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ABSTRACT

By considering only one electronic state per molecule, charge transport models of molecular solids neglect intramolecular charge transfer.
This approximation excludes materials with quasi-degenerate spatially separated frontier orbitals, such as non-fullerene acceptors (NFAs) and
symmetric thermally activated delayed fluorescence emitters. By analyzing the electronic structure of room-temperature molecular conform-
ers of a prototypical NFA, ITIC-4F, we conclude that the electron is localized on one of the two acceptor blocks with the mean intramolecular
transfer integral of 120 meV, which is comparable with intermolecular couplings. Therefore, the minimal basis for acceptor–donor–acceptor
(A–D–A) molecules consists of two molecular orbitals localized on the acceptor blocks. This basis is robust even with respect to geometry
distortions in an amorphous solid, in contrast to the basis of two lowest unoccupied canonical molecular orbitals withstanding only ther-
mal fluctuations in a crystal. The charge carrier mobility can be underestimated by a factor of two when using single site approximation for
A–D–A molecules in their typical crystalline packings.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0155488

I. INTRODUCTION

Organic semiconductors constitute a broad class of functional
materials for optoelectronic and energy applications.1 Design of
such materials requires an accurate description of their electronic
properties,2–7 with the most accurate models developed for molecu-
lar solids, such as pentacene8–10 or naphthalene.11,12 Despite these
advances, modeling charge transport in molecular solids contin-
ues to pose challenges. In molecular crystals, conventional models,
such as band transport or hopping transport, are not always appro-
priate.6 The current state-of-the-art approach involves evolving the
trajectory of charge carriers using surface hopping or other methods
correctly describing electron–phonon interaction in organic semi-
conductors.8 This is only feasible in a coarse-grained electronic basis:
typically, with one molecular orbital (MO) per molecule, so that the
electronic wave-function is approximated by a linear combination
of such MOs.13 In particular, the highest occupied molecular orbital
(HOMO) is used for the hole transport, and the lowest unoccu-
pied molecular orbital (LUMO) is used for the electron transport.
Importantly, the coarse-grained basis is fixed in the same sense

as contracted Gaussian functions are fixed, and only translations
and rotations of the entire MO are allowed. The robustness of this
description relies on the energetic separation of HOMO/LUMO
from the remaining MOs. This separation, typically more than
1 eV, ensures that the solid-state electronic bands composed of dif-
ferent MOs do not overlap. The rigidity of molecules makes the
coarse-grained basis robust with respect to fluctuations in molecular
geometries.

For large molecules, the energy separation between frontier
MOs is comparable to both their vibrational broadening and inter-
molecular dispersion (a few tenths of eV), making the basis of one
MO per molecule incomplete for a description of frontier MOs of
molecular solids. If the molecule is rigid, such as polycyclic aro-
matic hydrocarbons, the simplest reasonable approximation is to
include all quasi-degenerate MOs into the coarse-grained basis. In
nonrigid molecules, however, geometry fluctuations under ambient
conditions can be so large that MOs of one conformation are no
longer representable on the basis of canonical MOs of another con-
formation. This case requires a more sophisticated electronic coarse-
graining, which is the subject of this work. Specifically, we will
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compare the accuracy of different coarse-grained bases in represent-
ing frontier orbitals of a nonrigid molecule subject to fluctuations of
its geometry under typical conditions for organic semiconductors,
mainly in a solid state. It should be noted that inaccurate elec-
tronic coarse-graining might result in not only a deficient basis but
also a wrong intramolecular charge dynamics in the approximation
of instantaneous transitions between degenerate electronic states,
which is reasonable for such molecules as fullerenes.14

To perform a detailed investigation, we will consider the case
study of the ITIC-4F molecule15 whose bulk geometry in both
crystalline and smectic phases is known.16 ITIC-4F belongs to a
class of high-performing non-fullerene acceptors (NFA),17 major-
ity of which have an acceptor–donor–acceptor (A–D–A) molecu-
lar architecture18–21 (Fig. 1) with a large separation between the
acceptor blocks, resulting in a quasi-degenerate LUMO.22 The
most appropriate approach for studying the influence of molecu-
lar fluctuations on the electronic structure would be an all-atom
non-adiabatic molecular dynamics (MD).23 However, it is computa-
tionally demanding for a reasonably sized cluster of NFA molecules,
not talking about bulk solids.24 To investigate structural models
with thousands of atoms, such as amorphous ITIC-4F, alternative
strategies must be adopted. Here, we sample molecular conforma-
tions using a computationally efficient approach: a combination
of the classical MD with a force-field and classical/quantum har-
monic oscillator models with vibrational modes calculated using
density functional theory (DFT). A statistical analysis of electronic
states using single-point electronic structure calculations can then
be performed based on the sampled structures. At the end, we will
determine what is the most appropriate coarse-grained model of
NFAs, taking into account a trade off between the accuracy and
complexity of the model.

This paper is organized as follows: We start with a descrip-
tion of the methodology, followed by a discussion of the electronic

FIG. 1. Localization of electron wave-function on one of the two acceptor blocks:
despite the LUMO of the undistorted ITIC-4F molecule being delocalized as in
panel (a), the electron NO is typically localized on one of the two acceptor LMOs
shown in panel (b), either due to molecular deformations or self-localization in a
polarizable environment as illustrated for the anion NO in water-like polarizable
continuum model in panel (c). See more examples in Fig. S16.

structure of isolated ITIC-4F molecule as a typical representative of
the A–D–A class of molecules. Next, we investigate the stability of
various coarse-grained bases with respect to different types of geo-
metrical distortions and then analyze fluctuations of tight-binding
(TB) elements. Finally, we study how errors in coarse-graining
influence calculated charge transport properties.

II. METHODOLOGY

Localizedmolecular orbitals (LMO) are obtained by orthogonal
projection of canonical MOs onto the basis of the selected block of
atoms. In fact, the choice of localization procedure is noncritical for
the scope of this work. Nevertheless, a reference to the localization
algorithm and code is given in supplementarymaterial. Themethod-
ology has been thoroughly tested for organic,22 metal-organic,25 and
inorganic26 semiconductors. Multiple LMO models are employed,
designated as N-LMO, where N represents the number of localized
molecular orbitals utilized in the model.

One of the aims of this work is to grade various coarse-grained
electronic bases. As a measure of basis quality, we take its ability
to describe LUMO of a distorted molecule (all bases are naturally
defined to give an exact LUMO for the undistorted geometry).
Specifically, to evaluate the accuracy of a given basis of molecular
orbitals ψ1,ψ2, . . . ,ψn in approximating a target molecular orbital
ψ′, we quantify the deviation using a norm of Δψ′ ≙ ψ′ −∑i ciψi.
The key technical difficulty is how to define the coefficients ci and
the norm. Indeed, ψi and ψ

′ are provided in the same atomic orbital
(AO) basis set but differently oriented and displaced due to dif-
ferent molecular geometry. Therefore, there is no obvious choice
for the norm and for the procedure how coefficients ci are deter-
mined. Since, in TB models, molecular deformations are encoded
in the TB Hamiltonian parametrically, we do not transform the AO
basis set (except for molecular block rotations) but consider only
a vector space of coefficients itself. However, molecular deforma-
tions also change the AO overlap matrix (S for ψi and S′ for ψ′),
and this change must be taken into account explicitly. The most
straightforward solution is to orthogonalize the AO basis, and
we consider this option with the symmetric orthogonalization

ψ○i ≙
√
Sψi, ψ

′○ ≙
√
S′ψ′. Then, the natural choice for the norm is

Euclidean. However, to keep the overall complexity at the level of
matrix multiplication, the calculation of the square root of a matrix
should be avoided. Although there is no obvious choice for the
norm in this case, the generalized Euclidean norm seems to be rea-
sonable: one with the undistorted overlap matrix S, which is the
default method, and another one with the unit overlap. Since all
the mentioned norms are quadratic, we define the basis deficiency
as ∥Δψ′∥2 with three alternative interpretations of the norm symbol:
∥ ⋅ ∥2 for the Euclidean norm, ∥ ⋅ ∥S for the generalized Euclidean
normwith the overlap matrix of the undistorted molecule, and ∥ ⋅ ∥O
for the Euclidean norm in the orthogonalized basis. If the norm is the
generalized Euclidean and ψi are orthonormal in this norm, then
coefficients ci ≙ ψ+i Sψ′ minimize ∥Δψ′∥ so that the basis set defi-
ciency becomes ∥Δψ′∥2 ≙ ψ′+Sψ′ −∑i ∣ψ+i Sψ′∣2, where ψ+ means
the Hermitian conjugate. In other cases, the minimization is more
complicated, and the resulting expression for ci is less meaningful.
For this reason, we fix ci ≙ ψ+i Sψ′ for all considered norms. If ψi is
a LMO, it is rotated together with its biorthogonal vector ψ+i S. The
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resulting set of LMOs becomes non-orthonormal but the LMO over-
lap is usually close to the unit matrix. Effects of local rotation of AOs
due to geometric deformations are not considered.

The crystalline and partially ordered smectic morphologies are
taken from classical MD simulations performed in Ref. 16. The MD
supercell contains 2000 molecules, 500 of which are used in this
analysis.

Technical details are given in Sec. S1 of supplementarymaterial,
including parameters of quantum chemistry calculations, compari-
son of different variations of the localization algorithms (Table S1),
treatment of anharmonic vibrational modes (Table S2), and statisti-
cal analysis of simulated fluctuations (Table S3).

III. RESULTS AND DISCUSSION

The electronic structure of ITIC-4F is typical for NFAs with the
A–D–A structure:22 the HOMO is localized on the donor block and
is well separated from the next occupied MO, whereas the LUMO
is quasi-degenerate [Fig. 1(a)] with only 0.2 eV separation between
frontier MOs (Fig. S3). Further insight can be obtained by block-
wise localization of several lowest unoccupied MOs as visualized in
Fig. 2 (see also localization of the entire π-system in Fig. S5). It shows
two weakly coupled lowest unoccupied LMOs localized on the two
acceptors (see also Figs. S4 and S5 and Table S4). Consequently,
the minimal coarse-grained model should include at least these two
LMOs. In the 2-LMOmodel, the transfer integral is 120 meV, which
is comparable with intermolecular acceptor–acceptor couplings in
many NFAs, such as Y6, IDTBR, and ITIC.22 The intramolecular
electron transfer is transmitted through the donor block, but accord-
ing to Fig. 2, multiple transfer channels exist with at least two lowest
donor-block LMOs strongly coupled to the lowest acceptor-block
LMOs. Therefore, the 6-LMO coarse-grained model (two LMOs per
each block) should provide a more complete description of the low-
energy electronic states, while being still separated from the LUMO
of the σ-symmetry subsystem (see also Figs. S6 and S7). All LMOs
in 2-, 4-, and 6-LMO models are visualized in Fig. S4, and the
corresponding TB Hamiltonians are given in Table S4.

FIG. 2. 6-LMO coarse-grained model of ITIC-4F molecule. There are two LMOs
per each block. The LMOs of the right-hand acceptor are not visualized since
they mirror LMOs of the left-hand acceptor. Symmetry-unique inter-block electronic
couplings (off-diagonal TB elements) are shown in meV. Here, the lowest LMO is
more localized on the acceptor compared to the 2-LMO model shown in Fig. 1(b).

Inter-block connections are flexible but with a high rotation
barrier of almost 0.5 eV, thus suppressing large amplitude librations.
In the harmonic approximation, these librations are intermixed with
other low-frequency vibrational modes (starting from 1 meV or
5 cm−1), corresponding to the in-plane and out-plane bending of
the molecule. The 180○-flip of each dihedral costs only 50 meV, so
conformers should be present in the amorphous phase.

Electron polaron is well localized on a single acceptor [Fig. 1(c)]
in a highly polarizable environment with large energy gain relative to
the symmetric charge distribution (270 meV in the water-like polar-
izable continuum model). In vacuum, the symmetric distribution is
unstable but the relaxed anion natural orbital (NO) differs from the
LUMO of the neutral molecule insignificantly (Fig. S16).

To study the influence of molecular fluctuations on the elec-
tronic structure, we use four statistical ensembles to mimic the
effects of static and dynamic disorder, both classical and quan-
tum in the latter case. The first two ensembles are obtained from a
single snapshot of the room temperature classical MD of crystalline
and amorphous (“smectic” phase) solid state ITIC-4F. Because
the MD uses a classical force field whose accuracy is expected to
be lower than DFT, we also generate harmonic vibrations in classi-
cal and quantumBoltzmann statistics (the other two ensembles). For
this purpose, we use normal modes of the neutral molecule but with
renormalized frequencies of several anharmonicmodes, see Table S2
for details. Such renormalization does not treat modemixing, result-
ing in an excess of higher-energy fluctuations (Fig. S1), as evidenced
by the higher value of energy variation (Table S3). The quantum
ensemble generates an excess of high-frequency modes via zero-
energy vibrations: although these modes interact coherently with
electronic degrees of freedom, the “decoupled” description of their
influence on the electronic structure seems to be meaningful.

Statistical analysis of the electronic structure sampled in all
four ensembles immediately shows that, in contrast to HOMO,
the LUMO is unstable with respect to room-temperature fluctu-
ations in the sense that, for the majority of distorted geometries,
the LUMO differs substantially from the LUMO of the undistorted
molecule (Figs. S8 and S10). Consequently, the combined effect
of self-localization and distortion leads to complete localization
of extra charge on a single acceptor even in crystal, see Fig. 3(a)
[also Fig. 5(a), Fig. S8, Table S5, Fig. S16, and cf. HOMO in
Fig. S17].

While the basis of two LUMOs of the unperturbed molecule
is capable to describe the LUMO of the majority of molecular
conformations in crystal, at least two LMOs are needed to describe
the LUMO of molecular conformations in amorphous solid, see
Fig. 3(b). In the latter case, the addition of a few other LMOs (6-LMO
model) makes the LMO basis as accurate as the entire-band MO
basis [Fig. 3(b)] but more robust with respect to large deformations
(Fig. S11d).

Detailed analysis of extreme points in the sampled datasets
shows three cases. If distortions are small, the LUMO is fully delo-
calized across the molecule, and any coarse-grained basis is accurate
within a few percent, Fig. 4(a). In contrast, if distortions are sub-
stantial, the LUMO is localized on one of the acceptors, and the
minimal coarse-grained basis should include at least two MOs or
LMOs, whereas the use of the more accurate 6-LMO model reduces
the basis deficiency to a few percent, Fig. 4(b). In the extreme cases
of large-scale molecular deformations such as the 90○-rotation of
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FIG. 3. Statistical analysis of the basis deficiency in a coarse-grained description of electron MO and NO (i.e., LUMO and anion NO). For the basis, we take two types of
orbitals: canonical MOs and LMOs of the isolated fully relaxed molecule. The type and number of basis orbitals are indicated in the legend, whereas “band” means the
orthogonalized basis of the entire unoccupied band. Panel (a) shows that the LUMO of the undistorted molecule fails to describe electron NO even in the crystal due to
self-localization. Panel (b) shows that molecular deformations in the amorphous solid are so large that the rigid basis of MOs of the undistorted molecule gives a poor
description even for electron MO (LUMO of the distorted molecule), whereas one LMO per acceptor block provides the minimum reasonable basis. See more histograms in
Figs. S8–S10.

flexible dihedrals, the use of LMOs remains meaningful albeit with
low accuracy, see Fig. S11d.

Tomake a more rigorous statement about electron localization,
we analyze the distribution of coefficients of expansion of electron

MO and NO on the 2-LMO basis. We immediately see that the
electron NO is localized on one of the acceptors in the majority of
molecular conformations in both crystalline and amorphous solids,
see Fig. 5. In contrast, LUMO shows no electron localization but only

FIG. 4. Detailed analysis of two representative configurations: (a) LUMO is fully delocalized across the molecule and (b) LUMO is localized on one of the acceptors. Three
vector norms are compared: Euclidean labeled as “/2,” generalized Euclidean “/S,” and Euclidean in the orthogonalized basis “/O.” Each dot counted from left to right
corresponds to an increase of the basis by one MO or two LMOs whose highest energy is marked on the horizontal axis. Dashed lines show the band limit, also labeled as
“/b” (in the case of LMOs it is the π-band limit). Obviously, any basis is good for small deformations captured in panel (a), whereas at least two MOs are required for case
(b), and overall at a fixed size, LMO-basis is more robust. See more examples in Figs. S11 and S12.
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FIG. 5. (a) and (b) Coefficients of the expansion of electron NO of distorted molecules in two LMOs in polar representation rotated by 45○: c1 ≙ A cos(α + π/4) and
c2 ≙ A sin(α + π/4), where A is the amplitude and α is the angle. In these notations, α ≈ ±π/4 corresponds to the wave-function localized on one of the two acceptors,
whereas α ≈ 0 corresponds to the delocalized wave-function; deviations of A from 1 are a measure of the basis deficiency. This figure clearly demonstrates the localization of
the electron NO because points are segregated into two clusters corresponding to a localized wave-function. See also Figs. S13–S15, including Fig. S13a which exemplifies
a delocalized wave-function.

a broad distribution of coefficients in the same range of angles (Fig.
S13).

Having determined the optimal coarse-graining of the ITIC-4F
molecule, we can analyze fluctuations of the TB Hamiltonian
constructed in the 2-LMO and 6-LMO bases. In the first case,
the intramolecular Hamiltonian is two-dimensional with three

parameters: average onsite energy (ε1 + ε2)/2, energy half-offset
ϵ ≙ (ε2 − ε1)/2, and transfer integral t. Fluctuations of ϵ and t in
amorphous solids are plotted in Fig. 6(a), showing a single-centered
distribution without a visual correlation between ϵ and t. The stan-
dard deviations are 50 and 25 meV, respectively, which is much
smaller than the absolute value of t, see Table S10. This means that

FIG. 6. Fluctuations of energy half-offset ϵ and transfer integral t in amorphous solid (smectic). Scales of horizontal and vertical axes are made equal to emphasize that
onsite energies undergo larger fluctuations. Red dots show negative values taken with opposite signs, which correspond to flipped acceptor blocks. The crossing gridlines
mark values for undistorted geometry. Panel (a) shows the Hamiltonian elements of the minimum model of 2 LMOs, whereas, in panel (b), the 6-LMO model is used (2 per
each block). See other TB elements in Figs. S18–S20.
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the two acceptor blocks are always strongly coupled, and the main
disorder effects are in onsite energy fluctuations. Interestingly, both
the mean value and standard deviation of ϵ and t are nearly the same
for crystal, amorphous solid, and classical vibrations of the isolated
molecule (Table S10), implying that the environmental effects have
a minor influence on intramolecular energetics, despite having a
large influence on type and amplitude of geometrical distortions. In
contrast, quantum effects, such as zero-point vibrations, almost
double the standard deviations (Fig. S18), thus emphasizing the
importance of quantum treatment of high-frequency modes5 (see
the caption to Table S10). For the 6-LMO model, fluctuations of
acceptor–donor energy offset show a bias toward lower values, see
Fig. 6(b), thus explaining why thismodel provides a noticeably better
description of LUMO under large distortions.

To understand how errors in the coarse-graining of individ-
ual molecules influence the accuracy of the calculation of electronic
properties of a molecular solid, one has to distinguish two cases.
If we calculate the electronic structure at fixed positions of atoms,
then the only thing important is the deficiency of the coarse-grained
basis. Therefore, for crystals, the basis of two LMOs or two MOs
gives an accurate description of the bottom of the conduction band,
whereas the use of a single MO per molecule misses the intermixing
of LUMO and the next LUMO by intermolecular couplings. In con-
trast, if we calculate charge carrier transport in the hopping regime,
we assume that each site orbital remains unchanged upon geome-
try fluctuations, consequently using MOs for electrons in NFAs is
inappropriate at all.

To quantify the error, we consider three topologies of elec-
tronic connectivity commonly observed in crystals of A–D–A
molecules:22,27 one-dimensional slipstack (EH-IDTBR), two-
dimensional brickwork (ITIC-4F, Fig. S21), and three-dimensional
wiremesh (o-IDTBR, Fig. S22). We compare 1-site vs 2-site models
in terms of two electronic structure parameters: tensor of inverse
effective masses and tensor of squared hopping amplitudes. Accu-
racy in the evaluation of these quantities contributes to the accuracy
of electronic transport modeling because the charge carrier mobility
is proportional to these parameters in the two limiting cases:
scattering of free charge carriers and hopping of localized ones, see
Section S4 in Ref. 22. Results of the comparison depend on multiple
parameters including crystal geometry and electronic couplings and
are compiled in Table S11. The main conclusion is that under the
most typical conditions when the intramolecular transfer integral
is substantially larger than intermolecular ones, the mobility is
underestimated by a factor of two. This can be explained by the
reduction of intermolecular transfer integrals by this factor due to
intramolecular delocalization of the wave-function assumed in the
1-site model. In the case of comparable intra- and intermolecular
couplings (best performing NFAs), the error of the 1-site model is
less systematic but anisotropic by a factor of 2–3, implying that the
mobility tensor is substantially distorted upon merge of the acceptor
sites. For example, in brickwork geometry, the ratio of mobilities
parallel and perpendicular to the long axis of the molecule can be
overestimated by a factor of 3. In practice, anisotropy can be directly
compared to single-crystal mobility measurements to distinguish
between 1-site and 2-site models. In addition, the electronic band
structure transforms significantly upon change of transfer integrals:
for example, in brickwork geometry, which has a honeycomb
topology of electronic connectivity, the band structure consists of

two sub-bands connected via Dirac cone if and only if the transfer
integrals satisfy the triangle inequality (see Fig. S23).

We have demonstrated that the accurate coarse-grained
electronic model of a molecular solid should involve proper coarse-
graining of intramolecular electronic degrees of freedom: long flex-
ible π-conjugated molecules require at least one electronic site per
each electronically active rigid block. A robust coarse-grained basis
is provided by localized molecular orbitals, whereas canonical MOs
are unstable with respect to fluctuations of intramolecular geome-
try. In the case of A–D–A type molecules used as acceptor material
in solar cells, the electron is localized on one of the acceptor blocks
in the majority of molecular conformations in both crystalline and
amorphous solids, so that LUMO of the unperturbedmolecule is not
representative at all. The resulting error in the estimation of charge
carrier mobility and its anisotropy can be as large as a factor of 2.
Importantly, this is a purely electronic contribution to the error, sub-
stantially exceeding errors of state-of-the-art DFT calculations of the
electronic structure of organic semiconductors.

SUPPLEMENTARY MATERIAL

The supplementary material contains details of the computa-
tional methodology and additional figures and tables on the elec-
tronic structure of undistorted and distorted conjugated backbone,
fluctuations of TB Hamiltonian elements, and calculations of charge
transport parameters.

ACKNOWLEDGMENTS

We thank Wenlan Liu, Mukunda Mandal, and Naomi Kinaret
for the fruitful discussions. This work was performed, in part, at
the Center for Integrated Nanotechnologies, an Office of Science
User Facility operated for the U.S. Department of Energy (DOE)
Office of Science by Los Alamos National Laboratory (Contract No.
89233218CNA000001) and Sandia National Laboratories (Contract
No. DE-NA-0003525). D.A. acknowledges the KAUST PSE Division
for hosting his sabbatical in the framework of the Division’s Visit-
ing Faculty program. D.A. acknowledges funding by the Deutsche
Forschungsgemeinschaft (DFG, German Research Foundation) for
financial support through the collaborative research centers TRR
146, SPP 2196, and Grant No. 460766640.

AUTHOR DECLARATIONS

Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

Andriy Zhugayevych: Conceptualization (lead); Data curation
(equal); Formal analysis (equal); Investigation (lead); Methodol-
ogy (equal); Project administration (lead); Supervision (equal);
Validation (equal); Visualization (equal); Writing – original draft
(equal); Writing – review & editing (equal). Kun-Han Lin: Data
curation (supporting); Formal analysis (supporting); Investigation

J. Chem. Phys. 159, 024107 (2023); doi: 10.1063/5.0155488 159, 024107-6

© Author(s) 2023

 1
1
 J

u
ly

 2
0
2
3
 0

6
:5

7
:5

1



The Journal

of Chemical Physics
ARTICLE pubs.aip.org/aip/jcp

(supporting); Methodology (equal). Denis Andrienko: Conceptu-
alization (equal); Data curation (equal); Formal analysis (equal);
Funding acquisition (lead); Investigation (equal); Methodology
(equal); Project administration (equal); Resources (lead); Software
(lead); Supervision (equal); Validation (equal); Visualization (equal);
Writing – original draft (equal); Writing – review & editing (equal).

DATA AVAILABILITY

The data that support the findings of this study are available
within the article and its supplementary material.

REFERENCES

1S. R. Forrest, Organic Electronics: Foundations to Applications (OUP, 2020).
2P. Friederich, A. Fediai, S. Kaiser, M. Konrad, N. Jung, andW. Wenzel, “Toward

design of novel materials for organic electronics,” Adv. Mater. 31, 1808256 (2019).
3S. Hutsch, M. Panhans, and F. Ortmann, “Charge carrier mobilities of organic

semiconductors: Ab initio simulations with mode-specific treatment of molecular

vibrations,” npj Comput. Mater. 8, 228 (2022).
4T. Nematiaram and A. Troisi, “Modeling charge transport in high-mobility

molecular semiconductors: Balancing electronic structure and quantum dynamics

methods with the help of experiments,” J. Chem. Phys. 152, 190902 (2020).
5Y. Jiang, H. Geng, W. Li, and Z. Shuai, “Understanding carrier transport in

organic semiconductors: Computation of charge mobility considering quantum

nuclear tunneling and delocalization effects,” J. Chem. Theory Comput. 15, 1477

(2019).
6S. Fratini, D. Mayou, and S. Ciuchi, “The transient localization scenario for

charge transport in crystalline organic materials,” Adv. Funct. Mater. 26, 2292

(2016).
7J.-L. Brédas, D. Beljonne, V. Coropceanu, and J. Cornil, “Charge-transfer and

energy-transfer processes in pi-conjugated oligomers and polymers: A molecular

picture,” Chem. Rev. 104, 4971 (2004).
8S. Giannini and J. Blumberger, “Charge transport in organic semiconductors:

The perspective from nonadiabatic molecular dynamics,” Acc. Chem. Res. 55, 819

(2022).
9L. Craciunescu, S. Wirsing, S. Hammer, K. Broch, A. Dreuw, F. Fantuzzi,

V. Sivanesan, P. Tegeder, and B. Engels, “Accurate polarization-resolved absorp-

tion spectra of organic semiconductor thin films using first-principles quantum-

chemical methods: Pentacene as a case study,” J. Phys. Chem. Lett. 13, 3726

(2022).
10S. G. Engelbrecht, M. Prinz, T. R. Arend, and R. Kersting, “Terahertz spec-

troscopy on hole transport in pentacene thin films,” Appl. Phys. Lett. 105, 012101

(2014).
11F. Brown-Altvater, G. Antonius, T. Rangel, M. Giantomassi, C. Draxl, X. Gonze,

S. G. Louie, and J. B. Neaton, “Band gap renormalization, carrier mobilities, and

the electron-phonon self-energy in crystalline naphthalene,” Phys. Rev. B 101,

165102 (2020).
12B. K. Chang, J.-J. Zhou, N.-E. Lee, and M. Bernardi, “Intermediate polaronic

charge transport in organic crystals from a many-body first-principles approach,”

npj Comput. Mater. 8, 63 (2022).

13H. Oberhofer, K. Reuter, and J. Blumberger, “Charge transport in molecular
materials: An assessment of computational methods,” Chem. Rev. 117, 10319
(2017).
14J. Niklas, K. L. Mardis, and O. G. Poluektov, “Spin signature of the C60 fullerene
anion: A combined X- and D-band EPR and DFT study,” J. Phys. Chem. Lett. 9,
3915 (2018).
15T. J. Aldrich, M. Matta, W. Zhu, S. M. Swick, C. L. Stern, G. C. Schatz,
A. Facchetti, F. S. Melkonyan, and T. J. Marks, “Fluorination effects on
indacenodithienothiophene acceptor packing and electronic structure, end-group
redistribution, and solar cell photovoltaic response,” J. Am. Chem. Soc. 141, 3274
(2019).
16F. H. Hasenburg, K.-H. Lin, B. van der Zee, P. W. M. Blom, D. Andrienko, and
G.-J. A. H. Wetzelaer, “Ambipolar charge transport in a non-fullerene acceptor,”
APL Mater. 11, 021105 (2023).
17X. Wan, C. Li, M. Zhang, and Y. Chen, “Acceptor-donor-acceptor type
molecules for high performance organic photovoltaics - chemistry and
mechanism,” Chem. Soc. Rev. 49, 2828 (2020).
18C. Poelking, J. Benduhn, D. Spoltore, M. Schwarze, S. Roland, F. Piersimoni,
D. Neher, K. Leo, K. Vandewal, and D. Andrienko, “Open-circuit voltage of
organic solar cells: Interfacial roughness makes the difference,” Commun. Phys.
5, 307 (2022).
19A. Markina, K. H. Lin, W. Liu, C. Poelking, Y. Firdaus, D. R. Villalva, J. I. Khan,
S. H. K. Paleti, G. T. Harrison, J. Gorenflot, W. Zhang, S. De Wolf, I. McCulloch,
T. D. Anthopoulos, D. Baran, F. Laquai, andD. Andrienko, “Chemical design rules
for non-fullerene acceptors in organic solar cells,” Adv. EnergyMater. 11, 2102363
(2021).
20M. Saladina, P. Simón Marqués, A. Markina, S. Karuthedath, C. Wöpke,
C. Göhler, Y. Chen, M. Allain, P. Blanchard, C. Cabanetos, D. Andrienko, F.
Laquai, J. Gorenflot, and C. Deibel, “Charge photogeneration in non-fullerene
organic solar cells: Influence of excess energy and electrostatic interactions,” Adv.
Funct. Mater. 31, 2007479 (2020).
21Y. Firdaus, V. M. Le Corre, S. Karuthedath, W. Liu, A. Markina, W. Huang,
S. Chattopadhyay, M. M. Nahid, M. I. Nugraha, Y. Lin, A. Seitkhan, A. Basu,
W. Zhang, I. McCulloch, H. Ade, J. Labram, F. Laquai, D. Andrienko, L. J.
A. Koster, and T. D. Anthopoulos, “Long-range exciton diffusion in molecular
non-fullerene acceptors,” Nat. Commun. 11, 5220 (2020).
22S. Halaby, M. W. Martynowycz, Z. Zhu, S. Tretiak, A. Zhugayevych,
T. Gonen, and M. Seifrid, “Microcrystal electron diffraction for molecular design
of functional non-fullerene acceptor structures,” Chem. Mater. 33, 966 (2021).
23J. F. Galindo, E. Atas, A. Altan, D. G. Kuroda, S. Fernandez-Alberti, S. Tretiak,
A. E. Roitberg, and V. D. Kleiman, “Dynamics of energy transfer in a conjugated
dendrimer driven by ultrafast localization of excitations,” J. Am. Chem. Soc. 137,
11637 (2015).
24B. Smith and A. V. Akimov, “Modeling nonadiabatic dynamics in condensed
matter materials: Some recent advances and applications,” J. Phys. Condens.
Matter 32, 073001 (2020).
25R. R. Kapaev, A. Zhugayevych, S. V. Ryazantsev, D. A. Aksyonov, D. Novichkov,
P. I. Matveev, and K. J. Stevenson, “Charge storage mechanisms of a π–d con-
jugated polymer for advanced alkali-ion battery anodes,” Chem. Sci. 13, 8161
(2022).
26V. Vasilchenko, S. Levchenko, V. Perebeinos, and A. Zhugayevych, “Small
polarons in two-dimensional pnictogens: A first-principles study,” J. Phys. Chem.
Lett. 12, 4674 (2021).
27D. Li, X. Zhang, D. Liu, and T. Wang, “Aggregation of non-fullerene acceptors
in organic solar cells,” J. Mater. Chem. A 8, 15607 (2020).

J. Chem. Phys. 159, 024107 (2023); doi: 10.1063/5.0155488 159, 024107-7

© Author(s) 2023

 1
1
 J

u
ly

 2
0
2
3
 0

6
:5

7
:5

1


