
Specifically, our analysis is centered on describing the pristine,
intrinsic transport properties of ideal crystalline materials, as
governed by phonon modes, lattice dynamics, and electron–
phonon interactions. We do not explicitly consider extrinsic
or mesoscopic effects such as deposition methods, grain
boundaries, impurities, or surface/interface defects, which are
well known to influence real-device performance.[93–100]

2.2.1. Transient Localization Theory

Transient localization theory provides a detailed framework
for taking into account dynamic disorder to determine charge
carrier mobility.[39] This theory accounts for the fluctuations
in intermolecular transfer integrals, which are the proba-
bilities of charge transfer between neighboring molecules.
These fluctuations are caused by thermally activated phonon
modes, which generates a dynamic electronic landscape that
transiently localizes the charge carrier energy levels.

In OSCs, charge carriers experience transient localization
over a length scale Lτ , determined by the fluctuation time
τ , which is inversely proportional to the typical molecular
vibration frequency ω0. The charge carrier mobility can
be expressed analytically using a relaxation time argument,
incorporating quantum localization corrections. The formula
for charge mobility in the TLT models is:

μ = e
kBT

L2
τ

τ
(3)

The critical quantity to consider here is Lτ , which is
computed by utilizing dynamic disorder–deduced coupling
values.[40]

Although there is significant work underway to uncover
tools to calculate accurate mobilities from simulated data,
TLT represents one approach that is being widely utilized,
yet others are currently being investigated. However, this is
outside of the scope of this current review, and therefore, we
direct the reader elsewhere for further reading.[101–104]

2.2.2. Globally Resolving Dynamic Disorder Experimentally and
Theoretically

Early efforts to reduce dynamic disorder took an aggre-
gate approach of molecular dynamics to understand how

thermalized dynamics influence intermolecular electronic
coupling and thus how dynamics modulate charge transfer
in OSCs.[37,105–109] In such studies, it was common to utilize
molecular dynamics (MD) simulations, which provide a global
view of molecular motions without mode-specific insight. For
example, Troisi and coworkers studied functionalized pen-
tacene derivatives using classical MD simulations, followed by
computing the electronic structure for dimers extracted from
the solid at standard time-intervals (in this case, 0.1 ps).[37]

This procedure provides a time-averaged description of the
fluctuation in the electronic structure and intermolecular
orbital couplings, and is effective for understanding how
thermally activated vibrational motions play a role in charge
transfer in organic electronics, and this approach has been
replicated by many other works in later studies.[29,31,109]It is
important to note that utilizing MD simulations for these
efforts do provide a benefit in that they are not limited
to gamma-point phonon modes, and thus provide a more
“physical” interpretation of the link between dynamics and
electronic coherence.

However, the downside to using MD simulations to
analyze dynamic disorder in OSCs is that they do not readily
provide mode-specific insight—namely, they are not able
to directly quantify how individual vibrational coordinates
contribute to dynamic disorder without significant post-
processing of the MD-generated trajectories.[110] Although
the complete impact of nuclear motions on dynamic electronic
disorder can certainly be uncovered from such simulations,
the lack of mode-resolved insight does not provide an oppor-
tunity to understand the precise origin of the particularly
detrimental effects without additional analyses, which is
essential for utilizing the computed information to rationally
design new materials.

This approach has also been taken in complementary
experimental studies. In the early 2010s, the synthesis and
characterization of some high-performance OSC cores that
were decorated with pendant alkyl chains revealed that
such functionaliztion dramatically improved charge carrier
mobility.[111,112] The hypothesis developed to explain such
phenomena suggested that alkylation served to “lock” the
aromatic cores in their sites, leading to the suppression
of thermally activated dynamics and thereby improving
mobility.[42,111,113,114] In 2016, Illig et al. provided an experi-
mental evaluation of the amplitude of thermal lattice fluctu-
ations in multiple OSCs that included such chemical modifi-
cations through the analysis of diffuse scattering features in
transmission electron diffraction experiments.[73] There, the
authors utilized electron diffraction to study small-molecule
OSCs like BTBT and C8-BTBT. By analyzing the ellipsoial
nature of the Bragg reflections, the amount of thermally
induced motion was correlated to the trends in mobilities
across samples. This revealed that large-amplitude thermal
vibrations, particularly along the long axis of the conjugated
cores, are present in these materials, and the resulting findings
showed correlations between molecular functionalization, the
spatial magnitude of these large-amplitude motions, and
experimentally determined mobilities, particularly highlight-
ing that reduction of motion in certain crystallographic
directions yielded higher charge carrier mobility. This work
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suggested that materials where side chains are attached to the
long axis of the conjugated core, such as C8-BTBT, exhibited
smaller nuclear displacements compared to the unalkylated
base aromatic units. This pointed to the hypothesis that the
suppression of long-axis vibrations are responsible for most-
strongly modulating intermolecular charge transfer. However,
these experiments again do not provide mode-specific insight,
as the analysis of the diffuse scattering provides a time-
and spatial-average of all of the atomic positions within the
volume of the sample irradiated with the electron beam. Thus,
they provide a holistic average picture of the degree of nuclear
motions, without any mode-resolved information, i.e., which
coordinates are the ones that are most-strongly influenced
by dynamic disorder. In that sense, they are similar to the
computational studies using MD simulations.

Thus, although these studies strongly support that dynamic
disorder is crucial for understanding charge transport in
OSCs, they were only indirectly capable of providing
atomic-level insight into the precise coordinates that dictate
such effects.

2.2.3. Mode-Resolved Description of Dynamic Disorder

In recent years, these questions have been addressed using
a combination of experimental and theoretical methods.[47,50]

On the experimental front, studies that have utilized
experimental low-frequency vibrational spectroscopy mea-
surements, including terahertz time-domain spectroscopy,
low-frequency Raman spectroscopy, and inelastic neutron
scattering, are able to directly measure the vibrational mode
frequencies for the same dynamics that are most strongly
influenced by temperature.[47,50,55,56] On the theoretical front,
there are two, nearly similar, yet distinct, methods that
have been proposed for capturing mode-resolved information
in this regard.[30,31,115–117] Ultimately, the key quantity that
is required involves understanding how the intermolecular
charge transfer integral, J, is influenced by a vibrational
coordinate,

βmn,i =
(

∂Jmn

∂Qi

)
0

(4)

where βmn, i is the derivative of the charge transfer integral
(J, units of energy) with respect to vibrational coordinate
(Q, with units of length) for a pair of molecules with indices
m, n along a particular vibrational mode i—which ultimately
produces units of energy per distance (see illustrations of
interacting molecules and the notation of the associated
transfer integrals between molecular pairs in Figure 1). This
treatment generates the fluctuation in the intermolecular
charge transport integral on a normalized basis, and does
not take into account thermally activated displacements.
In order to achieve this, the variance (or spread) of the
thermal amplitudes of vibrational modes are calculated via
the following expression,

σ
Q
i =

√
kBT
Miω

2
i

(5)

where σ
Q
i is the thermal amplitude for mode i with a

frequency of ω at temperature T, and kB is the Boltzmann
constant. In order to obtain the mode-resolved value of
dynamic disorder (σ mn, i) at a particular temperature (taking
into account the amplitude of thermally-excited dynamics),
the product of these two quantities are taken

σmn,i = βmn,iσ
Q
i (6)

with σ mn, i representing the dynamic disorder of dimer pair mn
for mode i at a particular temperature.

In one practical approach to determining these quantities,
Schweicher et al. proposed that the transfer integral deriva-
tives, βmn, i, are determined on a mode-by-mode basis, i.e.,
the system is displaced individually along each vibrational
mode and βmn, i redetermined for each one.[47] That work
also showcases how the results of this type of analysis
are based on ideal single crystalline devices, as theoretical
predictions of mobility based on phonon-limited transport
models consistently overestimate experimental.[47] This is
expected, since the calculations capture only the fundamen-
tal, phonon-driven contributions to charge scattering and
ignore the additional resistive effects from structural defects
and mesoscopic disorder present in real devices.[95–101,118]

Thus, the theoretical predictions should be interpreted as
an upper bound on mobility in the pristine crystalline
phase.

An alternative approach from Harrelson et al. instead
involves computing a spatially-resolved map of the transfer
integral itself, ultimately determining its gradient (∇J).[50]

Then, instead of re-determining βmn, i numerically on a mode-
by-mode basis, the vibrational coordinates of a mode i are
projected onto ∇Jmn,

gmn,i = ∇Jmn · Qi. (7)

The overall variance on atoms is given by the summation
of gmn, i weighted by the frequency of each mode, ωi.

σ 2
mn = 1

Nq

∑
i

(gmn,i)
2

2
coth

(
�ωi

2kBT

)
. (8)

In Equation 8, Nq accounts for the number of points
in the reciprocal space. The procedure outlined here is
illustrated in Figure 4a, and examples of its application
to two OSCs are shown in Figure 4b. Although these
two approaches generate the same quantities, the latter
method has the benefit of reducing the number of required
calculations, and if ∇J is determined to a high-enough spatial
resolution, likely provides a more robust and straightforward
means to capturing dynamic disorder with full mode-resolved
resolution.

Importantly, although the discussion above largely
assumes harmonic lattice dynamics, organic crystals are
well-known to exhibit significant anharmonicity due to their
weak intermolecular forces.[76,119–121] Anharmonic lattice
vibrations lead to effects such as temperature-dependent
phonon frequencies, mode coupling, and non-linear
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Minireview

Figure 4. Representations of Dettmann et al.[43] method via the gradient of the transfer integral 
J, panels (a) and (b), and the mode-by-mode
approach from Schweicher et al.,[47] panels (c) and (d). a) Schematic representation of the gradient approach. For each mode Qi, the inner product

J · Qi is evaluated and squared, leading to the visualization of atomic contributions for each electron–phonon coupling heatmaps in the central
panel of (a). Individual contributions are then summed up for the variance σ 2 for each atom (see Equations 7 and 8), that is also visualized as a
heatmap. b) Heatmap for σ 2 distribution on each atom in two alkylated BTBT derivatives, C8-BTBT and ditBu-BTBT. c) Schematic representation of
one detrimental mode in C10-DNBDT-NW, reported by Banks et al.[49] This mode involves a rotation about the molecular short-axis and was found to
contribute approximately 27% to the total dynamic disorder. d) HOMO electron density with discrete in-phase lobes numbers, and the associated
energetic modulation for each pair of neighboring orbital–lobe interactions obtained using the crystal orbital Hamiltonian population method.
Reproduced with permission from Ref. [43] - (a) and (b); and Ref. [49] - (c) and (d).

modulations of charge transport integrals, all of which
complicate the electron–phonon interaction landscape.
Recent work by Asher et al.[54] has shown that chemical
modifications to OSCs can suppress these anharmonic
effects, leading to more coherent phonon spectra and
improved charge mobility. This suggests that understanding
and ultimately controlling vibrational anharmonicity
could provide an additional lever for rational phonon
engineering.

3. Designing OSCs with Dynamics in Mind

The discovery that thermally activated dynamics, particularly
low-frequency vibrational modes, play a critical role in
limiting charge transport in OSCs has fundamentally shifted
the approach to material design. Building on insights from
both experimental and theoretical studies, new strategies for
the rational design of OSCs have emerged, with a focus
on minimizing the detrimental effects of dynamic disorder.
Early efforts in the field were largely heuristic, focused on
enhancing molecular rigidity to reduce molecular vibrations.
However, recent advancements in understanding the specific
vibrational modes that affect charge transport have paved the
way for more precise design principles.[47,49,87,122,123]

3.1. Early Approaches to Holistically Reduce Dynamic Disorder

Initial strategies to mitigate dynamic disorder involved
attempts to suppress large-amplitude molecular vibrations of
the regions of the molecular units believed to be involved
in the charge transport processes.[113,114,124] However, prior
to the introduction of dynamic considerations, other factors
took precedence. Originally some of the high-mobility OSCs
discovered in the 2000s, such as TIPS-pentacene and other
functionalized acenes, were not originally designed with
the mitigation of dynamics in mind.[125–127] Instead, the
motivation for those early efforts were to add functional
groups that would improve to solubility of the materials,
with the additional aim that the side-chains would promote
a co-facial arrangement of the aromatic acene cores, which
would maximize overlap of the π -orbitals and thus ideally
improve charge carrier mobility.[125–127] This is similarly the
case for the functionalized derivatives of the well-known
thiophene-based OSC, BTBT, which exhibited promising
charge carrier mobilities.[128] However, in that work, there is
brief mention of the interactions between neighboring alkyl
chains increases the interaction strength between adjacent
molecules—while initially discussed through the lens of
favorable supramolecular assembly, planted the seeds for the
later focus on reducing dynamics.

Angew. Chem. Int. Ed. 2025, e202507566 (8 of 16) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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A subsequent study, from the same group that reported
the alkylated BTBT derivatives, reported the synthesis and
characterization of alkylated DNTT derivatives, which again
achieved rather high mobilities of around 8 cm2 ·V−1 ·s−1.[112]

Although creating more soluble materials was indeed a
focus, that report also included mention that alkylation
served to pack the aromatic molecular core more tightly
through increased van der Waals interactions along the length
of the side-chain, which was attributed to the so-called
“molecular fastener effect.”[129] From here, as the field began
to appreciate the critical role that lattice dynamics play on
charge carrier mobility in OSCs, the hypothesis that the
increased interactions afforded to the system by side-chain
functionalization reduced detrimental motions, along with
the experimental observation of increasing mobility upon
alkylation, was increasingly referenced.

It is clear that a shift in the community began to
occur in the early 2010s. For example, in 2013, Okamoto
et al. reported the synthesis and characterization of a new
class of OSCs based on a “V-shaped” design, which was
motivated by a desire to create materials with good solution
processability, high mobility, and high thermal durability in
order to survive device fabrication—as many of the high-
performance OSCs up until that point melted at temperatures
below standard deposition conditions.[113] A year later, the
same group reported a different, but related, molecular
design based on a “N-shaped” core.[114] Interestingly, that
work was largely motivated by reducing thermal dynamics
(i.e., dynamic disorder), based on studies in the preceding
years from Takeya[32] and Troisi,[106] respectively. From there,
the consideration of lattice dynamics on charge transport
has been increasingly integrated into experimental design
strategies. Another example is the study conducted by
Thomas et al.[130] on a class of OSCs composed of 2D organic
materials known as a covalent organic framework. In this
study, the authors reported a series of OSCs with theoretical
charge carrier mobilities > 66 cm2 ·V−1 ·s−1. In that work,
the authors explicitly attempt to take into account vibrational
motions—however, they do not perform periodic simulations,
and restrict their calculations to considering the vibrational
modes involving only a dimer pair—likely obscuring the true
nature of the crystalline dynamic disorder. However, this
work showcases how understanding vibrational dynamics can
provide insight into OSC performance.

3.2. Utilizing Mode-Resolved Insight to Design OSCs

Efforts to design OSCs to mitigate detrimental thermal
dynamics thus began prior to the ability to fully-resolve,
on a mode-by-mode basis, the role of vibrational motions
on charge transport.[124,131] This resulted in some assump-
tions and general strategies that, while intuitive, were not
fundamentally correct as they were based on a classical
view of dynamics, instead of relying on specific insight
related to quantized vibrational dynamics. For example,
there were a number of studies in the mid-2010s that
reported attempts to “lock” the semiconducting cores based
on chemical modification. Yet, no complementary studies

were performed related to the degree of suppression, the
frequencies of the various vibrational modes, the relationship
between particular dynamics and dynamic disorder, and so
on.[132–136] Thus, although the materials generated based on
these assumptions are certainly high-performance and likely
do exhibit reduced motions along some coordinates, such
a simplistic description obscures the precise origins of the
improved mobilities, and therefore, the ability to leverage
fundamental factors for “true” rational design. Without such
insight, pitfalls can, and have, been encountered by the OSC
community.

Such pitfalls were only uncovered once a mode-resolved
picture came into focus. Work in 2019 from Schweicher et al.
studied a class of high-performance OSCs, many of the same
studied in 2016 by Illig,[73] using a combination of experi-
mental terahertz time-domain spectroscopy, inelastic neutron
scattering spectroscopy, and solid-state density functional
theory simulations.[47] The motivation of that study revolved
around uncovering the origins of the increased mobility of
alkylated derivatives of common OSCs, including BTBT and
DNTT. Interestingly, the results of those efforts showed that,
counter to the prevailing understanding at the time (which
was backed up by previous works), alkylation does not alter
the frequency of the long-axis sliding vibrational mode—
and by extension, the magnitude of the thermally-activated
displacement—contrary to what was reported previously.[35,73]

Instead, alkylation served to increase the frequency of tor-
sional dynamics of the fused core, decreasing the detrimental
effect of these motions and thereby minimizing the impact
of such modes on dynamic disorder. One powerful outcome
from that study was that in the alkylated derivatives, the vast
majority of the detrimental electron–phonon coupling energy
arose from just a single mode—the same long-axis sliding
mode that was believed to be minimized by alkylation.

Some additional pioneering work to resolve mode-specific
electron–phonon couplings in OSCs came from Harrelson
et al., who introduced techniques that integrated ab initio
simulations with inelastic neutron scattering.[50] Their mode-
resolved approach enabled the authors to quantify the impact
of specific vibrational modes on dynamic disorder by calculat-
ing the gradient of the charge transfer integral (∇J), followed
by applying ∇J to the normal mode coordinates, Q (see
Equation 7). In one early work, Harrelson et al. showcased
that 67%–97% of the detrimental electron–phonon coupling
in a large series of OSCs arose from low-frequency vibrational
modes, somewhat contradicting the hypothesis that it is solely
low-frequency vibrations that drive dynamic disorder.[47]

Furthermore, that work also highlighted the importance of
considering the entire Brillouin zone, instead of gamma-point
only phonons, for fully-capturing dynamic disorder in OSCs.

Follow-up efforts from Banks et al. and Dettmann et al.
utilized different mode-resolved approaches to not only
understand the electron–phonon coupling across a wider class
of materials, but also to attempt to include the ability to
pinpoint particular atomic origins of such effects.[43,49] Both of
these studies revealed interesting phenomena that run slightly
counter to what had been reported previously. In the latter
study, Dettmann projected the combined contribution of all
vibrational modes on the total electron–phonon coupling

Angew. Chem. Int. Ed. 2025, e202507566 (9 of 16) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH
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onto individual atoms in the system, enabling the clear
visualization of the origins of detrimental effects, as shown in
the heatmap in Figure 4b for two BTBT alkylated derivatives.
One surprising outcome was the outsized role of a high-
frequency vibrational mode at around 1600 cm−1 in BTBT
and its alkylated derivatives, which was significantly detri-
mental to charge transport. Since this vibrational involves
a stretching of the aromatic C─C bonds, which promotes a
breathing-type motion of the entire ring system, it is likely
that the origin of this effect is related to the modulation of
the π -electron wavefunction, which significantly alters the
intermolecular transfer integral. Interestingly, while the low-
frequency phonons were strongly-influenced by dispersion,
the high-frequency mode was not—likely due to the more
localized nature of the mid-IR motion. Similarly, Banks
achieved new insights by evaluating the change orbital over-
lap as a function of mode using the crystal orbital Hamiltonian
population analysis originally devised by Roald Hoffmann
and others[137–139] (see Figure 4d).[49] That work unveiled that
even when attempting to reduce dynamics overall, there can
still be some unintended motions that severely contribute to
dynamic disorder. For example, C10-DNBDT-NW, which has
reported mobilities around 16 cm2 ·V−1 ·s−1,[114] exhibited
a (now expected) long-axis sliding vibrational mode with a
frequency of 22 cm−1 that had contributed ca. 36% to the total
energetic disorder at room temperature.[49] Surprisingly, there
was a second, nearly-as-detrimental motion (contributing
ca. 27% to the total disorder), that involved a rotation
about the molecular short-axis (see Figure 4c). By carefully
investigating the contributions of various atomic orbitals to
the total modulation of the intermolecular overlap integral
(Figure 4d), it was shown that because of the extremely large
and efficient overlap of the sulfur atom–π interaction between
adjacent molecules, the rotational motion severely disrupted
that overlap, leading to the observed phenomenon.

Such an analysis can also help to provide insight into
what sort of functionalization is best avoided from a dynamic
standpoint—and subsequently, how to mitigate the effect
through further molecular modification. One example of
this was an investigation into a series of materials that
contained a fused central aromatic ring system function-
alized with peripheral thiophene-based side chains.[122] In
that work, the co-planar arrangement of the thiophene
side chain promoted extended conjugation from the core
to the side group. However, the thiophene moieties were
prone to undergo low-frequency hindered torsional motions
that severely increased energetic disorder in such systems,
rendering them nearly useless as OSC materials. A related
study from Maleki and coworkers further expands on this
point, attempting to stiffen the core-thiophene dihedral angle
rotational potential through the introduction of fluorine
atoms that can interact with the side-chain thiophene.[44]

There, this stiffened interaction yielded an impressive order-
of-magnitude increase in mobility, from 1.4 cm2 ·V−1 ·s−1in
the non-fluorinated derivative, to 13.2 cm2 ·V−1 ·s−1in the
fluorinated system. This result ultimately highlights that there
are multiple avenues available for controlling detrimental
interactions through weak non-covalent interactions, and
encourages future studies in this direction.

Although numerous design strategies based on mode-
resolved analyses have been proposed, distinguishing gen-
uinely effective methods from coincidental outcomes remains
challenging. Indeed, some reported enhancements in charge-
carrier mobility attributed to vibrational modifications might
be isolated instances rather than broadly applicable solu-
tions. For example, while certain substitutions in BTBT
derivatives have effectively suppressed detrimental low-
frequency modes, attempts to generalize this strategy to
other molecular frameworks such as acenes or oligothio-
phenes have sometimes yielded inconsistent or negligible
results, underscoring the system-specific nature of phonon
engineering approaches. Therefore, careful consideration and
comprehensive validation through systematic comparative
studies across diverse molecular platforms are essential to
establish general principles for vibrational mode manipula-
tion. Such rigorous evaluation will allow the OSC community
to better discern strategies with broad applicability from
those limited by specific molecular or crystalline contexts, ulti-
mately guiding the rational design of future high-performance
organic semiconductors.

4. Future Challenges and Trends in the Design of
High-Performance OSCs

The previous section serves to highlight the difficulty in
engineering OSCs with dynamics in mind, and despite many
claims in the literature to the contrary, the lack of a
general set of design rules that integrate all of these various
considerations.[43,45,49,57,101] For example, future experimental
and theoretical studies must explicitly address the ongoing
debate—whether single or multiple phonon modes dictate
transport—to validate practical strategies for phonon engi-
neering in OSCs. Yet, despite these outstanding questions,
there have been major steps forward in recent years as the
fundamental link between vibrational dynamics and charge
transport is further uncovered.

A key limitation in current phonon-engineering
approaches is the difficulty in generalizing insights across
diverse OSC systems. Indeed, many of the successful
examples highlighted thus far—such as the engineering
of resilient molecular frameworks by Okamoto and
colleagues—represent individual, system-specific cases
rather than broadly applicable strategies. This inherent
limitation stems from two factors, the first is the difficulty
in generalizing information across diverse chemical systems,
and the second is the substantial computational cost and
complexity associated with accurately simulating phonons,
electron–phonon coupling, and dynamic disorder across a
wide range of molecular crystals. For example, there are
currently outstanding questions over the influence of various
phonon mode types and frequencies on dynamic disorder in
OSCs. As discussed in the report from Dettmann et al.,[43]

and some others,[60] the role of high-frequency localized
dynamics can play an important role on electron-phonon
coupling, which is seemingly at odds with other studies that
promote the notion that it is a single low-frequency phonon
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mode that causes the most detrimental effects.[47,59,140] Yet,
it is important to stress that these two “viewpoints” are
not as contrasting as it might seem, as in the majority of
the reported examples, there are OSC materials that have
their electron–phonon coupling driven by multiple vibrations
spanning different frequency ranges,[60] especially those that
are comprised of only the molecular “core” such as BTBT
(compared to, for example, alkylated derivatives such as
C8-BTBT). Thus, in practice, such efforts to reduce the
impact of charge carrier dynamics to a single variable (here,
a single vibrational mode) might be misguided, and a more
holistic approach taking into account all possible dynamics,
is more valuable. Yet, in both cases, it is important to stress
that an understanding of vibrational dynamics is key to
future rational design, regardless of what is discovered in the
fundamental investigation.

These difficulties and questions have consequently
resulted in phonon-related insights often emerging a
posteriori rather than from predictive, rational design.
Nevertheless, the rapid advancement of computational tools,
particularly the incorporation of machine learning and
artificial intelligence methods into computational workflows,
offers promising avenues to overcome these limitations. For
example, recent studies have shown that such approaches can
effectively predict new targets for experimental crystallization
through combined approaches.[141–144] Such methods could
drastically reduce computational expense, enabling the
predictive exploration of phononic landscapes across
diverse molecular systems. This would transform phonon
engineering from a retrospective analytical tool into a truly
predictive component of rational OSC design. Therefore,
concerted efforts are needed to further develop and integrate
computationally efficient predictive approaches that could
generalize phonon-engineering principles, ultimately enabling
the systematic design of OSCs with optimized dynamic and
electronic properties.

The overarching consideration involves the need to bal-
ance favorable and large electronic overlap of the frontier
orbitals, while simultaneously reducing dynamics as much
as possible through a stiffening of the most critical inter-
molecular coordinates—which can now be understood by
performing mode-resolved analyses. One example where this
has proven to be highly successful is the idea from Okamoto
and colleagues involving the engineering of molecular orbitals
to be resistant to displacive dynamics.[145,146] In recent work,
Okamoto et al.[146] proposed a new OSC, ChDT, which
exhibits a zigzag shape and features an elongated π -electronic
core that was designed strategically to be resilient to long-axis
sliding vibrational modes that aim to overcome fluctuations
in J and thus enhance charge carrier mobility. This work also
highlights the importance of considering phonon dispersion,
as the in-plane motion they showcase does not correspond to
an optical phonon, and instead represents an acoustic mode at
the Brillouin zone boundary (see Figure 5a,c). This has been
further exemplified by a recent review from Nematiaram and
Troisi,[45] where a screening of over 5000 OSCs revealed that
one of the most likely markers of a high-performance material
was a charge transfer integral that had a small gradient
with respect to nuclear displacement. Thus, it is crucial that

steps be taken to understand both electronic structure and
intermolecular potential energy surfaces in order to truly
rationally-design new materials.

One key challenge to OSC design is controlling not only
molecular properties, but also bulk non-covalent interactions,
such as π–π interactions, hydrogen bonding, and halogen
bonding, which dictate the crystal packing and ultimately
influence charge transport properties.[123,148–150] Although
much attention has been given to optimizing these interac-
tions to control the supramolecular architecture of organic
functional solids,[148] the role of these weak forces in modu-
lating the inherent lattice dynamics of crystalline materials,
and specifically OSCs, remains underexplored. There are a
few examples where such an approach has been undertaken,
for example Roche et al. included hydroxyl groups and
hydrolyzable and crosslinkable triethoxysilyl terminations on
the alkyl side chains of BTBT to attempt to increase interlayer
interactions and potentially promote interlayer-crosslinking
in order to stiffen the individual molecular units.[151] In an
alternative scenario, there are an increasing number of studies
that are taking advantage of particular dynamics to promote
properties, for example a recent report from Catalano and
coworkers have shown that by designing amphidynamic
organic crystals, illustrated in Figure 5d, which are built from
both a rigid and highly mobile molecules and/or molecular
fragments, a number of interesting macroscopic phenomena
can be enabled.[152,153] In such crystalline materials, tailored
atomic—and corresponding bulk—dynamics can be exploited
for a broad range of functions and applications, such as gas
storage, tunable photoluminescence properties, switchable
dielectrics, and molecular sensing.[108,150] Thus, such materials
(many of which are OSCs) can be implemented in practical
settings that require tailored properties simply by regulating
the lattice dynamics that occur.

In this sense, there is a profound opportunity utilizing
computational methods to identify new materials in silico
prior to undertaking experimental approaches. Ideally, these
computational studies would take both crystalline structure,
electronic structure, and the associated lattice dynamics into
account simultaneously. Yet, although it is straightforward
to suggest such an approach, it is much more challenging in
practice due to the available computational techniques that
enable accessing each of those considerations.

Over the last two decades, the a priori prediction of
molecular crystal structures has evolved into a robust area
of research that has yielded significant successes.[63–65] Crystal
structure prediction (CSP) involves the generation of a
large number of bulk structures that are then ranked based
on calculated energies—with the calculation engine dictat-
ing both accuracy and computational cost.[66–68] Although
promising, there are still many areas for improvement for
CSP studies, including performing an energy analysis that
balances computational cost and accuracy,[154] the handling
of molecular structures that have various conformations,
and discerning between various metastable (and thus acces-
sible) polymorphic forms.[155,156] Despite these challenges,
CSP has already proven to be extremely useful for OSC
design, as demonstrated by the discovery of a new ultrahigh
mobility OSC from Takimiya and colleagues.[46,157] The
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Figure 5. In-plane a) and out-of-plane b) displacements discussed in Ref. [145], generated using the vibrational data reported by Schweicher et al.,[47]

and represent a zone-boundary acoustic mode a) and the long-axis sliding “killer” mode b) in DNTT. c) The transfer integral J for three OSCs, ChDT,
DNTT, and pentacene calculated as a function of displacement from equilibrium for the two mode-types shown in (a) and (b). d) Schematic
representation of an amphidynamic molecule, composed of a rigid stator and a dynamic rotator, and examples of amphidynamic OSCs– ditBu-BTBT
and TIPS-pentacene. Reproduced and modified with permission from Ref. [145] - (c) and Ref. [147] - (d).

inclusion of more studies that incorporate computational CSP
into their OSC design strategy, potentially making use of
machine learning methods (as demonstrated in a few recent
examples),[141–144] is all but certain to pay dividends in the
discovery of high performance OSCs.

Finally, the future of OSC design also involves addressing
several critical questions that remain unanswered. These
include understanding how nanoscale effects influence charge
transport in OSCs and the relationship between transient
localization and other excitonic processes like singlet fission.

Advances in artificial intelligence and machine learning
may also play a crucial role in identifying new candidate
materials, not only enabling researchers to screen for high-
performance OSCs with tailored dynamic and structural
properties, but also as a means of speeding up the calcu-
lation of lattice dynamics—not only at the gamma point,
but across the entire Brillouin zone. These interdisciplinary
efforts are essential for overcoming the current limitations
and unlocking the full potential of OSCs in practical
applications.
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5. Summary and Outlook

This review highlights the intricate relationship between
molecular dynamics and charge transport in OSCs. Under-
standing this interplay is proving critical to address the
challenges posed by the modulation of electronic overlap
due to nuclear motions, known as dynamic disorder. The
role of low-frequency vibrational modes in limiting charge
carrier mobility, in particular, has enabled detailed insight
into the fundamental origins of electron–phonon coupling in
OSCs. Although advances in experimental techniques, such
as terahertz and low-frequency Raman spectroscopy, have
significantly enhanced our understanding of these dynamics,
computational methods like transient localization theory have
enabled quantifying the effects of particular dynamics on
charge carrier mobility in OSCs.

Recent studies have demonstrated that optimizing OSC
performance requires precise manipulation of both molecular
and crystal structures to mitigate the detrimental effects of
these vibrational modes. However, such works have also
highlighted the complexity introduced upon molecular mod-
ification, as the complex interplay between the equilibrium
(static) configuration of atomic and molecular orbitals and the
modulation of intermolecular overlap as a function of nuclear
displacement implies that there are often numerous routes
to modulate electronic coherence. Thus, although attempts
at holistically stiffening specific molecular frameworks or
controlling intermolecular interactions have certainly yielded
great results, the next step in the rational design will involve
directly optimizing intermolecular potential energy surfaces,
the shape of which are what ultimately dictates the nature
of resulting lattice dynamics. However, several challenges
remain, including the computational cost of accurately sim-
ulating low-frequency dynamics, and the gamma point and
beyond, as well as the difficulty of predicting bulk crystal
structures. Additionally, bridging the gap between molecular-
scale phenomena and practical device engineering continues
to be a key objective for future research.

As this field progresses, a comprehensive approach that
integrates experimental data with theoretical models will
be essential for developing next-generation organic elec-
tronics. Such efforts will not only push the boundaries of
OSC design but also lay the groundwork for overcoming
the limitations that currently constrain the performance
of these materials. By advancing both our theoretical
understanding and our ability to manipulate material prop-
erties at the atomic level, the future of OSCs remains
promising for advanced applications in high-performance
electronics.
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1915–1932.
[106] A. Troisi, D. L. Cheung, D. Andrienko, Phys. Rev. Lett. 2009,

102, 116602.
[107] V. Rühle, A. Lukyanov, F. May, M. Schrader, T. Vehoff, J.

Kirkpatrick, B. Baumeier, D. Andrienko, J. Chem. Theory
Comput. 2011, 7, 3335–3345.

[108] H. Chung, D. Dudenko, F. Zhang, G. D’Avino, C. Ruzié, A.
Richard, G. Schweicher, J. Cornil, D. Beljonne, Y. Geerts, Y.
Diao, Nat. Commun. 2018, 9, 278.

[109] A. Troisi, J. Chem. Phys. 2011, 134, 034702.
[110] M. Martinez, M.-P. Gaigeot, D. Borgis, R. Vuilleumier, J. Chem.

Phys. 2006, 125, 144106.
[111] K. Takimiya, I. Osaka, T. Mori, M. Nakano, Acc. Chem. Res.

2014, 47, 1493–1502.
[112] M. J. Kang, I. Doi, H. Mori, E. Miyazaki, K. Takimiya, M.

Ikeda, H. Kuwabara, Adv. Mater. 2010, 23, 1222–1225.
[113] T. Okamoto, C. Mitsui, M. Yamagishi, K. Nakahara, J. Soeda,

Y. Hirose, K. Miwa, H. Sato, A. Yamano, T. Matsushita, T.
Uemura, J. Takeya, Adv. Mater. 2013, 25, 6392–6397.

[114] C. Mitsui, T. Okamoto, M. Yamagishi, J. Tsurumi, K.
Yoshimoto, K. Nakahara, J. Soeda, Y. Hirose, H. Sato,
A. Yamano, T. Uemura, J. Takeya, Adv. Mater. 2014, 26,
4546–4551.

[115] A. Girlando, L. Grisanti, M. Masino, A. Brillante, R. G. Della
Valle, E. Venuti, J. Chem. Phys. 2011, 135, 084701.

[116] A. Girlando, L. Grisanti, M. Masino, I. Bilotti, A. Brillante, R.
G. Della Valle, E. Venuti, Phys. Rev. B 2010, 82, 035208.

[117] V. Coropceanu, R. S. Sánchez-Carrera, P. Paramonov, G. M.
Day, J.-L. Brédas, J. Phys. Chem. C 2009, 113, 4679–4686.

[118] C. Groves, Rep. Prog. Phys. 2016, 80, 026502.
[119] M. Hutereau, P. A. Banks, B. Slater, J. A. Zeitler, A. D. Bond,

M. T. Ruggiero, Phys. Rev. Lett. 2020, 125, 103001.
[120] N. Juneja, J. L. Hastings, W. B. Stoll, W. W. Brennessel, S.

Zarrella, P. Sornberger, L. Catalano, T. M. Korter, M. T.
Ruggiero, Chem. Commun. 2024, 60, 12169–12172.

[121] M. T. Ruggiero, J. A. Zeitler, A. Erba, Chem. Commun. 2017,
53, 3781–3784.

[122] P. A. Banks, A. M. Dyer, A. C. Whalley, M. T. Ruggiero,
ChemComm 2022, 58, 12803–12806.

[123] G. Schweicher, G. Garbay, R. Jouclas, F. Vibert, F. Devaux, Y.
H. Geerts, Adv. Mater. 2020, 32, 1905909.

[124] K. Takimiya, S. Shinamura, I. Osaka, E. Miyazaki, Adv. Mater.
2011, 23, 4347–4370.

[125] J. E. Anthony, J. S. Brooks, D. L. Eaton, S. R. Parkin, J. Am.
Chem. Soc. 2001, 123, 9482–9483.

[126] O. D. Jurchescu, S. Subramanian, R. J. Kline, S. D. Hudson, J.
E. Anthony, T. N. Jackson, D. J. Gundlach, Chem. Mat. 2008,
20, 6733–6737.

[127] S. Subramanian, S. K. Park, S. R. Parkin, V. Podzorov, T.
N. Jackson, J. E. Anthony, J. Am. Chem. Soc. 2008, 130,
2706–2707.

[128] H. Ebata, T. Izawa, E. Miyazaki, K. Takimiya, M. Ikeda,
H. Kuwabara, T. Yui, J. Am. Chem. Soc. 2007, 129, 15732–
15733.

[129] H. Inokuchi, K. Imaeda, T. Enoki, T. Mori, Y. Maruyama, G.
Saito, N. Okada, H. Yamochi, K. Seki, Y. Higuchi, N. Yasuoka,
Nat. 1987, 329, 39–40.

[130] S. Thomas, H. Li, R. R. Dasari, A. M. Evans, I. Castano, T. G.
Allen, O. G. Reid, G. Rumbles, W. R. Dichtel, N. C. Gianneschi,
S. R. Marder, V. Coropceanu, J.-L. Brédas, Mater. Horiz. 2019,
6, 1868–1876.

[131] J. E. Anthony, Angew. Chem. Int. Ed. 2008, 47, 452–483.
[132] R. K. Hallani, K. J. Thorley, Y. Mei, S. R. Parkin, O.

D. Jurchescu, J. E. Anthony, Adv. Funct. Mater. 2016, 26,
2341–2348.

[133] J.-I. Park, J. W. Chung, J.-Y. Kim, J. Lee, J. Y. Jung, B. Koo, B.-
L. Lee, S. W. Lee, Y. W. Jin, S. Y. Lee, J. Am. Chem. Soc. 2015,
137, 12175–12178.

[134] G. Schweicher, et al., Adv. Mater. 2015, 27, 3066–3072.
[135] Y. Krupskaya, M. Gibertini, N. Marzari, A. F. Morpurgo, Adv.

Mater, 2015, 27, 2453–2458.
[136] B. A. Jones, M. J. Ahrens, M. H. Yoon, A. Facchetti, T. J. Marks,

M. R. Wasielewski, Angew. Chem. Int. Ed. 2004, 43, 6363–
6366.

[137] R. Hoffmann, Angew. Chem. Int. Ed. Engl. 1987, 26, 846–878.
[138] R. Dronskowski, P. E. Blöchl, J. Phys. Chem. 1993, 97, 8617–

8624.
[139] M. T. Ruggiero, A. Erba, R. Orlando, T. M. Korter, Phys.

Chem. Chem. Phys. 2015, 17, 31023–31029.
[140] S. Qu, V. K. Sharma, J. J. Geuchies, M. Grechko, M. Bonn, F.

Pientka, H. Kim, Nat. Phys. 2025.
[141] H. M. Johnson, F. Gusev, J. T. Dull, Y. Seo, R. D. Priestley, O.

Isayev, B. P. Rand, J. Am. Chem. Soc. 2024, 146, 21583–21590.
[142] S. Gao, Y. Luo, X. Liu, N. Marom, Digital Discovery 2025, 4,

1306–1322.
[143] S. Moayedpour, I. Bier, W. Wen, D. Dardzinski, O. Isayev, N.

Marom, J. Phys. Chem. C 2023, 127, 10398–10410.
[144] C. Kunkel, J. T. Margraf, K. Chen, H. Oberhofer, K. Reuter,

Nat. Commun. 2021, 12, 2422.
[145] A. Yamamoto, Y. Murata, C. Mitsui, H. Ishii, M. Yamagishi,

M. Yano, H. Sato, A. Yamano, J. Takeya, T. Okamoto, Adv.
Sci. 2018, 5, 1700317.

Angew. Chem. Int. Ed. 2025, e202507566 (15 of 16) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202507566 by L

uca C
atalano - U

niversity M
odena , W

iley O
nline L

ibrary on [30/05/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Minireview

[146] T. Okamoto, S. Kumagai, E. Fukuzaki, H. Ishii, G. Watanabe,
N. Niitsu, T. Annaka, M. Yamagishi, Y. Tani, H. Sugiura, T.
Watanabe, S. Watanabe, J. Takeya, Sci. Adv. 2020, 6, aaz0632.

[147] M. Asher, M. Bardini, L. Catalano, R. Jouclas, G. Schweicher,
J. Liu, R. Korobko, A. Cohen, Y. Geerts, D. Beljonne, O. Yaffe,
J. Phys. Chem. Lett. 2023, 14, 1570–1577.

[148] J. W. Steed, J. L. Atwood, Supramolecular Chemistry, John
Wiley & Sons, Hoboken, NJ 2022.

[149] G. R. Desiraju, Angew. Chem. Int. Ed. Engl. 1995, 34, 2311–
2327.

[150] L. Catalano, P. Naumov, CrystEngComm 2018, 20, 5872–5883.
[151] G. H. Roche, D. Thuau, P. Valvin, S. Clevers, T. Tjoutis, S.

Chambon, D. Flot, Y. H. Geerts, J. J. E. Moreau, G. Wantz, O.
J. Dautel, Adv. Electron. Mater. 2017, 3, 1700218.

[152] C. S. Vogelsberg, M. A. Garcia-Garibay, Chem. Soc. Rev. 2012,
41, 1892–1910.

[153] L. Catalano, et al., J. Am. Chem. Soc. 2024, 146, 31911–31919,
In Press.

[154] J. Yang, S. De, J. E. Campbell, S. Li, M. Ceriotti, G. M. Day,
Chem. Mat. 2018, 30, 4361–4371.

[155] J. Nyman, G. M. Day, CrystEngComm 2015, 17, 5154–
5165.

[156] V. Bhat, C. P. Callaway, C. Risko, Chem. Rev. 2023, 123, 7498–
7547.

[157] K. Bulgarevich, S. Horiuchi, K. Takimiya, Adv. Mater. 2023, 35,
2305548.

Manuscript received: April 03, 2025
Revised manuscript received: May 11, 2025
Accepted manuscript online: May 14, 2025
Version of record online: ,

Angew. Chem. Int. Ed. 2025, e202507566 (16 of 16) © 2025 The Author(s). Angewandte Chemie International Edition published by Wiley-VCH GmbH

 15213773, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202507566 by L

uca C
atalano - U

niversity M
odena , W

iley O
nline L

ibrary on [30/05/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Minireview

Minireview
Organic Semiconductors

B. M. T. C. Peluzo, R. Meena,
L. Catalano*, G. Schweicher*,
M. T. Ruggiero* e202507566

Exploring the Interplay of Lattice
Dynamics and Charge Transport in
Organic Semiconductors: Progress
Toward Rational Phonon Engineering

This Minireview highlights recent
advances in understanding the role of
lattice dynamics and electron–phonon
coupling in organic semiconductors.
Emphasis is placed onmode-resolved
insights into dynamics-induced
electronic disorder, emerging strategies
for phonon engineering, and the
implications of both low- and high-
frequency vibrations on charge
transport.
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