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Kurzfassung

Mit der steigenden globalen Energienachfrage und der zunehmenden Komplexitat elektro-
nischer Gerite haben organische Halbleiter grofle wissenschaftliche und gesellschaftliche
Aufmerksamkeit gewonnen. Trotz rascher Fortschritte und deutlicher Vorteile gegeniiber
anorganischen Materialien begrenzen ihre amorphe Morphologie und schwache intermo-
lekulare Wechselwirkungen weiterhin ihr Potenzial, da sie die Ladungstragermobilitat

reduzieren und eine effiziente photoinduzierte Ladungserzeugung erschweren.

In dieser Arbeit werden elektronische Strukturmethoden eingesetzt, um Ladungstrager-
erzeugung durch molekulare Dotierung, photoinduzierte Ladungsbildung sowie Transport-
mechanismen zu untersuchen. Im Fokus stehen grundlegende elektronische Prozesse und
ihre Verbindung zu geriterelevanten Eigenschaften. Simulationen der Ladungstrigerdyna-
mik identifizieren das Polaron-Energieniveau als zentralen Deskriptor fiir Ladungstransfer.
Eine zeitaufgeldste Analyse von Exziton-Dipolmomenten und Coulomb-Wechselwirkungen
iiber verschiedene Polymerarchitekturen zeigt eine starke Korrelation mit der Ladungs-
tragerausbeute. Zudem werden Exzitonen-Dissoziation und Ladungstransport in einer
Mischung aus dem trifluoromethyl-substituierten Nicht-Fulleren-Akzeptor Y,CF; und PM6
untersucht, wobei effiziente Dissoziation und perkolierende Transportpfade nachgewiesen
werden. Abschlieflend werden kleinstmolekulare Donorarchitekturen systematisch auf ihre

Eignung fiir All-Small-Molecule-Photovoltaik gepriift.
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Abstract

With the increasing global demand for energy and the growing complexity of electronic
devices, organic semiconductors have attracted significant scientific and societal attention.
Although their performance has advanced rapidly and they offer distinct advantages over
inorganic materials, their amorphous morphology and relatively weak intermolecular
interactions continue to limit their potential by reducing charge-carrier mobility and

hindering efficient photoinduced charge generation.

In this work, electronic-structure methods are employed to investigate charge-carrier
generation via molecular doping, photoinduced charge formation, and charge-transport
mechanisms. The focus is on elucidating the fundamental electronic processes and connect-
ing them to device-relevant properties. Simulations of charge-carrier dynamics identify
the polaron energy level as a key descriptor of charge-transfer processes. A time-resolved
analysis of exciton dipole moments and Coulomb interactions across various polymer
architectures reveals a strong correlation with charge-carrier yield. Moreover, exciton
dissociation and charge transport are examined in a blend of the novel trifluoromethyl-
substituted non-fullerene acceptor Y,CF; and PM6, demonstrating efficient dissociation
and percolating charge-transport pathways. Finally, small-molecule donor architectures are
systematically screened to evaluate their suitability for application in all-small-molecule

photovoltaic devices.
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Introduction

The surging demand for opto-electronic technologies in everyday life is driving an urgent
search for materials that are inexpensive, scalable, lightweight, flexible, and capable of
highly tunable functionality. Since the seminal discovery in the 1970s that simple conjugated
polymers can exhibit dramatically enhanced conductivity upon halogen doping [1], a new
era of electronics has unfolded. This breakthrough opened the door to conjugated molecular
systems — organic semiconductors (OSCs) — which have rapidly become foundational
materials for organic photovoltaics (OPVs) [2-9], organic light-emitting diodes (OLEDs)
[10-16], organic field-effect transistors (OFETs) [17-20], sensors [21, 22], and photoswitches
[23, 24], including a wide range of charge-transport applications [25-27].

The structurally versatile framework of conjugated molecules provides a uniquely adaptable
platform, enabling fine control over electronic structure and responses to external stimuli,
such as visible light. Yet, their molecular nature introduces inherent disadvantageous
compared to inorganic semiconductors: OSCs are typically amorphous and held together
by weak van der Waals forces. As a consequence, this results in pronounced structural and
energetic disorder, leading to comparably low charge mobility, limited exciton diffusion
length and dissociation, larger energy losses, and strong charge recombination [28-34].
Moreover, pronounced electron-phonon coupling imposes fundamental constraints on

device performance.

Beyond energetic disorder and its associated limitations, OSCs face additional stability
challenges. In particular, they are highly susceptible to degradation upon exposure to air and
moisture. Oxygen and water can diffuse into the device, triggering chemical processes such
as oxidation, as well as physical deterioration of device components [35, 36]. In addition,
OSCs exhibit limited thermal stability. Elevated temperatures, for example during prolonged
illumination, increase molecular mobility and thereby accelerate degradation pathways,

leading to morphological evolution and potential chemical modifications [35-37].

To overcome these limitations and unlock new capabilities, intense research activities have
focused on untangling the interplay between chemical design, opto-electronic properties,
molecular packing, nanoscale morphology, and ultimately device functionality [30, 38-41],

as depicted in Figure 1.1. Advances in OSC synthesis and structural control have propelled
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Opto-Electronic Properties

orbital energy levels, optical absorption, polarizability, charge
transport, exciton diffusion, exciton dissociation, energy losses

Molecular Packing Nanoscale Morphology
solubility local packing pattern phase separation
torsional conformation solution-/solid-state aggregation
edge-on/face-on packing amorphous/crystalline

Figure 1.1: Pathway from molecular design to device functionality. The chemical
design of organic semiconductors defines their intrinsic opto-electronic and molecular
properties, which both govern and are influenced by molecular packing and nanoscale
morphology. These structure-property relationships ultimately govern the performance
and versatility of organic semiconductors in diverse applications.

the power conversion efficiencies (PCE) of OPV devices from just a few percent to an
impressive 21% [42], alongside the widespread commercialization of OLEDs, clear evidence

of the remarkable pace of innovation in organic materials science.

Modeling organic materials in its entirety remains challenging. Their molecular properties
demand a quantum-mechanical description, yet applying such methods to the full mor-
phological landscape is computationally unfeasible. The current state-of-the-art solution
relies on a multiscale strategy: classical simulations capture the behavior of assemblies
containing hundreds of molecules, while quantum-mechanical calculations resolve the
electronic structure of small molecular clusters as well as the underlying parametrization
[43, 44]. This combined approach has yielded crucial insights into structural and energetic
disorder, exciton dissociation, and charge-transport processes [39, 45-49]. Nevertheless,
the immense diversity of molecular architectures and processing conditions continues to

make accurate predictions of device performance a challenge.

In this thesis, quantum-chemical calculations are employed to probe the electronic structure
and key mechanisms in OSCs, aiming to advance understanding and help bridge existing
knowledge-gaps. Specifically, this thesis contains two contributions related to charge-carrier
injection and transport [50, 51], and three contributions addressing OPV performance and
exciton dynamics [52-54]. Table of contents figures from the publications joined with this

thesis are shown in Figure 1.2 to provide a brief overview.

The electronic mechanisms underlying emerging molecular doping strategies, specifically
the use of superbases [P3] to enhance charge-carrier density, were systematically inves-
tigated. Charge-transport events between polymer chains were captured using ab initio

molecular dynamics simulations, revealing correlations between interchain hopping and
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the polaron energy level, proposed here as a charge-transport descriptor [P1]. Dynamic
simulations of excitons along polymer backbones linked the excited-state dipole moment
and the Coulomb attraction between the electron and hole to the formation of polaron-
pairs [P2]. In addition, the interface formation and exciton dissociation behavior of the
novel trifluoromethyl-substituted non-fullerene acceptor Y,CF3 in combination with the
donor polymer PM6 were analyzed [P5]. Finally, systematic molecular modifications of
molecular donor systems were performed to study charge dissociation when paired with

the state-of-the-art non-fullerene acceptor Y6 [P4].

The first part in this thesis introduces the fundamental concepts of OSCs, beginning with
intrinsic electronic structure, vibrational states, and light absorption, and progressing to
intermolecular interactions and energetic disorder. Building on this foundation, electronic-

state transitions are described from a static and dynamic perspective.

In the second part of this thesis, a discussion of charge-carrier injection and transport is
provided, building on the foundations and including the contributions of this thesis to these
topics. Moreover, the manifold of excited-states and device principles of OPVs are then
elaborated, along with the associated contributions from this thesis. Finally, this thesis
concludes with a summary and an outlook on future research directions building on the

results from this thesis.
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Figure 1.2: Overview of TOC graphics from my publications [P1-P5] contributing
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Chemical Background

In the first part of this thesis, the fundamental properties of organic semiconductors are
presented. The discussion begins with the chemical structure and electronic characteristics
of isolated molecular systems, including their response to incident light (optical absorption)
and their vibrational motion. Subsequently, interactions between molecular systems and
their impact on the electronic landscape at a larger scale are examined. This is followed
by a presentation of both static and dynamic approaches to model the coupling between
electrons and nuclei as well as transitions between electronic states. This part provides
the essential framework for understanding the opto-electronic properties that are later
employed to analyze the phenomena investigated in this work, particularly in relation to

organic semiconductor applications discussed in Part II of the thesis.

Unlike conventional inorganic semiconductors such as silicon and gallium arsenide, organic
semiconductors (OSCs) are molecular materials primarily composed of carbon and hydrogen
atoms. Their molecular nature gives rise to advantageous properties, including low mass
density, mechanical flexibility, cost-efficient fabrication, and wide applicability. Within the
framework of quantum-mechanical molecular orbital theory, the sp?-hybridized orbitals
of carbon atoms form o-bonds that establish the carbon backbone. Each carbon atom
further retains one non-hybridized p-orbital (commonly denoted as the p,-orbital), which
overlaps with neighboring p, orbitals to form z-orbitals, as illustrated in Figure 2.1(a).
These 7m-bonds are weaker and energetically higher than the corresponding o-bonds. Their
alternating arrangement along the backbone leads to a sequence of alternating single and
double bonds, forming a conjugated system. ! The overlap of adjacent p,-orbitals along
the conjugated backbone leads to the formation of extended 7-orbitals that span multiple
carbon-carbon bonds, i.e., they form delocalized 7-orbitals rather than being confined to
individual double bonds. As with the formation of 7-bonds, they can form antibonding
patterns, typically referred to as 7*. For a more comprehensive description the reader is
referred to References [56—59].

From the perspective of molecular orbital theory, electrons reside in a set of discrete molec-

ular orbitals (MOs), which describe the spatial probability distribution of electrons and are

! In an infinite one-dimensional conjugated chain, bond-length alternation into single and double bonds
emerges via spontaneous symmetry breaking, known as Peierls distortion [55].
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Figure 2.1: Molecular z-orbitals and spin multiplicity. (a) Formation of 7-bonds from
atomic p,-orbitals in a linear organic chain of carbon atoms (C). Hydrogen atoms are not
represented in this illustration. The shape of the orbitals is for illustrative purposes only.
(b) Electronic structure of singlet, doublet, and triplet states in an energy level diagram.
The spin of the electrons is indicated.
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characterized by discrete energy levels. The collection of occupied and unoccupied molec-
ular orbitals constitutes the electronic structure, commonly depicted in a single-particle
energy-level diagram, as shown in Figure 2.1(b). The spatial extension of the conjugated
system increases the effective overlap between neighboring p,-orbitals, which in turn stabi-
lizes the bonding z-orbitals and destabilizes the antibonding 7*-orbitals. As a consequence,
the highest occupied molecular orbital (HOMO), derived from bonding r-orbitals and occu-
pied by m-electrons, shifts to higher energy, while the lowest unoccupied molecular orbital

(LUMO), derived from antibonding 7*-orbitals, shifts to lower energy.

The combined effect of these energy shifts establishes a well-defined energy separation be-
tween the HOMO and LUMO. This separation, typically on the order of a few electron volts
(eV), defines the band-gap (AE5?P), analogous to the band-gap in inorganic semiconductors,
and underpins the semiconducting behavior of OSCs. This trend saturates beyond a critical
conjugation length, limiting further band-gap narrowing. By convention, since molecular
orbitals energetically close to the HOMO and LUMO constitute the key microscopic origin
of the distinctive optical and charge-transport properties of organic semiconductors, discus-
sions of the electronic structure typically focus on these frontier orbitals. Accordingly, an
occupied molecular orbital located n energy levels below the HOMO is denoted HOMO-n,
while an unoccupied molecular orbital located m energy levels above the LUMO is labeled
LUMO+m.



2 Chemical Background

Organic semiconductors can be categorized according to molecular architecture, ranging
from finite molecules to extended polymers, and intermediate oligomers, all of which
can have linear, quasi-two-dimensional, and quasi-three-dimensional shapes. A polymer
consists of an (effectively) infinite repetition of structural units, enabling enhanced 7-
delocalization and typically a smaller band-gap compared to finite molecules. Oligomers
represent finite, shorter segments of such polymeric structures, bridging molecular and
polymeric regimes. The extended conjugated backbone defines the primary electronic
structure of the OSC, but it is not the only component that significantly influences the

functionality of OSCs in devices.

Besides the linear chain of alternating single and double bonds, typical structural units
usually incorporate aromatic ring structures, which promote increased 7-electron delocal-
ization and thus orbital energy shifts, and often enhance backbone planarity. Non-aromatic
rings may also be used to fuse aromatic rings, further stabilizing backbone planarity. These
ring-structures alone can define the backbone architecture, as in ladder-type polymers,

however, they might also be connected via single or double bonds [60].

In addition to carbon, OSCs commonly incorporate heteroatoms such as sulfur, oxygen,
nitrogen, and fluorine, among others, which substantially influence the electronic structure.
These effects arise not only from participation of the heteroatom-associated orbitals in
m-electron delocalization, but also from their inductive and resonance interactions with the
conjugated system. Such electronic modulation shifts the energies of the molecular orbitals:
electron-donation motifs raises the occupied orbital energies, while electron-withdrawal
motifs lowers the unoccupied orbital energies, which often leads to an overall reduction
in the band-gap. Structural units that preferentially stabilize and contribute to the LUMO
character are commonly referred to as acceptor (A) units, whereas those that preferentially
stabilize and contribute to the HOMO character are referred to as donor (D) units. In
many conjugated systems, sulfur- and oxygen-containing units exhibit electron-donating
character, while nitrogen- and fluorine-containing units often display electron-withdrawing

behavior, depending on their bonding configuration and integration into the backbone.

Moreover, beyond their electronic effects, the heterotaoms may also influence the molecular
conformation. Noncovalent interactions between heteroatoms can hinder rotational free-
dom between adjacent structural units, thereby promoting backbone planarity [60]. Such
conformational locking is associated with interactions between atom pairs that possess
opposing partial charges, such as F-S or F-H contacts. Such interaction may also affect

the molecular packing.
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As a result, integrating electron-rich and electron-deficient units into the conjugated
backbone has been demonstrated to be a particularly powerful molecular design strategy,
as such modifications critically impact the response of the electronic structure to external
perturbations, including intermolecular interactions and light absorption, which govern
the nature of electronic excitations [61, 62]. In its simplest form, this approach employs an
alternating sequence of donor (D) and acceptor (A) units giving rise to donor-acceptor (DA)
polymers; however, more complex conjugated architectures can, in principle, integrate an
arbitrary number of chemically distinct building blocks, showcasing finite molecules with

well-defined D-A configurations.

A further critical design element lies in the choice of side chains appended to the OSC
backbone and components [63]. Although side chains typically exert only a minor influence
on the intrinsic electronic structure of OSCs, such as the orbital energies, band-gap, and
light-absorption characteristics, they play a decisive role in governing molecular packing,
the morphology on the nanoscale, and solubility of the organic compound. These structural
factors, in turn, can indirectly modulate opto-electronic properties by controlling inter-
molecular interactions, which will be turned to in Section 4.2. Such interactions are crucial
for charge-carrier injection and transport, as well as for the exciton dissociation into free
charges after photo-excitation. Consequently, systematic tailoring of side chains has become
a central strategy in optimizing OSC performance in targeted devices. Common examples
include linear and branched alkyl chains, oligo(ethylene glycol) chains, and fluoroalkyl

chains.

The progression from the chemical design of OSCs to their integration into diverse de-
vice architectures — such as organic solar cells and organic photovoltaics (OPVs), organic
light-emitting diodes (OLEDs), organic field-effect transistors (OFETs), biosensors, and
transport layers — is schematically depicted in Figure 1.1. While chemical design dictates the
intrinsic opto-electronic properties, these properties are further modulated by local molec-
ular packing (A to a few nm), which in turn feedbacks into the opto-electronic response.
At the nanoscale (a few nm to several hundred nm), the resulting morphology becomes
a detrimental factor for device performance. Consequently, predicting the functionality
of OSC devices cannot rely exclusively on the intrinsic opto-electronic characteristics of
the materials; instead, it also requires accurate prediction of morphology. However, such
predictions are often computationally unfeasible at the quantum-mechanical level of theory,

necessitating compromises in the quantum-chemical description of material properties.

In the following Section 3, the opto-electronic properties of OSCs are elucidated, spanning

10
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from the intrinsic electronic structure to their perturbations induced by light-absorption
and vibrational dynamics. Building upon this foundation, the next Section 4 extends the
discussion toward intermolecular interactions, addressing the role of molecular packing,

solvent effects, and their collective impact on the opto-electronic properties.
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Opto-electronic Properties of

Organic Semiconductors

To establish the conceptual foundation for this thesis, this section introduces the key
physical quantities associated with the electronic structure of organic semiconductors. It
starts with a discussion of the fundamental quantum-mechanical properties of electrons
and their associated observables, followed by a quantum-mechanical description within the
framework of potential energy surfaces. Subsequently, the vibrational modes of the system

are introduced, and the section ends with a discussion of the interaction with light.

3.1 Electronic Structure Properties

Starting from a description of physical properties of the electronic system, a key quantum-
mechanical property of electrons is their spin, which, according to Pauli’s exclusion princi-
ple, prohibits two electrons with the same spin from occupying the same molecular orbital.
Consistent with the previously introduced single-particle picture, the electronic structure
is therefore described by spin-resolved molecular orbitals, as illustrated in Figure 2.1(b).
Although this representation is a simplification of the true many-particle system, it remains
a powerful framework for analyzing molecular interactions and their response to external

perturbations.

Besides possessing the quantum-mechanical property of spin, the molecular orbitals oc-
cupied by electrons are also characterized by their orbital angular momentum, which is
described by the quantum number ! (with [ = 1 for p- and thus for z-orbitals). The orbital
angular momentum can be interpreted as the motion of an electron around the nucleus,
or, in quantum-mechanical terms, as a descriptor of the orbital’s spatial distribution and
shape. This angular momentum can be projected onto a specific spatial axis, giving rise
to the magnetic quantum number m of the orbitals (m € —1, ..., +I). In molecular systems,
the orbital angular momentum of electrons plays a significant role, particularly in cases

where the electron-spin is flipped during electronic transitions. Such processes can lead to

13



3 Opto-electronic Properties of Organic Semiconductors

transitions that are formally forbidden by the conservation of total angular momentum but

are allowed by spin-orbit coupling, which is discussed in more detail in Section 5.2.

A fundamental characteristic of the electronic structure is the spin multiplicity of a quantum
state, which is determined by its total spin angular momentum S and expressed as 2S + 1.
Accordingly, states are classified as singlet (S = 0), doublet (S = %), triplet (S = 1), and
so on, with the multiplicity reflecting the number of unpaired electrons, as depicted in
Figure 2.1(b). In OSCs, the total number of electrons is fixed by the atomic composition and
generally equals the number of protons, meaning that most OSCs are overall charge-neutral.
Typically, such systems contain an even number of electrons, evenly distributed between
a- (spin up) and f- (spin down) electrons. In this case, the electronic system is a neutral
singlet, where each orbital is doubly occupied in accordance with Pauli’s exclusion principle.
However, if the number of a- and S-electrons is not balanced, e.g., by missing an electron,
the electronic system becomes a doublet. In some cases, even triplet electronic systems
can be energetically preferred despite an even total electron count. From now on, general

references to OSCs refer to a neutral electronic state.

Although OSCs most commonly exist in a neutral configuration, electrons can be removed
or added, a process referred to as ionization. This alters the electronic distribution, spin
multiplicity, and corresponding geometry. The resulting charged species are termed cation
in the case of electron removal and anion in the case of electron addition. Such processes may
occur, for instance, via intermolecular charge transfer (Section 7.1), leading to energetically
stabilized doublet states in both donor and acceptor molecules, or through chemical doping.
The energies associated with these processes are the (vertical) ionization potential (IP) and

(vertical) electron affinity (EA), respectively.

The electronic structure gives rise to electrostatic properties. A central quantity are the
multipole moments, or more relevant in this work the second order, i.e., the permanent
dipole moment p,' * which quantifies the net separation of localized positive and negative
charges within the OSC. It can be rigorously expressed in terms of the total charge density

p(r), comprising both electronic and nuclear contributions, as

u= / p(r) -rd’r. (3.1)

1 Throughout this thesis, bold notation indicates vector quantities.

2 To complete the picture, it should be noted that higher-order poles are present in organic semiconductors
following the multipole expansion. Particularly noteworthy here is the quadrupole moment, which has
been shown to have a significant influence on OSC and corresponding components [64, 65]. However, this
lies outside the scope of this thesis.
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3 Opto-electronic Properties of Organic Semiconductors

The magnitude and orientation of p are determined not only by the presence of electron-rich

or electron-poor moieties but also by the overall asymmetry of the molecular system.

Complementary to the dipole moment, the polarizability characterizes the linear response
of the electron distribution to external electric fields (without introducing electronic transi-
tions), such as those originating from neighboring molecules as elucidated in Section 4, or
an applied electric field. Physically, it describes how easily the charge distribution can be
distorted by such perturbations. Molecules with high polarizability have a greater ability
to redistribute their charge density, facilitating charge separation, and shielding Coulomb

interactions between localized charges.

3.2 From the Schrodinger Equation to Potential Energy

Surfaces: Adiabatic and Diabatic Descriptions

Moving beyond the discussion of the system’s physical properties, a fully quantum-mechan-
ical description is now introduced. For a comprehensive and detailed treatment, the reader

is referred to References [66, 67].

Any quantum-mechanical state of a many-particle system — in the present case, an OSC com-
posed of nuclei and electrons - is fully characterized by a wave function ¥(r, R; t) evolving

under the molecular Hamiltonian H (r, R) according to the time-dependent Schrodinger

equation:
d¥(r,R; ¢t N
ih% = F(r, R)¥(r, R; 1) (3.2)
H(1,R) = Ta + Te + Vee + Ve + Vin - (3.3)
He(r,R)

A

The Hamiltonian can be decomposed into a nuclear kinetic energy operator (7,) and an
electronic part (7:{e(r, R)), which accounts for the electronic kinetic energy (%), electron-
electron (V) and electron-nuclei (V,) interactions, as well as the nuclei-nuclei interaction

A

(Van) as an effective potential.

The wave function contains the complete information about the molecular system, including
the geometry of the OSC (nuclear coordinates R), the electronic structure (electronic

coordinates r, including the spin and orbital angular momentum), and their correlated
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3 Opto-electronic Properties of Organic Semiconductors

dynamics. In the absence of external perturbations, the Hamiltonian is time-independent.

The wave function, however, retains an explicit parametric dependence on time ¢.

Formally, the exact molecular wave function can be expanded in the Born-Huang repre-

sentation [68, 69]:

YR = ) (BRI (R 1) (3.4)
k

where the electronic wave functions ¢ (r; R) form a complete orthonormal set in the
electronic Hilbert space for fixed nuclear geometry and satisfy the stationary electronic

Schrédinger equation:
He(r, R)$i(6:R) = Ex(R)$i(r:R) . (35)

Here, E; (R) denotes the electronic energy associated with the k-th electronic state. The

nuclear wave functions X (R;t) carry the explicit time dependence.

Turning to the time-dependent Schrédinger equation to describe nuclear dynamics, insert-
ing Equation 3.4 into Equation 3.2 and multiplying |¢;(r;R)) from left, one obtains the

following coupled equations for the dynamics of the nuclear wave functions [70]:

X (R;t)

= TaXr(R; 1) + Ep(R) Xi (R; 1)

ih

S (grtoraralgny ZLRD L T ) 2 0RE 1053 2R 1
i\ M, k VIR, 2Mg ok a WIT RIS
az, D,

(3.6)

Here, « stands for the individual nuclei with mass M. In the third term, the quantity dgj is
known as the non-adiabatic coupling vector [71], which will be elucidated within the next
paragraphs, and in the last term, the quantity D,‘fj is the second-derivative coupling. These
terms mediate transitions between different electronic states and therefore couple nuclear
motion of distinct electronic states. Note that the diagonal elements df, vanish, and D},

typically constitutes only a small correction to nuclear motion.

A key physical insight arises from the large mass difference between nuclei and electrons.
Because nuclei are much heavier than electrons, their motion is significantly slower, leading
to a separation of electronic and nuclear time scales. This separation forms the basis of

the Born-Oppenheimer approximation [72]. Within this approximation, electrons are
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3 Opto-electronic Properties of Organic Semiconductors

assumed to adjust instantaneously to changes in nuclear positions, allowing the electronic
and nuclear problems to be treated separately. Moreover, within the Born-Oppenheimer
approximation, the derivative coupling terms de and DZj are neglected to leading order in
the small parameter m, where m, is the mass of the electron. The nuclear equations

thereby decouple, and nuclear dynamics proceed on a single electronic state.

In this limit, the Born-Huang expansion effectively reduces to the single dominant term

corresponding to state k:
¥(r,R;t) = ¢p(r; R) Xk (R; 1) , (3.7)

Consequently, it is appropriate to first focus on the electronic problem defined by the
stationary Schrodinger equation of a single electronic state that governs nuclear motion.
The lowest-energy electronic state of the system is referred to as the ground state and is
uniquely characterized by its ground-state energy Ey(R) and the corresponding electronic

wave function ¢ (r; R)

For any particular state, any displacement of the nuclei and the accompanying redistribution
of the electronic density increases the total potential energy of the system in this state.
This dependence of the total energy on the nuclear configuration defines the potential
energy surface (PES) of this state. The molecular geometry associated with the lowest
energy of any particular electronic state (such as the ground state) is referred to as the
equilibrium geometry of that state, it corresponds to the configuration in which all forces
between nuclei and electrons are balanced. Owing to the large number of nuclear degrees
of freedom, the PES of a real molecular system is inherently high-dimensional and cannot
be visualized directly. For illustrative purposes, it is common to consider a diatomic system,
where the PES reduces to a one-dimensional curve. In this simplified case, the potential
is well approximated by a harmonic form for small displacements around equilibrium,
whereas larger displacements require an anharmonic description, typically represented by

the Morse potential, as illustrated in Figure 3.1(a).

In every type of device functionality, OSCs undergo various transitions between electronic
states, for instance, during charge transport and light absorption. When describing such
electronic transitions between two states based on nuclear coordinates, it is useful to
distinguish between diabatic and adiabatic representations of the PES. In the diabatic picture,
the PESs of the individual states are treated as independent, non-interacting surfaces that
may cross. In contrast, the adiabatic PES accounts for the mutual electronic interaction of

the states, resulting in avoided crossings, as illustrated in Figure 3.1(b). Interpretation-wise,
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Figure 3.1: Potential energy surfaces. (a) Potential energy surface (PES) of a neutral
ground state (Sy) and an ionized state (IP;). The orange arrow indicates vertical ionization
from the ground state equilibrium position; the red waved arrow indicates the relaxation
to the equilibrium position of the ionized state; the green arrow denotes the reorganization
energy A. (b) Illustration of diabatic (solid) and adiabatic (dashed) PESs. The shape of the
PESs is for illustration purpose only.

this means that the system does not undergo jumps between distinct electronic states;
instead, the electronic character is deformed continuously as a function of the nuclear

coordinates.

For many chemical processes, describing the electronic state and its dynamics within
a single Born-Oppenheimer adiabatic state is an adequate and accurate approximation.
This is valid when the energy separation between electronic states is large compared to
the nuclear kinetic energy, so that nuclear motion can be treated as evolving on a single
PES. However, in situations where two or more adiabatic states come close in energy,
this approximation breaks down. In such cases, the nuclear motion can induce transitions

between adiabatic states, and several PESs must be considered simultaneously.

These non-adiabatic effects become particularly important in regions such as avoided
crossings (in one-dimensional systems) and conical intersections (in multidimensional
systems) where adiabatic PESs cross [69, 73]. In these regions, the coupling between nuclear
and electronic motion, known as non-adiabatic coupling, becomes significant. It arises
from the dependence of the electronic wavefunction ¢;(r, R) on the nuclear coordinates,
and appears as additional derivative terms in the nuclear Schrédinger equation when the
nuclear kinetic energy is non-negligible (dx; and the often neglected Dy ; in Equation 3.6),
allowing population transfer between adiabatic states. Such couplings play a central role
in many important phenomena, including photochemical reactions, internal conversion,

intersystem crossing, and excited-state relaxation and will be discussed further in Sections 5
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and 6.

A change in the electronic state generally triggers a structural relaxation of the nuclei
toward the equilibrium geometry corresponding to the new electronic configuration. Be-
cause electronic rearrangements occur on time scales that are much shorter than those of
nuclear motion, the electronic transition can be considered effectively instantaneous. Such
transitions are therefore referred to as vertical transitions, in accordance with the Franck-
Condon principle [74-76] in the case of vertical excitation induced by photon absorption.
The Franck—Condon principle follows directly from the Born—-Oppenheimer approximation.
Immediately after a vertical transition, the nuclear configuration is not in equilibrium with
the new electronic state. The subsequent nuclear relaxation leads to the dissipation of
energy and gives rise to the reorganization energy A [45, 77, 78], which is defined as the en-
ergy difference between the vertically accessed electronic state and its relaxed equilibrium

configuration (Figure 3.1(a), green arrow).

For completeness, it is noted that the probability of an electronic transition is partially
determined by the overlap of the nuclear vibrational wave functions in the initial and
final states, while the relaxation process itself is mediated by phonon emission that will
be discussed in more detail in this chapter. The reorganization energy plays a central
role in charge-carrier dynamics, as it governs the energetic cost associated with charge
localization and transport, and it also strongly influences optical absorption and emission
processes, as will be addressed throughout this thesis. An essential contribution to the
nuclear reorganization and motion arises from the vibrational modes of the OSC, which

will be elucidated in detail in the following section.

3.3 Vibrational Modes

In OSCs, the motion of nuclei modulates the electronic distribution, and vice versa. Con-
sequently, OSCs can be vibrationally excited by the absorption of thermal energy (e.g.,
through molecular collisions) or by low-energy electromagnetic radiation, among other
processes. A molecular vibrational mode corresponds to a characteristic collective periodic
motion of atoms around their equilibrium positions. Each OSC with N4 atoms possesses
3N, — 6 distinct vibrational modes (for non-linear molecules), where the total number
of vibrational degrees of freedom arises from the 3N4 cartesian coordinates, reduced by

three translational and three rotational degrees of freedom that can be eliminated [79-81].
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Each normal mode can be expressed as a linear combination of atomic displacements with

specific weighting factors.

Since these vibrational modes correspond to small displacements around equilibrium
geometries, the PES Ei (R) for each electronic state k can be approximated by a Taylor
expansion around the equilibrium nuclear configuration R.q. At equilibrium, the first
derivatives vanish, so the linear term in the expansion is zero. Keeping only the quadratic
contribution and neglecting higher terms, which become negligible for sufficiently small

displacements, the expansion becomes [79, 80]:

3NA

2
BU(R) ~ Bi(Reg) +7 3. 220
Lj

dR;R;
———— eq
Hj

AR; AR; , (3.8)

where AR = R — Ry; Hj; denotes the Hessian matrix, which couples the nuclear motions.
Because vibrational motion typically probes only a small region around equilibrium, this
harmonic approximation is often well justified. However, anharmonic corrections are

sometimes important depending on the system and physical quantity under interest.

By transforming to the normal mode coordinates {Q}, which diagonalize the Hessian, the

nuclear Hamiltonian separates into a sum of independent harmonic oscillators [79]:

) 1 3Np—6 az
Hyip, = 5 Z (—@ + waQa) , (3.9)

with normal mode frequencies w,. Inserting this Hamiltonian into the nuclear station-

ary Schrodinger equation, one obtains solutions in the form of products of single-mode

harmonic oscillator wave functions y"':

3NA—6

Q) = 1_[ 2, (3.10)

with corresponding vibrational energies

3NA—6
Eb = Z hw(k)( ) (3.11)

where v, € {0,1,2,...} are the vibrational quantum numbers of each oscillator. The

superscript (k) indicates that the normal modes are defined on the electronic PES k, while
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the subscript v labels the set of occupied vibrational quanta. Transitions between vibrational
wave functions correspond to changes in these occupation numbers driven by thermal
fluctuations and interactions with the environment, resulting in time-dependent nuclear

motion and concomitant fluctuations of the electronic structure.

The vibrational modes expressed along the normal coordinates are referred to as phonons,
in analogy to the quasi-particle description of lattice vibrations in crystalline solids. For
each electronic state k of the OSC, a corresponding set of quantized phonon excitations can
be defined, that can be both absorbed from or emitted into the surrounding environment.
As a result, every electronic state possesses a discrete vibrational energy spectrum with
characteristic wave functions and transition energies, which can be illustrated, for instance,
through the Morse potential depicted in Figure 3.2(a). In particular, phonon emission plays
a crucial role in facilitating the relaxation of vibrationally excited electronic states back
toward equilibrium, such as after photon absorption or charge-carrier injection. Even at
zero temperature, the presence of zero-point energy (v = 0) ensures that nuclei retain

residual vibrational motion.

Organic semiconductors possess a strong electron-phonon coupling (EPC) [25], i.e., a strong
electronic distortion (electron motion) leads to strong nuclear relaxation (nuclear motion)
and vice versa that arise due to the comparably weak bonding of the conjugated system.
Note, that the electron distribution changes quasi-instantaneously in comparison to the
timescale of nuclear movements due to the low mass of electrons. This feature is especially
prominent for cationic or anionic OSCs. The disturbed conjugation due to a missing or
excess electron creates a strong electronic disturbance and thus a strong nuclear distortion,

which coupled deformation forms a quasiparticle known as polaron.

The strong electron-phonon coupling in charged systems, i.e., the polaron, leads to a spatial
modulation of the electron density along the conjugate system, resulting in oscillatory
behavior of both charge density and dipole moment along the conjugate system. This
oscillating dipole moment interacts with infrared radiation, leading to intense absorption
of radiation with characteristic frequencies above 400 cm™!, so-called intense vibrational
modes (IVMs) [82, 83], that are not present in the undisturbed, neutral conjugated system, as
exemplarily shown in Figure 3.2(b). Thus, infrared radiation can be used as experimental and
theoretical tool to identify the presence of an excess charge. Moreover, different bonding
patterns, such as triple bonds between carbon and nitrogen, posses specific excitation
energies. As a consequence, these excitation energies can be used as experimental descriptor

of the chemical constitutions of the OSCs.
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Figure 3.2: Vibrational wave function and intense vibrational modes. (a) Morse
potential with corresponding vibrational wave functions. (b) Intense vibrational modes of a
polaron (red) compared to the vibrational modes of the neutral system (blue). The example
OSC is the positively charged or neutral PCPDT—BT. The spectrum of the neutral system is
rescaled by a factor of 10; both spectra are shifted on the y-axis for better visualization and
broadened by Lorentzian shapes with a half-width of 3 cm™. In addition, the unoccupied
orbital reflecting the positive charge (missing electron) is displayed, and its oscillatory
motion is indicated by a yellow wavy arrow. DFT @ cam-b3lyp/6-31g(d,p)/D3B].

At room temperature, the thermal energy (kgT =~ 25 meV) is comparable to or larger than
many low-frequency vibrational modes in OSCs, but remains much smaller than high-
frequency vibrations. Consequently, low-frequency modes are often treated using a classical
approximation, whereas high-frequency modes require a quantum-mechanical description.
In the classical approach, Boltzmann distributions are used to describe thermal populations,
and vibrational effects are incorporated phenomenologically via Gaussian or Lorentzian
broadening functions. Such treatments effectively mimic the influence of finite temperature
and environmental fluctuations and often permit analytical or semi-analytical solutions
to otherwise intractable problems. The classical approximation is particularly suitable for
low-frequency modes at higher temperatures, where thermal excitations are significant and
quantum effects beyond zero-point motion are reduced. For high-frequency modes or at low
temperatures, however, a fully quantum-mechanical treatment using phonon occupation
numbers is required. This mixed quantum-classical framework is widely employed in

simulations of charge transport in OSCs [77, 78].

In a realistic scenario, non-zero temperature and the environment (other OSC molecules and
polymers, solution molecules, ...) induce transitions between vibrational wave functions,
or in other words, the system evolves dynamically. The influence of these dynamics on the

electronic structure is further discussed in Section 4.2.
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3.4 Photoexcited States - The Exciton

High-energy radiation, such as visible light, can promote electrons to higher electronic
energy levels, creating what is known as an excited state, analogous to the excitation
of vibrational modes by low-energy absorption. These excited states are labeled with a
subscript that indicates their order of increasing excitation energy within a given spin

multiplicity. The ground state of a singlet system is accordingly labeled as S,.

For neutral OSCs, the excited-state manifold includes not only singlet states (S, Sz, ...) but
also triplet states (Ty, Ty, ...). Although these triplet states cannot be accessed directly by
optical excitation because spin must be conserved, they can be populated indirectly through
spin-flip processes enabled by spin-orbit coupling. These mechanisms will be examined in

detail in Section 5.2.

Light absorption manifests as a decrease in the intensity of incoming light (photons in the
quantum-mechanical description) and is governed by the frequency-dependent absorp-
tion cross section, o(w), which quantifies the probability per molecule that a photon of
frequency o will be absorbed [84]. Absorption occurs when the photon energy matches
the energy difference between the initial and final electronic states, including their asso-
ciated vibrational sublevels, provided sufficient vibrational wave function overlap exists.
Because electronic motion occurs on a much faster timescale than nuclear motion (Born-
Oppenheimer approximation), the transition is effectively vertical in nuclear coordinate
space (Franck—Condon principle). This situation is illustrated in Figure 3.3(a). Following
this vertical excitation, the system typically relaxes on the excited-state PES via vibrational
relaxation until reaching the minimum-energy configuration, giving rise to a reorganization

energy.

The oscillator strength f is introduced as a dimensionless measure of how strongly an
electronic transition interacts with external light, effectively measuring that transition’s
contribution to the overall absorption spectrum. This parameter is directly related to the
transition dipole moment between the involved states, as shown in Appendix A.2.3 [84].
Consequently, for triplet states f vanishes, since spin conservation renders the transition

dipole moment formally zero.

The primary optical excitation in neutral OSCs is the lowest-energy singlet state, S;. In the
simplest single-particle picture, this excitation can be approximated as the promotion of an
electron from the HOMO to the LUMO, as illustrated in Figure 3.3(b). The corresponding

transition energy typically lies in the range of a few electronvolts.
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Figure 3.3: Electronic excitation schemes. (a) Franck—Condon diagramm for vertical
excitation from the ground state (Sy) to the first singlet excited state (S;). For illustration
purpose, both potential energy surfaces are alike; the vibrational wave functions are in-
cluded. The relaxation of the vertical excited state to its equilibrium position is illustrated
as red waved arrow. (b) Orbital energy levels involved in the S; transition for neutral
(singlet) OSC and polaronic absorption P; and P, for singly positive charged (doublet)
OSC. (c) Schematic illustration of the difference between the single-particle band-gap
(HOMO-LUMO separation, AE&?P) and the S; excitation energy (optical gap, AE®*). The
optical excitation corresponds to the formation of a bound electron-hole pair (exciton),
whose energy lies below the band-gap due to Coulomb interaction. The exciton binding
energy, AEB, is indicated. (d) Charge density difference (CDD) for the S; and P; excitation
of PCPDT-BT. TD-DFT @ cam-b3lyp/6-31g(d,p)/D3BJ.

Owing to electron-electron interactions, the S; excitation energy (AE®*C, optical gap) is lower
than the single-particle band-gap (AE&*?, HOMO-LUMO gap), as shown in Figure 3.3(c).
This reduction arises from the Coulomb attraction between the excited electron and the hole
it leaves behind, which together form a bound electron-hole pair constituting a quasiparticle
known as an exciton. The excitation simultaneously perturbs the electronic structure,
inducing a redistribution of the remaining electrons and a corresponding modification of

the orbital energies, particularly those associated with singly occupied states.

The difference between the single-particle band-gap AE®? and the actual excitation energy

AE®€ of the lowest exciton (after accounting for the accompanying redistribution of the
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electronic structure) is referred to as the exciton binding energy AEP. It is thus defined as
AE® = AES® — AESC (3.12)

In OSCs, typical exciton binding energies lie on the order of several hundred meV, indicating
that the electron and hole remain strongly bound [85]. Importantly, AE® is not identical to

the bare Coulomb interaction between an isolated electron and hole, which can be written

as
hole electron
r r
Ec=- // P p ™) g3, gy, (3.13)
|t — 12
where peecton and phole denote the electron and hole densities of the excited-state wave

function, respectively.

Beyond the lowest-energy S; excitation, absorption of photons with energies well above
the optical gap can populate higher-lying excited states, forming so-called hot excitons. In
contrast to Sy, these higher excited states are generally not well described by a single HOMO-
to-LUMO-type electron promotion within a simplified single-particle picture. Instead, their
composition is more complex, typically involving a linear combination of several single-
electron excitations between different occupied and unoccupied orbitals, leading to a
stronger many-body character. Consequently, the concept of a well-defined exciton binding
energy becomes less meaningful for such excited states, as their structure cannot be reduced

to a simple electron-hole pair associated with a specific orbital transition.

In ionized OSCs, where a polaron is present, additional low-energy excitations appear in
the ultraviolet region. These polaronic absorption features, denoted P; and P, arise from
transitions involving singly (un)occupied molecular orbitals [86], as shown in Figure 3.3(b).
As a result, absorption in the visible and ultraviolet spectral ranges provides a simple
and powerful method for identifying different charged species in both experiments and

theoretical calculations.

After excitation, the exciton may undergo several possible transitions within the excited-
state manifold: it can transition to other excited states, dissociate into separated charges,
or recombine to the (vibrationally excited) ground state. This recombination may be ac-
companied by photon emission, either spontaneously or through stimulated processes. The
various pathways between (vibrationally) excited states will be detailed in Section 5.2, and
their significance for practical applications, particularly their crucial role in the functioning

of organic photovoltaic devices, will be explored in Section 8.
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When analyzing these transitions between excited states (and the ground state), the molecu-
lar orbital representation (as in Figure 3.3(b,c)) is typically set aside in favor of a state-based
description involving singlet and triplet manifolds, as illustrated in Figure 3.3(a). This state
picture provides a more intuitive framework for describing and visualizing excited-state

processes.

Analogous to the electrical dipole moment of the ground state, an excited-state dipole
moment can be defined by replacing the ground-state electron density in Equation 3.1 with
the electron density of the excited state. The corresponding polarizability can be interpreted
in an analogous manner. The influence of this excited-state dipole moment on the operation

of organic photovoltaic devices is discussed in detail in Section 8.

To characterize the nature of an excited state from a theoretical perspective, one often
examines the difference between the electron densities of the excited and ground states,
yielding the charge density difference (CDD). Similar to molecular orbital visualizations,
the CDD offers an intuitive representation of electron and hole distributions. An alternative
approach involves analyzing the natural transition orbitals (NTOs) [87], which describe the
excitation in terms of a compact set of molecular orbitals rather than a full electron-density

difference.

The computational methods employed in this thesis to model the electronic structure of
ground and excited states are density functional theory (DFT) and time-dependent density
functional theory (TD-DFT), respectively. A brief introduction to these methods is provided
in Appendix A.4, together with the relevant concepts employed. As these tools are well
established and widely used in the field, an extensive discussion in the main text is not

included.

In the following section, the influence of the environment and the interactions between
OSCs are examined. This discussion is essential because the functionality of organic elec-
tronic devices depends not only on the properties of individual molecules but also on the

complex interplay among multiple OSCs.
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As the morphology of the OSCs strongly affects the efficiency of the target application, un-
derstanding and controlling molecular interactions and structural organization is essential
[30, 38-40]. Morphology describes the spatial arrangement and orientation of molecu-
lar systems across multiple length scales, ranging from local intermolecular packing at
the molecular scale to extended structural organization at the nanoscale and (semi-)mi-

croscale.

In multi-component OSC systems (for example, donor:acceptor blends), aggregation of
chemically identical species on larger length scales can give rise to compositionally enriched
regions, potentially leading to phase separation and the formation of distinct domains. The
boundary between such donor- and acceptor-rich domains is referred to as an interface.
An example of such an interfacial morphology is shown in Figure 4.1 for a donor:acceptor
blend investigated in this thesis, where nanoscale donor- and acceptor-rich regions form

an interpenetrating network.

Depending on the intended application, specific packing motifs may be advantageous.
These motifs are governed by molecular architecture, side-chain-induced solubility and
steric effects, as well as processing conditions such as deposition method and temperature.
While some OSCs adopt predominantly amorphous morphologies, others form clustered or

(semi-)crystalline structures, which can significantly impact device performance [40].

Accurately modeling morphology remains a major challenge. Because such simulations
require the dynamic evolution of systems comprising thousands of atoms, a fully quantum-
mechanical treatment of the electronic structure, for example via DFT, is computationally
prohibitive. Consequently, interatomic interactions are commonly approximated using
parametrized empirical potentials, known as force fields. These describe bonded interactions
(bond stretching, angle bending, and dihedral rotations) as well as non-bonded interactions,
including Coulomb and van der Waals forces, and are employed within classical molecular
dynamics simulations. The underlying force-field parameters, such as atomic partial charges
and bond characteristics, are typically derived from DFT calculations, thereby retaining a

link to an accurate quantum-mechanical description. Among the most widely used force
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Figure 4.1: Morphology of PM6:Y,CF; blends. Example of a unit cell from force-field
molecular dynamics simulations of PM6:Y,;CF3. Donor (PM6) atoms are shown in blue,
while acceptor (Y,CF;) atoms are shown in red. Adapted from F. Bauch et al., ACS Applied
Materials & Interfaces 18, 2200-2211 (2026). Copyright © 2025 American Chemical Society.

fields for modeling OSC morphologies is OPLS-AA (Optimized Potentials for Liquid Simula-
tions — All Atom) [88, 89]. On the basis of such force-field molecular dynamics simulations,
representative molecular complexes can subsequently be extracted for quantum-chemical
calculations, enabling detailed analysis of the electronic structure of relevant molecular

complexes.

In this section the physical interaction between OSCs will be elaborated, starting with a
brief summary of the different types of electronic interaction, followed by a discussion of the
electronic-structure disorder in amorphous systems. Finally, the influence of surrounding

solvent molecules on the OSCs will be discussed.

4.1 Different Types of Electronic Interaction

Molecular systems such as OSCs posses various interactions from different physical origins.
These interactions govern not only the mutual electronic interaction itself, but also the
underlying organization of the morphology. As such, a deep understanding of the interaction
does not only provide a description of the electronic interaction itself but also provides
significant insight into controlling the morphology. The electronic interaction can be
substantiated into four significant contributions (although different, comparably weak

interactions are also present), which are outlined thereafter.
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Electrostatic.

This term captures the attractive or repulsive classical Coulomb interaction between static
charge distributions, i.e., between negatively charged electrons and positively charged
nuclei. For instance, any given electron in the OSC experiences the electric field generated

by all other electrons and nuclei.

Exchange.
According to the Pauli exclusion principle, electrons with the same spin cannot occupy the
same quantum state, which reduces their spatial overlap. This requirement gives rise to an

effective short-range repulsive interaction known as Pauli repulsion.

Induction.

Induction, which corresponds to the polarization of a molecule, arises from electrostatic
forces: the electric field of one charge distribution distorts the electron density of another.
This polarization slightly separates positive and negative charges, creating an induced

dipole.

Dispersion.

Dispersion interactions, or more commonly known as van der Waals forces, originate
from quantum-mechanical fluctuations in electron density within OSCs. These fluctuations
generate rapidly varying instantaneous dipoles and the associated electric fields. These
fields, in turn, polarize neighboring molecules, inducing similarly fluctuating dipoles. The

mutual, correlated polarization between molecules leads to interacting induced dipoles.

Dispersion is regarded as the key interaction governing the packing motifs of OSCs, together
with electrostatic forces and the inherent molecular geometry. Consequently, in mixed
OSC systems, the permanent electric dipole moment serves as an important indicator for

predicting and controlling phase separation.

4.2 Interaction and Disorder in Organic Semiconductors

In real applications a manifold of OSC molecules is present, each with interacting electronic
structures which in turn depend on the OSC’s spatial arrangement, packing orientation,
clustering, and which dynamically evolve in time due to electron-phonon coupling at
finite temperatures. As such, modeling and interpreting such kind of time-dependent
morphology is of great interest, as it controls, e.g., transfer integrals and orbital energy

levels for charge transport or for the exciton dissociation dynamics which will be discussed
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in detail in Sections 7.2 and 8, respectively. Such morphology is illustrated in Figure 4.1
for a donor:acceptor blend composed of donor polymer PM6 and acceptor molecule Y,CFs,

depicting the complex interplay between both systems.

The electronic structure of the individual OSCs is screened due to the electrostatic interac-
tion and polarization effects with the surrounding OSC matrix depending on the spatial
position and orientation within this matrix. As a consequence of the local structural envi-
ronment, the orbital energy levels are shifted and differ within this matrix, which is referred
to as static disorder (or positional or site disorder), which is illustrated in Figure 4.2(a). In
addition to the static disorder, electron-phonon coupling causes temporal fluctuations of the
molecular geometry and electronic structure, which is referred to as the dynamic disorder.
Note that both types of disorder are mutually dependent on each other, as the spatial
position affect the electron-phonon coupling and vice versa. However, electron-dynamics

are comparably much faster than large spatial rearrangements.

As a result, the electronic properties, such as orbital energies and the excitation energies,
cover a broader energetic range within the matrix instead of a single value. This broader
distribution of orbital energies is referred to as the density of states (DOS), describing
the distribution (or probability) of the orbital energies, as illustrated in Figure 4.2(a). In
OSC it is observed and commonly accepted that the disorder in the orbitals (especially
the HOMO and LUMO) and excitation energies follow a Gaussian distribution, with the
standard deviation of the distribution describing the total disorder (static and dynamic),
typically in the range of 50-200 meV. However, also exponential edges have been observed
and described [25, 45, 46, 90, 91]. Therefore, it is common practice to artificially broaden the
orbital and excitation energies obtained from electronic structure calculations of isolated
OSC molecules in order to approximate the energetic distribution present in a larger OSC

matrix.

When a charge or exciton resides on an OSC, it significantly modifies the local electronic
structure. Such effects manifest as on-site interactions, such as nuclear reorganization and
intramolecular polarization, as well as inter-site interactions that extend to neighboring
OSC molecules and modify their immediate molecular surroundings. Both exist in static and
dynamic forms. Consequently, even though a charge or exciton is primarily localized on a
single OSC, it induces shifts in the orbital energies of nearby neutral OSCs, as illustrated in

Figure 4.2(b) for the case of a positive charge.

Beyond disorder in orbital and excitation energies, new physical processes emerge from in-

termolecular interactions. In mixed or heterogeneous OSC systems, these processes include
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Figure 4.2: Disorder, intersite interactions, and exciton nature in organic semicon-
ductors. (a) Illustration of static energetic disorder in HOMO and LUMO levels, modeled as
Gaussian-distributed energy probability with a standard deviation of 0.1 eV. The density of
states (DOS) is illustrated. (b) Effect of intersite Coulomb interactions on the orbital energies
of neutral molecules in the vicinity of a positively charged molecule (cation). (c) Schematic
representation of different exciton types in OSCs: strongly bound local (Frenkel-type)
excitons, less tightly bound intramolecular charge-transfer (i-CT) excitons, and weakly
bound intermolecular charge-transfer (CT) excitons.

charge transfer between OSCs, energy transfer following exciton formation (such as Forster
and Dexter energy transfer) [28, 92, 93], hybridization of molecular orbitals from neighbor-
ing OSCs resulting in more delocalized orbitals (which is particularly prominent in highly
symmetric molecular packings), and the formation of new excited states. Charge-transfer
interactions are characterized by transfer integrals, whereas excited-state interactions are

described by electronic or spin-orbit couplings.

In complex OSC systems, excitons can arise in several distinct forms. The most prevalent
are Frenkel-type excitons, in which the electron and hole are tightly bound and remain
localized on the same molecular unit; these are often simply referred to as excitons. However,
interactions between different OSCs can also give rise to charge-transfer (CT) excitons, in
which the electron and hole reside on separate molecular entities, resulting in a reduced
Coulomb binding energy [45]. This type of excitation is especially relevant in donor:acceptor
complexes, where differences in HOMO and LUMO energy levels localize the hole and

electron on the different molecules.

In donor-acceptor polymers and small molecules, the exciton may similarly display CT
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character with the HOMO and LUMO located on different segments of the same molecule.
This intramolecular electron-hole separation leads to an intramolecular charge-transfer
(i-CT) exciton, typically exhibiting a lower binding energy than the strongly localized
exciton. In order to distinguish these from intermolecular CT excitons, excitations confined
to a single OSC are generally termed local excitons or locally excited states. The distinctions

among these three excited-state types are illustrated in Figure 4.2(c).

Consequently, the electronic disorder and OSC:OSC interaction plays a major role in both
charge transport and charge generation, as it not only leads to broader distributions, but
also affects transfer integrals and electronic couplings for charge transport and excited-state
transitions, respectively. As such, its role and influences will be elaborated in more detail

in the respective sections targeting the specific applications.

The polarizability and dipole moment partially govern the overall dielectric constant ¢ (or
relative permittivity) of the microscopic and macroscopic systems, which is the general
quantity describing the reaction of the electronic structure to external electric fields (quanti-
fied relative to vacuum). Due to the disordered nature, the morphology affects the dielectric
constant by (mis-)aligning the individual molecular properties. While the alignment of the
permanent dipole moment with the electric field is rather slow, the polarization contribution
is very fast.! Typically, the dielectric constant for OSC lies somewhere between 2 and 5,
much lower than for inorganic materials in the range of 10 or more. As a consequence,
charges are rather localized and strongly interact with each other, a common issue of OSC

in applications.

4.3 Interaction of Organic Semiconductors with Solvent

Molecules

To optimize the performance of various applications, processing solvents are employed that
influence both the morphology of the system, through steric interactions with the OSCs,
as well as their electronic properties via dielectric screening. Commonly used solvents
include chlorobenzene, chloroform, p-xylene, and toluene, among others. The differences
between these solvents are not limited to their molecular geometry but extend to their

polarity, which ultimately determines their dielectric constant ¢ and their response to

! The dielectric constant is a frequency-dependent quantity, as the electric field induced by dipoles changes
more rapid than the complete system can react to these changes. Thus, for low frequencies, the system can
react appropriately, whereas it cannot react appropriately to high frequency electric fields.
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Figure 4.3: Illustration of outer shell reorganization of solvent molecules induced
by formation of an intermolecular charge-transfer state. The electron-transfer from the
donor (D) to the acceptor (A) molecule leads to a reorientation of the (non-)polar solvent
molecules. Both the electronic properties of the OSC and the solvent influence each other
via electrostatic and inductive interactions.

external electric fields. Owing to similarities in intermolecular interactions with the OSC
itself, both polar and non-polar solvents can therefore be effectively utilized to tune the
morphology and the electronic structure. It is important to note, however, that not all OSCs

are compatible with every solvent, as miscibility can be limited.

From an electronic perspective, the charge distribution within an OSC interacts with that
of the surrounding solvent molecules. In non-polar solvents, the local electric fields of the
OSC induce polarization within the solvent, which in turn feeds back onto the OSC. In polar
solvents, in addition to this induction effect, the permanent dipole moments of the solvent
molecules can reorient and interact with the OSC charge distribution (see illustration in
Figure 4.3). In both cases, the solvent interaction stabilizes the electronic states of the OSC,
which in turn influences both the geometry of the OSC and the structural reorganization
of the solvent environment. Noteworthy, the electronic response is rapid in comparison
to geometrical reorientation. As a result, occupied molecular orbitals are typically shifted
upward in energy, while unoccupied molecular orbitals are shifted downward. Within
the scope of this work, solvation is treated implicitly by representing the OSC inside a
polarizable cavity, since the explicit inclusion of solvent molecules is computationally

impractical.

The geometric reorientation of surrounding molecules becomes especially important in
the presence of charged OSCs, such as during electron-transfer events or the formation
of CT excitons. In these scenarios, the strong electric fields generated by positive and
negative charges induce electrostatic and inductive interactions not only with nearby sol-
vent molecules but also with neighboring OSCs. This phenomenon is commonly captured

by the concept of outer shell reorganization, which represents the reorganization energy
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associated with the structural response of the environment. In contrast, the reorganization
energy of the OSC undergoing the electronic transition itself is termed inner shell reorga-
nization. This concept is now extended to the description of charge-transfer processes and
excited-state transitions investigated in this work, which will be elaborated in the following

section.

Organic semiconductors can be described by different electronic states at a given
nuclear configuration, where a typical single-particle picture is involved describing
the electronic configuration. The nuclear configuration evolves dynamically due to
vibrations, which is instantaneously followed by the electronic structure, giving rise
to strong electron-phonon coupling. The electronic properties, such as molecular
orbital energies, electronic distributions, and responses to external stimuli strongly
depend on the environment as well as specific nuclear configuration of the OSC,

giving rise to large electronic disorder.

34



Static Approaches of Charge

Transfer and State Transitions

Transitions between states are dynamical processes by definition. However, a full quantum-
mechanical treatment of electron-nuclear dynamics is conceptually intricate and compu-
tationally prohibitive. This section discusses the transfer rate constants (average transfer
events per time) between electronic states. Transfer rates provide statistical predictions
of average events, no explicit dynamic tracking of states is achieved. Within the course
of this thesis, charge transfer processes AD —A~D" will be explored, which can be de-
scribed within a chemical electron-transfer reaction, as well as transitions between excited
states and excited to ground state transitions. These processes occur between identical
molecular systems (a dimer in the case of two molecules) or different molecular systems
forming complexes. Although these processes differ fundamentally in their physical nature,
important similarities can still be drawn. Here, an analytical derivation is out of the scope
of this thesis. Rather, a descriptive approach is chosen to provide necessary quantities for

the understanding of this thesis.

5.1 Electron Transfer

Starting in a quantum-mechanical framework via Fermi’s golden rule, the transfer rate k;;

from initial state i to the final state j is given by:

2 1
iy = [ 1) [ p(E)) (51)

Here, ¥;(j) = \Ifie(lj)‘lfiv(i}?) ‘I‘ls(p;;l is the wave function of the respective states, consisting of an
electronic (‘I’f(lj) ), vibrational (‘Ifl"(‘l’)
states with matching energy Ej; H' is the perturbation Hamiltonian driving the transition;

spin

), and spin component (¥, ) ); p(E;) is the density of final
and 7 is the reduced Planck constant. Decoupling the electronic (and spin) component(s)

and the vibrational component of the wave function (Franck—Condon approximation), the

instantaneous perturbation Hamiltonian for electron transfer affects only the electron (and
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spin) component(s). Thus, Equation 5.1 reads:

27 in, in. 12 R,
kij = == QPR HC ) O8I Pp(E) (5.2)

2 FCWD

el
v

The electronic and spin component together govern the overall electronic contribution that
is described by the electronic coupling Vlil The Franck—Condon (FC) factor | (¥ ib|‘If}’ib) |2
and p(E;) describe the vibrational component, it is termed as Franck—Condon-weighted
density of states (FCWD).

Vibrational component.

In practice, it is not an easy task to describe the FCWD, as it requires knowledge of the
quantized vibrational states of the initial and final states. Starting from an easy and intuitive
picture of electron transfer in a chemical reaction, a two-state model of diabatic states
is commonly employed, as schemed in Figure 5.1. Furthermore, a classical-approach of
thermal fluctuations of the nuclear coordinates is applied, i.e., a non-quantized, smooth
distribution of the vibrational energies under thermally distributed Boltzmann statistics
is assumed. This leads to an Arrhenius-type proportionality of the FCWD for thermally
activated transport [77]:

FCWD o ¢ Fa/ksT (5.3)

Here, E, is the activation energy, i.e., the height of the energy barrier (Figure 5.1). It can
be viewed as the energy necessary to reach the crossing point of the diabatic PESs of the
involved states from the initial equilibrium. Note, that this proportionality arises from the
idea that thermal fluctuations lead to reaching of the crossing point, and thus facilitate the

electron transfer.

Fundamental work on the electron transfer mechanism in chemical reactions has been done
by R. A. Marcus, who related the activation energy under classical harmonic approximation
of the (identical but shifted) diabatic parabolic PESs to the reorganization energy and the
Gibbs free energy difference [94, 95]:

FCWD = 1 e M
"\ arkgTA P | T aksTA

where AG is the Gibbs free energy difference between the equilibrium of the involved

, (5.4)

states (termed as driving force), and A is the classical reorganization energy associated
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Figure 5.1: Potential energy surfaces for an electron transfer reaction. The diabatic
and adiabatic PESs of the reactant and product states are shown. The shape of the PESs is
for illustrative purposes only; the curvature of the diabatic PESs is identical. The activation
energy E, corresponding to the crossing point of the diabatic states is illustrated. In the
framework of Marcus theory, the reorganization energy A, the driving force AG, and the
electronic coupling Vsl are shown.

with the transition (both illustrated in Figure 5.1). Combining the FCWD by Marcus with
the quantum-mechanical framework as done by Levich and Dogonadze [96-99] ultimately
leads to the famous semiclassical transfer rate constant in the Marcus theory [95], granting

Marcus the Nobel Prize in Chemistry in 1992 [100]:

2 1 —(AG + 1)?
kij:%V;;lF ex [ (AG +4)

arkpTA P | ™ akpTa

In the electron transfer mechanism described by Marcus, the reorganization energy consists
of the sum of an internal vibrational contribution (inner shell, 4;) and a surrounding
environmental contribution (outer shell, A;), A = A;+A;. The transfer rate constant evaluated
via Equation 5.5 is illustrated in Figure 5.2 as a function of driving force at different

temperatures and reorganization energies. Some key observation are:

1. The driving force AG should be in resonance with the energy-penalty of reorganizing

the nuclear coordinates to maximize the rate constant.

2. Thermal population of high energy vibrational coordinates (increasing temperatures)
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can promote the process by broadening the Gaussian distribution, thus facilitating

higher rate constants for mismatching driving forces.

3. If the driving force increases beyond the reorganization energy (-AG > 1) the

transfer rate constant is reduced (Marcus’ inverted region).

Marcus Theory Marcus—Levich—Jortner Framework
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Figure 5.2: Evaluation of transfer rate constants for various parameters. The transfer
rate constant evaluated within Marcus theory (Equation 5.5) is shown on the left, while the
result obtained using the Marcus—Levich-Jortner framework (Equation 5.9) is shown on
the right. The Marcus normal (-AG < A) and inverted (~AG > 1) regions are illustrated as
shaded areas below the red curve. The electronic coupling is set to 0.1 eV.

In most relevant physical processes OSC comprise high-frequency vibrational modes, that
have to be embedded in the evaluation of the FCWD. Thus, a different approach comprising
the quantized high-frequency modes while treating the low-frequency bath classically
was developed, later known as the Marcus—Levich-Jortner (ML]) framework. The general
thoughts behind the ML]J framework will be briefly outlined; for a more detailed description
the reader is referred to References [25, 78, 101-104].

Employing a harmonic oscillator approximation for the quantized vibrational modes, the
reorganization energy A,, induced by mode m with frequency w,, for the relevant transition
between the states can be related to its Huang—Rhys factor S, [105] via [101]:

A= D= homSm . (5.6)

As such, the Huang-Rhys factor is a measure of the electron-phonon coupling.

The reorganization energy can be expressed in terms of the displacement along the normal
coordinates, AQ,,, or more precisely, the change in these coordinates on the respective PESs

for vibrational mode m. Within this framework, the Huang-Rhys factor S, reflects the shift
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in the equilibrium geometries of the states, projected onto the displacements associated
with normal mode m under the harmonic approximation [78]:
1 AQE

Sm = Ea)m P (5.7)

Here, AQ,, denotes the corresponding mass-weighted displacement in equilibrium geometry

projected onto that normal mode.

Generally, describing the full dimension of the FC factor involves all transitions from the
initial n-th vibrational state to the final m-th vibrational state. However, it can be assumed
that initially only the 0-th ground state vibrational mode is active (this approximation is
appropriate in the low temperature limit [103]), then the vibrational FC factor describes the
probability of the 0-th vibrational level of the initial state to the m-th vibrational level of
the final state. Moreover, in practice, instead of describing all individual vibrational levels,
a single effective quantum-mechanical vibrational mode will be evaluated to describe all
modes with corresponding Sqm, Aqm, and wqm. Under these circumstances, the FC factor
takes the form of a Poisson distribution [78, 101, 103, 104]:

Sqn

eS| (5.8)
m!

FC =

Finally, the product of p(E;) and FC defines the FCWD.

Following this Ansatz, the transition rate evolves in the ML] framework to:

Equation 5.9

2T\ 112 1 S _¢ Sqm —(AG + Ac + mhwgm)?
k-- = — Vel D ——— Sqm—
i =5 1Vl \ 4rkpT A, r;) € T P 4kgT

Here, Sqm is the Huang-Rhys factor associated with the single effective high-frequency

. A . .
mode wgm, With Sgm = 7-°—, a measure for the electron-phonon interaction.
qm

The transfer rate constant within the ML] framework is illustrated in Figure 5.2(b) for dif-
ferent parameter sets. It is apparent that treating vibrational modes quantum-mechanically
is especially important in Marcus’ inverted region, where the driving force exceeds the

classical reorganization energy in Marcus theory.

Typically, the reorganization energy used in Marcus theory or within the ML] framework

is obtained from electronic structure calculations of the OSC. In this thesis, the four-
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point method is applied to compute the reorganization energy in Marcus theory [106],
whereas the Huang—Rhys factors and corresponding reorganization energies in the MLJ
approach are derived from vibrational mode analysis; both procedures are briefly described
in Appendix A.3. Within the four-point method, the total reorganization energy is evaluated
from the PESs of the two involved states as the sum of the relaxation energies after vertical
excitation and de-excitation. The reorganization energy appearing in Marcus theory is
then obtained as the arithmetic average of these two contributions, thereby recovering the
single-reaction-coordinate definition of the Marcus reorganization energy. To incorporate
environmental contributions, it is standard practice to add an estimated value to the classical
component of the reorganization energy, commonly taken to be 0.1 eV, which is a reasonable

value for extended 7-conjugated systems [107-109].

Finally, it is noted that the electron-phonon coupling and reorganization energies depend
on the specific reaction pathway, thus, they might be asymmetric in both the forward and
backward process of the reaction, in contrast to the symmetry assumed in standard Marcus

theory.

Electronic component.

Having discussed the vibrational component, the electronic coupling for electron transfer
will be elucidated now, an important parameter governing the overall magnitude of the
transfer rate constant for electron (or hole) transport. In the weakly-coupling two-state
model, the electronic coupling is equal to half the energy splitting of the adiabtatic PESs
of the dimer at the crossing point of the diabatic PESs of the relevant states (depicted in
Figure 5.1). Determining the electronic coupling in this sense requires the knowledge of
both the diabatic states and the adiabatic states, which is not feasible due to the multi-

configurational size of the reaction coordinates and electronic system.

In a one-electron approximation, additional electrons (holes) can be considered to lie within
a localized molecular orbital, that is the LUMO (HOMO) of the mononomer molecular
system. Thus, it was commonly accepted to use half the energy splitting of the HOMO
(LUMO) and HOMO-1 (LUMO+1) energies of the dimer to approximate the electronic
coupling, which is approximately valid for orbitals without spatial overlap S;; [110-113],
i.e.,, strong local character. To compensate for this spatial overlap, the coupling and site
energies for electron (and hole) transfer in a dimer, the fragment orbital approach emerged
[114].

In this approach, within a tight-binding two-state model, the one-electron dimer states

are expressed in terms of localized molecular orbitals ¥; and ¥; of the two monomer
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components, with respective site energies e; and e;. In this representation, the electronic

coupling (or termed transfer integral J;; in the context of tight-binding) is then given by:
Jij = (Bl H ) (5.10)

where H is the Hamiltonian of the interacting system. Importantly, in this representation
one might mistake J;; for the electronic coupling of the interacting dimer system, but this
does not correctly reflect the interaction between the monomers in the dimer system, as
Jij is constructed from non-orthogonal monomer orbitals, whereas in the tight-binding
approximation orthogonal orbitals are necessary. Employing Léwdin’s symmetric trans-
formation [115] to generate an orthonormal basis set while maintaining as much local
character of the monomer orbitals as possible, effective orbital energies efﬂ (effective site
energies) and an effective electronic coupling ]l.‘}ff (which are now identical to the electronic
coupling and site energies of the interacting dimer) can be constructed from the monomer

quantities:

1 (ei+ej) —2J;jSij £ (e —ej) 1 - Sizj

€
4T3 -7 :

(5.11)
Jeff Jij — 3(ei +€))Si;
’ 1-8

H]

where S;; is the overlap matrix element between the two orbitals. Plugging ]i‘}.ﬁ into Marcus
theory or the MLJ framework (Equations 5.5 and 5.9) with driving force AG = e?ff - ej.ff,

one can evaluate the transfer rate constants.
Key notes for electron (or hole) transfer rate constants are:

1. The effective transfer integral (electronic coupling) should be as large as possible to

maximize the transfer rate constant.

2. The effective transfer integral is sensitive to small changes in the dimer conformation
(twists, lateral and horizontal displacement deviating from perfect equivalent two
molecules), where the phase of the orbitals strongly impacts the overlap matrix S
[112-114].

3. The effective site energies e in the dimer strongly depend on environmental po-
larization effects, whereas the effective transfer integral J*f in the dimer is largely

robust to environmental polarization effects [114].
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Although the motivation of Marcus theory and the ML]J framework lies in describing
electron (or hole) transfer mechanisms in chemical reactions, they are widely used to
describe transitions between excited states if the excited-state transition is characterized

by a charge transfer process.

5.2 Excited-State Transitions

As illustrated in Figure 5.3, after excitation of a singlet state, the system can undergoe several
transitions between excited states and can decay to the ground state. Generally, it can be
distinguished between radiative transitions (photon absorption/emission) and non-radiative
transitions (phonon absorption/emission). Moreover, these can then further be divided into
transitions between excited-states with the same spin (internal conversion, IC) or opposite
spin (intersystem crossing, ISC). To differentiate IC/ISC processes between excited-states
and IC/ISC processes to the ground state, the latter will be termed (non-)radiative decay. In
addition, IC and ISC processes are often differentiated according to whether they involve

charge transfer or preserve the local excitonic character of the state.

Later in this thesis, these transfer processes will be elaborated on device functionalities in
the relevant Section 8. In this current section, the underlying theoretical models to describe
these transitions with particular focus on investigated processes within this thesis will be
elaborated. Similar to the previous section, a descriptive approach is provided here; a more

detailed analytic description of the approaches are provided in Appendix A.2.

Non-radiative internal conversion involving electron transfer.

Within the context of this thesis, of particular interest are transitions between localized
excitons and charge-transfer states within the same spin, i.e., charge transfer processes. In
this scenario, it is commonly accepted to employ Marcus theory (Equation 5.5) or the MLJ
framework (Equation 5.9). The electron-phonon parameters as well as the driving forces
are directly accessible from the adiabatic states, which in turn are directly accessible from
excited-state electronic-structure calculations. In the framework of this thesis, the electronic
coupling V¢! between the relevant states is evaluated via the generalized Mulliken-Hush
(GMH) method [116, 117], which will be briefly elaborated here; a more detailed description
is provided in Appendix A.2.1.

By definition, the electronic coupling is the off-diagonal term of the Hamiltonian in the two-

state diabatic basis, however, the off-diagonal Hamiltonian of the adiabatic states is zero by
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Figure 5.3: Relevant photophysical transitions illustrated in a Jablonksi diagram.
After excitation of a singlet state, the system can undergoe different pathways: (i) Non-
radiative transitions to lower excited states of the same spin (internal conversion, IC); (ii)
non-radiative transition to excited states of other spin (intersystem crossing, ISC); (iii)
Non-radiative or (iv) radiative decay to the ground state (only illustrated for the lowest
excited states). Vibrational relaxation is illustrated. Some transitions are omitted for clarity.

definition of the adiabatic states. The GMH method relates the adiabatic state quantities to
the electronic coupling. The idea is to form the diabatic states by linear combinations of the
adiabatic states, while enforcing the linear combination coefficients to satisfy the transition
dipole moment of the resulting diabatic states to vanish. This is achieved by constructing
an orthogonal rotation matrix that is applied to the Hamiltonian and dipole matrices in the
adiabatic basis. Following this Ansatz (as elucidated in more detailed in Appendix A.2.1),

the electronic coupling within the GMH method relates to adiabatic quantities via:

el _ HabAEap

“ \/(A,uab)z + 4(/1ab)2 . (512)

Here, p,p is the transition dipole moment between adiabatic states a and b; AE,, is the
vertical energy difference (computed from the ground state) between these two states; and
Apap = pa — Py is the difference in adiabatic dipole moments of the two states. Within this
method, the dipole operator is projected onto the direction defined by the adiabatic dipole

difference.
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Non-radiative intersystem crossing involving electron transfer.

Strictly speaking, the spin-component in Fermi’s golden rule (Equation 5.2) is either 0 (for
singlet — triplet transitions, spin-forbidden) or 1 (same spin, spin-allowed). Thus, formally,
transitions from singlet to triplet excited states and vice versa do not occur. However, the
concept of Phosphorescence (photon emission from triplet states to ground state) shows
that even spin-forbidden transitions may occur. These transitions arise form spin-orbit
interactions, allowing (non-)radiative transition rate constants to exceed 0. If the transition
involves electron transfer, Marcus theory or the MLJ framework can be employed. As
evaluating the electronic coupling via the GMH method requires adiabatic PESs of same

multiplicity, this approach cannot be used.

To evaluate the spin-orbit coupling in such a scenario, the perturbation Hamiltonian in
Fermi’s golden rule (Equation 5.2) takes the form of the relativistic one-electron spin-orbit
Breit-Pauli Hamiltonian [118, 119]:!

a2 Nei Na

. z o
HO = ?0 Z Z rTA(riA XPi) S (5.13)
i A lia

Here, I; = ;4 X pi is the orbital angular momentum operator and §; is the spin angular
momentum operator of electron i; Z, is the bare positive charge on nucleus A; «ay is the

fine-structure constant. The sum extends over all electrons i and nuclei A.

Inserting 50 into Equation 5.2 one can compute the spin-orbit coupling from the singlet
and triplet excited-state wave functions. Representing the Hamiltonian and wave functions
within the second quantization [120], one can evaluate the spin-orbit coupling for specific
singlet to triplet-state-manifolds from the excitation coefficients for the respective states that
can be directly assessed from the excited-state electronic-structure calculations following
Casida’s Ansatz for the excited-state wave functions [121, 122] as implemented in Q-Chem
5.4 package [123]. The reader is referred to Appendix A.2.2 for a more detailed description

and presentation of the equations.

1 In the full Breit-Pauli Hamiltonian there are other contributions from, e.g., spin-other-orbit interactions.
However, due to simplicity and strength of the interaction, the one-electron spin-orbit contribution is
commonly employed.
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Radiative decay from excited states.
Radiative recombination rates are determined using the Einstein coefficient relation for

spontaneous emission [84], leading to the radiative decay rate constant:

Equation 5.14

e zf X B2 x f(n) .

Here, f°% is the oscillator strength for the vertical excitation from the ground state to the

excited state; E the adiabatic emission energy from the excited state to the ground state
2 2

(ngn, in cm™); and f(n) = % is the virtual cavity model to describe the influence

of the polarizable surrounding medium with refractive index n on the emission process

[124-126]. In this work, a refractive index of n = 1.4 is chosen, which is appropriate for

organic systems. This equation is derived in more detail in Appendix A.2.3.

Non-radiative decay from excited states.

Non-radiative transitions from localized excited states to the ground state are driven by
nuclear motion along vibrational normal modes, which modulate the electronic wave
functions. One framework to describe such transitions is the non-adiabatic coupling model
[127, 128] combined with the thermal vibrational correlation function (TVCF) [129-131].
The essential aspects of this model are very briefly summarized here; a more detailed

description is provided in Appendix A.2.4.

Within this framework, the electronic coupling is evaluated as non-adiabatic coupling
between the initial and final states, evaluated with respect to the vibrational normal modes.
The transition probability is governed by the correlation between the vibrational wave
functions of the two electronic states and by vibrational energy conservation. The tempera-
ture influences the process by determining the thermal population of the initial vibrational

states, thereby restricting which energy-conserving transitions are accessible.

If the non-radiative decay involves electron transfer and is primarily driven by electronic
state energy differences, Marcus theory and the ML]J framework can be applied, alongside
with the GMH electronic coupling or SOC.
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Charge transfer and excited-state non-radiative transition rates are commonly mod-
eled using Marcus theory or the Marcus-Levich-Jortner framework. The treatment
of electronic interactions — whether electronic or spin-orbit coupling — depends on
the transition type. Energetic disorder substantially influences both the driving force
and coupling strength. Electron-phonon coupling critically shapes the rate profiles; a
quantum-mechanical description is essential for large driving forces within Marcus’
inverted region. Radiative transitions can be modeled via the Einstein coefficient

relation for spontaneous emission.



Dynamical Approaches for

Electron-Nuclear Coupling

In the previous section, approaches for evaluating charge-transfer and excited-state transi-
tion rate constants were introduced, relying on a static description of nuclear configurations.
In the following, attention shifts beyond this approximation to methods that dynamically
propagate the nuclear degrees of freedom on adiabatic potential energy surfaces. For ground
state dynamics (or more general, the dynamics of a single adiabatic state), ab initio molec-
ular dynamics (AIMD) is employed, whereas non-adiabatic ab initio molecular dynamics
(NA-AIMD) is used to describe excited-state processes involving electronic transitions.
Because a fully quantum-mechanical treatment of nuclear motion is both conceptually
intricate and computationally expensive, in this work, these methods adopt semi-classical
approximations, in which classical nuclei evolve along classical trajectories governed by

Newton’s equations of motion.

6.1 Ab Initio Molecular Dynamics

When introducing the classical limit, it implicates that the nuclear wave function’s character
vanishes and the nuclei correspond to point particles with discrete positions, where the
classical nuclear trajectory will be denoted as R® = {Ry, ..., Rn, }. After separating the total
wave function into a nuclear and electronic part under Born-Oppenheimer approximation,
inserting this Ansatz into the corresponding time-dependent Schrédinger equation, and
applying the classical limit, one can show that the nucleus A propagates according to

Newton’s law as [132]:

ERG(H)  Fa(r)  ~VrReE(R(D))
de? B My a My '

(6.1)

aj(t) =

Here, My is the mass of the nucleus A, and the force acting on nucleus A is given by the
gradient of a single Born-Oppenheimer PES, E,,, with respect to the Cartesian coordinates

R,. In conventional implementations of AIMD, the nuclei evolve on the electronic ground-
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state PES, Ey. Essentially, coupled to electronic-structure methods like DFT one can compute

the forces on the fly when propagating the classical trajectory.

The classical propagation of the positions and velocities can be computed via numerical
algorithms; in this thesis, the Velocity Verlet algorithm [133] is used for time propagation
At:

aj, (1)

RS (¢ + At) = R (1) + V5 (1) AL + AZ A%, (6.2)

a‘(t) +a (t+ At
(1) +ag ( )At_

vi(t+At) =v5 (1) + 5

(6.3)

Initial velocities are generated randomly from a scalar Maxwell-Boltzmann velocity distri-

bution, they are expressed via

Vo(t=0) = /’“BLi—fzﬁalN(o, 1), (6.4)

where Tipitia1 is the initial temperature and N (0, 1) is a random number generated from a

gaussian distribution with variance 1 and mean value 0.

The temperature of the electron-nuclear system can be computed from the nuclear kinetic

energy as

T =
3N kg

(6.5)
As the molecular system is coupled to an environmental heat bath with temperature Ty, it
constantly exchanges heat and thus is kept at a stable thermal equilibrium. Initially, the
temperature is governed solely by the velocities of the nuclei, which is quickly transformed
into movement patterns that affect the potential energy of the electron-nuclear system, such
as bond bendings. This transformation leads to a rapid loss in temperature. To compensate
such effects and to maintain the thermal equilibrium, the molecular system is coupled to the
heat bath by using a thermostat controlling the temperature. In this work, the Berendsen

thermostat is used [134], where the time derivative of the temperature is given by

ar T, -T
dt

(6.6)

where the time constant 7 is a measure of the coupling strength to the heat bath. In this
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framework, the nuclear velocities are corrected to

Vi{corrected -1+ w‘,ﬁ . (6.7)
T

Moreover, the thermostat corrects for numerical errors that might arise in the propagation.
The AIMD are implemented in the ORCA 6.0 software package [135].

6.2 Non-Adiabatic Ab Initio Molecular Dynamics

In situations where a single electronic state does not capture the relevant electron-nuclear
coupling, such as transitions among excited states after photon absorption, the applicabil-
ity of conventional AIMD is limited, necessitating approaches that explicitly account for
multiple electronic states. A widely used method is the non-adiabatic ab initio molecular
dynamics (NA-AIMD) employing a trajectory surface hopping, capturing this non-adiabatic
interaction between excited states by allowing transitions between them. In this thesis,
Tullys fewest switching surface hopping (FSSH) [136] is applied, based on Tullys original
surface hopping [137]. In this scheme, the nuclei move along classical trajectories deter-
mined by a given active electronic state, while stochastically-allowed transitions between
the electronic states occur, so-called hops. As in AIMD, the nuclear dynamics follow the
classical equation of motion (Equation 6.1) and are numerically propagated from t — ¢ + At

using the Velocity Verlet algorithm [133] for the currently active electronic state.

The quantum uncertainty of the nuclear degrees of freedom in the initial state is mimicked
by propagating an ensemble of independent classical trajectories with different initial
conditions sampled from a Wigner distribution. Furthermore, the nuclear wave package
may split into several branches that evolve independently on different electronic PESs,
leading to rapid decoherence between them. This decoherence, however, is lost in standard
FSSH as all electronic states are evolved along a single classical trajectory associated with
one active electronic state at a time. To address this, a decoherence correction is applied,
damping the electronic amplitudes of unoccupied states appropriately, making the FSSH

dynamics more internally consistent with quantum-mechanical behavior.

A time-dependent electronic wave function ¥, can be expanded from the Born-Oppenheimer
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electronic states ¢; as [136, 138, 139]:

Yo(r,t) = > c;(1)g;(rR), (6.8)

J

where c;(t) describes the contribution of electronic state j to the total electronic wave
function at time t including the phase of the electron-nuclear wave function in this state.
Inserting this Ansatz into the electronic time-dependent Schrédinger equation, the time-

evolution of coefficients c; reads:

B2 = 3 ey o) (el 1) —in (Bl ) (69)
j —_
Vi j ve-dg;

Here, v° is the velocity of the nuclei and dy; is the non-adiabatic coupling vector introduced
earlier; its product is commonly referred to as time-derivative non-adiabatic coupling. Note
that the first term is diagonal due to the adiabatic representation. A reduced density matrix

is introduced as

pij = ck(t)e; (1), (6.10)
where pir describes the probability of electronic state k to be observed in the dynamics.

The time-derivative non-adiabatic coupling is numerically estimated via the finite differ-

ences method in the Hammes-Schiffer and Tully approach [140, 141]:

[ve - di] (1) 4%1‘ [381;(t) = 380(t) = S (£ = A + St = AD] . (6.11)

where Si(t) = (i (t)|¢;(t + At)) are orbital overlaps at different times, evaluated by the
orbital derivative approach [142, 143].

To describe a hopping probability gi_,; from state k to j, the fewest switching criterion
introduced by Tully reads [136]:

At (zh-lfm(p;;j)vk j = Re(pi)ve - dkj) } 6.12)
. 6.12

Jk—j = max4 0,
! { Pkk

This is accompanied by two criteria that must be fulfilled for the hop to occur:

1. To provide a stochastic nature of hops, a random number r; € {0,1} is sampled, and
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the following condition must be fulfilled:

Jj-1 J
D Gk <1< Geon - (6.13)
n=1 n=1

2. The total energy of the system before the hop has to be lower than after the hop to

conserve the energy:

Z A dA
V-V € —— " , (6.14)
2 ¥ Na My ( )

which includes a correction of the velocities based on the non-adiabatic coupling
vector [140].

In a true quantum-mechanical description of the nuclear wave package, the electron-nuclear
system quickly loses its coherent description and evolves on specific decoherent branches
of the nuclear wave package. But, in the FSSH formalism, the off-diagonal terms of the
density matrix are typically non-zero, induced by the fact that the coefficients of all states
are propagated on the classical trajectory induced by a single electronic state, leading to
non-physical electronic coherence. In this work, this coherence-problem is addressed by
the decoherence correction proposed by Granucci and Persico [144], correcting the current

active state c,, and all other states ¢ to:

Zk |cneW|2
eV = ¢ [ I:mIZ , (6.15)
m
h a
eV — e—At/Tkm , with 7z = — 1+ NVk+m, 6.16
k k “m T Ec—E Exin (6:10)

where the empirical parameter « is set to 0.1 Hartree and Eyj, is the nuclear kinetic energy.

The different initial conditions are based on the vibrational modes of the ground state, which
follow a Wigner distribution in phase space, known as the nuclear ensemble approach,
which is outlined in Appendix A.2.5. During the temporal dynamics, thermal equilibrium
is controlled via the Anderson thermostat [145]. The formalisms are implemented in the
Newton-X package [146], which, in this thesis, is coupled with Gaussian 16 [147] for

electronic-structure calculations.
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Computationally feasible modeling of the dynamical evolution of electron-nuclear
interactions relies on treating nuclei classically while describing electrons quantum-
mechanically. Ab initio molecular dynamics comprise only a single adiabatic po-
tential energy surface, whereas transitions between adiabatic states necessitate a
non-adiabatic treatment. To approximate a quantum-mechanical nuclear phase-
space distribution, an ensemble of trajectories must be propagated and statistically

analyzed.
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Single Charge Carriers in
Organic Semiconductor

Devices

Having discussed the foundations of the opto-electronic properties of OSCs, this second
part of the thesis relates these properties to the mechanisms governing the operation of
real-world devices. These mechanisms and their relevance will be elucidated and placed in
the context of the scientific contributions presented in this work. This part starts with a
discussion of single charge carriers in OSC devices, including their generation and transport.
Afterwards, photoexcited charge carriers as primary result in organic photovoltaics will
be discussed. This includes a comprehensive description of the device principle as well as

excited-state cascades and dynamics of the exciton.

Understanding single-charge-carrier properties and increasing the charge-carrier density
play a major role in enhancing and controlling the conductivity and charge-carrier mobility
of OSCs, which are highly demanded in OLEDs, OFETs, and charge-carrier transport layers
in OPVs, among other [2-5, 7-20, 25-27]. Two different type of charge carriers exists,
negatively charged electrons (n-type) and positively charged holes (p-type). Typically,
the charge-carrier density is increased by insertion of molecular guests that lead to the
formation of charges on the OSC with balancing counter-charges on the molecular guest
attracting each other via Coulomb forces. After inserting the charge carriers, they can
overcome the Coulomb attraction leading to mobile charges within the OSC matrix with
remaining counterions in the OSC matrix. These general mechanisms are illustrated in
Figure 7.1 for p-type charge carriers. Hole transport in OSCs can be described as the
transfer of a hole from one molecule to another, which is formally equivalent to an electron

transferring in the opposite direction: from the neighboring OSC to the hole-hosting OSC.

As charges in the OSC matrix, including the counterions, modify the energetic landscape
through Coulomb intersite interactions and strong Coulomb attraction, accurately describ-
ing the resulting electronic structure and the underlying mechanisms of charge insertion

and transport is challenging and requires modeling the full environment. Moreover, besides
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Figure 7.1: Active dopants, non-active dopants and free charges in OSC matrix.
This scheme is shown for p-type doping of the OSC, a similar scheme can be drawn for
n-type doping. The occupied and unoccupied orbital energies are shown and orbital energy
splitting is indicated. For simplicity, intersite Coulomb interaction effects are not indicated.
Electron hopping and Coulomb interaction is depicted. Anionic and cationic sites are
represented by blue and red shadows, respectively.

energetic interactions, the OSC architecture also plays a role, as the OSC:molecular-guest
morphology can influence the efficiency of the insertion and transport. In the next sections,
different methods for the charge carrier insertion will be elaborated followed by a general

description of the charge transport and its modeling.

7.1 Insertion of Charge Carriers by Molecular Guests

The most common approach to insert charge carriers is to use so-called molecular dopants
that possess a higher electron affinity (EA) than the ionization potential (IP) of the OSC
for p-type doping, and vice versa for n-type doping [148-153]", so-called integer charge
transfer (ICT) or ion-pair formation. As the EA and IP are considered equal to the LUMO
and HOMO energies for single molecules, respectively, they are typically regarded as the
orbitals responsible for charge transfer. By this, it is energetically advantageous to directly
transfer a charge, and as such, making it a purely electronic mechanism. This mechanism is
illustrated in Figure 7.2(a) alongside with the mechanism of charge transfer complex (CTC)

formation. In the latter, instead of transferring a charge, the frontier molecular orbitals

! The intuitive comparison of IP and EA values (typically referenced to the vacuum level) is a simplified
picture, as it neglects intermolecular interactions between the OSC and the dopant, which can significantly
modify the effective energy levels in the solid state. Nevertheless, it is widely used for its intuitive physical
interpretation.
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hybridize to form inter-molecular orbitals with a correlated partial charge transfer [148-150,
152-154], ultimately leading to non-active dopants and prohibiting the formation of a free
charge. These mechanisms are well-investigated and understood on their fundamental

level.

To enhance the charge-insertion efficiency, molecular dopants with higher electron affin-
ity can be employed, for example progressing from F,TCNQto F;TCNNQand further to
CN6—CP [155, 156] for p-type doping. For n-type doping, dopants with a high ionization
potential, such as N-DMBI [157], can be used. Notably, n-type doping is inherently harder
to realize, since it demands dopant species whose occupied orbitals lie high enough in
energy to donate an electron to the relatively high-lying LUMOs of the OSCs. It has been
shown that Coulomb interaction between multiple ICT events can effectively reduce the
Coulomb barrier [158], thereby promoting more efficient free charge-carrier generation.
Most interestingly, the Coulomb barrier can be reduced by exchanging the remaining
counterions after p- or n-type doping (ion-exchange doping) [149, 159, 160], ultimately
leading to more efficient free charge-carrier generation consequently improves conductivity.
Moreover, for very strong molecular dopants, transferring more than one charge is possible,

leading to molecular double doping [161, 162].

The solubility of the compounds is a decisive factor for their mutual miscibility. Structural
modification of F;,TCNQ to incorporate ester groups was shown to strongly increase its
solubility compared to F; TCNQ, which resulted in improved doping efficiency despite a
simultaneous decrease in EA [163]. This highlights the critical importance of molecular de-
sign in achieving highly soluble dopants, which in turn promotes more effective OSC:dopant
interactions. Furthermore, OSC side-chain engineering [164] has been demonstrated to
mitigate dopant aggregation, facilitating improved dopant diffusion within the OSC matrix

and thereby enhancing overall charge-carrier injection.

Besides the conventional and intuitive approach of molecular dopants, the use of Lewis
acids, such as BCF, for p-type doping has been shown to outperform the typical molecular
dopants by enhanced hole mobility, while the mechanism itself remained elusive [165,
166]. However, it has been proposed that the doping mechanism extends beyond a purely
electronic picture; instead, it involves a reaction pathway that includes changes in the
participating complexes. Yurash and coworkers [167] in Nature Materials reported on
a higher doping efficiency as well as higher mobility of the charges for the Lewis acid
BCF among other, and proposed a two step mechanism as shown in Figure 7.2(b): step 1)

the Lewis acid forms a complex with H,O (Brensted-type acid formation) and protonation
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of the OSCs backbone occurs, followed by step 2) electron transfer from another neutral
OSC side to the protonated radical OSC, leaving a mobile hole on the former OSC.

Theoretical investigation of the reaction pathway emphasized on a more complex dimer-
BCF with H,O formation leading to exergonic protonation pathways [168], thus, confirming
the initial step of the proposed mechanism. For organic salts, such as TrTPFB, an extended
electrophilic attack reaction was proposed, where the cationic dopant forms an intermediate
complex with the OSC, followed by electron transfer [169, 170].

The electron transfer mechanism was further investigated by Bauch et al. [171] using
density functional theory (DFT) calculations, providing deeper insights into the under-
lying electronic structure. Their results showed that a single proton forms a localized
charge around the proton position, while two protons (double protonation) induce an
intramolecular charge transfer leading to the formation of a polaron state. The species were
characterized by their distinctive vibrational and optical signatures, which exhibited intense
vibrational modes and polaron absorption for the double-protonated species. In addition,
electron transfer between a disturbed, double-protonated OSC and a former neutral OSC

was identified, illustrating the second step of the proposed mechanism.

In harmony to the marvelous p-type doping mechanism via Lewis acids, a somewhat
relatable mechanism was proposed for n-type doping via superbases, however, featur-
ing a deprotonation of the OSC. Due to the strong proton affinity of superbases such as
P2—t—Bu or P4—t—Bu, a proton is abstracted from the OSC and transferred to the superbase.
This was experimentally shown by Wei et al. to significantly enhance charge generation
efficiency and thus conductivity for PC¢;BM and N2200, outperforming conventional molec-
ular dopant N-DMBI [172]. The deprotonation is proposed to be followed by a nucleophilic
attack reaction [172-175], as illustrated in Figure 7.2(c), and by electron transfer to a neutral,

unperturbed OSC species, resulting in a free negative charge on the latter [172].

Superbases are superior to the conventional molecular dopants such as N-DMB], as they
provide good miscibility within the OSC matrix [173] and good thermal device stability
[174], positioning them as strong candidates for organic transistor and thermoelectric

applications.

In this thesis, the electronic structure of the deprotonated, nucleophilic-attack reaction
intermediate is analyzed, and electron transport in PC5;BM is directly examined. To this
end, the PES of the nucleophilic-attack pathway is explored. The calculations identify a

metastable state in which no new bond is formed; in this configuration, the excess electron
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Figure 7.2: Different doping mechanisms for OSC via molecular guests. (a) Dop-
ing via molecular dopants. (b) P-type doping mechanism of PCPDT-BT with Lewis acid
BCF. Illustration inspired by Reference [167]. The complex formation of dimer-BCF as
proposed by Reference [168] is not included for simplicity. (c) N-type doping mechanism
of PC¢;BM via superbases. The schemes of the superbases are not included for simplicity.
Ilustration inspired by Reference [172]. The electron transfers from or to the perturbed
OSC originate from a neutral, unperturbed OSC species for the Lewis acid and superbase

doping, respectively.

resides in an unpaired conjugated orbital on the fullerene. In contrast, formation of a new

bond results in paired, localized orbitals.

Additionally, the electronic structure of the perturbed-PC¢ BM:unperturbed-PC¢BM com-

plex is studied across several bi-molecular configurations. The simulations show that bond
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formation, whether intra- or intermolecular, consistently leads to paired, localized electrons.
However, in the absence of bond formation, the excess electron remains in an unpaired con-
jugated orbital on either the perturbed or unperturbed PC¢BM, depending on the geometric
arrangement. In cases where it localizes on the unperturbed PC¢;BM, electron transfer
between the two molecules has occurred. The unpaired conjugated orbital is ultimately
identified as a key factor enabling efficient doping, regardless of the molecular site on

which it resides.

The results presented in this chapter were previously published and are reproduced be-
low. Reprinted from C.-D. Dong et al., Charge transfer in superbase n-type doping of
PCBM induced by deprotonation, Physical Chemistry Chemical Physics 26, 4194-4199
(2024), https://doi.org/10.1039/d3cp05105f. Copyright © The Author(s) 2024. Published
by the Royal Society of Chemistry. This article is licensed under a Creative Commons
Attribution-NonCommercial 3.0 Unported (CC BY-NC 3.0) licence: https://creativecom-

mons.org/licenses/by-nc/3.0/. No changes were made.
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the present work we theoretically study the electronic structure of the deprotonated Phenyl-C61-butyric
acid methyl ester (PCBM) molecule, as well as the charge transfer (CT) between PCBM and its
deprotonated species. We find that deprotonated PCBM without formation of a new bond between the
deprotonated side chain and fullerene induces electronic structure with broken spin symmetry, where
an in-gap state is singly occupied by an unpaired electron. A second scenario that we find to be
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possible is the formation of a new bond between the deprotonated side chain and a fullerene. This leads
to a spin symmetric electronic structure with partially localized in-gap state, which is expected to
DOI: 10.1039/d3cp05105f contribute less to the effective doping. These results show that the deprotonated PCBM species without

new bond formation predominantly accounts for the effective n-type doping of PCBM, an insight that
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1 Introduction

Electronic doping can enhance the conductivity of organic
semiconductors (OSCs) by orders of magnitude,"” and is of
fundamental importance for applications based on OSCs, such
as in organic photovoltaics and organic electronics.>® Molecu-
lar doping, where p-type or n-type molecular dopants are mixed
with OSCs to induce charge carriers, is widely used and receives
tremendous research interest.”'> Besides these more estab-
lished approaches, efforts to explore alternative doping strate-
gies with higher doping efficiency and improved electronic or
structural properties are on the rise, leading to recent studies
on Lewis acid doping,'*™® ion exchange doping,'® electrophilic
p-type doping,"”” and doping with the aid of noble metal
clusters.'®

Different from the direct charge transfer (CT) between
molecular dopants and OSC material, which in the simplest
picture is driven by the energetic difference between HOMO
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will be useful for optimization of this recently discovered doping method.

and LUMO levels of the two entities, the mechanisms behind
the more recently developed doping methods are more
complex. In Lewis acid doping, it is proposed that an OSC
polymer is first protonated by the Lewis acid and then attains
an electron from a second polymer chain, leaving the latter in a
p-doped state."® Microscopic details including inter- and intra-
chain processes were ilucudated by use of atomistic quantum
chemical approaches,'® and detailed studies of the chemical
complexes involved in this process.”® A similar process is
believed to account for electrophilic attack p-type doping by
use of TrTPFB molecules. There the polymer is attacked by the
trityl cation instead of a proton, followed by subsequent CT
with a neighbouring polymer chain.’” Both Lewis-acid doping
and electrophilic attack show remarkable efficiencies of p-type
doping, and avoid typical issues caused by molecular dopants
such as deterioration of film morphology.

Very recently, a new n-type doping method using superbase
compounds was reported and shown to significantly enhance
efficiency in doping the molecular OSCs PCBM and N2200
copolymer, compared to molecular n-type doping with N-
DMBL>' In analogy to the protonation in Lewis acid doping,
a deprotonation of PCBM brought about by the superbase
compound is believed to occur, with subsequent CT between
deprotonated PCBM and ‘intact’ PCBM entities. However, as
the species involved in the proposed process are difficult to
experimentally identify, the exact mechanism remains to be
verified. A more detailed understanding of the underlying

This journal is © the Owner Societies 2024
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Fig. 1 (a) Illustration of deprotonation on the side chain of PCBM. After
deprivation of the proton marked by the blue circle (left), either the local
structure of the side chain re-arranges (upper right) or a new bond forms
between the side chain and the fullerene part (lower right), leading to
different structures, examples of which are shown in panel (b). (b) Different
local minima structures resulting from deprotonation as shown in (a)
including total energies relative to structure B1. A1-A4 have local struc-
tural re-arrangement in the side chain. B1-B3 result from new bond
formation. Color code: grey for carbon, white for hydrogen, and red for
oxygen.

microscopic mechanisms may allow further optimization of
this new doping method and may also play a role in further
optimization of electrophilic attack and Lewis-acid doping.
Here we present an in-depth investigation of the electronic
structure of the deprotonated PCBM and its formation of CT
complexes with PCBM molecules. We find that the electronic
behavior of deprotonated PCBM crucially depends on the
possible formation of a new C-C bond between the deproto-
nated side chain and the fullerene as illustrated in Fig. 1. The
structures with new bond formation exhibit an electronic
structure and an in-gap state, which is partially localized
around this new bond and is therefore expected to contribute
less to electronic transport. On the other hand, in the structures
without formation of a new bond, the unpaired electron on the
deprotonated PCBM migrates from the local C-H bond on the
side chain to the conjugated electronic system on the fullerene.

This journal is © the Owner Societies 2024
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In that case, we further show that CT to a neighbouring PCBM,
important for effective n-type doping, is generally possible.

2 Computational details

Following our and other researchers’ previous works,""**">* we

performed the broken-symmetry DFT calculations. The B3LYP
hybrid functional with dispersion correction in Grimme’s D3
form®® was used for single molecules (Fig. 1-3). The range
separated hybrid functional ®B97XD with default @ was used
for bi-molecular complexes (Fig. 4 and 5) for more reliable
coverage of CT behavior.>® In the DFT calculations, the initi-
alization of charge density was realized by mixing spin-up (o)
and spin-down () orbitals, to allow the separation of o and
states energetically and spatially, but without enforcing it. We
note that this methodology generally gives good result for
charge density distributions but is less accurate for the spin
density due to possible spin contamination.>” We note that ®
B97XD generally gives a lower HOMO level and a higher LUMO
level with respect to B3LYP, thus also overestimating the
HOMO-LUMO gap. However, for the molecules and complexes
studied in the present work we find that electronic structure
and in particular ordering and character of relevant electronic
states turns out to be very similar comparing results obtained
with the two functionals (not shown). The 6-31g(d,p) basis set
was used for all calculations except for the bond length scan-
ning calculations in 3, where a smaller basis set 6-31g(d) was
used. The geometries of single molecules and bi-molecular
complexes were all optimized.

The DFT calculations were performed using the
Gaussian16>® package. The Hirshfeld charge decomposition
presented in Fig. 4 and 5, which was previuosly shown to agree
well with other charge decomposition schemes,”**° as well as
the calculation of density of states (DOS) were performed by
using the Multiwfn software.*®

Energy (eV)

a-SOMO -

2 o0 2 4 HOMO -8 —— =02 4
DOS (a. u.) DOS (a. u.)

-4

Fig. 2 Electronic structures of two different local minima structures of
deprotonated PCBM as introduced in Fig. 1. (a) Upper left: Al structure
without formation of new intramolecular bond. Lower left: spin-up «
SOMO molecular orbital. Right: Calculated density of states (DOS) in
spin-up o (left, indigo) and spin-down B (right, green) channels, showing
broken spin symmetry. DOS of occupied states is filled with color. (b) Same
as panel (a) but for B1 structure with new bond formation. Lower left:
HOMO molecular orbital. Right: DOS, showing spin symmetry.
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Fig. 3 Energy variation in scanning the C-C interatomic distance
between the C atoms marked in orange. Local minima structures, B1 (with
new bond formation) and Al (without new bond formation) as discussed in
Fig. 1 and 2 and in the text are shown. Spin symmetric electronic structure
is denoted by filled circles, broken spin symmetry by open circles.

3 Results and discussion

The deprotonation reaction caused by the superbase is well
known and considered crucial for the highly effective n-type
doping observed for PCBM.? 1t is generally accepted that the
deprotonation takes place at the methyl ester side chain, as
shown in Fig. 1. The deprotonated PCBM molecule still pos-
sesses the same number of electrons as an ‘intact’ PCBM and
therefore carries a negative net charge. We find that the
molecular structure of this anion either stays similar to PCBM
with just modest local structural re-arrangement, or the struc-
ture changes significantly with a new C-C bond forming
between the deprotonated side chain and the fullerene. In the
structural optimization, we identify several local minima struc-
tures, examples of which are shown in Fig. 1(b). Representative
structures from each class found, namely A1 without and B1
with new bond formation, are shown in Fig. 2 together with the
calculated HOMO orbitals and electronic DOS.

Interestingly, the two structures show dramatically different
electronic structures: the DOS of Al shows broken spin

a
A1 .
-0.051e
2 °¢ PCBM 1
” e 0. 946 e s
2 & B i

-2 0 2 4
DOS (a. u.)

-2 0 2
DOS (a. u.)
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symmetry with a singly occupied in-gap state around —1.05 eV,
namely the a-SOMO (singly occupied molecular orbital). As shown
in Fig. 2(a), this in-gap state is an electronically well conjugated
orbital on the fullerene. The Hirshfeld net charge on the fullerene
part of the deprotonated PCBM is —0.84 e, in comparison with
—0.05 e in the case of neutral PCBM. This indicates that the
residual electron migrates to the fullerene after deprotonation of
the side chain. In contrast, the structure B1 shows a spin-
symmetric electronic structure. The formation of the new bond
induces re-organization of the conjugated electronic system on
the fullerene and gives rise to a doubly occupied in-gap state. This
in-gap state is less delocalized and partially localized around the
new bond compared to the singly occupied in-gap state in A1,
indicating a significant effect of the new bond formation on the
electronic system of the deprotonated PCBM. In addition, the
energy separation between the in-gap state and the LUMO is
significantly smaller in A1 than in B1, implying a more active
electronic behavior for the former.

Given the distinctly different electronic behavior without
and with new bond formation (cf. results for A1 and B1), it is
interesting to examine in more detail the evolution of the
molecular structure associated with the new bond. To this
end, starting from B1, we scanned the relevant C-C interatomic
distance from 1.59 A up to 6.2 A and investigated the electronic
states and energies of each optimized structures (with the
scanned C-C distance fixed). As shown in Fig. 3, the total
energy rises with increasing C-C distance (as expected). The
energy minimum structure at C-C distance of 5.6 A is the A1
structure. Along the scanning path this energy minimum has a
depth of about 0.2 eV. We note that a rigorous investigation of
energy minimum depth require a full potential surface sam-
pling, which is computationally challenging and out of the
interest of the present work. For the purposes of the present
work, we believe it is sufficient to note that this meta-stable
state we identify is already associated with other important
structural parameters of PCBM such as the rotation of the
methyl ester around the side chain. Compared with B1, the
structure A1 is energetically less favorable, which may indicate
lower stability and in turn a reduced doping efficiency. Never-
theless, we believe that this aspect might be mitigated by

PCBM
0126 e

22,

08726&
‘?\“«H
{}f

Energy (eV)

-2 0 2
DOS (a. u.)

-2 0 2
DOS (a. u.)

Fig. 4 Electronic structure of bi-molecular complexes consisting of one PCBM and one deprotonated PCBM without new bond formation. (a) Left: A1/
PCBM complex, with the calculated a-SOMO and Hirshfeld net charge on each molecule given. Right: Partial DOS of each molecule. (b) A2/PCBM
complex with a-SOMO and Hirshfeld net charges and partial DOS as in panel (a). Notation and colors same as in Fig. 2 above.
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(a) Electronic structure of B1/PCBM complex. Left: B1/PCBM structure, with HOMO, Hirshfeld net charges, and partial DOS given. (b) Electronic

structure of A1/PCBM complex with an intermolecular bond forming between the molecules. HOMO, Hirshfeld net charges, and partial DOS are given.

Notation and colors same as in Fig. 2 above.

several factors: (i) Besides A1 the deprotonated PCBM appears
in multiple other configurations with similar electronic beha-
vior, such as structures A2-A4 shown in Fig. 1b, which can also
contribute to the doping. Our calculations showed that struc-
ture A2-A4 can all induce CT to neighboring PCBM as well as
Al. (ii) The scanning results shown in Fig. 3 did not take into
account the effect of the molecular surroundings, where the
solvent molecules and their dynamics will also have an effect
on potential energy landscapes and influence occurrence and
lifetimes of A1-A4 and other related structure.

Interestingly, when the C-C distance is stretched to about
2.6 A, we find that the electronic structure turns from spin
symmetric to spin symmetry-broken and keeps this property in
each structure for the remainder of the scanning path, includ-
ing the energy minimum around 5.6 A. These results strongly
suggest that the broken spin symmetry will be an important
feature of the deprotonated PCBM as long as the new C-C bond
is not formed and the system remains in a meta-stable state,
which is likely to occur and play a role in a realistic setting with
partially hindered relaxation pathways and environmental
influences.

The CT between PCBM and deprotonated PCBM is believed
to contribute directly to the superbase-induced n-type doping of
PCBM.?' To examine the possibility of the CT, we analyze the
electronic structure of bi-molecular complexes containing one
PCBM and one deprotonated PCBM. To this end, different local
minima structures of the latter were investigated. Fig. 4 shows
two molecular complexes containing deprotonated PCBM with-
out new bond formation. The A1/PCBM complex contains the
local minimum structure A1, while in Fig. 4(b) the complex
consists of PCBM and another local minimum of deprotonated
PCBM, A2. (see Fig. 1).

The DOS and Hirshfeld charge decomposition show that A1/
PCBM does undergo integer CT, while A2/PCBM does not.
These results show that CT is possible without the formation
of a new bond, but depends on the structure of the deproto-
nated PCBM as well as the relative position of the two mole-
cules. Both complexes in Fig. 4(a) and (b) show electronic
structures of broken spin symmetry with a singly occupied
in-gap state. In complex A2/PCBM (Fig. 4(b)) the in-gap state
(2-SOMO) is a conjugated state based on the deprotonated

This journal is © the Owner Societies 2024

PCBM. The Hirshfeld net charge on the deprotonated PCBM
reads —0.87 e, showing a behavior similar to the individual
deprotonated PCBM (A1) without significant CT. On the other
hand, in complex A1/PCBM the in-gap state, also a-SOMO, is
based on the PCBM and the net negative charge is mostly on
PCBM (—0.94 e), indicating a clear integer CT. In the DOS in
Fig. 4(a), it is interesting to notice that the state f-SOMO is lying
energetically close to a-(SOMO-1) and forms the energy gap
bottom, so that it may contribute less to the effective doping.

It is intriguing that the frontier orbitals in these two cases
without and with CT, namely the energy levels and the nature of
the in-gap states and the overall DOS profile around the HOMO
and the LUMO, are actually very similar to each other and
barely distinguishable from an energetic point of view. Indeed,
in both cases the in-gap state is located on the fullerene and
therefore less impacted by the proton missing from the side
chain, while the other molecule, either the PCBM in A2/PCBM
or the deprotonated PCBM in A1/PCBM, stays virtually neutral
in charge and has less electrostatic effect. Furthermore, in both
A1/PCBM and A2/PCBM, the same orbital character of the in-
gap states implies similar behavior of the induced electron as a
charge carrier. For completeness, the possible effect of chlor-
obenzene solvent, which was used in ref. 21 was also addressed
by using the PCM model with ¢ = 5.69. The CT results read
—0.075 e (A1)/—0.925 e (PCBM) for A1/PCBM and —0.930 e (A2)/
—0.068 e (PCBM) for A2/PCBM, which deviate only slightly from
the results without dielectric environment.

The CT between the PCBM and the deprotonated PCBM with
new bond formation was also studied by using different local
minimum structures of the latter. However, no CT with the
neighbouring PCBM was found in our calculations. Fig. 5(a)
shows a typical case of a bi-molecular complex containing
PCBM and the B1 structure. As in the case of the individual
B1 structure, a doubly occupied in-gap state forms, which turns
out to be a partially localized orbital located on B1, while the
PCBM stays nearly neutral. We also considered the possibility
of the structure Al forming a bond with the neighbouring
PCBM, as presented in Fig. 5(b). In this case the new bond
induces an in-gap state, as well as a net charge of —0.90 e, on
the side of PCBM. Similar to the complex B1/PCBM, the in-gap
state of A1/PCBM (with new intermolecular bond) shows also
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partial localization around the new bond. Therefore we propose
that in both complexes the in-gap state contributes only little to
the effective doping.

4 Conclusion

In the present work we theoretically studied the molecular
structure and electronic behavior of deprotonated PCBM, as
well as the possibility of CT between deprotonated PCBM and
an ‘intact’ PCBM, by using broken-symmetry DFT. We find that
deprotonated PCBM can form different local minima struc-
tures, largely depending on the arrangement of the deproto-
nated side chain. Structures with the side chain bending
towards the fullerene and forming a new C-C bond are favor-
able in energy, while the structures without formation of a new
intramolecular bond are found to be meta stable. The struc-
tures with new intramolecular bond have spin symmetric
electronic structure with a doubly occupied in-gap state. In
that case, the in-gap states are partially localized around the
new bond and CT to a neighbouring PCBM turns out to be
difficult, effectively hindering electronic doping. On the other
hand, the deprotonated PCBMs without new intramolecular
bond formation show broken spin symmetry with a singly
occupied in-gap state that is electronically well conjugated
and delocalized on the fullerene. In that case, CT to a neigh-
bouring PCBM is shown to be possible, with details depending
on geometrical arrangement. Also with occurrence of CT, the
conjugated character and energy of the in-gap state are pre-
served, such that efficient contribution to doping is expected.
With these results, our work reveals that electronic behavior of
deprotonated PCBM strongly depends on intramolecular bond-
ing. Those structures without intramolecular bonding appear
to play the most important role in the investigated doping with
superbases. In turn, inhibition of intramolecular and intermo-
lecular bonding of PCBM after superbase deprotonation may be
an effective approach to further optimize efficiency of superb-
ase n-type doping.
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7 Single Charge Carriers in Organic Semiconductor Devices

7.2 Charge Carrier Transport

Understanding charge-carrier transport in OSCs is essential because it offers critical insight
into how these materials operate across a wide range of applications. This process spans
multiple length scales: it begins at the molecular level, where charge transfer occurs between
individual OSC molecules, and extends to the nano- and microscale [34], which involve
interactions within the OSC matrix and the formation of large-scale transport pathways.
Although modeling charge-carrier transport at the microscopic level is a central goal, the
comparatively large molecular dimensions at this scale make a fully quantum-mechanical
treatment of every molecular complex across the entire simulation domain computationally
unfeasible. Even so, quantum-mechanical descriptions remain necessary for accurately

capturing the fundamental transport mechanisms.

In the following section, charge transport will be examined from both the molecular to the
microscopic perspectives, with particular emphasis on the molecular scale. The specific

contribution of this thesis to the field will then be outlined.

Essential descriptor of charge-transport is the mobility (i) of charges, describing the
efficiency of which the charges move within the material. One can distinguish the mobility
to be induced by diffusion and drift, the former describing the local movement of charges
around their average position, while the latter describes the displacement of the average
position of the charges [25]. The diffusion is key in the absence of any external potential

and it can be described via a diffusion equation:
(x*) = nDt, (7.1)

where (x?) describes the mean-square displacement of the charges, D is the diffusion
coefficient, n is the dimension (n = 2,4, 6 for 1D, 2D, 3D), and ¢ is the time. From the
diffusion coefficient, the charge mobility can be described via the Einstein-Smoluchowski

equation [25, 176]:
eD

= — 7.2
= (72)

i

where e and kg are the electron charge and Boltzmann constant, respectively, and T is the
temperature. In addition, since external applied electric fields (F) affect the drift-velocity of
the charges (v) and thus displaces the average position of the charges, it can be defined as

the ratio between the former amplitude and the latter. For weak fields it reads:

(7.3)

e

ﬂ:

67



7 Single Charge Carriers in Organic Semiconductor Devices

One can distinguish between electron and hole charge mobility (n- or p-type), which stems
from the ability to inject the different types of charges into the OSCs. Experimentally,
several different methods have been employed to measure charge mobility in OSCs, such
as Time-of-Flight experiments, Field-Effect Transistor Configuration, Diode Configuration,
and Pulse-Radiolysis Time-Resolved Microwave Conductivity. The former three probing
the drift, while the latter one probing the diffusion [25].

From a quantum-mechanical point of view, charge-transport in OSCs can be described by
two different physical mechanisms: hopping transport and tunneling transport. As such,
in good approximation, the total mobility can be described as the sum of both respective
mechanisms. For low electron-phonon coupling and in highly crystalline structures, the
charges are strongly delocalized, reflecting a band-like transport similarly observed in
inorganic systems [176, 177]. However, due to the amorphous nature of most OSCs and
their strong electron-phonon coupling, the hopping mechanism is dominant, leading to
dominant incoherent transport. While the hopping transport in principle can be described
dynamically by the FSSH method, this approach is computationally not feasible due to the

relative large size of the systems that need to be modeled.

Charge transport can further be partitioned into intermolecular and intramolecular trans-
port [177]. The latter is relevant for long (distorted) polymeric structures. Despite the fact
that intramolecular transport is fast compared to intermolecular transport, the intermolec-

ular hopping limits the charge mobility.

In early approaches, in 1959 Holstein developed an analytic Hamiltonian model of the
small polaron formation for a 1D-crystal lattice, where localized charge carriers are coupled
to local (on-site) phonons [178, 179]. Although not originally formulated for OSCs, this
concept laid the foundation for the microscopic understanding of phonon-assisted charge

transport in molecular crystals.

To explain the conductivity of polyacetylene, Su, Schrieffer, and Heeger introduced in
1979 the SSH model [180], describing charge transport in a 1D dimerized lattice with
alternating nearest-neighbor hopping amplitudes induced by bond (non-local) electron-

phonon coupling, where lattice distortions modulate the electronic hopping integrals.

Building upon these concepts, Holstein—Peierls-type Hamiltonians were later introduced
to incorporate both local phonon coupling and non-local, bond-modulating phonons [25,
181], providing a more realistic description of charge transport in molecular and organic

crystalline systems.
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7 Single Charge Carriers in Organic Semiconductor Devices

However, charge transport in amorphous OSCs is dominated by structural and energetic dis-
order [25], which gives rise to inherently stochastic transport dynamics rather than periodic-
lattice behavior. Although the above theoretical frameworks offer essential microscopic
insight into electron-phonon interactions and transport mechanisms, their straightforward
application to arbitrary, fully disordered, non-periodic systems is highly challenging. This
limitation motivates the development of alternative, computationally tractable approaches

specifically suited to modeling charge transport in amorphous OSCs.

At the heart of all models lies the transition probability for a charge carrier to switch the
sites it is localized on from the initial state (i) to the final state (f), that can be accounted for
as the transfer rate (k;r) of the charge carrier, evaluated from molecular descriptors. From
this transfer rate, for instance, the diffusion coefficient can be accounted for and thus the
mobility can be computed [25, 177, 182]. When computing the transfer rate within Marcus
theory or the ML]J framework, the key descriptors are the driving force, electron-phonon
coupling (Huang-Rhys factor and reorganization energy), as well as the electronic coupling

(transfer integral).

In large amorphous systems, due to the strong electronic disorder, charges can be trapped
in deep-lying, localized trap states [32]. In doped OSCs, counterions can lead to traps due
to their attractive Coulomb potential [183]. Moreover, the strong electron-phonon coupling
lead to self-trapping of the charges on specific OSC sites, hindering the charges to hop and
thus may impede transport [184]. The local morphology can strongly impact the hopping
rate [25, 112] and nanoscale morphology as well as grain boundaries can impact the overall
connectivity between molecular sites and thus the transport pathway and mobility [176].
Based on evaluation of quantum-mechanical properties and transfer rates, (kinetic) Monte

Carlo simulations can be performed to estimate the macroscopic quantities [185-188].

In this thesis, a contribution is made with a particular focus on identifying charge-transport
descriptors at the molecular scale. Two polymers (PCPDT—BT and P3HT) are investigated in
a positively-charged dimer configuration. Specific vibrational modes within each dimer are
found to facilitate charge transfer through strong intermolecular electron-phonon coupling.
AIMD simulations further reveal changes in the electron distribution that can be linked
to charge-transfer processes. Building on these observations, the dimers are conceptually
decomposed into their constituent monomers, allowing the adiabatic dimer representation
to be interpreted loosely in terms of diabatic monomer states. This approach highlights
that the polaron energy levels of isolated monomers serve as an excellent descriptor for

predicting charge-transfer events.
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The results presented in this chapter were previously published and are reproduced be-
low. Reprinted from F. Bauch et al., Dynamics-induced charge transfer in semiconducting
conjugated polymers, Journal of Materials Chemistry C 11, 12992-12998 (2023), https://-
doi.org/10.1039/d3tc02263c. Copyright © 2023 The Royal Society of Chemistry. The supple-

mentary information can be found on the journal’s website.
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The mechanism of charge transport in semiconducting conjugated polymers is of fundamental
importance. The role of polymer dynamics therein is considered crucial but is not yet fully explored. In
the present work, we combine density functional theory (DFT) and ab intio molecular dynamics (AIMD)
simulations to study the dynamics-induced charge transfer (CT) in ordered bi-molecular systems of the
widely investigated polymers PCPDTBT and P3HT, respectively. By using static DFT calculations, we
show that interchain CT in the bi-molecular systems is induced by the vibrational dynamics and
significant coupling of electrons to specific vibrational modes. Furthermore, our AIMD simulations
capture interchain and intrachain CT providing valuable insights into polaron energetics during the CT
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1 Introduction

Organic semiconductors (OSCs) are finding numerous applica-
tions in electronic devices such as light-emitting diodes,'™
transistors,”* and photovoltaic heterojunctions,®” where excel-
lent electronic transport properties are highly desirable.® As
with inorganic semiconductors, there has been considerable
interest in increasing and optimizing carrier concentration in
OSCs, and various doping methods have been developed with
increasing understanding at the molecular level.”™ On the
other hand, the intrinsic charge mobility in OSCs is of funda-
mental importance.'**®

However, the theoretical description of charge mobility of
0SC at the molecular level remains a challenging task."®> By
comparison, the methodologies for the conductivity of crystal-
line solids are comparably well developed. Boltzmann transport
equation (BTE) in the relaxation time approximation, based
on the electronic band structures and perturbation treatment
of phonon-electronic scattering, has been widely used to
describe the conductivity of inorganic semiconductors at the
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first-principles level.>' Nevertheless, the application of BTE in

OSC materials is difficult due to the significant electron-
phonon coupling (EPC), as well as the less dispersive bands
and the mostly amorphous molecular order in the OSC
films."***

In the strong EPC limit, carrier hopping is considered the
primary mechanism of transport in 0SCs.>*>® The hopping
picture is often combined with numerical methods such as
kinetic Monte Carlo to statistically investigate details of OSC
transport, such as structural order or disorder and doping
efficiency.>®®” Nevertheless, in the regime of comparable
strengths between EPC and electron transfer integral, neither
the band-structure transport nor the hopping picture is well
applicable.'®?® In that case, the combination of the Kubo
formula, which presents a general formalism for the carrier
mobility, with model Hamiltonians is finding increasing
research interests in recent years, with different designs of
Hamiltonians and theoretical approaches that have been
proposed.”*? For example, the transient localization (TL)
theory uses a Hamiltonian which couples charge carriers
linearly to the intermolecular motion, and efficiently reconciles
the contradiction between the band-like extended charge car-
riers and localization phenomena.*® Recently, Shuai et al.
proposed a density matrix renormalization group method to
treat the non-local EPC, and identified different physical pic-
tures in different regimes as a function of transfer integral and
non-local EPC.***

This journal is © The Royal Society of Chemistry 2023
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The theories and methods described above often allow for
deep physical insights into electronic transport and EPC. How-
ever, being based on simplified model Hamiltonians they do
typically not capture all the details and dynamical features of
charge transfer in OSC aggregates, where van der Waals inter-
action dominates the intermolecular or interchain interaction,
which results in significant anharmonic features in the
dynamics."® Furthermore they are mostly applied to transport
problems in molecular OSCs, mostly with good structural
order, but less for the transport in semiconducting conjugated
polymers (CP).">3%%7 For the latter systems ab initio molecular
dynamics (AIMD) are capable of a fully microscopic and
detailed description of the charge transfer dynamics in CP
aggregates of finite size.

Conjugated polymers constitute a major class of OSC mate-
rials and in doped CPs the charge carriers are mostly polarons.
The transport properties of CPs are directly involved with the
intrachain and interchain transfer of polarons.?® The electronic
band structure of CPs typically has modest dispersion and can
contribute to the intrachain carrier conducting. The interchain
transport, and its interplay with the intrachain process, are
considered to play an important role as well, but the mecha-
nistic understanding of the latter are still limited. Bearing the
significant EPC in CP systems in mind, a comprehensive
description of charge transfer (CT) processes and polymer
dynamics at the molecular level is highly desirable for a distinct
picture of EPC and carrier hopping in CPs. In this work, we
investigate the dynamics-induced CT process by using quan-
tum chemical calculations, with the emphasis on the inter-
chain CT. To this end, we consider a bi-molecular aggregate in
stack configuration of two p-type conjugated polymers with +1e
total net charge. The dynamics of the polymer aggregates are
addressed in two ways. First we address the vibrational normal
modes of the aggregates and investigate how the displacement
along vertain vibrational modes induces interchain CT. Then
we perform full AIMD simulations of the polymer aggregates
and observe the dynamics-induced interchain CT process,
including the intrinsic anharmonicities. In the dynamical data
we find that the energetics of a single oligomer’s polaron is
closely related to the interchain CT. Moreover, we find that the
structural order of the polymer aggregates studied leads to
polaron stabilization. We propose that an over-stabilization of
the polaron due to the well-stacked aggregates could confine
the polaron within the ordered domain and may be difficult to
transfer to the neighboring less ordered polymer, and therefore
a slightly less structural order of polymer aggregates could be
favorable to induce interchain CT. On the other hand the same
polaron stabilization may also increase the energy cost for the
polaron to hop into the surrounding matrix of the CP film.

2 Systems and computational details

In this work we investigate the donor-acceptor alternating
polymer poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta [2,1-b;3,4-
b'|dithiophene)-ait-4,7(2,1,3-benzothiadiazole)] (PCPDTBT) and

This journal is © The Royal Society of Chemistry 2023
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the polymer poly(3-hexylthiophen-2,5-diyl) (P3HT) as shown
in Fig. 1a and b. The lengths of the oligomers are chosen to
be 4 donor units and 3 acceptor units for PCPDTBT, follow-
ing our previours works,*>*° and 9 repeat units for P3HT.
For simplicity the alkyl side chains of the polymers chains
are replaced by H atoms. The geometries of the polymer
aggregates with +le net charge are optimized and the
vibrational normal modes are calculated. Based on the opti-
mized geometries, the deformed geometries of the polymer
aggregates according to certain normal modes are prepared
by using manual displacement functionality provided in
GaussView6*" software with the same shift increment ratio.
The amplitudes of the shifts, or the actual displacement of
each atom, are around 0.01 Angstrom by 10% shift, but can
be different between the modes, since the normal coordi-
nates of the modes, as well as the reduced masses, are
different from each other, while the energy costs caused by
the shifts are presented in Fig. 1.

In the present work we use the range-separated cam-B3LYP
functional together with the 6-31g(d) basis set for a sufficient
description of the CT transfer character as in our previous work
on doping 0SCs.*>**>%3 yan der Waals interaction correction
is included by using the Grimme D3 method with Becke-
Johnson damping function.****> The DFT calculations are per-
formed by using Gaussian16® package. The Hirshfeld charge
decomposition presented in Fig. 1, which was shown to agree
well with other charge decomposition schemes,***” was per-
formed by using Multiwfn software.*® The charge decomposi-
tion results for the AIMD simulations shown in Fig. 2 use
Mulliken decompsition scheme, which is implemented in
ORCA." The AIMD simulations of the polymer aggregates with
+1e net charge are performed for the temperature 293 K,
controlled by using the Berendsen thermostat with a time
constant of 10.0 fs. This value is suitable to reduce the tem-
perature fluctuations during the simulation without strongly
coupling the system to the thermostat and thus strongly
affecting the dynamics of the system.

Since the occupation of virtual orbitals at this temperature is
low, and no optical electronic excitation is involved, in the
present work we considered only electronic ground state and
did not include non-adiabatic effects.>*>*

The time step for the molecular dynamics (MD) simula-
tion is 1.0 fs. At each MD step, the DFT calculation also uses
cam-B3LYP functional and 6-31g(d) basis set. The simula-
tions started with the optimized geometries with different
initial velocities from a random initial velocity distribution
of 293 K for all atoms. The AIMD simulations are performed
by using ORCA software package.*® We would like to note
that energy differences between occupied and unoccupied
molecular orbitals are known to be largely overestimated
with the use of the cam-B3LYP functional for the materials
studied here,*®*° so that only relative alignment and changes
of energy levels for different systems should be interpreted as
being physically relevant. More background information of
AIMD and Berendsen thermostat is presented in a Computa-
tional Methods section in the ESI.{
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Fig. 1 Chemical structures of PCPDTBT (a) and P3HT (b). Color code: black for N, yellow for S, grey for C and white for H, as well as the optimized
aggregates with 1 +e net charge. Also shown are the calculated LUMO orbitals as a representation of the polaron, and the Hirshfeld charge of each
polymer chain. (c) and (d) Vibration induced charge transfer in cationic PCPDTBT (c) and P3HT (d). Upper: Calculated vibrational IR spectrum of the
aggregates, labelled with the mode numbers of the three strongest normal modes. Lower: Variation of Hirshfeld net charge on the lower chain as well as
the energy change of the aggregate for displacement along each of the three strongest normal modes as examples.

3 Results and discussion
3.1 Charge transfer modes

The oligomers in the optimized aggregates of both PCPDTBT
and P3HT show almost planar configurations, which is typical
for positively charged CP. The calculated Hirshfeld charge
values show that the +1e net charge is actually shared between
the two oligomers (Fig. 1a and b), indicating significant hybri-
dization of the electronic orbitals of the two oligomers. In such
open-shell electronic structure, the positive +1e net charge on
the polymers, or polaron, can be well represented by the
calculated B-LUMO (lower in energy than the o«-LUMO), which
verifies the electronic hybridization in the aggregates.

To probe the possible dynamics-induced interchain charge
transfer, we start by examining the vibrations of the aggregates.
Given the large number of the normal modes, we restrict
ourselves to the three strongest modes as marked in Fig. 1c
and d, and investigate the variations of energy and charge
distribution caused by each of these modes. We note that these
modes are only shown as examples and other modes could also
show qualitatively similar behavior. Selecting the most intense
modes seems to be a natural approach, even if there is no clear
correlation between IR mode intensity and contribution to
charge transfer. For the PCPDTBT aggregate, the vibrations in
these three modes (Fig. 1c) lead to only modest charge transfers

12994 | J Mater. Chem. C, 2023, 11, 12992-12998

around 0.1e with energy costs of around 5 eV. For the P3HT
aggregate (Fig. 1d), whereas the mode 235 and mode 293 see
insignificant interchain CT, a significant interchain CT of
around 0.7e is observed in mode 258 accompanied by an energy
cost as high as more than 4 eV, demonstrating that vibration-
induced interchain CT in this aggregate is in principle possible
but could be energetically highly demanding.

Taking the mode 235 (without interchain CT) and mode 258
(with interchain CT) of P3HT aggregate as the examples, the
polaron orbitals of the aggregate at different geometric posi-
tions of the normal modes are also observed by single point
calculations, as presented in Fig. S1 (ESIf). In the vibration
process of mode 258, the polaron transfer from one oligomer to
the other is clearly seen, as expected. Interestingly, the polarons
show also back-and-forth movement along the backbones of
the oligomers in both mode 235 and mode 258. This back-and-
forth motion of polaron driven by normal modes is well known
for conjugated polymers,”> which does not depend on our
system and is more universal than interchain CT. Moreover,
the possible vibration-induced interchain CT in the polymer
aggregates of shorter lengths are also examined. Fig. S2 (ESIY)
demonstrates the results for the PCPDTBT aggregate with
oligomers of 2 donor units and 2 acceptor units, and for
P3HT aggregate with oligomers of 5 repeating units. Interest-
ingly, multiple modes of both PCPDTBT and P3HT aggregates

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 Charge transfer dynamics for cationic polymer aggregates in MD simulations. Four different MD simulations with the same optimized initial
geometry but different initial velocities for PCPDTBT (a) and P3HT (b) are presented. Left panel: The evolution of net charge of the same polymer chain
(the bottom chain) along different MD trajectories. Right panel: The distribution of the polaron, represented by the calculated B-LUMO orbital, at three

different time points of a charge transfer process in MD trajectory 4.

are found leading to significant interchain CT with typical
energy costs less than 1 eV, implying that the aggregate length,
or the finite length confinement, could play a role in the
vibration-induced interchain CT. The significant motion of
charge distribution driven by harmonic normal modes, both
the polaron oscillation in the oligomer backbone and the
interchain CT in the aggregates, can be taken as the equiva-
lence of the frozen phonon approximation in solid materials
and evidence the pronounced electron-vibration coupling in
the CP systems as mentioned before.

An interesting observation from the vibrations modes in
Fig. 1 as well as those in Fig. S2 (ESIt) is that the modes leading
to interchain CT are characterized by anti-symmetric stretching
patterns of the same corresponding C-C bonds of both poly-
mers, while the modes without interchain CT exhibit sym-
metric bond stretching patterns. It should be noted that the
normal modes addressed in Fig. 1 could be populated by less
than 1% under room temperature, and have virbation periods
around just 30 fs, and therefore can hardly represent the actual
dynamic process, which will be addressed in next section by
AIMD simulations.

3.2 Dynamic charge transfer

Compared with investigating the selected harmonic normal
modes, MD simulations provide a more realistic pictures of

This journal is © The Royal Society of Chemistry 2023

the dynamics and incorporate both harmonic and anharmo-
nic contributions. For both PCPDTBT and P3HT, we perform
AIMD simulations to capture the interchain CT behavior.
Fig. 2 shows the charge distribution of both aggregates along
the MD trajectories from different initial conditions. Quite a
few interchain CT occurrences can be identified by the
change of around 0.7e in the net positive charge on a single
polymer chain in the early phase below 150 fs and also in the
later phase at times past 300 fs for PCPDTBT. We note that
the system before around 150 fs is in an equilibrating
process, from the total energy evolution shown in Fig. S3
(ESIY). For several trajectories the interchain CT occurs more
than once before a relatively long time of stabilization. Fig. 2
shows also the calculated polaron orbitals at different time
points of the interchain CT processes of two representative
trajectories. At the middle time point of the CT process, the
polaron is nearly equally shared between the two oligomers,
which reflects the variation of electronic coupling between
the oligomers resulting from the geometric change of the
aggregates in the dynamic process. The distribution of the
shared polaron clearly shows a continuous CT process, with a
nearly equal weight between the two polymers at the middle
time point. It is interesting to view the CT process as the
preference of the polaron at different polymers and analyze
the role the polaron energetics therein.

J. Mater. Chem. C, 2023, 11,12992-12998 | 12995
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The variation of the two polymer chains’ oligomer polaron energies along the MD simulation trajectory are shown in the upper part, accompanied by the

charge transfer in the same trajectory shown in the lower part.

An intuitive mechanistic understanding of the interchain
CT, or polaron preference, could be acquired by considering the
single oligomer polaron energies, namely the polaron energies
on the two separated oligomer geometries, respectively. In
detail, for a certain MD simulation, the polaron energy is
calculated for each oligomer with fixed geometry at each time
point in the dynamics to gain an estimation which oligomer is
energetically favored by the polaron. Note that since a polaron
is a positive net charge and represented by an unoccupied
orbital, the higher energy level indicates the energetic prefer-
ence. Fig. 3 shows the results for the respective trajectories 4
of PCPDTBT and P3HT, respectively. A clear correspondence is
found between the preference indicated by the two oligomer
polaron energies, and the calculated charge distribution in the
aggregate. For PCPDTBT (Fig. 3a), in the time interval between
t =20 fs and ¢ = 68 fs, the oligomer polaron energy of the lower
chain (red curve) is lower-lying than that of the upper chain
(black curve). Correspondingly, in this time interval the lower
chain hosts less than +0.4e charge, indicating less energetic
preference of polaron. After ¢ = 68 fs the polaron energy level of
the lower chain turns higher than that of the upper chain,
which is accompanied by the increased weight of the polaron
(around +0.8e). Similarly, along the trajectory of P3HT (Fig. 3b),
the relative positions of the two oligomer polaron energies
switches several times, the time points also agree well with
the interchain CT events. The results show that the single
oligomer polaron energy can be an indicator of the energetic
preference of the polaron on a single chain to reflect the trend
of the interchain CT events. In this sense, the trend of polaron
transfer could be estimated based on its energetics as a single
particle. In addition, since the oscillation of single polaron
energies, as the result of intrachain vibration, is apparently
faster than the interchain CT, as can be seen from Fig. 3, our
results support the separated treatment of intrachain EPC and
interchain EPC in model Hamiltonian studies.??"**

In the dynamic process shown in the trajectories, from
around ¢ = 100 fs the temperatures and the total energies of

12996 | J Mater. Chem. C, 2023, 11,12992-12998

the systems tend to stabilized and show no apparent changes
corresponding to the interchain CT events, as shown in Fig. S3
(ESIY). This indicates that the interchain CT is an energetically
continuous process driven by the dynamics of the aggregates,
and in this sense, of the same nature as the intrachain polaron
motion along the polymer backbone. In both cases, the polaron
is actually shared by the two oligomers of the aggregates, and
the interchain CT shown in Fig. 2 could then be taken as the
motion of the shared polaron within the aggregate but across
the polymer backbones.

It is interesting to compare the energetic position of the
shared polaron with that of the polaron on a single oligomer. As
shown in Fig. 4, for both PCPDTBT and P3HT, the energy levels
of the shared polaron in the dynamical process oscillates in the
vicinity of the shared polaron’s energy of the optimized aggre-
gates, indicating that the latter can roughly represent the
spectral position of the shared polaron in the dynamics. The
shared polaron in the optimized aggregate is energetically
higher than the polaron in the optimized single oligomer which
indicates a stabilization of the polaron (since the polaron is of
positive charge nature). This stabilization effect is significantly
larger for PCPDTBT (0.72 eV) than for P3HT (0.30 eV). Adding a
third oligomer to the aggregates leads to further stabilization of
the polarons, but less so for PCPDTBT (0.19 eV) than for P3HT
(0.28 eV).

Based on the insight that the polaron energy on an oligomer
could be an indicator of CT, as discussed with Fig. 3, we
presume that the stabilization of a polaron in the aggregate
could make the polaron transfer from the aggregate to a
neighbouring oligomer energetically less favorable. In that
context, it is interesting to note that for P3HT the oscillating
energy of the shared polaron in the dynamics can compensate
for the stabilization energy and dynamically reach the level of
the optimized single oligomer polaron. This may indicate a
possbility for dynamical polaron transfer away from the aggre-
gate to a neighbouring oligomer. By comparison, in PCPDTBT
the over-stabilization of the shared polaron in the aggregate

This journal is © The Royal Society of Chemistry 2023
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could lead to reduced odds of transfer to an oligomer even
under dynamic conditions. These findings indicate that the
strength of the stabilization of the shared polaron is material
specific and could play a different role for polaron hopping in
different OSC materials.

In summary, given the stabilization of the polaron, the
highly ordered and closely packed polymer backbones may
have two opposing effects. On the one hand, such structural
feature can in principle facilitate the delocalization of the
shared polaron and in turn lead to band-like transport, as
suggested in earlier studies. On the other hand, the stacking-
induced stabilization of the delocalized polaron tends to trap
the polaron in the ordered domain and may reduce the
dynamics-induced transfer outwards.

4 Conclusion

In the present work we examine the charge carrier transfer in
the electronic transport mechanism in CP. A particular focus
lies on the primary step, namely the interchain CT, which we
investigate based on AIMD simulations of a small CP aggregate.
This approach includes full microscopic details including the
anharmonic nature of the (van der Waals) interaction between
the polymer chains. The vibrational dynamics of the polymer
aggregate drives both the intrachain CT and the interchain CT.
We find that the polaron energetics associated with the geo-
metries of the oligomers in the dynamics is a good descriptor of
the interchain CT events. On the other hand, the interchain CT
is associated with a polaron dynamically shared between chains
in the aggregate, which by electronic coupling is energetically
stabilized with respect to the single oligomer polaron. As a
consequence the polaron transfer away from the aggregate onto
neighboring oligomers of a polymer film may be hindered by
this stabilization effect. This effect is found to be of different
strength in the two materials studied here, PCPDTBT and
P3HT. Our work provides important insights into the processes

This journal is © The Royal Society of Chemistry 2023

underlying interchain charge transfer in CPs, and suggests
valuable indicators related to charge mobility in OSC films.
With these first insights into the effects of dynamics, future
work will be devoted to ensemble systems for a more profound
mechanistic understanding of charge transport in OSCs.
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Photoexcited Charge Carriers
in Organic Photovoltaic

Devices

As renewable energy has become one of the fastest-growing sectors worldwide, under-
standing the mechanisms of photoinduced charge generation has become increasingly
important. Organic photovoltaic cells (OPVs), which convert light into electrical energy,
are a promising class of low-cost and versatile solar energy devices [6-9, 189-191]. OPVs,
in their simplest form, consist of an active layer, an anode, and a cathode. The active
layer is responsible for exciton dissociation and charge-carrier generation. Typically, the
active layer is arranged in a bulk heterojunction (BHJ) composed of a donor and acceptor
component, pioneered by the group of Alan Heeger [4, 5, 192, 193], or ternary composition
(three components). In the BH]J, the components finely interprenate each other, leading
subtle donor:acceptor interfaces at the nanoscale between the donor and acceptor phases,

as illustrated in Figure 8.1.

Upon illumination, photons are absorbed in the active layer, generating excitons in the
respective phases. However, due to the comparably high exciton binding energy, they are
inefficiently split into free charges (although charge generation in single-components are
reported [194, 195] as discussed below). Thus, these excitons then have to diffuse to the
donor:acceptor interface via various energy transfer processes [28]. At the interface, charge
transfer occurs: the hole moves to the donor and the electron remains in the acceptor
(exciton dissociation), forming so-called interfacial charge-transfer (CT) states [45], as

shown in Figure 8.1.

This separation process is driven by the energy difference between the CT state and the
locally excited (LE) state (AE = EST—E'E), or more general, due to the energy offset between
the orbital energy levels, which explains the use of at least one donor and one acceptor
component in the active layer. The separated charges are transported through their respec-
tive materials and collected at the anode and cathode, generating photoinduced current.

Moreover, other layers, such as electron and hole transfer layers, can be incorporated to
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Figure 8.1: Active layer in OPVs. Structure diagram of a typical bulk heterojunction
OPV. In the active layer, photoinduced excitons in the donor or acceptor phase diffuse to
the donor:acceptor interface. At the interface, they dissociate into charge-transfer states
which subsequently separate into free charges that will be transported in the respective
phases towards the electrodes. The mechanism is illustrated in a single-particle picture
on the right; local polarization effects are not illustrated. (1) The exciton diffuses towards
the interface; (2) the exciton at the interface undergoes charge transfer (CT) to form a
charge-transfer state (3); and (4) the charges separate further leading to the generation of
free charges.

optimized the device functionality.

The primary metric used to evaluate OPV performance is the power conversion efficiency
(PCE), which quantifies the ratio of the electrical power produced by the device to the

incident optical power [196]:

Poutput _ Jsc X Voc X FF

PCE = : (8.1)

incident P incident

where Piycident denotes the incident light power, FF the fill factor, Voc the open-circuit
voltage, and Jsc the short-circuit current density. The quantity Jsc represents the maximum
current density under illumination at zero external bias and is governed by light absorption,
exciton diffusion, charge separation, and charge extraction. The open-circuit voltage Voc
corresponds to the maximum attainable voltage in the absence of current flow and is
approximately determined by the energy difference between the donor HOMO and the
acceptor LUMO, minus energetic losses. These losses arise from the offset AE as well as
additional radiative and non-radiative recombination processes. The fill factor FF reflects

how effectively the device converts voltage and current into usable power.

Achieving a high PCE therefore requires strong light absorption, well-aligned energy
levels that minimize losses while providing adequate driving force, high exciton diffusion

efficiency (i.e., limited recombination prior to charge-transfer state formation), and efficient
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charge separation at the interface and further transport.

The emergence of non-fullerene acceptors (NFAs), in particular Y6 and its derivatives [197-
200], has boosted the PCE in combination with donor polymers in the last years. While
fullerene acceptors show low PCE values around a few percent, today, state-of-the-art
OPV devices reach typical values of Voc of 0.7-1.0 V, Jsc of 10-25 mAcm™2, and FF of
60-80% [41, 201, 202], reaching remarkable PCE values reaching up to 21% [42, 203, 204]
for highly optimized systems. The reason for this drastic increase in recent years has been
the optimization of opto-electronic properties through chemical modification, as well as
the improvement of beneficial morphology, for example via side-chain engineering [205-
208], optimized OSC:solvent interactions [209], and the use of solid additives to promote

favorable molecular packing and phase separation [210].

In this section, a brief description of the charge generation process governed by the elec-
tronic state manifold in OPVs is provided. Moreover, relevant photo-physical properties
(such as driving force, reorganization energy, .. .) are related to the device performance.
Afterwards, the intrinsic dynamics of the exciton and corresponding properties that govern

the exciton lifetime and exciton splitting are discussed.

8.1 Device Principle on Excited State Manifold

To describe the exciton dissociation process, the excited states are labeled according to their
character, i.e., as locally excited (LE) or charge-transfer (CT) states. The spin multiplicity is
indicated as a superscript preceding the state label, while the energetic ordering is denoted
by a subscript. For example, the lowest-energy singlet LE and CT states are written as 'LE,

and 'CTj, respectively.

Turning to a specific description of the processes at the interface, multiple different pathways
are available, as shown in Figure 8.2: the charge generation process is initiated by a transition
of the singlet 'LE state to a singlet !CT state (1), followed by charge separation into CS states
and ultimately free charges (FC) (2) that contribute to the photocurrent. Spin-orbit coupling
enables intersystem crossing between singlet and triplet states (\LE/'CT < 3LE/CT) (3),
while transitions between *LE and *CT states may also occur (4). Moreover, energy transfer
processes can convert J’LE states from the higher-gap material to »>LE states at the lower-
gap material (not illustrated). Owing to the central role of the CT state, transitions involving
electron transfer are explicitly identified and labeled to distinguish them from the broader

classes of internal conversion and intersystem crossing.
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Figure 8.2: Excited-state manifold for charge generation and recombination in
OPVs illustrated as a Jablonski diagram. After absorption of low- or high-energy photons,
the resulting singlet exciton can (1) form a singlet charge-transfer (CT) state at the interface,
which (2) separates into a charge-separated (CS) state, leading to free charge-carriers (FC)
and charge transport. General loss processes include (3) intersystem crossing leading to
triplet excitons or triplet CT states, (4) formation of triplet excitons from triplet CT states,
and geminate recombination of CT states and excitons. (5) Free charges may reform CT
states or undergo non-geminate recombination. (6) Internal conversion to lower excited
states can occur, modifying relaxation pathways. Some transitions are omitted for clarity.
Energy levels are shown schematically and do not necessarily reflect the actual energetic
alignment. Vibrational relaxation, energy transfer processes, and exciton-exciton annihila-
tion are not shown.

General loss processes include intersystem crossing to triplet 3LE or triplet >CT states (3), as
well as charge transfer from triplet 3CT to triplet >LE states (4). Furthermore, free charges
as well as 3CT and “LE states may undergo geminate recombination (recombination
of charge carriers generated in the same event) either radiatively or non-radiatively. In
addition, internal conversion to lower-lying excited states may occur (6), thereby modifying

relaxation pathways and promoting non-radiative decay.

Due to (non-)radiative recombination, losses in both the Jsc and V¢ arise. For the latter,
the non-radiative voltage loss (AVggn'rad) stemming from the 'CT states can be estimated

from the electroluminescent external quantum efficiency (EQE,)) as [196]:

PDe krad

_— 8.2
Pekrad + knon—rad ( )

k, T
AVEE ~ —”7 In(EQE,) , with EQE,,
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Here, g denotes the elementary charge, kp the Boltzmann constant, T the temperature, and

pe the emission probability.

A highly emissive material (in particular, the lower-gap material) thus can lead to reduced
non-radiative voltage loss [30, 211] by possible re-absorption of the photons. The non-
radiative decay rates kyon-rad from CT states can be computed via Marcus theory or the MLJ
framework and the radiative decay k;,q via Einstein coefficient relation for spontaneous
emission. Likewise, the conversion from “3LE states to »*CT states can be modeled via

Marcus theory or the ML] framework.

After formation of the free charges, these diffuse through their respective phases to the
electrodes, thus, a high, uniform and balanced p- and n-mobility of the materials is required
to optimize Jsc. Free charges, however, can non-geminately (originating from different
events) recombine towards a singlet or triplet CT state and then follow the different cascades
again (transition (5) in Figure 8.2), leading to additional losses in both the Jsc and Voc. Due
to spin-statistics, the singlet:triplet ratio of non-geminated recombination of uncorrelated
charges is 1:3, again highlighting the relevance of triplet states in the system. Moreover,
also non-geminate singlet (and triplet) exciton annihilation processes can occur, leading to

additional losses in the Jsc.

It has been readily shown, that the local morphology at the D:A interface can strongly impact
the device performance. Due to energetic disorder in the electronic state manifold (singlet
and triplet excited-state energies, driving forces, and electronic couplings), the exciton
dissociation, charge-separation efficiency as well as charge transport is strongly affected
[45, 90, 212-214]. Minimized electronic disorder was shown to increase the overall device
performance [31]. Thus, optimizing the interfacial morphology with detailed understanding
of the photo-physical processes on the molecular scale, and minimizing disorder are most

relevant in optimizing local charge-generation efficiency and reduce losses.

A large change in the electric dipole moment of the 'LE state relative to the ground state
(Ap) was shown to generally increase the charge-separation yield [215-218], which can
be attributed to a more separated electron and hole wave function lowering the Coulomb

binding in an intramolecular charge-transfer (i-CT) state.

Besides CT states at the D:A interface and the i-CT state, intra-moiety excimer-like states
(i-EX, i.e., CT states within the same moiety) in NFA Y6 aggregates were observed and
correlated to strongly increase charge dissociation efficiency [219-222]. Moreover, small

aggregation of the donor molecule or polymer was also shown to be beneficial due to
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delocalization effects of the hole and electron in the CT state as well as environmental

polarization effects [223].

It has been shown that increasing the !CT energy relative to the 'LE energy reduces voltage
loss [211, 224], which is accompanied by a reduced driving force. However, it has been
shown that NFAs with low driving force can still achieve high PCEs [30, 225]. This can be
partially supported by promoting hybridization between LE and CT states, which is induced
by strong electronic coupling between LE and CT states due to small energy differences

and reduced non-radiative losses due to emitting CT states [226].

In general, it is advantageous to reduce the singlet-triplet energy gap of the components
(AEST = E™! — AESY), thereby increasing the probability of thermalization of the *LE state to
the >CT state and thus reducing losses via triplet excitons [227]. In addition to optimizing
the energy levels of the OSCs, it has been shown that reducing the reorganization energy
(electron-phonon coupling) of the LE states, CT states, and charge transport levels overall

leads to a reduction in energy losses and recombination [228].

The initial exciton can be excited to its lowest excited state ('LE,) or to higher-lying excited
states ('LE,), which are referred to as cold and hot states, respectively, with the latter being
attributed an excess of energy compared to the lowest state (see Figure 8.2). Hot states can
also be populated by energy transfer processes from a LE state of the higher-gap-material.
Owing to internal conversion, such hot states typically relax rapidly to cold states, as
shown in Figure 8.2 as transition (6). In some contexts, hot states are alternatively classified
as vibrationally excited 'LE; states that arise from above-gap excitation, leading to the

population of higher vibrational levels within LE,.

Analogously, the population of interfacial CT state can be inherently cold or hot. The role
of hot LE and CT states remains a subject of ongoing debate [229]. While some studies
report that the CT dissociation efficiency is largely insensitive to whether CT states are
formed hot and cold [230, 231], other studies suggest that excess energy associated with hot
CT state formation enhances charge dissociation [232, 233]. Furthermore, the relaxation
of hot CT states to cold CT states is proposed to set an upper time limit for competing

processes at the interface, thereby influencing the efficiency of charge separation [234].

The next section explains the dynamics of the 'LE states, which exhibit i-CT character for
molecular systems comprising donor and acceptor architectures, and its significance for

the charge-separation process.
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8.2 Dynamics of the Exciton

A detailed investigation of the dynamics of hot and cold excitons provides valuable insight
into the processes governing OPVs. In particular, such studies deepen the understanding
of molecular properties that control exciton lifetimes, which ultimately constrain exciton
diffusion lengths [28], and clarify how the intrinsic nature of excitons can enhance charge-
separation efficiency. The diffusion length of the exciton is reciprocal to its lifetime, thus, a
high exciton lifetime is generally beneficial for device performance.! This is particularly
important because even for single molecular systems without donor:acceptor interfaces,
free charge-carrier generation has been reported after photoexcitation [194, 195]. This can
be attributed to the i-EX states [219-222], but the i-CT nature of the exciton on the donor
polymer has also been highlighted to explicitly yield polaron pairs [235-238].

In this context, it has been reported, particularly for donor-acceptor copolymers, that the
hot excitons promote the conversion of the original exciton state into i-CT states, which
convert into charge-separating species on the same polymer chain and are precursors for
free charge carriers within the first 200 fs after excitation [239-241]. Rapid planarization of
a m-bridge (< 400 fs) in donor-7-acceptor copolymers has been reported to increase the
i-CT lifetime [242], resulting in lower recombination. The free charge-carrier generation
from the i-CT state can be understood from a molecular picture: the i-CT state, which
is more polarized than a pure exciton due to a better separated electron and hole wave
function, can be separated more easily due to the weaker Coulomb attraction of the particles
[236].

Experimentally, the dynamics of excited states can be observed and analyzed through
transient absorption experiments (pump-probe experiments); from a theoretical perspective,
NA-AIMD simulations can be used to investigate the nature and corresponding dynamics
of excited states. For example, NA-AIMDs have been used to track hot and cold excited-
state transitions in thiophene monomers and dimers [243, 244], providing insights into
non-radiative decay mechanisms and the energy alignment of 'LE and !CT states during

the processes.

1 A high exciton lifetime or a low (non-)radiative decay rate of the exciton itself. In the active layer, a
high exciton lifetime can also indicate a poor donor:acceptor mixing, which hinders the population of
charge-transfer states and leads to a reduction of device performance.
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This thesis includes the following three contributions with focus on the donor:acceptor

interfaces as well as exciton dynamics:

86

1. The donor:acceptor interface of a novel NFA with a trifluoromethyl-substituted side

chain, namely Y,CFs, in combination with the polymer PM6 was modeled. Sub-
sequently, the opto-electronic properties were investigated and a comprehensive
evaluation of the exciton dissociation and geminate recombination at the interface
was performed. Moreover, the electron transport in Y,CF3 and the hole transport in
PM6 were investigated, illustrating highly efficient electron transport pathways. The
influence of local molecular packing motifs on exciton dissociation and on charge-
transport behavior was systematically analyzed.

This work was carried out during a research stay with the research group of Prof. Jean-
Luc Brédas in 2024. The results presented in this chapter were previously published
and are reproduced below. Reprinted from F. Bauch et al., Electronic Properties of Or-
ganic Solar Cells based on CFs;-Functionalized Non-Fullerene Acceptors, ACS Applied
Materials & Interfaces 18, 2200-2211 (2026), https://doi.org/10.1021/acsami.5c18819.
Copyright © 2025 American Chemical Society. The supplementary information can

be found on the journal’s website.

. Donor molecules with A-z-Core--A architecture were systematically modified to

investigate the influence of different electron-withdrawing terminal units and ex-
tended 7-delocalized bridges in the molecule on the opto-electronic properties and
on the transition rate constants for the formation of CT states in complexes with
NFA Y6.

The results presented in this chapter were previously published and are reproduced
below. Reprinted from F. Bauch et al., Designing High Performance Organic Donor
Molecules for Photovoltaics, Advanced Theory and Simulations, e01560 (2025), https://-
doi.org/10.1002/adts.202501560. Copyright ©2025 The Author(s). Advanced Theory
and Simulations published by Wiley-VCH GmbH. This article is licensed under a Cre-
ative Commons Attribution 4.0 International (CC BY 4.0) licence: https://creativecom-
mons.org/licenses/by/4.0/. No changes were made. The supplementary information

can be found on the journal’s website.

. The influence of the excited-state dipole moment and the Coulomb attractive en-

ergy of hot excitons on polaron-pair formation was investigated across four distinct
donor-acceptor polymer architectures. NA-AIMD simulations combined with statis-

tical ensemble analyses were performed to evaluate both the dynamical evolution
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and the static values of these parameters, which were subsequently correlated with
polaron-pair formation. The results reinforce the critical role of excited-state dipole
moments and Coulomb attraction in promoting this process.

The results presented in this chapter were previously published and are reproduced
below. Reprinted from F. Bauch et al., Dynamics of Electron-Hole Coulomb Attractive
Energy and Dipole Moment of Hot Excitons in Donor—Acceptor Polymers, The Journal
of Physical Chemistry C 128, 3525-3532 (2024), https://doi.org/10.1021/acs.jpcc.3¢07513.
Copyright © 2024 The Authors. Published by American Chemical Society. The sup-

plementary information can be found on the journal’s website.
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ABSTRACT: Efficient exciton dissociation and charge separation Y2CFs [y A 100

at donor/acceptor interfaces as well as balanced charge transport
within each phase are critical for advancing next-generation organic
photovoltaics. In this work, we study a trifluoromethyl-substituted
nonfullerene acceptor (NFA), Y,CF;, whose central-core fluori-
nated side chain modification induces favorable crystal packing and
markedly improves device performance (Cho et al, J. Am. Chem.
Soc., 147, 758 (2025)). Combining molecular dynamics
simulations and density functional theory calculations, we
comprehensively describe the electronic processes and charge
transport in PM6:Y,CF; blends and compare them to the o
benchmark PM6:Y6 blends. Y,CF; shows a red-shifted singlet v.cFs
local exciton ('LE) energy but nearly unchanged charge transfer

('CT) energies, narrowing the 'LE—'CT gap and enabling rapid conversion as precursor of charge separated states. Enhanced
electron transfer rates among Y,CF; molecules arise from strong terminal—terminal interactions as dominantly found in the Y,CF;
crystal structure. Thermal fluctuations are found to substantially enhance the hole transport rates in PM6, narrowing the disparity
between electron and hole transport. These findings clarify how targeted side chain fluorination at the NFA core can optimize
packing, charge separation, transport, and OPV efficiency.
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1. INTRODUCTION in optimized device morphology and improved charge
dynamics.

Despite these advancements, a critical challenge remains:
achieving a balanced interplay between donor and acceptor
materials. This includes not only aligning their energy levels
while maintaining complementary absorption characteristics
but also controlling the nanoscale donor/acceptor interface of
the BHJ, which plays a decisive role in exciton dissociation,
charge separation, and transport.'”~** Tailoring molecular
structures, particularly the design and placement of side chains,
has proven highly effective in influencing phase behavior,
intermolecular packing, and domain purity, all of which are key
to optimizing device performance.”*””

At the heart of organic solar cells lies the photoactive layer,
typically composed of a blend of organic semiconductors
arranged in a bulk heterojunction (BHJ) architecture
pioneered namely by the Heeger group 30 years ago.' * In a
BH]J, finely interpenetrating electron-donating (donor) and
electron-accepting (acceptor) phases facilitate efficient exciton
dissociation and charge transport. These organic photovoltaic
(OPV) devices represent a promising class of solar energy
technologies due to their potential for low-cost fabrication,
mechanical flexibility, lightweight construction, and compati-
bility with large-area, roll-to-roll processing.”~”

The power conversion efficiency (PCE) of OPVs surged in
recent years, now reaching values up to 21.0%."°~"” In addition
to the optimization of the BH]J architecture, this remarkable Received:  September 23, 2025 —~
progress is largely attributed to the development of non- Revised:  December 19, 2025
fullerene acceptors (NFAs), particularly the Y6 family of Accepted:  December 24, 2025
materials.">™'¢ These NFAs, based on a benzotriazole core Published: December 30, 2025
unit, exhibit finely tuned optoelectronic properties and
favorable molecular interactions with donor polymers, resulting
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Y,CF, Y11

CaHy

(a)

Figure 1. (a) Molecular structure of nonfullerene acceptors (NFAs) Y,CF; and Y11 investigated in this work alongside donor polymer PM6.
Terminal and core fragments of the NFA are highlighted in blue and green, respectively. The X and Y fragments of PM6 are labeled in red and
orange, respectively. Labels of a to g in the NFA and A to F in PM6 are used in the molecular packing analyses. (b) Illustration of the simulation

box for the MD-simulated PM6:Y,CF; blend.

However, even with side chain engineering, a persistent issue
in Y6-based and other systems is their strong sensitivity on
processing conditions and used solvents, which can hinder
reproducibility and limit large-scale fabrication. To address this
matter, recent strategies have focused on the incorporation of
functional side chains that mediate their interactions with
solvent and promote favorable morphology independently of
processing conditions. For instance, Zhang et al. reported that
attachment of polar oligo(ethylene glycol) (OEG) chains to
the central nitrogen of the Y11 benzotriazole core enables
stable and high-efficiency blends with the donor polymer PM6
that are insensitive to the processing solvents.””

Similarly, Cho et al. showed that the introduction of
trifluoromethyl terminated —(CH,),—CF; side chains to the
Y11 central core unit to yield Y,CF; acceptors, has a stron
effect on charge generation and charge recombination.”””
CF;-functionalization thus offers another avenue for improving
device photovoltaic efficiency and structural stability. In order
to shed more light on the effect of CF;-functionalization, we
investigate here the electronic properties of the Y,CF; acceptor
film and PM6:Y,CF; BHJ (Figure 1).>° We analyze the energy
landscape, including energetic disorder, optical responses, and
electronic couplings for both electron and hole transport.
Finally, the results are compared to those derived for the well-
studied Y6 and PM6:Y6 systems.

2. METHODS AND COMPUTATIONAL APPROACHES

2.1. Molecular Dynamics Simulations. All-atom molecular
dynamics (MD) simulations were conducted for both the Y,CF, neat
film and the PM6:Y,CF; blend with the LAMMPS (Large-scale
Atomic/Molecular Massively Parallel Simulator) package using the
OPLS-AA (Optimized Potentials for Liquid Simulations-All Atom)
force field>'* To accurately describe the intramolecular and
intermolecular interactions, the generalized OPLS-AA parameters
were tuned using long-range-corrected DFT calculations for atomic
charges, bond lengths, bond angles, and dihedral angles of PM6 and
Y,CF,.>*>%¢ Atomic charges were obtained by fitting the electrostatic
potential obtained at the wB97X-D/cc-PVTZ level of theory.’’ ™
Bond lengths and angles were taken from the PM6 and Y,CF;
molecules optimized at the @B97X-D/6—31G** level, while keeping
the original harmonic force constants. The dihedral potentials
between the core and the terminal group were also updated based
on the DFT (wB97X-D/6—31G**) scan of potential energy surfaces.
All DFT calculations were performed using the Gaussian 16
package.*

The Y,CF; neat films were generated through a multistage
isothermal—isobaric ensemble (NPT) MD. 200 Y,CF; molecules
were randomly packed into a cubic simulation box (172 A per side,
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~0.1 g/cm® density) with periodic boundary conditions using the
Polymatic code.*' The system was equilibrated at 650 K and 1 atm for
15 ns. Subsequently, it was cooled from 650 to 300 K at a rate of 20
K/ns, followed by an additional 15 ns of equilibration at 300 K and 1
atm to obtain amorphous films. The final 5 ns of the NPT trajectory
were used for analysis. All MD simulations employed the velocity-
Verlet integrator with a 2 fs time step, with temperature and pressure
controlled via the Nosé-Hoover thermostat and barostat. The van der
Waals interactions were considered using a cutoff of 12 A and long-
range electrostatics were computed with the particle-particle-particle-
mesh (pppm) method. To minimize bias from initial configurations,
three independent simulations were performed. For the PM6:Y,CF;
blends, ten PM6 polymer chains (each consisting of 20 repeat units)
and 180 Y,CF; molecules were randomly packed in a cubic simulation
box (500 A per side, ~0.007 g/cm’) with periodic boundary
conditions also using the Polymatic code.*' The same MD simulation
protocol as employed for the Y,CF; neat films was applied to the
blend system. The densities for the acceptor thin films and
PM6:Y,CF; blends were calculated to be 1.17 and 1.16 g/crn3,
respectively, which lies well within the experimentally measured range
of 1.128—1.256 g/cm3 for Y,CF; thin films.>® For subsequent DFT
calculations, monomers and dimers/complexes were extracted from
snapshots of the MD simulations using the Pysimm toolkit.** Dimer/
complex selection was based on the number of “close contacts”
betvzieg} adjacent molecules, defined as interatomic distance less than
4 A7

2.2. Electronic-Structure Calculations. The electronic struc-
tures of the monomers and dimer pairs were calculated using long-
range corrected DFT and its time-dependent variant under Tamm-
Dancoff approximation (TDA-DFT). The DFT calculations were
based on the wB97X-D functional and the 6—31G** basis set.
Ground-state DFT calculations were performed using the Gaussian 16
package®® and the TDA calculations were carried out with the Q-
Chem $.4.0 package.43 The screening parameter @ was set to 0.01
Bohr ™! as determined by a gap-tuning approach applied for the Y,CF,
acceptor.**** All calculations included a dielectric environment
modeled via the polarizable continuum model (PCM) with a
dielectric constant & = 3.0, which is a reasonable value for organic
semiconductors and was extensively used in our previous studies on
Y-family of acceptors.'”>*3%4

2.3. Transfer Rate Evaluations. To evaluate electron and hole
transport rate constants, a large number of Y,CF;/Y,CF; and of
PM6/PM6 dimers were extracted from MD results. The related
electronic couplings (transfer integrals) were computed using a
fragment orbital approach, based on the lowest unoccupied molecular
orbital (LUMO) and the highest occupied molecular orbital
(HOMO) levels of the isolated molecules for electron and hole
transport, respectively.*”*’ The transfer rate constants are then
obtained within the semiclassical Marcus-Levich-Jortner (MLJ)
formalism'7*%*°

https://doi.org/10.1021/acsami.5c18819
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TT (45%)

TC-CT (37%)

CC (18%)

’
-

Figure 2. Representative packing configurations commonly observed in the simulated thin-film and blend, extracted from MD simulations. Top:
Y,CF; dimer configurations. Bottom: PM6:Y,CF; complex configurations. The Y,CF; and PM6 backbones are shown in purple and gray,

respectively. Side chains are omitted for clarity.

2—”VZ(FCWD)

2” qm ~(AE+7+nhiay, ) /44 kT

1/471'/1 J, T 2 z (1)

Here, (FCWD) denotes the Franck—Condon-weighted density of
states; V, the electronic coupling; Ay the classical reorganization
energy from low-frequency modes; S, the Huang—Rhys factor; and

B gy the reorgamzatlon energy associated with high-frequency modes,
with gy = A0Sy T is the temperature set to 300 K (room
temperature), k,, and h denote the Boltzmann and reduced Planck
constants, respectively. The nonradiative charge transfer rates in
PM6:Y,CF; complexes are also computed via eq 1, where V is
evaluated using the generalized Mulliken-Hush (GMH) scheme.>°
For intersystem crossing (singlet—triplet transitions), V corresponds
to the spin—orbit coupling. The 4 and S, parameters are provided in
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Supporting Information Section SC. The nonradiative decay rates
from the singlet LE exciton states to the ground state were evaluated
withing the nonadiabatic coupling (NAC) model,”"** in combination
with the thermal vibrational correlation function approach,>™° as
implemented in the MOMAP package.56 Radiative recombination
rates are determined using the Einstein coefficient relation®®*”

_ fXE X f(n)
L5 (2)

with f the oscillator strength, E the adiabatic emission energy (E3, in

em™), and f(n) =

n(n”+2, . . .
u, assuming a refractive index of n = 1.4,

which is appropriate for organic systems. The nonradiative voltage

. 58,59
loss is computed as™”

https://doi.org/10.1021/acsami.5c18819
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Figure 3. Normalized Gaussian distribution of the lowest (a) singlet and (b) triplet states in the simulated blends. The Gaussian functions are
centered on the average excitation energy and broadened by the standard deviation. The average values (eV) are given; see also Table S3. (c)
Potential energy surfaces of the ground state (GS) and the excited state, which branches into the local exciton (LE) and charge transfer (CT)
states. The relevant transitions analyzed in this work are indicated. (d) Natural transition orbital (NTO) corresponding to the 'CT, state of a
representative PM6-Y,CF; pair extracted from the simulated blend. The vertical excitation energy is given, with A corresponding to the contribution

of the given NTO to the description of the excited state.
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where ¢ is the elementary charge and EQEg;, the external
electroluminescence quantum efficiency defined as
krpe

krpe+km’

1
n
EQE;;

EQEy =

computational details are provided in Supporting Information Section
SC.

with p, the photon emission probability. Further

3. RESULTS AND DISCUSSION

3.1. Molecular Packing. Figure 1b illustrates the
simulation box of the PM6:Y,CF; blend. The donor and
acceptor components are seen to penetrate each other, leading
to a subtle nanoscale interface. To assess the impact of
molecular packing on excited-state properties, we employed
the k-means clustering algorithm® to identify distinct packing
configurations present in the MD-simulated acceptor films and
donor—acceptor blends. The procedure is elucidated in more
detail in Supporting Information Section SA. The terminal (T)
and core (C) fragments of Y,CF; molecules as well as the
electron-rich group (X) and the electron-poor group (Y) of
PM6 are illustrated in Figure la.

Based on the dimers selected by the close-contact criteria,
three primary Y,CF; dimer configurations were identified in
the simulated thin film following the fragment definitions
(representative packing motifs are shown in Figure 2). The
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most prevalent configuration involves terminal—terminal (TT)
interactions, accounting for approximately 45% of all dimers
extracted from the MD trajectories. This TT packing
configuration has also been observed in the Y,CF; crystal
structure.” The remaining dimers exhibit core-terminal (CT-
TC) and core-core (CC) interactions, comprising ca. 37% and
18% of the population, respectively. In the PM6/Y,CF; blends,
the three Y,CF; dimer packing configurations (TT, CT-TC,
and CC) are found to occur with similar proportions of 43%,
37%, and 20%, respectively. These packing configurations are
consistent with the results of related structures on Y6-based
systems with®" and without™ consideration of the steric
influence of solvent molecules.

In the simulated blend, four distinct PM6:Y,CF; complex
configurations were identified and are illustrated in Figure 2.
The dominant interactions are the YT and YC packing
patterns, which together account for over 50% of all extracted
complexes. The XT-YC and XC-YT configurations contribute
20% and 17%, respectively. The PM6 electron-poor moiety
(Y) has unidirectional branched side chains, making it more
accessible for interactions than the sterically hindered bidirec-
tional side chains of the PM6 electron-rich unit (X).

To examine the effect of CF; fluorinated side chains on
packing motifs, we compared the morphology of the Y,CF;
film with that of its parent Y11 system (see Supporting
Information Section SA, experimentally investigated in, e.g., ref
28). As shown in Tables S2 and S3, Y,CF; and Y11 thin films

https://doi.org/10.1021/acsami.5c18819
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exhibit similar packing motifs. In simulated blends, the Y,CF;
dimer packing remains essentially unchanged between film and
blend, as discussed above. The implication of the geometric
configurations formed within the donor/acceptor blend on the
electronic states is discussed in the following Section.

3.2. Singlet and Triplet Electronic States. Excited-state
calculations were carried out on a subset of 300 randomly
selected donor/acceptor (PM6:Y,CF;) or acceptor/acceptor
(Y,CF;:Y,CF;) pairs (100 pairs from each of the three
simulation boxes) for both blends and thin films. The character
(local vs charge-transfer) of an excited state was determined by
analyzing the amount of charge transfer upon excitation, as
illustrated in Supporting Information Section SB. We note that
the set of 300 randomly selected structures reliably captures
the structural diversity and yields well-converged statistical
analysis of the excited-state properties, as detailed in
Supporting Information Section SB. In the PM6:Y,CF;
complexes extracted from the simulated blend, the second
singlet excited state (S,) corresponds to a local exciton (LE)
state on Y,CF;, while the first and third singlet excited states
(S; and S;) are identified as charge-transfer (CT) states
between PM6 and Y,CF;. The lowest two triplet states (T, and
T,) are also localized on Y,CF;, whereas T5 and T, exhibit CT
character.

The average excitation energies of the lowest singlet and
triplet states in the blend are shown in Figure 3. The singlet LE
state ('LE,, S,) has an average excitation energy of 1.78 eV
(696 nm); this corresponds to a red-shift of 0.06 eV compared
to Y6, previously reported at 1.84 eV (673 nm) using a
comparable methodology,®® as illustrated in Figure S7. This
computed red-shift is consistent with experimental observa-
tions, which reported 36 and 25 meV red-shifts for Y,CF;
compared to Y6 in solution and thin film, respectively.”” The
lowest two singlet CT states ('CT; and 'CT,, corresponding
to S, and S;) lie 0.12 eV below and 0.10 eV above the 'LE,
state, respectively. Notably, the 'CT excitation energies remain
largely unchanged relative to those in PM6:Y6 blends.*®

The average energies of the localized triplet states (°LE; and
’LE,) are calculated to be 1.38 and 1.57 €V, respectively,
exhibiting shifts relative to 'LE; state similar to those
computed for Y6.*° The 3CT; state at 1.68 eV lies in close
proximity to the 'CT| state, whereas the *CT, state is shifted
to lower energies compared to the 'CT, state.

In the case of the acceptor dimers extracted from the MD-
generated thin films, the average excitation energy of the
lowest singlet state (S;) is red-shifted by approximately 110
meV in comparison with the 'LE,; energy and closely matches
the 'CT, state energy in PM6:Y,CF; complexes. The
intermolecular excimer-like (EX) character of this state
(Supporting Information Section SB) is similar to that
observed both theoretically and experimentally in Y6-based
systems,”>*> which is considered to be beneficial for charge
separation. In contrast, the lowest triplet states in Y,CF;
dimers remain localized on individual molecules.

The energetic distribution of the LE and CT states is
governed by dynamic and static disorder. The standard
deviations (o) of the distributions of the 'CT and 'LE, states
in the PM6:Y,CF; blend are estimated to be around 80—90
and 70 meV, respectively, while the ¢ values of the *CT and
SLE states are about 90—100 meV and 60—70 meV,
respectively. These values are in a similar range or even
slightly lower than those estimated for Y6 systems within the
same computational framework.”>*® The disorder of the

2204

localized excitation in Y,CF; dimers (extracted from the
thin-film structure) is reduced to 50—60 meV, a trend similarly
observed for Y6 excimers.*’

3.3. Exciton Dissociation and Geminate Recombina-
tion. To estimate the rate constants for transitions between
excited states in PM6:Y,CF; pairs, only pairs in which the
lowest excited states could be unambiguously classified as
either charge-transfer (CT) or local exciton (LE) states were
included in this analysis, as detailed in Supporting Information
Section SC. The distributions of electronic couplings for
exciton dissociation and geminate recombination processes are
shown in Figures S13 and S14, while those of spin—orbit
couplings for various processes are given in Figure S15. Rate
constants for these processes were then computed using the
average coupling values and average excitation energies (Table
S4). The computed rate constants are presented in Figure 4;
see also Tables S6 and S7.
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Figure 4. Schematic of key transitions occurring at the donor/
acceptor interface. Transitions calculated in this work are shown in
color with rates given in s™'.

Upon photon absorption, local excitons can migrate to the
PM6:Y,CF; interface; as illustrated in Figure 3c, several
pathways are then available: (a) they can recombine to the
ground state (GS), either nonradiatively or radiatively; (b)
alternatively, they can dissociate into singlet charge-transfer
(!CT) states. These 'CT states can themselves then either
dissociate into charge-separated (CS) states or recombine to
the GS or form back singlet local exciton states ('LE). Another
possible pathway is intersystem crossing (ISC), through which
the exciton converts into a triplet charge transfer (*CT) or
triplet local excited (°LE) state. Both 'CT,; and 'CT, states
located below 'LE were included in the analysis.

Focusing on the dissociation process at the PM6:Y,CF;
interface, the rate for forming 'CT, from 'LE, is estimated to
be ~3.1 X 10" s7". The radiative decay rate from the 'LE,
state to the GS is estimated to be k, = 3.9 X 10® s when using

https://doi.org/10.1021/acsami.5c18819
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the DFT-calculated average excitation energy, and k, = 1.8 X
10°® s™' when adopting the experimental optical gap of 1.35
eV’ It can be expected that the nonradiative decay rate to the
GS is similar to that in Y6, that is on the order of 10% s~'.3°
Because this radiative decay is significantly slower than the
transition rate leading to population of the 'CT, state, the
dominant processes can be expected to follow the 'CT,
pathway.

As mentioned above, once the 'CT, state is formed, a
possible decay path is for it to recombine to the GS. We
evaluate nonradiative rates of about k,, = 1.1 X 10" 5! and
radiative rates of about k, = 4.4 X 10° s, both computed with
the averaged DFT-calculated 'CT, energy extracted from the
blend. Based on these values and assuming that the
nonradiative decay originates predominately in the 'CT,
state, the nonradiative voltage loss AVAE™! is computed to
be 202 mV, which is in good agreement with the
experimentally reported nonradiative voltage loss of 217 mV.>

Another pathway is for the 'CT, state to undergo back
electron transfer to repopulate the 'LE, state ('CT, — 'LE,).
We evaluate here a high rate of ~2.6 X 10" s™', which is
attributed to the small energy offset of 0.12 eV between the
'LE, and 'CT), states. As discussed in the previous Section, the
!CT, excitation energies of Y,CF; and Y6 are nearly identical,
whereas the 'LE, excitation energy of Y,CFj is reduced relative
to that of Y6. This reduction leads to a small energetic offset,
thereby facilitating efficient back electron transfer. High back
transfer rates are advantageous in mitigating voltage losses. We
also evaluated the first step in CT — CS dissociation by
computing the rate constant for electron hopping from an
interfacial Y,CF; to its neighboring Y,CF; moiety. The
calculated rate constants are 2.62 X 10'° s™! and 5.63 x 10"
s! when electrostatic interactions are included or neglected,
respectively. These rates are comparable to or faster than the
CT — LE back-transfer rate and exceed the CT recombination
rate, as detailed in Figure 4.

Nonradiative decay pathways from the 'CT, state via
intersystem crossing (ISC) to one of the *LE and the *CT,
states were also evaluated. The ISC rate populating the *LE
states is estimated to be ~1—2 X 107 s\, The ISC rate to >CT,
is higher, around ~2.71 X 10°® s7!, with the reverse process
estimated to be of a similar magnitude of around ~1.25 X 10°
s™'. While the 'CT, — °LE transition involves reorganization
energy comparable to its singlet counterpart, the transition to
>CT, does not involve any significant nuclear reorganization.
For this reason, the (FCWD) factor used in computing the
ICT, — 3CT, rate via eq 1 was estimated as (FCWD) ="},
where T, as in our previous work,® was estimated by the
averaged difference between the energies of the singlet and
triplet CT states; this value for PM6:Y,CF; was computed to
be about 2 X 1073 V.

After the formation of either one of the °LE or 3CT, state,
transitions can occur between them, or they can recombine to
the GS. The conversion from the >CT, state to a *LE state
occurs at a rate of approximately 10''—10'* s7!, whereas the
reverse process from °LE, and LE, to 3CT, is much slower,
around ~10° s and ~10° s7/, respectively. We note that in
the case of PM6:Y6 the experimental energy difference
between 3CT, and S°LE, is about 0.1 eV smaller than
computed. If a similar correction is made in the present case
then the 3LE, to 3CT), rate constant is estimated as 5.9 X 10°
s™". The nonradiative decay rate from the °LE, state to the GS
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is estimated to be 2.8 X 10° s™'. These results indicate rapid
conversion from *CT states to °LE states, while the small ’LE
— GS rate points to minimal geminate recombination from
this state. Note that the overall population and lifetime of the
3LE states are also influenced by nongeminate recombination
pathways, which lie beyond the scope of the present
methodology. The slow repopulation of the *CT; state arises
from the fact that the °LE states lie significantly lower in
energy, as is the case for the 'LE, state, when compared to Y6.

In summary, the main message is that the exciton
dissociation efficiency of the Y,CF;-based system closely
mirrors that of Y6, exhibiting similarly rapid dynamics. With
dissociation rates reaching up to 10'* s, the system positions
itself for highly eflicient charge separation at the donor/
acceptor interface.

3.4. The Effect of Morphology on the Rate Constants.
The morphology at the PM6:Y,CF; interface plays a critical
role in the exciton dissociation process. To investigate how
different packing arrangements influence this process, the
PM6:Y,CF; molecular pairs analyzed in the previous Section
were categorized into the observed four packing patterns: YC,
YT, XC-YT, and XT-YC. Subsequently, rate constants relevant
to exciton dissociation were calculated for each type of pairs
and analyzed.

For packing patterns with extensive donor/acceptor
contacts, specifically XT-YC and XC-YT, the excitation
energies of both singlet and triplet CT states are reduced by
approximately 50 meV compared to those with limited
interfacial contact (see Figure S18). In the XC-YT
configuration, the LE states exhibit a comparable excitation
energy reduction, while in the other three configurations the
LE state energies show less variation. Generally, a higher CT
state energy is beneficial in reducing the nonradiative
recombination rate.

To shed further light on the packing effects, the distances
between the donor X and Y components and the acceptor C
and T components were evaluated and correlated with the
dissociation rates (the 'LE; —'CT, transition serving as the
precursor to charge separation), as described in Supporting
Information Section SD. While the rate constants are broadly
distributed, their overall distributions remain similar across the
relevant distance motifs (XT, XC, YT, and YC). Notably,
closer X-T contacts (<10 A) tend to more consistently yield
transition rates exceeding 10'* s™!, whereas increasing the X-T
separation reduces the proportion of such high rates. No clear
trend is observed for the other three configurations. It is also
worth noting that most configurations exhibit X-T distances
below 10 A.

Despite these energetic differences, the calculated dissocia-
tion rates do not exhibit any consistent or significant trend
across the various packing patterns (see Table S8). This
suggests that, at least in the present systems, no single packing
motif predominantly governs exciton dissociation efficiency.
Instead, the presence of well-mixed donor/acceptor interfaces
that facilitate sufficient intermolecular contact appears to be
the key factor enabling eficient exciton dissociation.

3.5. Electron Transport. Efficient charge transport is
critical for solar cell performance, with neat Y,CF; films and
polymer/Y,CF; blends showing experimentally higher electron
mobility than their Y6 counterparts.’’ Specifically, electron
mobility for Y,CF; [Y6] was measured to be 3.49 X 10™* [3.08
X 107*] cm® V7' s7" in the polymer/NFA blend and 6.26 X
107" [4.46 X 10™*] cm® V™! 5™ in the NFA film. To probe the
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Figure S. Y,CF; dimer configurations as a function of the orientation of the acceptor terminal units in the simulated thin films. (a) Schematic
illustration of the orientation angle (blue angle) and distance (blue arrow) between two acceptor end units. (b) Representative Y,CF; dimer
structures corresponding to different configurations, with the projected orientation angles spanned by green and red arrows and illustrated by the
blue arc. The relevant terminal groups are highlighted in blue. (c) Distribution of Y,CF; dimers as a function of orientation angle and distance
(radial spacing, with concentric rings spaced by 3 A). The colored sectors correspond to the representative configurations shown in (b).
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Figure 6. Electron transfer in the simulated films and blend. (a) Electronic coupling values for representative dimers extracted from the Y,CF,
films. The stars indicate the representative structures shown in Figure 5. Note that some coupling values exceed 50 meV; however, this upper limit
was chosen for illustrative clarity. The sectoral coloring (TC-CT (green and yellow), TT (gray), TT-CC (red), and CC (purple)) is only weakly
empbhasized to aid visual interpretation. (b) Illustration of Y,CF; connecting networks exhibiting electron transfer rates >10" s™! in the film and (c)
> 10" 57" in the blend. Gray dots denote the center of mass of the Y,CF; terminal groups, gray lines represent the Y,CF; backbone, and red lines
mark the TT connections between the two molecules. The corresponding cluster sizes are provided.

role of morphology in electron transport, we estimated the pairs (~25 per simulated box), focusing on the yellow, green,
intermolecular electronic couplings using a dimer approach and red sectors. As shown in Figure 6a, the average coupling is
and analyzed 300 randomly selected molecular pairs from 21.7 meV (see Figure $23), consistent with reported values for
simulated Y,CF; films, focusing on the distance between Y6 dimers.”>®" While quantitative mobility estimates require
benzene rings and the orientation of terminal units. The large-scale transport-pathways simulations beyond the scope of
configurations were evaluated and classified, with representa- this study, the high and uniformly distributed electronic
tive examples shown in Figure Sb and the full statistical couplings suggest efficient transport.
summary presented in Figure Sc, with further details provided Parallel terminal configurations (green sector) yield
in Supporting Information Section SE. relatively lower couplings. For instance, the representative
For close terminal contacts (~S A), two orientations are TC-CT pair shows a coupling of ~17 meV. In contrast, the
favored. A near-parallel one (green sector in Figure Sc) gives a representative antiparallel TC-CT configuration reaches a ~47
TT configuration that shifts into TC-CT with increasing meV coupling, reflecting the generally stronger couplings in
distance. Another, at ~300° (red sector), produces a CC-TT this sector. As terminals shift toward core-terminal interactions,
arrangement that strengthens core—core interactions. The TC- more cases with couplings exceeding 40 meV appear. Rotated
CT state can rotate into TT-CC, enhancing core overlap, while terminals in the red sector, enabling core—core overlap, also
a smaller rotation to ~270° (gray sector) yields TT with give high couplings; for example, a CC configuration reaches
weaker core interactions. At antiparallel orientations (yellow couplings of ~26 meV, with some exceeding 40 meV. These
sector), terminal distances grow. Here, TC-CT dominates, findings indicate that both core—core and terminal—core
though antiparallel TT also appears. Between 0°-135°, only a interactions enhance the electronic couplings, which promotes
few short contacts (TT) occur, whereas larger separations electron transfer, especially in antiparallel or slightly rotated
favor core—core interactions (purple sector). geometries.
To assess how dimer configurations affect electron transport, Due to the minimal overlap between the energy distributions
the electronic couplings were calculated for ~75 representative of the LUMO and LUMO+1 levels and their substantial
2206 https://doi.org/10.1021/acsami.5c18819
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Figure 7. Illustrations of representative pairs from the Y,CF; crystal structure, shown in top view (a) and side view (b), to compare the electronic
couplings for electron transfer with the simulated thin films. The crystal structure is reproduced from ref 30 Copyright 2025 American Chemical
Society. The terminal group is colored in blue, the backbone gray, and the central core’s CF; side chain red. The molecule labels are used to
identify the pairs. The electronic couplings (transfer integrals ]) for electron transfer between the interacting pairs are provided in Table S9. Pairs A-
B (c) and B-C (d) from the crystal structure are illustrated, along with their respective ] values for electron transfer. Alkyl side chains and hydrogen

atoms are omitted for clarity.

average energy gap of ~220 meV, the thermal population of
the higher-lying LUMO+1 state is unlikely to be significant
(see Figure S22). Therefore, electron transport can be
expected to proceed essentially via the LUMO levels. Rate
constants were calculated for each individual pair, resulting in
an average electron transfer rate of approximately ~1.8 X 10"
s™, under the assumption that the individual electron transfer
steps are exergonic, which is consistent with previously
reported values for Y6 and related NFAs.**

To highlight the efficient charge transport in Y,CF;, the
networks formed among connected Y,CF; molecules are
depicted in Figure 6b,c for the simulated film and blend,
respectively, as well as in Figure S25. A detailed description of
the procedure is provided in Supporting Information Section
SE. In the simulated film, the largest cluster of connected
molecules comprises 199 out of 200 Y,CF; molecules, with
181 of them forming the largest cluster that shows electron
transfer rates exceeding 10" s™' for each linked pair. In the
simulated blend, the largest connected Y,CF; cluster contains
69 out of 180 molecules, while the largest cluster exhibiting
electron transfer rates greater than 10" s for each linked pair
consists of 64 molecules. These findings demonstrate the
presence of highly efficient charge-transport pathways within
the acceptor domains. However, the cluster size may be
influenced by the donor material, potentially reducing the
extent of the connecting network.

We also investigated the electron transport characteristics
using the reported crystal structure of Y,CF,,” depicted in
Figure 7a,b. The CFj; side chains of the core interact with the
terminal fluorine atoms of adjacent molecules, leading to
dominant intermolecular terminal—terminal overlap and
largely excluding interactions among conjugated cores.

The key molecular pair configurations relevant for electron
transport are A-B (equivalent to D-E) and B-C (equivalent to
E-F), which are both expected to dominate the charge
transport pathways.30 However, as shown in Figure 7¢,d, the
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electronic couplings (transfer integrals) for the A-B config-
uration are relatively low (~1 meV), whereas the B-C
configurations exhibit much higher couplings of ~24 meV.
Other configurations involving CF; side chain-terminal
interactions exhibit negligible electronic couplings (~0 meV),
as detailed in Supporting Information Section SF.

As elucidated for the electronic couplings in the simulated
films, these findings suggest that although terminal—terminal
interactions are structurally prominent in the A-B configuration
of the crystal structure, their spatial arrangement deviates from
optimal orbital overlap with the conjugated cores, resulting in
poor electronic couplings.

3.6. Hole Transport. Achieving balanced electron and hole
transport is critical for optimizing the performance of OPV
devices. Experimentally, blends incorporating Y,CF; exhibit
enhanced hole mobilities compared to those using Y6 (2.72 X
107* vs 2.03 X 107" em® V™' s7!), resulting in slightly more
favorable electron-to-hole mobility ratios.”” To investigate the
microscopic origin of this improvement, we computed the
electronic couplings (J) for hole transport across 150 randomly
selected PM6 dimers extracted from the simulated blend
morphology.

Assuming that hole transport occurs predominantly through
the HOMO, we find that the average coupling between PM6
dimers is relatively weak, with a mean value of approximately
10.5 meV. The coupling distribution follows an exponential
decay, with ~60% of dimers exhibiting values below 10 meV.
Using these couplings, the hole transfer rates for each dimer
were calculated individually and averaged, yielding a mean rate
of ~32 X 10" s7!, which is approximately 1 order of
magnitude lower than the corresponding electron transfer rate
for Y,CF,.

To gain deeper insight into hole transport within PM6 in the
blend, we evaluated the planarity of the polymer backbone by
analyzing its torsion angles, as described in Supporting
Information Section SG. As shown in Figure S33, the hole

https://doi.org/10.1021/acsami.5c18819
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transfer rate increases with backbone planarity, especially with
planarity of the acceptor moieties. This seemingly counter-
intuitive behavior can be rationalized by noticing that
electronic coupling for holes along polymer chains has a
superexchanger character, i.e., the effective transfer integral is
due to the hybridization of the donor orbitals with the bridge
acceptor orbitals; this hybridization becomes weaker in cases of
strongly twisted acceptor conformations.

4. CONCLUSION

In the present study, we employed all-atom molecular
dynamics (MD) simulations in conjunction with density
functional theory (DFT) calculations to explore the packing
structure, electronic characteristics, exciton dissociation, and
charge transport properties of a CF;-substituted nonfullerene
acceptor, Y,CF;, blended with the donor polymer PM6.

Our results indicate that while the local exciton (LE) of
Y,CF; is red-shifted relative to Y6, the excitation energy of the
charge transfer (CT) states at the interface remains largely
unchanged. This results in a more favorable energy separation
between the LE and CT states, promoting efficient back
electron transfer into the 'LE state. Apart from this difference,
exciton dissociation pathways are largely comparable to those
observed with Y6.

In the Y,CF; domain, electron transport benefits from
increased electronic couplings due to both terminal—terminal
interactions and overlap with the core, leading to transfer rates
around 1 X 10" s7". These interactions are similarly observed
in the crystal structure, which is significantly influenced by the
CF;-terminated side chains.’® Hole transport within the PM6
domain is somewhat slower, with an estimated rate of
approximately 3 X 10" s7".

As we mentioned above, Zhang et al. have shown that
attaching polar OEG chains to the central nitrogen of the
benzotriazole core of Y11 significantly increases the side chain-
solvent interactions, which leads to high-efficiency PM6:ac-
ceptor blends insensitive to the processing solvent.”® CF;-
based acceptors also show good solubility in many common
solvents, which motivates us to investigate as a next step the
interactions between—(CH,),—CF; side chains and solvents;
these studies will be reported elsewhere.

Overall, this work provides a comprehensive analysis of the
optoelectronic properties of Y,CF;, a promising NFA currently
under active experimental investigation for its potential to
surpass the performance of Y6.
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ABSTRACT

The advancement of non-fullerene acceptors has rocketed the power conversion efficiency (PCE) of organic photovoltaic (OPV)
devices to values reaching close to 21%. However, the development of complementary donor materials has not kept pace, posing
a key challenge for further improving device performance. In this theoretical study, we combine density functional theory
(DFT) with Marcus theory to systematically design and evaluate donor molecules with A-7z-Core-7-A architectures. Our focus
lies in tuning electronic and optical properties - such as frontier molecular orbital energies, and singlet and triplet excitation
characteristics — toward more efficient charge generation when coupled to non-fullerene acceptor Y6. In small donor systems
featuring fused thiophene 7z-bridges, we find two-dimensional delocalization of the highest occupied molecular orbital (HOMO)
across the backbone and the core’s side chain, which enhances the transition dipole moment. Furthermore, while fused 7z-bridges
lead to relatively stable transition rate constants across various interfacial configurations, they exhibit a limited CT state manifold,
which may impede efficient charge separation following excitation of the acceptor. These findings provide molecular design

insights critical for next-generation high-performance all-molecule OPV devices.

1 | Introduction

The growing demand for sustainable energy solutions has
driven intensive research into next-generation photovoltaics,
with organic photovoltaics (OPVs) emerging as a promising
candidate due to their potential for lightweight, flexible, and low-
cost solar energy conversion [1, 2]. While significant progress has
been made in enhancing power conversion efficiencies (PCEs),
further improvements in performance and stability are needed to
meet commercial viability. A key breakthrough in the field was
the development of non-fullerene acceptors (NFAs) [3-5], which
have largely superseded fullerene-based acceptors by offering
superior optical absorption, tunable energy levels, and better
morphological control. Among these, the Y6 family has set a

new benchmark, enabling single-junction OPV devices to reach
efficiencies of up to ~21% [6-10]. Y6’s broad absorption spectrum,
optimized electronic structure, and favorable charge transport
characteristics have shifted the focus of material innovation
toward the design of compatible and efficient donor materials [11,
12]. In parallel, theoretical screening of diverse NFA structures
has emerged as a powerful tool to identify and understand
promising candidates, accelerating the rational design of high-
performance OPV systems [13-15].

Within this context, all-small-molecule (ASM) OPVs - featuring
small molecules as both donors and acceptors — have emerged
as a compelling alternative to polymer-based systems. Although
polymer donors have historically dominated the OPV landscape,
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a constant electronic coupling of Vic = 0.1 eV. Bottom left: Structural
representations of the donor molecules studied. Bottom right: Illustration
of thiophene-ring fusion within the 7-bridge.

[16-18] small-molecule donors offer well-defined structures,
precise electronic tunability, and excellent reproducibility,
making them highly suitable for systematic investigation and
rational material design. Recent advances have demonstrated
that ASM OPVs can now achieve PCEs approaching those of
their polymer-based counterparts [19-23], underscoring their
potential to contribute to the next wave of high-efficiency, stable,
and scalable OPV technologies.

A key limitation in organic photovoltaics (OPVs) is the strong
Coulombic attraction between photo-generated electrons and
holes, which leads to tightly bound excitons. The energy differ-
ence between the fundamental and optical gaps — known as the
exciton binding energy (AEy = Efin — Egb Figure 1) - is typically
much larger in organic materials (0.1-0.5 eV) than in inorganic
semiconductors, where thermal energy is often sufficient for
exciton dissociation. Efficient charge generation in OPVs thus
depends on the formation of interfacial charge transfer (CT)
states [24], from which free charges can be more easily separated
and collected [25]. A lower exciton binding energy reduces the
barrier for exciton dissociation, thereby improving photocurrent
and overall device efficiency [26, 27].

The singlet-triplet energy gap (AEgy), the difference between the
S, and T, states, is another important factor. Large AEg; values
often lead to energy losses via non-radiative triplet decay [28],
whereas small gaps can reduce recombination and enable ben-
eficial processes like reverse inter system crossing, enhancing
charge generation and reducing energy loss [29, 30].

To model charge separation, the rate of electron or hole transfer
from local excitons to CT states is central. Marcus theory describes
this rate as dependent on electronic coupling, reorganization
energy, and the driving force determined by excited-state ener-
getics [31, 32]. As illustrated in Figure 1, optimal tuning of these
factors ensures that charge transfer out competes recombina-
tion pathways [33]. The molecular design of donor materials
— especially the backbone and electron-withdrawing terminal

groups - critically affects these parameters by modulating frontier
molecular orbital alignment and donor:acceptor coupling.

In this work, we present a theoretical investigation aimed
at enhancing the charge separation efficiency in all-molecule
organic solar cells by engineering the donor molecule structure.
The donor molecules under study adopt an A-7-Core-7-A archi-
tecture, paired with the benchmark Y6 acceptor. Specifically,
we modulate the chemical structure of the z-bridge by fusing
tiophene rings (illustrated in Figure 1) and increasing the 7-
bridge length and by modifying the electron-withdrawing termi-
nal groups to systematically study their influence on the exciton
binding energy, singlet-triplet gap, and rate constants from
localized excitons to charge transfer states in a donor:acceptor
complex. By combining density functional theory (DFT) with
a tuned-range-separated functional with Marcus theory, this
study aims to elucidate structure-property relationships that
govern charge generation processes in ASM OPV systems, pro-
viding design guidelines for next-generation donor molecules
compatible with high-performance NFAs like Y6.

2 | Computational Details

To calculate the exciton characteristic and the transition rate
constants from a localized state to a charge transfer state, we
use density functional theory (DFT) and its time dependent (TD)
variants in combination with Marcus theory. All DFT calculations
were performed employing the Gaussian 16 package [34]. Isolated
molecules are optimized with the b3lyp functional and the Pople
type 6-311g(d,p) basis set. The complexes consisting of one donor
molecule and one non-fullerene acceptor Y6 molecule were
optimized at the b3lyp/6-31g(d) level of theory in combination
with van-der-Waals interaction via Grimmes’ D3 method with
Becke-Johnson damping.

To adequately describe the opto-electronic properties of the
engineered donor molecules a gap tuning approach has been
employed based on the optimized structures of the isolated donor
molecules to tune the description of the orbital energies toward
the fundamental gap (energy difference between the ionization
potential and electron affinity), providing a more accurate and
reasonable description of the opto-electronic properties [35]. This
is performed using the range-separated wb97xd functional and
the 6-311g(d,p) basis set. Since the dielectric environment is
relevant for the frontier molecular orbital (FMO) energies it is
included via the polarizable continuum model (pcm) with € =
3.0, which is a reasonable value for organic semiconductors [36].
The range-separation parameter w is tuned so that the energy of
the highest occupied molecular orbital (HOMO) of the neutral
system is equal to its ionization potential and the HOMO of the
anionic system is equal to the electron affinity, thus, they satisfy
Koopmans’ theorem. The minimizing function reads

J(@) = |E,(w) = Eg(@) + €| + |[Eg(@) — E_(w) + €|, (1)

where E,, E,, and E_ denote the energy of the cationic, neutral,
and anionic system, respectively. ¢! and e are the HOMO
energies of the neutral and anionic system, respectively. A more
detailed description and a verification that the method pro-
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duces realistic and trustworthy results is provided in Section SA
(Supporting Information).

To adequately describe the singlet-triplet energy gap (AEgr) and
the exciton binding energy (AEy = El — E;v) of the single
molecules the Tamm-Dancoff approximation (TDA) is used,
where ng; is the optical gap, i.e., the singlet S, excitation energy
and Eé‘ggd is the fundamental gap, i.e., in the employed method,
the energy difference between the HOMO and LUMO. We note
that TDA provides improved stability to describe triplet state
energies compared to TD-DFT while simultaneously negligibly
affecting singlet excited state energies [37]. The TD-DFT variant
is used for singlet states of the donor:acceptor complexes involved

in the charge transfer.

The transition rate constants from localized to charge transfer
states within the donor:acceptor complexes are calculate via the
semiclassical Marcus formula [31, 32] as

27
k= _|VEC|2

n

(A +AG)
T4k, T ] ’ @

; exp
vV 47[/1ka

where Vi is the electronic coupling between the relevant excited
states calculated using the Generalized Mulliken-Hush (GMH)
method [32, 38], 4 is the inner reorganization energy for this
transition calculated via the four-point method [39], AG is the
difference in Gibbs free energy of the involved excited states,
T is the temperature set to 293.15 K (20°C), and % and k;, are
Planck’s reduced constant and Boltzmann constant, respectively.
A detailed description how the values are calculated is provided
in Section SB (Supporting Information).

The multiwfn software package [40] is used to analyze the charge
distribution of the singlet excited states to identify local excited
states and CT states. Moreover, it is used to calculate the dipole
moments of the exited states as well as the transition dipole
moments between excited states, necessary to calculate V.

3 | Results and Discussion

Modification of the z-bridge of the A-m-Core-m-A molecular
donor by extending the number of tiophene rings and fusion of
the tiophene rings has been systematically performed and the
influence of the electron-withdrawing (EW) terminal group of the
donor molecule was investigated. With a focus on the 7z-bridge,
we discuss the findings on the selected molecules shown in
Figure 2, which we enlight to be representative of the systematic
modifications for a total of ten different 7-bridges (presented
in Section SC, Supporting Information). Since the electron-
withdrawing BBT core unit (experimentally used in, e.g., the
BBTSM family [21, 22]) and the terminal group are the same for
this part, to clarify the nomenclature, we label the molecular
systems according to the number of fused tiophenes and the
number of repetitions of this sub-unit (via single bonds) as
(#fused-rings)srepetitions- FOT instance, (1T), indicates the donor
molecule with four single-bonded tiophene rings as z-bridge.
Note, that the terminal used for engineering the influence of
the 7-bridge is thought to be the least EW group investigated to
ensure a clear view on the effects of the 7-bridges.

When modifying the terminal groups, we focused on assessing
how variations in EW strength influence molecular properties.
To this end, we selected commonly used terminal groups from
experimental studies, for which the relative EW effects — such as
those from nitrile, carbonyl, and fluorine substituents — can be
reasonably estimated and compared. The terminal groups under
investigation are shown in Figure 2, the complete molecular
schemes are presented in Section SC (Supporting Information).
Al (cyanoacetate terminal group, used in, e.g., refs. [21, 41]) is
thought to show strong EW effects due to nitrile and carbonyl,
however, it lacks of conjugation with the backbone due to
absence of ring conjugation. A2 (rhodanine terminal group, used
in e.g., refs. [20, 42, 43]) is believed to show the weakest EW
effects among the terminal groups studied, but its present ring
conjugation could lead to similar EW capabilities as Al or beyond.
The terminal group A2CN (2-(1,1-dicyanomethylene)rhodanine), a
derivative of A2, exhibits strong EW properties and is commonly
employed in NFA materials, e.g., refs. [44, 45]. In the present
study, it is utilized to represent the transition from donor to
acceptor materials. A3 (1,3-Indandione terminal group) is thought
to possess moderate EW capability induced by carbonyl, whereas
A3F as fluorinated companion of A3 (both used in, e.g., ref. [19])
is believed to show stronger EW effects compared with A2.

To explore the impact of geometric distortion in donor molecules
and to gain insight into the dissociation process, donor:acceptor
interactions were modeled using 7— stacked complexes with the
non-fullerene acceptor Y6. In addition to these stacked configu-
rations, five alternative interfacial geometries were constructed
for both (1T), and (4T), 7-bridges focusing on the orientation of
Y6’s terminal group relative to either the donor’s terminal group
or the 7r-bridge to further assess the influence of local structural
variation on the electronic and excitonic properties (the complex
configurations are presented in Section SC).

3.1 | Frontier Molecular Orbitals

The discussion begins with an analysis of the electronic properties
of the optimized donor molecules and non-fullerene acceptor Y6,
focusing initially on representative structures. The complete set
of results is provided and discussed in Section SD (Supporting
Information). For Y6, the HOMO energy is calculated to —5.59
eV and the LUMO energy to —3.26 eV, resulting in a FMO gap of
2.33 eV. We note that the FMO gap is systematically overestimated
compared to an experimentally measured value of ~1.55 eV [6].

3.1.1 | The Molecular Backbone

For the modeled donor molecules with engineered m-bridges,
the energies of the HOMO and LUMO for the representative
structures are shown in Figure 3a. We find the energy as well
as the orbital distribution to be influenced by three competing
factors:

i) m-bridge length: As the length of the 7z-bridge increases,
both the HOMO and LUMO energies rise. For instance,
the HOMO level shifts from -5.44 eV to -5.39 eV to -
5.28 eV for (3T),, (4T),, and (6T),, respectively. This trend
is attributed to enhanced delocalization of the HOMO
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Electron-withdrawing capabilities

FIGURE 2 | Representative molecular structures illustrating the effects of engineering the 7-bridge and modifying the terminal group. Thiophene

units within the 7-bridge are highlighted in yellow for clarity, with corresponding labels provided. Terminal group A2 is used for these models. The

various terminal groups investigated in this work are displayed in the grey-outlined box, with their electron-withdrawing strengths indicated by arrows:

upward for stronger and downward for weaker withdrawing ability.

along the molecular backbone, whereas the LUMO becomes
more extended over the 7-bridge and terminal groups, with
reduced distribution on the core.

ii) Fusion pattern: Non-fused 7-bridges exhibit twists between
the thiophene rings, which enhances HOMO delocalization
and raises its energy. However, this structural feature also
causes the LUMO to localize at the terminal ends of the
molecule, leading to an increase in its energy as well.

iii) The core’s side chain: For small, fused 7-bridges (up to four
thiophene units), the side chains on the donor molecule’s
core contribute significantly to the HOMO delocalization.
An example corresponding orbital is illustrated in Figure 3c.
In contrast, their influence is diminished in both longer
m-bridges (six or more thiophene units) and in non-fused
m-bridges. For instance, in (3T),, the inclusion of the core’s
side chain increases the HOMO energy by 70 meV, whereas
in (1T), it has a negligible effect (Figure 3a, semitransparent
lines). This difference may be due to the more twisted geom-
etry of non-fused 7-bridges, which disfavors delocalization
onto the side chains, and the preference of long 7r-bridges for
linear delocalization along the backbone. The resulting 2D
HOMO distribution across the backbone and side chains
in short, fused 7-bridges may have implications for charge
separation and transfer as elucidated later.

As a result of these competing factors, for short z-bridges,
introducing single bonds leads to a noticeable increase in LUMO
energy due to localization on the terminal group, while the
HOMO also rises but to a lesser extent. This results in a slightly

larger FMO gap for non-fused 7-bridges compared to fused ones.
For longer m-bridges, the HOMO energy continues to increase
with 7-bridge length, whereas the LUMO energy tends to con-
verge to a finite value due to localization, leading to a consistent
decrease in the FMO gap with increasing 7z-bridge length.

3.1.2 | Geometrical Distortion

Interestingly, when donor molecules adopt the geometrically
distorted conformations found in 7-7z-stacked complexes with
Y6 the previously observed trends are reversed, as evidenced
by calculations on the isolated, distorted donor structures. The
corresponding HOMO and LUMO energies of the distorted
donor molecules is shown in Figure 3a as dotted lines. In
particular, for non-fused m-bridges, the FMO gap is reduced
by approximately 0.25 eV, while it remains almost unchanged
for fused z-bridges. This reduction can be attributed to a
partial planarization of the twisted non-fused 7z-bridges upon
complex formation, which enhances delocalization. The result
is an increase in the HOMO energy by roughly 150 meV and
a smaller decrease in LUMO energy (~100 meV). This effect
appears to be systematic: across multiple different stacking
configurations, the HOMO of (1T), increases by ~150 meV and
the LUMO decreases by %100 meV, while both energies remain
largely unchanged for (4T), (see Section SD, Supporting Infor-
mation). Such energetic stability of the FMOs is advantageous
for charge separation and transport in organic photovoltaics, as
it helps reduce energy disorder and suppresses charge trapping
[46].
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FIGURE 3 | Frontier molecular orbitals of the engineered donor molecules. HOMO and LUMO energy levels of the donor molecules featuring

(a) different engineered 7-bridges coupled to terminal group A2 and (b) various terminal groups coupled to the (1T), and (4T); 7-bridges. Solid lines
represent values for the optimized geometries (Model), while dotted lines correspond to the isolated donor molecules in their distorted geometries as
extracted from the 7—r-stacked complexes with Y6 (Distorted). Semi-transparent lines indicate energy levels calculated for structures without the core’s

side chain (replaced by methyl groups). Grey lines are shown for visualization purpose to separate the terminal groups. (c) Visualizations of the HOMO

and LUMO orbitals for representative donor molecules (1T), and (4T); .

3.1.3 | The Terminal Groups EW Effects

The FMO energies of the donor molecules with varying terminal
groups coupled with the (1T), and (4T), 7-bridge is shown in
Figure 3b. As the A2 group is expected to show the least EW effects
among the investigated groups in this study, the donor molecules
with the A2 group serves as baselines for the investigation of the
EW effects.

The HOMO energies show modest but consistent shifts in
response to the EW strength of the terminal groups. Specifically,
all terminal groups lower the HOMO energies compared to the
reference A2, with the difference between the (1T), and (4T), 7-
bridges increasing to approximately 0.2 eV, i.e., the influences
induced by the fusing pattern of the 7-bridges will be amplified.
The strongest HOMO shifts are observed for Al and A3F, which
contain strong EW substituents such as nitrile, carbonyl, and
fluorine. To understand this unbalanced shift in energy in more
detail, the contribution of the different fragments of the donor
molecules on the HOMO and LUMO are examined via a partial
density of states, analyzed by the Hirshfeld method (Section SD,

Supporting Information). When coupled to the (1T), z-bridge,
the stronger EW capabilities of Al, A2CN, and A3F lead to
more localization of the HOMO on the core and the inner two
tiophene rings (%80%) than on the outer two tiophene rings and
the terminal group itself (~20%), whereas this relation is about
~72% and ~28% for the A2 donor molecule, respectively. This
localization on the core is even more pronounced in the fused
(4T), m-bridge. Thus, these substituents effectively stabilize the
HOMO by electrostatic repulsion effects, where the EW character
resides in lower energy electronic states rather than the HOMO.
In contrast, A3 - with its moderately EW substituents — induces
a relatively smaller downshift in the HOMO energy compared to
Al and A3F.

Interestingly, the response of the LUMO energy to different
terminal groups is more nuanced. A3, A3F, and A2CN lead to
a noticeable lowering of the LUMO energy, which is consistent
with stronger stabilization of the molecule’s LUMO due to
their pronounced EW effects, pulling the LUMO distribution to
about ~87% on the periphery of the donor molecule strongly
incorporating the terminal group, whereas it is little less for A2.
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A2CN and A3F exhibit comparable EW effects, resulting in a
similar reduction of the LUMO energy level. Al induces only
a minimal shift relative to A2, which is the consequence of
the limited conjugation of Al, restricting the delocalization of
the LUMO onto the terminal group itself. Instead, the LUMO
remains more delocalized on the central backbone and core,
which diminishes the overall impact of Al’s EW groups on the
FMO energy. As a result of these orbital shifts, the FMO energy
gap follows a general trend of A1 > A2 > A3 > A3F > A2CN across
both types of 7r-bridges.

Focusing on the molecules with varying terminal groups in the
nm—rn-stacked configurations with Y6, the geometrical distortion
leads to very similar effects as for terminal group A2, i.e., for
the non-fused z-bridges the HOMO is shifted upwards and
the LUMO is shifted downwards. Noteworthy, for the stronger
EW groups, also the fused z-bridges show similar spectral
shifts, that were not present for A2, indicating that the more
balanced HOMO delocalization for the donor molecule with
terminal group A2 is more robust through geometrical distortion
(compared to its optimized structure).

In summary, both the fusing pattern and the 7-bridge length can
effectively tune the FMO energies by systematically influencing
the delocalization characteristics of the HOMO and LUMO.
Notably, the side chain of the core plays a significant role in
HOMO delocalization for short and fused 7-bridges, whereas this
contribution diminishes in longer and non-fused architectures.
The EW strength of the terminal can amplify the effects of
the fusing pattern, thus shielding the HOMO more towards the
core while pulling the LUMO towards the donor periphery. To
minimize voltage losses in blended OPV systems, the energy
offset between the FMOs of the donor and acceptor should be
minimized [47]. A small to medium-sized 7-bridge is therefore
expected to be most effective in achieving this alignment with
Y6. However, a reduced energy offset may also implicate a
lower driving force for charge transfer, potentially impairing
the efficiency of charge separation, which will be discussed
later.

3.2 | Excited States and Exciton Characteristics

Having analysed the electronic properties and it’s engineering
through the 7-bridge and terminal group, we now turn toward
the optical response of the donor molecules. The full set of results
is provided in Section SD (Supporting Information).

3.2.1 | Excitation Energies

Upon fusing the thiophene rings in the 7z-bridge, the singlet
(S,) and triplet (T,) excitation energies of the optimized isolated
donor molecules decrease by approximately 50 meV and 50-
100 meV, respectively, while variations in 7-bridge length have
little effects. For example, the S, excitation energies for (1T), and
(4T), are calculated to be 2.19 and 2.14 eV, respectively, as shown
in Figure 4a (solid lines), with corresponding charge density
differences depicted in Figure 4e, f. As with the FMO energies,
the core’s side chain influence the S, excitation nature. As it raises
the HOMO energy through delocalization, it consequently lowers

the S, excitation energy; in contrast, the T, energy remains largely
unaffected (see Section SD, Supporting Information).

When geometric distortion is introduced via 7-7-stacked com-
plex formation with Y6 this fusion-pattern trend reverses. In such
distorted geometries, the S, excitation energy of non-fused -
bridges red-shifts by roughly 200 meV - placing it 100 meV
below that of fused-ring analogues — while the S, energy of
fused 7-bridges remains nearly unchanged (Figure 4a, dotted
lines). Notably, similar to the FMO energies, the S; and T,
excitation energies shifts are robust in various differently complex
configurations implicating low energetic disorder. This red-shift
effectively brings the absorption capabilities of the donor closer
to the absorption peak of Y6 (absorption maximum at 1.51 eV
measured in solution in ref. [6], S; excitation energy calculated to
1.83 eV in this work), narrowing the spectral gap and potentially
enhancing the overall absorption profile of the active layer in OPV
devices by covering a broader portion of the solar spectrum.

The EW terminal groups affects the S, excitation energy similar to
the FMO gap, which results in the excitation energy order A1> A2
> A3 > A3F = A2CN, however, the changes are not as prominent
as for the FMO gap. Notably, the ordering Al > A2 aligns
with experimental findings reporting a reduction in the optical
bandgap within the BBTSM family when replacing the terminal
group Al [21] with A2 [22], although the BBTSM molecules
incorporate the (1T); 7-bridge. The T, excitation energy follows
the order Al > A3 > A3F > A2 > A2CN.

3.2.2 | Exciton Binding Energy

When increasing the number of tiophene rings in the engineered
m-bridge, the exciton binding energy for the optimized modeled
donor molecules decreases, as shown in Figure 4b (red points).
For instance, (3T), has an AE; of 0.58 eV decreasing by 30 meV to
0.55eV for (4T), and further decreasing to 0.53 eV for (6T),. While
this decrease is induced by a more delocalized electron and hole
distribution, a further decrease can be induced by introduction
of single bonds separating tiophene rings. For instance, the four
tiophene rings in (1T), reduces AE; by 10 meV compared to
its fused counterpart. Forming repeated thienothiophene, for
instance in (2T);, AEyg is reduced to 0.47 eV that can even be
reduced to 0.40 eV for (2T),. Reason for the reduction is that
the single-bonds lead to a twisted backbone, strongly delocalizing
the hole (i.e., the HOMO) on the 7-bridge while simultaneously
slightly rendering the electron to be more localized on the
terminal groups (i.e., the LUMO), separating the electron and
hole. This separation is enhanced by introduction of stronger
EW terminal groups showing conjugation (A3, A3F, and A2CN),
reducing AEg of the non-fused 7-bridge by 50 meV relative to
its fused counterpart and the non-fused A2 donor molecule, as
illustrated in Figure 4c (red points). A reduced exciton binding
energy (AEp) likely lowers the energy losses associated with the
dissociation process by decreasing the barrier for charge separa-
tion. It is worth noting that, beyond monomer-level electronic
properties, AE can also be significantly affected by solid-state
polarization effects [48] and dielectric screening effects induced
by the dielectric environment [49], which in this study were
only implicitly accounted for through the use of an implicit
solvation model.
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FIGURE 4 | Excited state and exciton properties. (a) Simulated UV-vis absorption spectra of (1T), (red), (4T); (blue), and Y6 (green) in their

optimized geometries (solid lines, Model) and in the distorted geometries extracted from the 7—m-stacked complexes (dotted lines, Distorted). (b)

Exciton binding energies (red) and singlet-triplet energy gaps (blue) for representative donor molecules with engineered 7z-bridges coupled to terminal

group A2. Points represent the values for the Model structures and bars the Distorted structures. (c) Corresponding values for donor molecules with

different terminal groups. Grey lines are shown for visualization purpose to separate the terminal groups. (d) Representative 7—-stacked donor:acceptor
complexes. (e, f) Charge density differences (relative to the ground state) of the first singlet (S;) excitation for (4T); and (1T),, respectively.

3.2.3 | Singlet-Triplet Energy Gap

The 7-bridge length has only a modest effect on the singlet-triplet
energy gap AEgr; also the fusing pattern does not significantly
influence AEg;. The modest influence is induced by very similar
shifts in the S, and T excitation energies. This is some interesting
phenomena, since the hole distribution of the T, excitation
does not involve the core’s side chain at all (in contrast to S,
excitation) and mostly localizes on the outer part of the 7-
bridges and the terminal groups and, especially for larger and
non-fused 7-bridges, breaks symmetry and mainly distributes on
one end of the donor molecule (Section SD, Supporting Infor-
mation). Thus, the similar energy shift and relatively unaffected
AEg; appears surprisingly. We speculate that to maximize the
governing exchange interaction in the triplet state configuration,
the localization and the avoidance of the core’s side chain is
detrimental to facilitate a stable triplet state.

Modulating the terminal groups, AEg; shows a general decreasing
trend with stronger EW capabilities, which can be attributed to
a relative increase in the T, excitation energy (Figure 4c, blue
points). We attribute this to a more localized electron in the triplet
state driven by stronger electron-withdrawal, which limits the
spatial overlap between electron and hole densities. This reduced
exchange interaction effectively narrows the singlet-triplet gap,
despite the altered orbital characters between the singlet and
triplet excitation (see Section SD, Supporting Information, for
details).

3.2.4 | Geometrical Distortions

Due to the systematic decrease of the FMO gap and the S,
excitation energy caused by geometric distortion of the donor
molecules in complex configurations with Y6, both values tend
to shift in a correlated manner. As a result, shown in Figure 4b

as red and blue bars, AE; and AEg; become largely insensitive
to such distortions in the case of rhodanine-based terminal
groups (A2 and A2CN), likely due to strong interactions that
lock the terminal—n-bridge conformation and restrict the rota-
tional barrier. For the non-rhodanine-based terminal groups,
AEg remains relatively unaffected by geometric distortion as
well (Figure 4c, red bars). In contrast, AEg; shows a more
nuanced dependence: it systematically increases for non-fused
m-bridges and decreases for fused 7-bridges as the EW strength
of the terminal group increases (Figure 4c, blue bars). This
behavior can be attributed to a greater reduction in the T,
excitation energy relative to the S, energy in distorted non-
fused systems, whereas in fused systems, the T, state remains
nearly unchanged and only the S, state experiences a moderate
lowering. This differential response highlights the influence of
both molecular rigidity and terminal group EW capabilities on
excited-state energetics.

3.2.5 | Light Absorption Capabilities

The oscillator strength of the S, transition is influenced by the
spatial distribution of the HOMO: in small, fused m-bridges,
delocalization across the two-dimensional structure including
the core’s side chain reduces HOMO-LUMO overlap, thereby
lowering oscillator strength. In contrast, for longer 7-bridges, the
HOMO adopts a more linear distribution along the backbone,
minimizing side chain contributions and improving spatial over-
lap with the LUMO. As a result, oscillator strength increases
with 7zz-bridge length - nearly doubling from 1.9 to 3.7 between
(3T), and (4T),, and rising to 5.0 for (6T),. Taken together, these
results suggest that increasing r-bridge length and leveraging
structural distortion through m-7-stacking both contribute to
enhanced light absorption by closing the gap to Y6 and improved
electronic properties, which are favorable for efficient organic
photovoltaic performance.
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TABLE 1 | Absolute values of the dipole moment of the ground state
(u8), the singlet excited state (1) and the difference between the dipole

\/(M)gf — M2+ (uy — 182 + (15 — pE)? of the donor
molecules with varying terminal group (T) and z-bridge. All values in

moments Au® =

Debye.

arTt), 471),
T HE M Apuse HE M Apuse
Al 7.8 13.0 5.2 0.8 0.8 0.2
A2 10.2 17.6 7.8 1.2 1.3 0.1
A2CN 16.7 271 11.2 1.0 11 0.3
A3 3.7 12.4 9.1 0.6 0.6 0.1
A3F 5.2 15.4 10.8 0.7 0.7 0.1

In summary, the results demonstrate that the core’s side chain
plays a crucial role in shaping the opto-electronic properties,
particularly for short to medium-sized 7-bridges. Tailoring this
structural element offers a promising strategy for optimizing
electronic behavior. Additionally, the nature of the terminal group
markedly alters the donor’s electronic characteristics: stronger
EW groups not only stabilize FMO energies but also affect exciton
binding and triplet formation. These stronger EW effects intensify
the influence of the 7-bridges fusing pattern and the core on the
donor backbone architecture. Notably, combining asymmetric
core side chains with terminal group engineering proves to be an
effective strategy for optimizing both opto-electronic properties
and morphological packing [41, 50]. Importantly, we observe
that geometric distortions in complex configurations lead to
systematic shifts in the energy landscape relative to optimized
geometries — an essential consideration when screening and
evaluating potential donor systems. In addition to morphology
induced disorder, dynamic fluctuations in FMO energies can
influence and facilitate charge transport [51], which is beyond the
scope of this work.

3.3 | (Excited-State) Dipole Moments

The permanent dipole moment in the ground state (u8) plays
a critical role in the aggregation behavior of organic molecules,
which in turn affects the morphology at the donor:acceptor inter-
face - an essential factor in OPV performance. Additionally, the
difference between the locally excited- and ground-state dipole
moments (|Aus¢| = |u® — u°|) was reported to hold considerably
inportance in the OPV performance, as a larger change in dipole
moment can facilitate charge separation by promoting more
weakly bound exciton states [52, 53], probably leading to lower
energy losses [54].

For the non-fused (1T), systems, the permanent dipole moments
follow the trend A2CN (x17 D) > A2 (~10 D) > Al (~8 D) >
A3F (~5 D) > A3 (~4 D), as shown in Table 1. Their fused (4T),
analogues exhibit the same order but much lower absolute values,
typically around 0-1 D, likely due to the increased molecular
symmetry and rigidity introduced by the fused-ring architecture,
which limits molecular polarization. A large permanent dipole
moment can disrupt donor-acceptor miscibility, promoting aggre-

gation that impedes exciton diffusion and ultimately lowers PCEs
[53, 55].

Upon photo-excitation, the change in dipole moment (Aus®) for
the non-fused 7-bridges follows the order A2CN > A3F > A3 >
A2 > Al and falls within the range of ~5-11 D, indicating a strong
charge transfer character in their local excitons. In contrast, the
fused 7-bridges show negligible Aus¢, suggesting more localized
excitons. This trend aligns with the calculated reduction in
exciton binding energy (cf. Figure 4c), implying that non-fused
m-bridges host more weakly bound excitons that are potentially
easier to dissociate. This is further supported by our earlier work
using non-adiabatic ab initio molecular dynamics (NA-AIMD)
simulations [56], which discusses that a highly polarized excited-
state can promote high initial polaron yields by enabling strong
delocalization and separation of electron and hole.

3.4 | Dissociation Process

Having analyzed the opto-electronic properties of the isolated
(and geometrically distorted) donor molecules, we now shift
the focus to the exciton dissociation process in donor:acceptor
complexes following local photo-excitation of either component.
Exciton dissociation generally proceeds via the conversion of
a localized exciton into a charge transfer (CT) state at the
donor:acceptor interface, which may subsequently separate into
free charges. This process competes with other pathways such as
non-geminate recombination to the ground state and intersystem
crossing (ISC) to triplet states, which can divert the excited-
state population. Additionally, energy transfer between localized
donor and acceptor excitons may occur, depending on their
relative alignment in energy.

Central to the present study is the population of CT states
within the complex, as these states are key to facilitating charge
separation. Accordingly, the excited states were first classified
as either locally excited (LE) or CT in character, followed by
evaluation of the electronic coupling (EC) between the relevant
pairs. Rate constants for CT state formation were then computed
- specifically, hole transfer (HT) from an initially excited acceptor
(LE,) and electron transfer (ET) from an initially excited donor
(LEp). We note that the employed methodology does not consider
triplet states, which may introduce additional relaxation channels
via ISC. The complete set of results is provided in Section SE
(Supporting Information).

3.4.1 | Hole Transfer

Starting with the dissociation of the acceptor excitons, Figure 5
presents the calculated transition rate constants, along with the
EC, for selected representative donor molecules stacked with
the non-fullerene acceptor Y6 in a 7—r-stacked configuration.
Focusing first on HT, a clear trend emerges for small 7-
bridges composed of three or four thiophene units: fully fusing
all thiophenes leads to significantly lower total HT rates (sum of
all transitions to any CT state) as well as reduced individual tran-
sition rates. For example, the non-fused (1T), z-bridge exhibits
a total HT rate of 1.38-10" s7!, while the fully fused (4T),
m-bridge shows a markedly lower rate of 2.07-10" s
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FIGURE 5 | Rate constants for engineering the 7-bridges. Electron (blue) and hole (red) transitions associated with modulation of the 7-bridge in

the molecular donor, modeled within 7—-stacked donor-acceptor complexes. (a) The total charge transfer rates from the localized S; states of the

donor and acceptor to charge transfer (CT) states are shown as bars; individual transition rates are shown as points. (b) Average electronic coupling per

transition is shown as bars, while electronic coupling values for individual transitions are depicted as points.

This reduction is primarily attributed to weaker EC between the
LE, state and the CT states induced by the fused systems.

The electronic coupling is governed by the energy difference
between states and a multiplicative factor dependent on the
transition dipole moment strength (u; 5, .cr) and the alignment
between the dipole moments of the LE, (u"FA) and CT states
(uCT) - here referred to as the dipole factor, given by the following
expression:

|#LEA—>CT|

: ©))
\/(I"CT — MEA)? + Ay, ol

Although fused 7-bridges tend to have poorer dipole alignment
compared to their non-fused counterparts, they compensate with
higher transition dipole strengths, which ultimately enhances the
dipole factor. This increased transition dipole strength may result
from greater spatial overlap of the hole wavefunction by including
the core’s side chain, thereby improving the overlap with the hole
on Y6. In contrast, non-fused 7z-bridges - such as (1T), — have
donor backbones that extend well beyond the size of Y6, reducing
the effective hole overlap and thus the transition dipole moment.

However, despite the improved dipole factor in the fused systems,
the number and spectral distribution of accessible CT states is
more favorable in the non-fused 7-bridges. For instance, (1T),
features three CT states lying below the LE, state, compared to
just one for (4T),. This renders the CT state energetics one of
the limiting factors for overall large HT rate constants in fused
m-bridges. A well-aligned driving force relative to the reorgani-
zation energy, enabled by a broader distribution of energetically
favorable CT states, is essential for efficient charge separation.
However, nonradiative losses can be mitigated by relatively high-
lying CT states [57] while simultaneously loss in the open circuit
voltage might be higher due to large energy difference between
the local and CT state [58]. Therefore, the overall PCE of non-
fused 7-bridges may be limited by their intrinsically low-lying
CT-state manifold.

Introducing partial fusion - i.e., fusing pairs of thiophenes into
repeated thienothiophene units as in (2T), - yields intermediate

behavior. The HT rate is higher than for the fully fused (4T),
due to improved dipole alignment through modest geometric
adjustment, though CT energetics remain less favorable than in
the non-fused (1T),, thus, the HT rate is diminished compared to

AT),.

For medium-sized 7z-bridges consisting of six thiophene units, the
trend reverses: fused 7-bridges begin to outperform non-fused
analogs. The total HT rate increases significantly across (2T)s,
(3T),, and (6T),, from 6.13 - 10" 57! to 1.53-10"* s™! and 2.13 -
10" s~!. This improvement is attributed to both a larger number
of CT states below the LE, state and enhanced EC via stronger
transition dipole moments. In contrast, non-fused 7-bridges at
this size show highly delocalized hole distributions that exclude
the core and its side chain, limiting transition dipole strength and
thus EC.

Finally, in large =-bridges with eight thiophene rings, hole
transfer rates again decrease relative to the fused six-ring systems.
The underlying issue remains the same: delocalization of the hole
primarily along the extended 7-bridge backbone with minimal
involvement of the core unit results in reduced dipole strength
and, consequently, weaker EC for HT.

As shown in Figure 6, for HT, the terminal group does not alter
the influence of the z-bridge, i.e., the HT rate constants for the
(IT), z-bridge outperforms the (4T), z-bridge despite different
strength of the EW capabilities of the terminal group. This
was expected, since the hole distribution (x HOMO) is mainly
delocalized on the backbone and the core while only slightly
incorporating the terminal group itself, thus, modification of the
latter should not significantly alter the HT characteristics. How-
ever, noteworthy, the HT rate for the A3 system is significantly
low due to overall very low EC.

3.4.2 | Electron Transfer

Turning to ET in w—n-stacked configurations with Y6, i.e.,
dissociation of the donor exciton, we want to note that some
donor molecules exhibit LE}, states that show a partial hybridized
character, i.e., the LE}, state is not fully locallized but rather
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FIGURE 6 | Rate constants for varying terminal groups. Electron
(blue) and hole (red) transitions for 7—r-stacked donor:acceptor com-
plexes with different terminal groups and donor bridges ((1T), and
(4T);). The total charge transfer rates from the localized S; states of
the donor and acceptor to charge transfer (CT) states are shown as
bars; individual transition rates are shown as pentagon-shaped points.
Molecular structures of the different terminal groups used in the donor
molecules are shown below.

shows a partial charge transfer of 0.25-0.3 e. This concerns the
following 7-bridges coupled to A2: (1T),, (3T),, (2T),, and (4T),,
i.e., comparably large 7-bridges, the (4T), m-bridge coupled to
Al and A3, and also the A2CN architectures. This, in turn,
can influence the calculated ET rate constants by increased
transition dipole moments as well as artificially aligned dipole
moments. This thought of artificially LE, state was consistent
through different tested m—n-stacked configurations, though,
we keep the discussion to the other, clearly characterized 7-
bridges but present the least hybridized character configuration
for the named 7-bridges for completeness. Nevertheless, we want
to note that hybridized local and CT states were reported to
effectively enhance the charge generation [59].

The ET rate constants for the small-sized 7-bridges (three or four
tiophene rings) is significantly larger than the HT rate constants
exceeding ~ 10 s™!. Reason for this is a generally larger EC
between the LE, states and the CT states. Breaking the fusion
of the rings, excitation of non-fused 7-bridges exhibit a rather
localized electron distribution on the terminal groups, in turn,
decreasing the dipole alignment and decreasing the EC of the
LE, and the CT states, therefore decreasing the rate constants
for donor molecules largely exceeding the size of Y6. This is a
reasonable and intuitively result, since an exceeded size of the
donor molecule compared to Y6 increases the distance between
both respective electron distributions on the donor molecule and
Y6, ultimately decreasing the coupling and reducing the transfer
capabilities. For larger 7-bridges of six tiophene rings, the ET
rate constant decreases and is roughly similar to the HT rate.
This is, again, induced by reduced EC due to misaligned dipole
moments.

The largest ET rate constants are achieved for CT states lying
roughly 0.3-0.4 eV below the LEj states, i.e., energetically

close to the LE, state. Thus, this hot CT state (relative to the
lowest CT state) can undergoe internal conversion to lower-
lying cold CT states and back electron transfer to the LE, state
might occur before the charge separation takes place. We note
again that energy transfer between localized donor and acceptor
excitons may occur and potentially compete with the ET process
due to the relatively high excitation energy of the LE; state
compared to the LE, state; however, this mechanism lies outside
the scope of the present study. The presence of excess energy
is on the charge generation is still under debate; while some
reports show increased charge yield induced by excess excitation
energy, [60] thus hot CT state generation, other reports show no
direct influence of excess energy on the dynamics and charge
yield [61].

The ET characteristics of donor molecules with modified EW
terminal groups are particularly noteworthy, as these groups
predominantly influence the LUMO and thus the electron dis-
tribution in the excited state. Similar to the trend observed for
HT, ET rates are generally lower for the fused 7-bridge compared
to the non-fused 7-bridge in the presence of strong EW terminal
groups such as Al and A3F. Interestingly, this contrasts with the
trend seen for the weaker EW group A2, where the non-fused
m-bridge performs very similar to the fused 7-bridge. Note, that
(4T), in combination with Al or A3 exhibits slightly hybridized
LE,, states. Overall, donor systems incorporating strongly EW
terminal groups (Al and A3F) show reduced ET rate constants,
which can be attributed to diminished EC. This effect seems
to result from a reduced transition dipole moment, while the
alignment of the local and CT state dipole moments shows only
negligible improvement.

3.4.3 | Disordered Complexes

As the local geometric arrangement at the donor:acceptor inter-
face plays a crucial role in determining the efficiency of exciton
dissociation, the ET and HT rate constants for the five differently
stacked configurations were calculated, offering a broader view
of potential interfacial arrangements. The two donor molecules
featuring the (1T), and (4T), 7-bridges were selected as represen-
tative systems to capture the key differences introduced by fusion
patterns — namely, the impact of a 2D hole distribution over the
core’s side chain in fused systems and the increased structural
flexibility of non-fused 7-bridges. A summary of the average ECs
and total rate constants is presented in Table 2. The values are
listed in Section SF (Supporting Information).

Interestingly, both donor systems - regardless of fusion pattern
- exhibit similar average ECs for HT and ET, around 19 and 20
meV, respectively. However, the average total HT rate constants
differ significantly between the two systems. The non-fused (1T),
mr-bridge shows a higher average rate of 5.25 - 10" s, compared
to a lower rate of 1.6-10" s~! for the fused (4T), m-bridge.
Despite this, the fused system demonstrates a more consistent
performance across different configurations. Apart from one
notably low value for the total HT (9.34 - 10" s71), the total HT
rates for (4T), remain close to its 7—-stacked configuration with
a highest total HT rate of 4.30 - 10"° s™!, suggesting that HT in
fused systems is more robust and primarily constrained by the
available CT state manifold rather than by EC itself.
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TABLE 2 | Averaged calculated values for five complex configuration with varying stacking arrangements, for both (1T), and (4T), 7-bridges. Shown

are the average total transfer rates, with the minimum and maximum values indicated in parentheses. The average electronic coupling per transition is

also included.

Hole Transfer

Electron Transfer

Bridge Total transfer rate (s™!) EC (meV) Total transfer rate (s™!) EC (meV)
am), 5.25-1013(7.90 - 10'? — 1.65 - 1014) 18.2 5.32-10% (5.04 - 10'2 — 1.69 - 10'4) 204
(4T), 1.86 - 10'3 (9.34 - 10" — 4.30 - 10'3) 19.4 7.11- 10 (3.88 - 102 — 2.04 - 10'%) 20.5

In contrast, the total HT rate constant for (1T), shows greater
sensitivity to interfacial geometry. While one configuration
(1.65 - 10" s71) matches the 7— stacked HT rate constant, three
of them drop to ~ 1 - 10'* s71, contributing to a wider distribution
and a lower average compared to the 7—zm-stacked case. This
indicates that although (1T), can achieve higher HT rates, its
performance is more interfacial-geometry-dependent.

Regarding ET, both systems exhibit comparable behavior. The
average total ET rate constant is slightly lower for the (1T), 7-
bridge (5.32 - 10"* s71) than for the (4T), 7-bridge (7.11 - 10" s71),
with both falling below their respective m-m-stacked values
(note the presence of a hybridized LE}, state in the 7-7z-stacked
configuration of (1T),). Given the similar EC values and CT state
distributions, we conclude that the 7z-bridge fusion pattern does
not significantly affect ET through electronic interactions alone.
However, limitations may arise from morphological factors, such
as increased donor molecule size in the non-fused configuration,
it’s flexibility, and enhanced permanent dipole moment can
change the overall donor:acceptor interface configuration.

When comparing the calculated rate constants to those of the
reference donor polymer PM6 paired with Y6, we find that
PM6:Y6 in a representative 7—rn-stacked configuration exhibits
total HT and ET rate constants of approximately 6 - 10'? and 5 -
10" s71, respectively (see Section SG, Supporting Information). In
contrast, the donor molecules investigated in this study show sig-
nificantly higher rate constants for both HT and ET, primarily due
to enhanced EC. This indicates that finite size donor molecules
may offer a promising molecular architecture for achieving highly
efficient OPV devices, owing to their more readily tunable FMO
energy levels and exceptionally high transition rate constants,
which is indicative of efficient charge generation. However, it
is important to note that donor polymers and small-molecule
donors differ markedly in their aggregation behavior, which plays
a critical role in device performance. Although our study focuses
on the intrinsic electronic interactions at the donor:acceptor
interface, it does not address morphological effects. A compre-
hensive understanding of morphology-driven phenomena at the
interface remains an essential avenue for future research.

In the context of the 2D electronic structure opened by the
core’s side chain, we highlight the recent integration of ‘four-
arm’ donor molecules as an additional component in OPV
devices, particularly in ternary blends such as PM6:Y6:four-arm-
donor [62] and PM6:four-arm-donor:L8-BO [63]. These four-arm
structures can be viewed as extensions of the core’s side chain
by incorporating 7-bridges with terminal groups. The advanced
donor architecture in ternary blends has been shown to reduce

overall electronic disorder by promoting a more favorable mor-
phology - driven by strong van der Waals interactions between
the four-arm donor and the PM6 polymer. This morphological
optimization results in improved PCEs in the ternary blend
and enhanced hole mobility in the donor complex compared
to systems using only isolated PM6 or the donor molecule
alone. As discussed earlier, the 2D HOMO distribution in the
engineered donor systems profoundly affects both their opto-
electronic properties and HT rates, primarily through the (mis)-
alignment of excited-state dipole moments. A more systematic
investigation into the design of the core’s side chain - partic-
ularly its role in shaping morphology and enabling extended
HOMO delocalization in two- or even 3D architectures - could
provide deeper insights into the mechanisms behind the observed
improvements in hole transport in these advanced donor complex
architectures.

4 | Conclusion

In this work, we systematically engineered donor molecules
of the form A-m-Core-m-A by modulating the 7z-bridge and
electron-withdrawing (EW) terminal group, with the goal of
tuning their electronic structure, excitonic properties, and charge
transfer (CT) characteristics in complexes with non-fullerene
acceptor (NFA) Y6. Using a combined approach based on density
functional theory and Marcus theory, we identified four key
findings:

1. For small, fused =z-bridges, the HOMO is significantly
influenced by the core’s side chain, resulting in more 2D delo-
calization. In contrast, for longer or non-fused r-bridges, the
HOMO is primarily distributed linearly along the molecular
backbone.

2. The exciton binding energy (AEg) can be effectively tai-
lored by adjusting the length and fusion pattern of the
m-bridge, whereas the singlet-triplet energy gap (AEgr) is
predominantly controlled by the EW strength of the terminal
group. Stronger EW groups confine the LUMO and HOMO
distributions toward the terminal and central parts of the
molecule, respectively.

3. The 2D HOMO delocalization in small, fused -
bridges enhances the transition dipole moment but slightly
misaligns the dipole moments of the locally excited (LE)
and CT states. Combined with a reduced CT-state manifold,
this leads to slightly lower hole transfer (HT) rate constants
compared to their non-fused analogs. Electron transfer (ET)
rate constants, on the other hand, decrease with increasing
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molecular length and are strongly influenced by the EW
character of the terminal groups.

4. Geometric disorder has a more pronounced impact on the
electronic and optical properties of non-fused systems than
on fused ones, though in a systematic and predictable fashion
that preserves energy disorder. ET and HT rate constants,
however, are more sensitive to local interfacial configurations
in non-fused systems, while remaining more stable in fused
architectures.

Finally, we emphasize that this study does not consider
the detailed aggregation or morphological behavior of donor
molecules - factors that play a crucial role in real-world device
performance. Nonetheless, our findings offer valuable insight
into the intrinsic electronic structure and charge transfer dynam-
ics of designed donor systems, providing a foundation for further
exploration of efficient all-molecule organic photovoltaic archi-
tectures. The developed design rules and molecular systems can
drive experimental efforts to synthesize materials with specif-
ically tailored opto-electronic properties and targeted energy
offsets, offering deeper insight into their impact on device effi-
ciency. Additionally, large-scale molecular dynamics simulations
can reveal packing patterns and interactions with NFAs, further
clarifying specific structure-performance relationships.
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ABSTRACT: Understanding charge separation processes after photoexcitation in organic
photovoltaics is of great importance for optimizing device performance. Many studies have
associated a polaron-pair or intrachain charge transfer state in organic polymers with an
increased charge separation efficiency. It is then natural to ask how the chemical structure
influences charge separation, enabling a more targeted material design. Here, we report on
nonadiabatic ab initio molecular dynamics simulations of the hot exciton dynamics following
photoexcitation for a series of donor—acceptor polymers. We provide detailed insights into the
Coulomb attractive energy and the dynamical evolution of dipole moments in the excited states.
The former is correlated with polaron-pair recombination, thus preventing charge separation;
the latter is a potential enabler of charge separation. We calculate the ultrafast dynamics of these
relatively simple charge-separation-efficiency quantifiers, correlate them with the underlying
chemical structure, and relate them to their static counterparts in statistical ensembles. Our work
provides an ensemble description of the dynamic process of the photoexcited polaron formation
and solidifies the role of Coulomb attractive energy and excited state dipole moment as the descriptors of this process on a
microscopic level.
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B INTRODUCTION dynamics simulation was employed'”"" to gain further insights
revealing the hot CT excitons to drive charge separation at the

Increasing energy consumption has led to a growing interest in »
interface ” and a large energy gap between CT states and lower

organic semiconductors (OSCs), especially in the field of

organic photovoltaics (orV), converting light into an electric excitonic sgtes to increase the exciton lifetime in molecular
current. Due to many advantages over their inorganic aggregates. -
counterparts, such as the flexibility of organic materials, high Even without a donor—acceptor interface, free charge
availability, and low-cost production, to name a few, organic generation was reported'*'* and traced back to a spontaneous
systems hold great promise for future everyday applications.' ™ intramolecular splitting process in nonfullerene acceptor Y6'°
Although the class of potential applications and advantages of or to an intermoiety charge transfer exciton (i-EX) within the
OSCs is numerous, a complete understanding and optimiza- acceptor (or donor) aggregates.c’)’m’17 Similar to the i-EX state
tion of the electronic properties of OSCs is challenging due to within an aggregate, an intramolecular charge transfer (ICT)
their complexity compared to inorganic solids. state, or polaron-pair state, within one OSC chain/molecule is
The understanding of photoexcited excitons (Coulomb- believed to favor subsequent charge separation due to a
bonded electron—hole pairs) in OPV is of major importance delocalized electron and hole wave function and thus lower
because their behavior dominates the materials’ photophysics, Coulomb interaction correlating the charges.'®"? Such ICT
including exciton migration and dissociation (charge separa- states were found to be quickly occupied and to act as
tion of electron and hole).”” The low dielectric constant of precursors for a charge-separated state within <200 fs. Such
OSCs leads to a comparably strong Coulomb interaction dynamics is favored by the excitation of higher-lying excited

between the electron and hole,® and as a result, a low power
conversion efficiency with one of the highest reports of 18.66%
for a nonfullerene acceptor in a ternary blend.” A critical
limiting factor for the efficiency of photoexcited devices is the
exciton lifetime, during which electrons and holes recombine
and the excited state relaxes back to the system’s ground state.
It has been shown that photoexcitation with higher energy
than band gap energy, generating so-called hot excitons, leads
to higher efficiency of charge separation at the donor—acceptor
interface via the occupation of hot charge transfer (CT) states
(CT excitons).” Theoretical description via nonadiabatic

states,”’ "’ rendering the ICT state more relevant in the early
times of exciton generation. Moreover, the importance of a
highly polarized state, i.e., a large electrical dipole moment,
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Figure 1. Optimized structures of the donor—acceptor polymers investigated in this work. The polymers PCPDT—BT I, PCPDT—BDT, and

PCPDT—2TBT were investigated experimentally by Tautz et al.*’

acceptor unit.

PCPDT—BT II is a model polymer to investigate the effect of an enlarged

created by the exciton was found to indicate an easier charge
separation because of a better separated electron and hole
2*72% and consequently weaker Coulomb
interaction with the delocalization promoting charge separa-
tion.”

Recombination and charge separation processes are sensitive
to the OSC structure. A promising route is to use donor—
acceptor alternating polymers with their electron “push” and
“pull” effects”” to promote spatially separated electron and hole
wave functions,”® i.e., polarized ICT or polaron-pair states.
Investigation of four similar donor—acceptor polymers based
on the CPDT-donor component by Tautz et al.”’ revealed that
acceptor units with higher electron affinity lead to higher initial
polaron-pair state generation but also increased charge
recombination (lower lifetime), whereas a 7-spacer between
both units leads to a decreased charge recombination
probability (higher lifetime) while also lowering the initial
polaron-pair generation probability,'” possibly due to a z-
bridge planarization mechanism reported within 400 fs.'” The
detailed understanding of general design rules to inhibit
exciton recombination and thus enhance the efliciency of the
charge separation process, however, is still somewhat limited.

In this work, we use nonadiabatic ab initio molecular
dynamics (NA-AIMD) simulations to investigate the hot
exciton behavior within the first 200 fs after photoexcitation on
single chains of an extended series of CPDT-donor-based
polymers experimentally investigated by Tautz et al.”” (Figure
1) in order to understand the effects of different donor—
acceptor structures on the electron—hole interaction.

By analyzing the photoexcitation dynamics in terms of the
(time-resolved) Coulomb attractive energy between the
electron and hole density on one polymer chain and the
(time-resolved) dipole moment, we investigate the ultrafast
charge separation. We obtain detailed microscopic insights that
systematically substantiate the analysis of experimental
observations and correlate the charge generation efficiency
with the structures of the investigated donor—acceptor
polymers. While the Coulomb attractive energy is used as a
quantifier that can drive fast recombination, a polarized excited
state with a large dipole moment correlates with enhanced
charge separation. Increasing the latter and reducing the
former are identified as a viable strategy in the search for new
promising materials for OPV devices.

wave function
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B COMPUTATIONAL DETAILS

The calculations are based on density functional theory (DFT)
and related time-dependent DFT (TD-DFT) by employing the
Gaussian 16 package. For all calculations a range—separated
functional is used, similar to our previous work, > 3% namely,
@b97xd, where w is kept at its default value. We note that this
functional incorporates dispersion corrections, i.e., van der
Waals interaction. The Pople-type 6-31G(d,p) basis set is used
throughout the calculations. All calculations are done in gas
phase.

The oligomers optimized in their ground states are shown in
Figure 1. We replaced the side chains and saturated the
polymer ends with hydrogen atoms to reduce the computa-
tional cost, which has only small effects on the electronic
structure and optical excitations. We point out that the
oligomer structures investigated in the present work contain 4
or S acceptor units and 3 or 4 donor units, which ensures
sufficient length to describe the electronic behavior of the
single polymers. Due to the high computational cost, in the
present work, we restrict ourselves to individual polymers and
did not address the CT behavior in typical morphologies in
solution or film, such as aggregated polymers or polymers with
self—folding,35 which could be the goal of our future work. We
checked that all optimized polymers exhibit positive
frequencies only, verifying the ground state optimization.
Single-point TD-DFT calculations of 30 singlet excited states
are performed to calculate the excitation spectra for the
optimized polymers. An ensemble of 1000 structures based on
the nuclear ensemble approach® is used to calculate an
ensemble absorption spectrum. For both the single-point TD-
DFT and the ensemble approach, the transitions are
convoluted by Lorentzian shapes with a phenomenological
broadening of 0.2 eV.

The NA-AIMD simulations are performed using Gaussian
16 interfaced with Newton-X.”” The 1000 structures for the
ensemble absorption spectrum are used as initial conditions
centered at the high energy absorption peaks, as indicated by
the blue lines in Figure 2. The energy width of each excitation
was chosen such that about 100 initial conditions were
accepted, as explained in more detail in the Supporting
Information. The exact numbers of initial conditions and the
values of excitation conditions are shown in Table S1 in the
Supporting Information. The NA-AIMD simulations employ
trajectorzf8 iélrface hopping with the fewest switching
criterion.”” " In the NA-AIMD calculations, the motion of

https://doi.org/10.1021/acs.jpcc.3c07513
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Figure 2. Normalized absorption spectra of the donor—acceptor polymers. The small left columns give a feeling for the density of the excited states
for the optimized polymer structures. The big columns show the normalized absorption spectra of the optimized polymer structures (black) and the
polymer ensembles (red), as discussed in the main text. The horizontal black lines show the normalized oscillator strength of the excited states for
the optimized polymers. The blue line indicates the excitation energy for the NA-AIMD simulations. Note the different energy scales for PCPDT—

BDT.

the nuclei is treated classically with a chosen time step of 0.5 fs,
while the electrons are treated on a quantum level. The
nonadiabatic couplings that determine the transitions between
electronic states are evaluated based on overlaps between
excitonic wave functions, which were already used for the NA-
AIMD simulations of oligothiophenes.'”'* Here, a screening
threshold of 5 X 107* and the decoherence correction
proposed by Granucci and Persico’’ with the default value
were used. We deem this mixed quantum-classical approach
suitable for the purposes of the present work, where
quantization of the motion of nuclei is not the focus. The
NA-AIMD trajectories were propagated by involving 30
excited singlet states. To calculate the properties of the ground
and excited states, i.e., the charge density difference, Coulomb
attractive energy, and the electrical dipole moment, we use the
Multiwfn** package.

B RESULTS AND DISCUSSION

Absorption Spectra. The calculated absorption spectra for
the optimized polymers and for the ensembles consisting of
1000 sampled polymer structures are shown in Figure 2. The
ensemble absorption spectra for PCPDT—BT I, PCPDT—
2TBT, and PCPDT—BDT reproduce the experimental features
qualitatively well.”” PCPDT—BT I features one main peak at
around 2.22 eV with a shoulder peak at around 3.06 eV, a
second peak at around 3.69 eV, and a third peak at around 4.52
eV. We note that the absolute values of the excitation energies
depend much on the method used and are not directly
comparable to the experiment. We did not consider the
interaction between the polymer chains such as in self-
aggregated, folded polymer chains.”> However, the relative
ordering of the main absorption peaks for the investigated
polymers is well described by the method used and agrees with
the experimentally reported ordering. By increasing the spacing
between the donor and acceptor units by a z-linker, ie.,
polymer PCPDT—2TBT, the main absorption peak shifts by
about 0.19 €V to a slightly higher energy (around 2.41 eV) and
the second peak shifts by around 0.39 eV to a slightly lower
energy around 3.30 eV, appearing as a shoulder of the main
peak. Both ShlftS are qualitatively in good agreement with the
experiment”” and decrease the energy gap between the main
peak and the second peak. The third peak is almost unaffected
by the increased distance between the donor and acceptor
units. Increasing the electron affinity of the acceptor unit, i.e.,
polymer PCPDT—BDT, the absorption spectrum changes

3527

fundamentally. A main peak appears at 1.02 eV and a second
peak appears at 1.88 eV. Moreover, a broad absorption band at
higher energies with a maximum at 3.17 eV is formed.
Increasing the acceptor unit size, i.e., model polymer PCPDT—
BT II, the main peak shifts slightly to a higher energy (2.34
eV). The second peak is reduced in amplitude and shifted to a
slightly higher energy at around 3.82 eV. The third peak is
almost unaffected, similar to the z-linker polymer.

Static Coulomb Attractive Energy. Let us now turn to
the Coulomb attractive energy (CAE), which quantifies the
attractive force between charges and thus serves as an indicator
of the expected charge separation efficiency. The CAE is
evaluated by the electrostatic expression

hole ele
ﬂp (r)p (l'z)d r, dr,
— 1l (1)

where p" (p) is the hole (electron) density of the excited
state wave function,** including normalization. For a more
detailed description, we refer the reader to the Multiwfn*
manual. We note that this CAE is not identical with the exciton
binding energy, which is the energy difference between an
exciton and both isolated negative and positive free charges.
We use a subensemble of 200 structures for each polymer
based on the 1000 structure ensembles to calculate the mean
value of the CAE for each polymer. We note that 200
structures are sufficient for convergence of the values, as shown
in Figure S1 in the Supporting Information. This approach
leads to a static CAE estimate based on a ground state
ensemble. The mean values of the CAE are shown in Figure 3.
Different trends are apparent for the four different polymers.
PCPDT—BT I features a high CAE for the lowest five excited
states and then monotonically decreases to about excited state
1S and saturates to a low CAE for higher excited states. The
model polymer PCPDT—BT II appears similar and the curves
almost overlap; however, the lowest excited states feature lower
CAE than the lowest excited states of PCPDT—BT 1. The
extended separation between the donor and acceptor unit, i.e.,
PCPDT—2TBT, leads to an overall lower CAE for the lowest
1S excited states. Higher states feature a saturation value
similar to that for PCPDT—BT I and II. While these three
systems show quite similar behavior, the strong acceptor
polymer PCPDT—BDT features overall much higher CAE
values. For higher excited states, the CAE for this polymer
saturates to the CAE values approximately 0.3 eV higher than

https://doi.org/10.1021/acs.jpcc.3c07513
J. Phys. Chem. C 2024, 128, 3525—3532
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Figure 3. Mean values of the Coulomb attractive energy for each
polymer. The mean values cover 200 structures for each polymer. The
values of excited states four and five of PCPDT—BDT are 1.99 and
1.97 eV, respectively.

the other three polymers. Also, the lower excited states feature
much higher CAE values.

Based on the CAE for the excited states of the optimized
polymers and the charge density difference of the correspond-
ing excited states (as discussed in more detail in the
Supporting Information with Figure S2), we can assign three
general design rules to modify the CAE: (i) by increasing the
spacing between the donor and acceptor units, the overlap of
the hole and electron wave functions decreases, thus
decreasing the CAE; (ii) the z-character of the hole wave
function in the high-lying excited states decreases, con-
sequently decreasing the CAE. In contrast, a strong 7 — 7*
character increases the CAE and is thus unfavorable for high-
lying excited states; (iii) a larger acceptor unit leads to a larger
distributed electron wave function and therefore lowers the
overlap of the electron and hole wave functions and
consequently lowers the CAE. We note that rule (iii) applies
only to the lowest excited states, since at higher states the hole
wave function involves the conjugated backbone of the
acceptor units and consequently leads to a similar overlap
between electron and hole for larger and smaller acceptor
units.

Dynamic Coulomb Attractive Energy. Let us now turn
to the dynamics of the systems. Starting from the photo-
excitation with a certain excitation energy, the relaxation
processes of the systems were described by a series of
independent dynamic trajectories in the NA-AIMD simula-
tions. For each polymer, the excitation energy is set to be
higher than 3.5 eV, representing a hot exciton excitation in a
high-lying excited state, as marked in Figure 2, acting as a
precursor for polaron-pair states.””~>> These trajectories are
analyzed by computing the CAE via eq 1 for each trajectory at
each 1 fs time step in the respective excited state and then
averaging over all trajectories for each polymer. The dynamic
evolution of the average CAE is shown in Figure 4.

For PCPDT—BT I, PCPDT—BT II, and PCPDT—2TBT,
the dynamic CAE value starts from about 0.55 eV at 0 fs,
increases about linearly, and then saturates. For the first two
polymers PCPDT—BT I and II, the linear rise time is about 50
fs, and the saturation value of the CAE is about 0.8 eV, with no
strong fluctuation. For the latter polymer PCPDT—2TBT, the
linear rise time appears to be similar, but because of an
apparent decrease at about 60 fs, the rise time cannot be fully
estimated. This early time deviation from the rising trend may
reflect the physical significance of a better-separated electron
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Figure 4. Time-dependent Coulomb attractive energy for each
polymer averaged over all trajectories of the dynamics. The Coulomb
attractive energy values are calculated at each 1 fs time step.

and hole wave function due to the distance between donor and
acceptor moieties.

We note that the quick stabilization within about 60 fs of the
dynamic CAE is consistent with the experimental reports on
the generation of polaron-pair states. Rolczynski et al. have
reported a pseudo-charge transfer state (polaron-pair state)
and charge transfer state formation within 160 fs in a PTBF
series,”’ and Cho et al. have reported on a new fast dissociation
pathway (within 34 fs) in PTB7 after excitation with excess
energy, which might have its origin in a pseudo-charge transfer
state.

The saturation value for PCPDT—2TBT is about 0.1 eV
lower than those of the first two polymers. This is to be
expected since the static CAE shows a similar trend for the
lower half of the total excited states considered. For the
polymer with the strong acceptor moiety, namely, PCPDT—
BDT, the dynamic CAE is significantly higher than for the
other three polymers but follows a similar trend. The linear
initial rise time is about 35—40 fs, and the saturation value is
about 1.1 eV, showing similar fluctuations to the other three
polymers.

Dynamic Dipole Moment. Analogously to the calculation
of the dynamic CAE, the electric dipole moment of the excited
states is calculated for each trajectory at each 1 fs time step in
the respective excited state by

= ‘_e / P (0)r dr @)

and then averaged over all trajectories for each polymer, where
e is the elementary charge and p™° is the density of the
respective excited state. The results are shown in Figure 5. In
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Figure S. Time-dependent dipole moment for each polymer averaged
over all trajectories of the dynamics. The dipole moment values are
calculated for every 1 fs time step.
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contrast to the dynamic CAE, the polymers PCPDT—BT I and
PCPDT—BT II show a different behavior for the dynamic
dipole moment. While for the former polymer the dipole
moment shows fluctuations around a mean value of about 7 D,
the latter polymer shows fluctuations around a lower value of
about S D.

PCPDT—2TBT, on the other hand, appears similar to
PCPDT—BT I, with the dipole moment fluctuating around a
slightly higher mean value of about 7.5—8 D and exhibiting
larger fluctuations. The polymer PCPDT—BDT with the
highest CAE values also has the highest values for the dynamic
dipole moment, fluctuating around a mean value of about 15
D. Interestingly, while the fluctuations for the polymer with the
lowest dynamic dipole moments are very small, an increase in
the mean value of the dipole moment leads to an increased
fluctuation, e.g, the values for PCPDT—BDT fluctuate by
about £2 D. This feature is of electronic origin since the nuclei
do not reorganize much on this very fast time scale. The high
mobility and consequently time-dependent variation of
electron and hole wave functions, possibly due to intersections
of electronic states, could be responsible for this behavior.

Discussion. Analyzing experimental observations with
detailed theoretical calculations and modeling is of great
importance for a better understanding of the photophysical
properties and mechanisms on a microscopic level. Based on
our results, the experimental findings of Tautz et al.”” can be
substantiated, confirming the CAE as a driving force and good
quantifier for the exciton recombination rate. The discussion is
further extended by the effect that the electrical dipole moment
has on charge separation and polaron-pair generation as
proposed by Carsten et al.”* We note that relatively high pump
intensities were used in the experiments that might go beyond
the regime simulated in the present work. Furthermore, we
cannot rule out the self-aggregation of the polymers under
experimental conditions. Experimentally, it was found that the
polymer PCPDT—BDT features a high initial polaron-pair
yield, followed by a high recombination rate (low lifetime).
Moreover, PCPDT—BT I was found to have a lower
generation of polaron pairs and also a lower recombination
rate (higher lifetime), the latter being favorable for subsequent
charge separation. The polymer with the m-spacer lowered
both quantities even further and featured long-lived polaron-
pair states.

The dynamic dipole moment and the dynamic CAE of
PCPDT—BDT are both comparably high. The former can be
seen as one of the indicators for the initial polaron-pair yield**
and thus in line with the experimental results. The latter can be
seen to be responsible for a charge recombination process.
While the positive and negative charges of the exciton have to
overcome the Coulomb barrier to be separated, the high CAE
prevents charge separation and thus leads to recombination.
The on-average relatively high dipole moment of PCPDT—
BDT follows from contributions from trajectories that exhibit
either an asymmetric or symmetric electron—hole distribution,
as illustrated in Figure S3 in the Supporting Information. In
some trajectories, the hole is mainly located in the backbone
between two acceptor units that accommodate most of the
delocalized electron. This symmetric distribution leads to a low
dipole moment. On the other hand, an asymmetric electron—
hole distribution, where the hole is located at the edge of the
polymer backbone and the electron is more localized on the
acceptor units in the center of the polymer, leads to a large
dipole moment. Spatially separated electrons and holes are
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generally considered beneficial for subsequent charge separa-
tion; therefore, these results support the interpretation of the
high dipole moment as an indicator for the eflicient generation
of polaron pairs.

To further explore the idea of the CAE being an indicator of
recombination, we calculated the static CAE for PTB7 and
PBB3 that were investigated by Carsten et al.”* The lower
static CAE of PBB3 in the lowest excited states (Figure S4 in
the Supporting Information) is in line with the experimental
finding of long-lived excitonic states for this polymer, thus
demonstrating the CAE to correlate with the experimental
findings for different polymers. In terms of relatively simple
quantifiers, it is therefore possible to associate the charge
recombination and charge separation with CAE and dipole
moment, respectively.

Taking also geometrical considerations into account, the
dynamic dipole moment as the indicator of charge separation
appears to be influenced by the geometrical arrangement of the
polymers. While the dynamic dipole moment and thus the
degree of polarization of PCPDT—BT I and PCPDT-2TBT
are quite similar, the experimental observations indicate a
somewhat lower polaron-pair yield for the latter. This suggests
that although the dipole moment correlates with the polarized
ICT character of the state,’® the spatial separation of the
electron and hole wave function to form a polaron-pair state
might be prevented by the rotational barriers between the 7-
spacer and the donor and acceptor units, which planarize on
the sub-ps time scale to produce ICT states.”* This shows that
the complexity of the structure, especially the rotational
barriers between the subunits of the polymers, influences the
separation of the electron and hole wave function and must be
considered in addition to physical quantities such as the dipole
moment.

The overall lower dynamic CAE of the z-spaced polymer
indicates a lower attractive potential and thus a lower
recombination rate of the charges, possibly due to the spatial
separation of the donor and acceptor units induced by the z-
spacer, in line with the experimental findings.

These results indicate a competition between the charge
separation process via a highly polarized ICT or polaron-pair
state, which correlates to the dipole moment, and the CAE as
an attractive interaction between the electron and hole to
recombine. While the former needs to be comparably high to
spatially separate the electron and hole, the latter should be
reduced simultaneously. A possible route to achieve a polymer
featuring these two properties is to increase the size of the
acceptor unit instead of increasing the electron affinity of the
acceptor unit (e.g,, via the BDT acceptor unit). The idea is
that, while a delocalized hole wave function reduces the
recombination rate of the polaron-pair,”* a delocalized electron
wave function might have a similar effect. Our model polymer
PCPDT—BT II features an acceptor unit consisting of two BT
units rotated by 180°. While the dynamic CAE of the model
polymer is similar to the CAE of PCPDT—BT I and indicates a
similar recombination behavior, the dynamic dipole moment is
lower than for PCPDT—BT I, indicating a less polarized
excited state and consequently less initial polaron-pair
generation. Both results combined lead to the expectation
that the larger acceptor unit operates worse in OPV devices
than PCPDT—BT 1. The fundamentally different effect of the
extended electron wave function due to a larger acceptor unit
compared to the larger hole wave function initiated by a 7-
spacer for a hot exciton may originate from the fact that the

https://doi.org/10.1021/acs.jpcc.3c07513
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extension of the acceptor unit not only increases the backbone
of the acceptor unit but also increases the interaction of the
electron wave function with the enhanced “pulling” effect of
the N-substitutions, thus trapping the electron wave function.
We note that lower energy excitons, i.e., only the lowest excited
states, may exhibit a different behavior for PCPDT—BT IL
These insights indicate that there is a size limit for the acceptor
unit similar to a size limit of the z-bridge'” to optimize the
device performance, thus providing new design rules to
increase the polaron-pair separation. The optimized donor—
acceptor polymer should have a donor and small acceptor unit
well separated by a 7-bridge with the acceptor unit’s electron
affinity being high enough to produce a strongly polarized
excited state but not so high as to allow recombination due to
strong Coulomb interaction of the excited electron and hole.

In a larger picture of charge separation processes in OPYV,
the initial polaron-pair formation on a single polymer/
molecule would favor subsequent charge separation within
polymer aggregates or at the donor/acceptor interface. The
concept of interpreting the dipole moment and CAE as
indicators for electron and hole wave function splitting or
recombination, respectively, can also be applied to the
aggregates and the interface itself, making this approach useful
for the study and qualitative analysis of various polymer
structures as well as complex morphology effects. The latter are
known to have a strong influence on the dissociation of
excitons through a disordered energy landscape,* close
packing for extended delocalization of excitonic states*® and
thus an extended dipole moment, and relative orientation to
influence the interfacial CT states.*” However, the theoretical
description and effects of large ensembles of different
aggregates/interfaces are limited in the literature. Thus,
modeling different aggregate ensembles of donor—acceptor
interfaces, e.g.,, the widely used and promising polymer PM6
and the nonfullerene acceptor Y6, and analyzing their static or
dynamic CAE as well as dipole moment can provide clues to
the advantages of certain aggregates and possible charge
separation pathways.

B CONCLUSIONS

In conclusion, polaron-pair formation is believed to play an
important role as a possible precursor for subsequent charge
separation at donor—acceptor interfaces or within aggregates in
OPV devices. In the present work, we performed detailed NA-
AIMD calculations on a series of different polymer structures
previously investigated experimentally to investigate the
driving forces for the polaron-pair formation at high excitation
energies. Our results and discussion provide further evidence
that the dipole moment of the excited (excitonic) state can be
interpreted as an indicator of efficient initial polaron-pair
formation. In contrast, the Coulombic attractive energy
appears to drive recombination. Thus, the former promotes
subsequent charge separation, while the latter inhibits efficient
charge generation. Our work provides an ensemble description
of the dynamic process of photoexcited polaron formation and
solidifies the role of Coulomb attractive energy and excited
state dipole moment as the descriptors of this process on a
microscopic level. The calculation of these two physical
quantities, in a dynamic or static manner, can be used to
explain the experimentally observed photovoltaic efficiencies
for different interfaces.
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Conclusion and Outlook

9.1 Conclusion

Opto-electronic devices based on organic semiconductors have successfully entered com-
mercial markets. Organic light-emitting diodes (OLEDs) are indispensable components of
state-of-the-art electronic devices, whereas the commercial implementation of organic semi-
conductors in photovoltaics remains comparatively limited. However, substantial progress
over recent decades have culminating in power conversion efficiencies exceeding 21% [42],

highlighting the potential use in everyday life.

The fundamental mechanisms governing charge-carrier generation and transport, as well as
exciton formation and dissociation in organic photovoltaic devices, are largely understood.
However, clarifying the complex interplay between chemical design, structural ordering,
intrinsic electronic properties, electronic disorder, exciton dissociation, transport processes,
and overall device performance remains a major challenge. A comprehensive understanding
of these relationships is essential for the rational design and further optimization of high-

performance organic photovoltaic systems.

This thesis employs electronic-structure methods to investigate the electronic properties
and underlying mechanisms of organic semiconductors, with the objective of advanc-
ing the understanding of charge-carrier generation, charge-carrier transport, and device

functionality in organic photovoltaic applications.

The generation of charge carriers through molecular dopants is a widely employed strategy
to increase the charge-carrier density. More recently, Lewis acids and superbases have
emerged as effective alternatives to conventional molecular dopants for p-type and n-type
doping, respectively, demonstrating improved doping efficiency, better miscibility with
organic semiconductors, and enhanced thermal stability. In one contribution included in
this thesis [51], the superbase-doping mechanism was investigated in detail by analyzing
the nucleophilic attack pathway and the associated intra- and intermolecular electron-
transfer processes, as well as their connection to intermolecular complex formation. The
findings reveal that, in the absence of carbon-carbon bond formation, a metastable electronic

configuration characterized by a singly occupied orbital is formed, enabling efficient transfer
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of the excess electron to a neighboring organic semiconductor. In contrast, when bond
formation occurs intra- or intermolecularly, paired and spatially localized electronic states
are generated. These results provide valuable mechanistic insight and contribute to a clearer

understanding and further advancement of doping strategies reported in the literature.

A comprehensive understanding of charge transport in organic semiconductors is essential
for the rational design of higher-performance devices. In one contribution [50], charge-
transport mechanisms in organic semiconductor dimers were investigated using ab initio
molecular dynamics simulations. Charge-transfer events were systematically correlated
with polaron energy levels, and key vibrational modes facilitating charge transfer were
identified through ground-state calculations. These results establish a foundation for the
development of large-scale transport models that aim to predict charge mobility using

physically meaningful charge-transport descriptors.

The excited-state manifold and its dynamics play a decisive role in organic photovoltaics,
as they govern exciton dissociation pathways and recombination losses. These aspects are

examined in depth through three key contributions presented in this thesis.

Using non-adiabatic ab initio molecular dynamics simulations, the time-dependent behavior
of hot excitons is analyzed across four distinct donor-acceptor polymer architectures, yield-
ing detailed insight into the evolution of their dipole moments and Coulomb interactions
in the excited states [52]. These quantities are correlated with experimentally proposed
polaron-pair formation mechanisms, further solidifying their relevance as descriptors
of charge separation and clarifying how polymer architecture influences the underlying

separation dynamics.

Furthermore, simulations of the PM6:Y,CF; blend and the neat Y,CF3 film of the novel
trifluoromethyl-substituted acceptor Y,CF;, combined with subsequent quantum-chemical
calculations, provide detailed insight into the electronic manifolds of both systems [54].
In particular, correlations between exciton dissociation and molecular packing, as well as
between charge transfer (electron and hole transfer) and molecular packing, are examined,
revealing highly efficient exciton dissociation, as well as efficient electron-transfer path-
ways within the acceptor domain. The investigated trifluoromethyl-substituted acceptor
has experimentally demonstrated superior performance compared to the state-of-the-art
acceptor Y6, attributed to its favorable molecular packing and enhanced charge-carrier
mobility [245]. Overall, this contribution delivers a comprehensive analysis of the electronic
structure and fundamental mechanisms responsible for the improved performance of this

novel acceptor material.
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Finally, to further disentangle the relationship between chemical design and interfacial
exciton dissociation, a series of molecular donor architectures is systematically screened [53].
The strength of electron-withdrawing terminal groups and the length of the z-bridge are
correlated with exciton dissociation efficiency at the interface with Y6, providing additional

insights into structure-property relationships governing interfacial charge separation.

9.2 Outlook

The findings generated throughout this thesis and the associated publications provide
valuable insights and foundational work that can be expanded upon through multiscale
simulations aimed at developing a deeper understanding of charge generation and transport

in organic semiconductor devices on a larger scale.

For instance, kinetic Monte Carlo simulations represent a promising approach to further
evaluate the suitability of the polaron energy level as a descriptor for charge transfer. By
enabling a direct comparison between simulated charge carrier mobilities and experimental
measurements, such simulations could provide deeper insight into the predictive power of
this descriptor. In addition, extending the present study to include a statistical analysis over
a large ensemble of propagated trajectories may yield statistically resolved rate constants,

which can subsequently be validated against experimental data.

Building on the screened small-molecule donors, molecular dynamics simulations constitute
a logical next step toward modeling realistic donor:acceptor interfaces. This would enable
a systematic investigation of how the proposed molecular design principles influence
intermolecular packing motifs and energetic disorder, thereby affecting charge transport

and exciton dissociation properties.

Furthermore, for the novel trifluoromethyl-substituted acceptor Y,CFj, the role of the pro-
cessing solvent on molecular packing, electronic properties, and ultimately device perfor-
mance can be investigation in detail. Similarly, examining the effect of substituent position-
ing may uncover distinct morphological characteristics induced by the trifluoromethyl-side

chain and provide additional guidelines for rational material design.
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Appendix

A1

Chemical Species

This section lists the chemical species that are abbreviated throughout the thesis. The

chemical species investigated in the presented papers are not emphasized here, as they are

shown in the respective papers.

PCPDT-BT: Poly|[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta [2,1-b;3,4-b"]
dithiophene)-alt-4,7(2,1,3-benzothiadiazole)]

F,TCNQ: 2,3,5,6-tetrafluoro-7,7,8,8-tetracyanoquinodimethane
F¢TCNNQ: 1,3,4,5,7,8-hexafluorotetracyanonaphthoquinodimethane
CN6—CP: Hexacyano-trimethylene-cyclopropane

N-DMBI: 4-(1,3-dimethyl-2,3-dihydro-1H-benzoimidazol-2-yl)phenyl)

dimethylamine
BCF: Tris(pentafluorophenyl)borane
TrTPFB: Trityl tetrakis(pentafluorophenyl)borate

P2—t—Bu: 1-tert-butyl-2,2,4,4,4-pentakis(dimethylamino)-2A5,4A5-catenadi
(phosphazene)

P4—-t—Bu: 1-tert-butyl-4,4,4-tris(dimethylamino)-2,2bis[tris(dimethylamino)
phosphoranylidenamino]-245,4A5-catenadiphosphazen

PC¢BM: [6,6] phenyl-C61-butyric acid methyl ester

N2200: Poly[N,N’-bis(2-octyldodecyl)naphthalene-1,4,5,8-bis(dicarboximide)
-2,6-diyl]-alt-5,5’-(2,2’-bithiophene)

P3HT: Poly(3-hexylthiophene-2,5-diyl)
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« PM6: Poly[(2,6-(4,8-bis(5-(2-ethylhexyl)-4-fluorothiophen-2-yl)-benzo|[1,2-b:4,5-b’]
dithiophene))-alt-(5,5-(1°,3’-di-2-thienyl-5’,7’-bis(2-ethylhexyl)
benzo[1,2’-c:4’,5’-c’]dithiophene-4,8-dione))]

« Y,CFs: 2,2°-[12,13-bis(2-ethylhexyl)-6-(3,3,3-trifluoropropyl)-3,9-diundecyl-12,13-
dihydro-6H-thieno[2’,3°:4,5]thieno[3,2-b]thieno[2”,37:4’,5 | thieno[2’,3:4,5]
pyrrolo[3,2-g][1,2,3]triazolo[4,5-e]indole-2,10-diyl]bis[methanylylidene
(5,6-difluoro-3-oxo-1H-indene-2,1(3H)-diylidene)]dipropanedinitrile
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A.2 Analytic Foundations

This section provides concise derivations of the physical mechanisms underlying the
phenomena investigated in this thesis. Specifically, it covers the generalized Mulliken-
Hush electronic coupling for excited-state transitions, spin-orbit coupling in singlet-triplet
excited-state transitions, excited-state oscillator strengths and radiative decay processes,
the thermal vibration correlation function associated with non-radiative decay, and the

nuclear ensemble approach.

A.2.1 Electronic Coupling: Generalized Mulliken Hush Method

The electronic coupling ?{fbia in a two-state model is equal to the off-diagonal term of the
Hamiltonian matrix in the diabatic basis. Electronic structure calculations directly provide
adiabatic quantities; therefore, the goal is to compute the electronic coupling from these
adiabatic quantities. The Hamiltonian matrix  and dipole matrix elements p in both the

diabatic and adiabatic representations are given by:

1 aa a 1 O
gdia — H. Hab gadia _ Ha (A1)
Hap  Hip 0 Hop
”dia _ (ﬂaa ﬂab) ”adia _ (I—lll I—llz) (A2)
Hab  Hbb Hiz H22

In the nomenclature, letters correspond to the diabatic basis and numbers to the adiabatic
basis. The diabatic wave functions ¥, and ¥, of states a and b are expressed as linear
combinations of the orthonormal (and real) adiabatic wave functions ¥; and ¥; (switching
in bra-ket notation) [116, 117]:
2 2 2 2

|¥,) = ck W) +c2 o) ;s |¥p) = c;} |¥1) +cp, [¥2) 5 ch, c2, c},, c, €R. (A.3)
Inserting the diabatic wave functions into the off-diagonal term of the Hamiltonian and
using orthonormal conditions of |¥;) and |¥,) leads to the following expression for the
electronic coupling in adiabatic quantities:

dia _ (ggadia 1 1 adia ,2 2
(]_{ab -7 Cacb+7—{22 CaCyp > (A4)
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where 7-(1""{1iél and Wj‘;ia are the eigenvalues E; and Ej, respectively; E; > E; in this repre-
sentation. A commonly used orthogonal rotation [246] is chosen to represent the linear
combination via

ch =cos () , c2=sin(0), c}) = —sin(6) , ci =cos(0) , (A.5)
where 0 corresponds to a rotation. Inserting the rotation and using algebraic transforma-

tions, the electronic coupling reads

. 1

HG = —(E, - E;) sin (20) . (A.6)

22 =
AEyp

The dipole operator is projected onto the direction of the adiabatic dipole difference Apy, =

Hu — H22,

Apyy
|Aﬂ12| .

[ll'j:é'[ll'j, with é = (A7)
The rotation angle 6 is chosen so that the off-diagonal term of the dipole matrix element in

the diabatic basis vanishes: y,p, = 0. Evaluating the matrix element then yields

2
tan(20) = ~H12 (A.8)
Apnz
with Apgp = p1g — p2o the difference in dipole moments of the adiabatic states. Algebraic
transformations yield the final expression for the electronic coupling from adiabatic quan-

tities:

dia _ p12AEq;
b= .
* V(Ap12)? + 4(p12)?

(A.9)

A.2.2 Spin-Orbit Coupling

To evaluate the spin-orbit coupling between the I—-th singlet excited state and the J—th
triplet excited state with corresponding electronic wave functions \I’IS = |S;) and ‘P]T =
|T ]>S ., With spin angular momentum s and magnetic quantum number m, respectively,

the perturbation Hamiltonian in Fermi’s golden rule (Equation 5.2) takes the form of the
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relativistic one-electron spin-orbit Breit-Pauli Hamiltonian [118, 122]:

2 Nel NA

= Z Z b - = Z Ll & (A.10)

with {(r;) = NA ao ZA l = r;4 X P; is the orbital angular momentum operator and §; the
spin angular momentum operator of electron i; Z4 is the bare positive charge on nucleus
A; ag is the fine-structure constant. The sum extends over all electrons i and nuclei A. For
completeness, it should be noted that the Breit-Pauli operator is composed of more complex

terms, e.g., spin-other-orbit contributions; however, these are neglected in the formalism.

The spin-orbit coupling VSTO(; reads:
Vs, = (SHHC T, - (A11)

To evaluate the spin-orbit coupling, the second quantization notation is used [120], in which
Slater determinants build from orthonormal spin-orbitals ¢, can be expressed of fermionic
creation (d") and annihilation (@) operators acting on the vacuum-state to represent the

wave function:

1 R N
Wdet |ps ... pspr| & 7187 .. i [vac) . (A.12)

Moreover, any first-quantized one-electron operator f(r) can be expressed in one-to-one

correspondence via:

N
D)o > (gl Flge) ik (A.13)
i=1 ik

The operators are subject to the anticommutator relation [f, fT]Jr = Jy through Fermi

statistics. Following this representation, Equation A.10 is expressed as [247]:

o = Z D (pl 1) (b Iy + 82 Wgo) ot (A.14)

p.q o0’

Here, |¢ps) = |¢,) ® o is the spinor consisting of a spatial |¢,) part and the spin o € {a, 8}
(spin-up and spin-down); in the context of density functional theory formalism, |¢$,) are

Kohn-Sham orbitals. The sums p and g run over all orthonormal Kohn-Sham orbitals.
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Evaluating Equation A.14 using the Pauli spin matrices leads to the following equations:
Ty = 5 g (Bhadigs + & pdge)
pq
Hy = o Z hy, ( ) qp — a' ﬁaqa) : (A.15)
s = 2 (Gt = ).

where i is the imaginary unit. The factors hgq = (¢pl ¢ (r)id |¢g) With d € {x,y,z} are
integrals between the Kohn-Sham orbitals p and g. Using Casida’s formalism [121] for
the singly-excited configuration within time-dependent density functional theory under
Tamm-Dancoff approximation (TDA), the wave function of the I-th singlet excited state

can be expressed via:

95) = > ¢j7af o %) . (A.16)

i,a,c

Here, |¥,) is the ground state wave function composed of Kohn-Sham orbitals via the Slater
determinant representation; the sum runs over both spins (o € {a, f}), index a denotes
virtual (unoccupied) orbitals and index i represents occupied orbitals; c}*° is the excitation
coefficient for the respective i — a contribution. See Section A.4.2 for a brief introduction
of TDA. In particular, the resulting excited state wave function for the I—th singlet excited
state and J—th triplet excited state reads [247]:

|SI> = Z S}.a (&Zadia + a a ) |‘P0>

i,a

a0 = D15 (@hatia - @ i) 1%0),

i,a

T = V2 ) 6% ai %),
i,a

(A.17)

L
T = V2 ) 44 e %),
i,a

where the singlet s}"‘ and triplet t}"‘ excitation coefficients rely the normalization Zi’a(t}“)z =
o a(s’“)2 1. Inserting the excited state wave function expansion (Equation A.17) and the
second-quantized spin-orbit operator (Equation A.15) into Equation A.11, and evaluating

the annihilation and creating operators yields the following equations for the spin-orbit
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coupling between singlet and triplet excited states:

g 1 ia aypz pibpz
StlHso [Ty = 5 (_Z s7') tj hji Z ]bhab) g

i,j,a i,a,b

(A.18)

Sl o T = (Z ()" e (5 k%) = 3 (si)" e (3, +in) )

i,j.a i,a,b
(811 Fso IT)s -1 = = ( (811 Fso [T

Here, a, b denote virtual (unoccupied) Kohn-Sham orbitals and i, j occupied Kohn-Sham
orbitals. Note that in Equation A.18, i is used as an index and i as imaginary unit; the
resulting spin-orbit couplings are complex values. The total spin-orbit coupling to triplet

excited state !T]> is evaluated as summation over the magnetic quantum number m:

A 2 A 2 ¥ 2
vsocz\/| (1l Floo ITy)ya| +[ (811 Fo 1Ty +[ ST 1T - (419)

A.2.3 Oscillator Strength and Radiative Decay Rates from the Einstein

Coefficient Relation

After excitation from state i to j (approximated as harmonic oscillator), spontaneous
emission of radiation may occur, i.e., a transition from state j to i accompanied by emission
of a photon. The total energy W of a classical harmonic oscillator in free space as a function

of time is given by [248]:

W(t) = Wye Ydl | (A.20)
where the energy decay rate is
202
va= —< (A.21)
6egmec

and o is the angular frequency of the oscillation. As usual, ¢y denotes the permittivity of
free space, c the speed of light, m, the electron mass, and e the elementary charge. Within
this classical description, the excited state is associated and scaled with a characteristic

radiative decay rate given by .

Following Hilborn [84], the Einstein coefficient for spontaneous emission A j; can be defined
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via the oscillator strength for emission fj; and the y of the classical harmonic oscillator

as:
Aji = _3f}'i}/cl . (AZZ)
Correlating the absorption oscillator strength f;; to the emission oscillator strength fj;:

9ifij =—9fii=9f - (A.23)
For non-degenerate singlet states (spin multiplicity 1), one has g; = g; = 1.

Reordering Equation A.22 and inserting the relation leads to the spontaneous emission rate

constant:

w?.e?

As=—22 £ A.24
It 2ﬂ£0m3c3ﬁ] ( )
Formulating the angular frequency into wave numbers 7 in cm™! (@ = 27ic) and evaluating

the constants yields (almost exactly)

Aji = § ]lfj (A.25)

Here, 7;; is expressed in cm™! and Aj; is obtained in s~

Bridging to a quantum mechanical treatment of transition rates, the radiative decay rate can
be also derived from Fermi’s golden rule (Equation 5.1) under electronic dipole perturbation,
i.e., an oscillating dipole coupled to a local electric field at the emitting chromophore [84,

249]. The resulting transition rate reads:

3

oy
_ 2
Aji = 37es hc3 —— il (A.26)

where p;; is the electric transition dipole moment between the states, and 7 is the reduced
Planck constant. Comparing both expressions, one can relate a general expression for
the oscillator strength for a given transition, e.g., spontaneous emission, to its electrical

transition dipole moment via

2mea)ij
3e?h

fij = il . (A.27)

Thus, within the electric dipole approximation, the classical radiation damping picture
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becomes formally consistent with the quantum mechanical spontaneous emission rate
once the oscillator strength is introduced as the dimensionless measure of transition

probability.

The spontaneous emission rate derived as done above or via Fermi’s golden rule apply to
molecules (or atoms) in free-space. But, in the context of molecules in a bulk dielectric
medium whose polarization can in turn affect the spontaneous emission, a higher-order
perturbation embedding the polarization of the medium is necessary. To model the influence
of the polarizable medium, the local electric field can be expressed by the overall macroscopic
electric field, in an isotropic medium the relationship can be expressed via an scalar factor
f’ as El°®@ = f” x EMar_ The influence of a surrounding medium with refractive index n

on the spontaneous emission rate can be mounted as [125]:
k: = nf'(n)zAji , (A.28)

The factor n arises from the modification of the photonic density of states in the dielectric
medium, whereas f’(n)? accounts for the change of the local electric field amplitude at the

position of the emitter.

The scalar factor f’(n) is characterized by the refractive index n of the material. In this
work, f’(n) takes the following relationship derived by Lorentz, leading to the virtual cavity
(Lorentz) model [124-126]:

f(n) = ( (A.29)

n® + 2)

In the virtual cavity model, no physical cavity is introduced; instead, a hypothetical spherical
region (Lorentz sphere) around the emitter is considered, which is assumed not to perturb
the homogeneous polarization of the surrounding dielectric. The microscopic polarization
within the Lorentz sphere is taken to be identical to the macroscopic polarization of the
medium. Owing to symmetry, the average field produced by dipoles inside the Lorentz

sphere vanishes at its center, so that only the surface polarization of the sphere contributes
to the local field.

A.2.4 Thermal Vibration Correlation Function

To evaluate the non-radiative decay of excited states to the ground state, the non-adiabatic

coupling model [127, 128] can be used in combination with the thermal vibration correlation
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function [129-131], which is described in the following.

Starting from Fermi’s golden rule in Equation 5.1, the perturbation Hamiltonian has the
form of the non-adiabatic coupling between Born-Oppenheimer states; after applying the

Condon approximation it reads:
1= > brl Prlg) Cep| Pra L) - (A.30)
!

Here, the indices i and f denote the initial and final state; ¢;(r) and y;(r) the corresponding
electronic and nuclei wave functions; v;(r) denote the collection of quantum numbers of the
harmonic oscillators of the vibrational modes of the respective states; and f’fl = —ih%ﬂ is
the normal mode momentum operator along normal mode [ of the final state. As usual, 7
is the reduced Planck constant, and i is the imaginary unit. Assuming that in the initial

vibrational modes are thermally occupied following a Boltzmann distribution

ib
— ﬂ Ezlvi

> _ vib
Py(T) = “——, withZ; =y e /i, (A31)
;=0

i

the internal conversion rate kjc reads [129-131, 250]:

2r r1 ~BE® ©f b _ pvib
ko= Y RI— 3 e Ppo By + B - B ) (A32)
Lk Yoy
with
R = (¢l Pri1¢0) (il Pric 1) . (A.33)
PlJ]: = <Xfo|Pfl IXivi> <Xivi| Pfk |)(fo> > (A.34)

where R{; is the non-adiabatic electronic coupling term [127, 128]. The sums [ and k run

over all normal modes; the sums v; and Vf run over all possible quantum numbers of the
vib

i(7):vi(j)
the molecule for the given quantum number (eigenvalues of the harmonic oscillators); E; ¢

initial and final vibrational modes; E is the corresponding total vibrational energy of

is the (adiabatic) energy difference between the electronic states; Z; is the partition function

1
kT

constant. The superscript f denotes the derivatives to be taken with respect to the normal

of the Boltzmann distribution; f = ; T is the temperature, and kg is the Boltzmann

modes of the final states.
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After applying a Fourier transformation to the Dirac-delta function, kic reads [130]:

1 f lE r ﬁ v1b (EYIEI—E}HLf)T
c=2), R | dr ity e i . (A.35)
Lk

Vi, Vf

puik(z.T)

Here, pj (7, T) is the thermal vibrational correlation function (TVCF), with r = %; note that
iin the exponential functions denotes the imaginary unit. The TVCF can be analytically

expressed and solved [130].

A.2.5 Nuclear Ensemble Approach

In the nuclear ensemble approach, the absorption cross section is simulated based on Wigner-
distributed nuclei positions on the vibronic ground state, which simultaneously generates
initial conditions (position and momentum) used in molecular dynamics simulations [251,
252]. Starting from the absorption cross section ¢(E) within Born-Oppenheimer and electric

dipole approximation [252]:

D) = SromE [ 180t (ROTG (R) o (R Lk (R & (A (R) ~ E) &R,
(A.36)

where the sums run over all electronic states n and vibrational states k; X represent the
nuclear wave function; g, is the electronic transition dipole moment between electronic
ground and excited state; AEyg nx = Enx — Eoo + AEy, with vibrational energies Egy (Epx) of
the ground (excited) state and vertical excitation energy AEy ,; n, is the refractive index.
As usual, & denotes the permittivity of free space, c the speed of light, and 7 the reduced

Planck constant.

The ultimate target is to compute the overlap function of the vibrational ground and excited

state.

Transforming Equation A.36 into time domain while assuming the vibronic ground state at
t = 0, applying an approximation for the vertical excitation energy (AEy, ~ (AEoonk)k)

and approximating the overlap as

X5o(R)Xn(R, 1) = |Xoo(R)| exp ——Itl AEOn(R)l‘ —Eoo(R)t ; (A.37)
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the cross section reads [251, 252]:

2
O-(E) = & Z / |X00 (R)lz AEO,n(R)ﬁ),n(R) X Glorentz (E - AEO,n(R)’ 5n) dsR .

2meceon, E

(A.38)

Here, m, is the electron mass and e the elementary charge, and f; , is the oscillator strength
between the states. The parameter J, is associated with the lifetime of excited state n,
which yields the finite sharpness of the gjorent, function, which is a Lorentzian line shape

defined by

1 5,/2
glorentz(E - AEO,m 511) = — / P 5
T (E = AEyn(R))” + (80/2)

(A.39)

Note that different approximations for the overlap can be defined, leading to different

shapes of g.

At the heart of the nuclear-ensemble approach lies the estimation of the integral over the
nuclei coordinates R, which is done via a Monte Carlo approach sampling and ensemble of
N, random distributions of nuclear coordinates R; (more specific, the normal coordinates

Q) and an independent sampled ensemble of momentum P; [252]. Finally, the cross section

reads
h 2 NEL 1 NP
mne
o(E) = 27 2 MEon(R) fon(R) X Ghorents (E = ABon(R1). 5,) . (A40)
L]

2meceon, E ~

where the electronic sum runs over finite electronic states Nf“;l1 The acceptance of the
sampled normal modes and momentum are evaluated via a Wigner distribution in phase
space Pw(Q,P), which is valid in the harmonic oscillator approximation of the ground
state [251]:

Pw(QP)= [ | —exp -

A6 o (T) (_“j(T)ﬂjijsz')ex (_ij(T)P]z
j=1

) , (A.41)
pjoih

where AQ; is the normal mode displacement relative to its equilibrium position. The
temperature-dependent factor is defined as «;(T) = tanh(%w;/2kpT), where T is the
absolute temperature and kg is the Boltzmann constant; y; and w; are the reduced mass
and frequency of the harmonic normal mode. Both the absorption cross section and the

Wigner distribution can, in principle, account for finite-temperature effects through the «;
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factor; however, such corrections are not considered in the present work, and all sampling

procedures are performed in the T = 0 limit.
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A.3 Reorganization Energy

This section summarizes the reorganization energy frameworks used throughout this thesis,
with emphasis on the four-point method and the evaluation of reorganization energies

associated with vibrational modes.

A.3.1 Reorganization Energy via the Four-Point Method

To evaluate the inner reorganization energy relevant for electron-transfer processes within
the Marcus framework, the so-called four-point method is commonly employed [106]. This
approach is based on the potential energy surfaces (PESs) of the reactant (R) and product
(P) states and is defined as

A= (Er(Rp) — Er(Rg)) + (Ep(Rg) — Ep(Rp)) , (A42)

Al AZ

where R denotes the nuclear coordinates at the equilibrium geometry of the respective
electronic state, and E is the corresponding electronic energy evaluated on the specified
PES.

Within the four-point method, A; corresponds to the energy required to distort the reactant
potential energy surface from its equilibrium geometry to the product geometry, while
Mg represents the analogous distortion of the product surface to the reactant geometry.
Together, these contributions quantify the overall geometric mismatch between the minima
of the two PESs.

In Marcus theory, however, electron transfer is described along a one-dimensional re-
action coordinate, and both PESs are harmonic with identical curvature along the reac-
tion coordinate. Under these assumptions, the two distortion contributions become equal,
i.e, A1 = Ay, and the Marcus reorganization energy corresponds to either contribution,

/lMarcus — /11 — /12_

If the PESs deviate from perfect symmetry, which is typically the case in realistic systems,
it is common practice to approximate the Marcus reorganization energy by averaging both

contributions,
A] + /12

2

AMarcus — (A.43)
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For large and complex systems consisting of two molecular units, such as donor:acceptor
complexes, it is often computationally advantageous to evaluate the reactant and product
states as combinations of isolated molecules. For instance, an electron-transfer process of
the form DyA — DA,, where the subscript + indicates the location of the charge, can be
approximated as Dy + A — D + A, using separated donor and acceptor fragments. This
approximation enables the calculation of reorganization energies for systems in which full

geometry optimizations of the combined complex would be prohibitively expensive.

It should be noted, however, that this approach neglects certain reorganization effects, most
notably changes in intermolecular degrees of freedom such as donor:acceptor distances and

orientations, which may contribute significantly to the total inner reorganization energy.

A.3.2 Reorganization Energy Evaluation from Vibrational Mode Analysis

To evaluate the mode-resolved reorganization energies A,,, and Huang-Rhys factors S,,, the
structural relaxation between two electronic states (reactant R and product P) is projected
onto a chosen set of vibrational normal modes. Within the harmonic approximation, the
Huang-Rhys factor associated with vibrational mode m is given by [78]

1 AQ%

Sm = —0om

2 hoC

(A.44)

where w,, is the angular frequency of mode m, and AQ,, denotes the mass-weighted
displacement along the corresponding normal coordinate between the two equilibrium

geometries.

The mass-weighted Cartesian displacement between the equilibrium structures of the two
states is defined as
Ax = M"?(Rp — Rg), (A.45)

with diagonal mass matrix M, which contains the atomic masses repeated for the three
Cartesian directions. Rp and Ry are the sets of 3N Cartesian coordinates of the product

and reactant states, respectively, where N is the number of atoms.

The displacement along vibrational mode m is obtained by projecting Ax onto the normal-
mode eigenvector 1,
AQm =11 Ax, (A.46)
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where 1, is the eigenvector associated with mode m in the chosen normal-mode basis. The
choice of projection basis depends on the direction of the electronic transition; in practice,

the normal modes of the final electronic state are commonly used.

From the Huang-Rhys factors, the contribution of each vibrational mode to the reorganiza-
tion energy is given by
An = hwmSm (A.47)

and the total inner reorganization energy is obtained as [78]
A:ZAm:Zhwmsm. (A.48)
m m

When the normal modes of the two electronic states differ, the quantities AQ,, obtained by
projection onto the respective mode sets correspond to different normal-coordinate bases.
They represent projections of the same Cartesian displacement onto different vibrational
subspaces and are therefore not interchangeable on a mode-by-mode level, although the
total quadratic form defining the reorganization energy remains invariant within a given
harmonic representation. If vibrational overlap integrals (Franck-Condon factors) are to
be evaluated explicitly, the relationship between the two sets of normal modes must be
taken into account, which can be achieved using the Duschinsky rotation and translation

formalism [78].
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A.4 Electronic-Structure Methods

A.4.1 Density Functional Theory

In this chapter, a concise overview of density functional theory (DFT) is provided for
describing the electronic ground-state structure. Since DFT is a well-established and exten-
sively documented framework, only its fundamental concepts and key approximations are
highlighted here. For a comprehensive treatment, the reader is referred, for instance, to
References [253-256].

The description of the electronic system starts from the time-independent Schrodinger
equation under Born-Oppenheimer approximation. The corresponding eigenvalue problem

for the electronic state ¢;(r, R) is given by (cf. Equation 3.5):

H, (r,R)p;(r,R) = E;(R)¢;(r,R), with (A.49)
Nel _R2V2 Nel Nei Na e
H,(1,R) = L K (A.50)
IZ::‘ 2m, i,j:zl;;<] -—I‘l ;I(leRK_rll
[
gel qel-el pext

In this Hamiltonian, 7°¢ is the electronic kinetic energy of the N, electrons; UL is the
electron-electron electrostatic Coulomb interaction; V! is the external potential arising
from attractive Coulomb interaction between the electrons and the static Ny nuclei. Here,
m, and e are the electron mass and charge, respectively, and 7 is the reduced Planck constant.
The nuclear-nuclear repulsion term is not included in the electronic Hamiltonian; within
the Born-Oppenheimer approximation it represents a constant energy contribution for fixed

nuclear geometry and is therefore added separately after solving the electronic problem.

A significant reduction of the problem complexity was achieved by Hohenberg and Kohn in
1964 through their Hohenberg-Kohn theorem [257], which establishes a unique one-to-one
correspondence between the ground-state electron density po(r) and the external potential
V<t (up to an additive constant). This result allows the total energy to be reformulated as

a functional of the electron density:

E,[p] = T p] + U [p] + V[p] . (A51)
N——
=Fp] = Prp(r)v(r)
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According to the variational principle, this energy functional E, [p] attains its minimum at
the exact ground-state density po. The universal functional 7 [p] comprises the electronic
kinetic energy and electron-electron interactions. However, its exact analytical form is

unknown, necessitating suitable and reasonable approximations.

To address this limitation, Kohn and Sham introduced their approach in 1965, in which the
interacting many-electron system is mapped onto an auxiliary system of non—interacting
particles described by spin orbitals, referred to as Kohn-Sham orbitals, go S_ All unknown
many-body effects are incorporated into the exchange-correlation funct10na1 and its associ-
ated exchange-correlation potential, vy . The exchange-correlation functional accounts for
the difference between the true interacting kinetic energy and that of the non-interacting
reference system, as well as for non-classical electron-electron interaction effects. This
leads to the self-consistent Kohn-Sham equations in atomic units for the orbitals and their

associated eigenvalues ¢; , [253-255]:

[——+v(r)+/ Ip( ) gy " + Ve (1)

PR (1) = €100 (1) . (A.52)

Within this framework, the Kohn-Sham electron density is defined as

N, el,o

P = D 1S mIE = pS () + pf(r) (A.53)
oe{af}
i=1
and, within the exact Kohn-Sham formalism, coincides with the exact interacting ground-

state electron density. The spin-dependent exchange-correlation potential is obtained as

OExc[pas Pﬁ]

5po (@) (A.54)

Vxe,o (1‘) =

The ground-state wave function of the auxiliary Kohn-Sham system, ¢y, is constructed
as a Slater determinant of the Kohn-Sham orbitals representing the non-interacting refer-
ence system. This form guarantees antisymmetry of the wave function and thus ensures

compliance with the Pauli exclusion principle.

A.4.2 Time-Dependent Density Functional Theory

As DFT is formulated to describe ground-state electronic properties, the calculation of

excited-state properties requires a time-dependent extension, namely time-dependent den-
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sity functional theory (TD-DFT). TD-DFT is a well-established and extensively documented
theoretical framework; therefore, only its essential concepts and key approximations are
summarized here. For a comprehensive discussion, the reader is referred, for example, to
References [121, 258—-262].

The excitation of a molecular system can be described as the action of a time-dependent
external electric field, treated as a perturbation in time ¢. Within the linear-response regime,
this perturbation is commonly expressed as v;(r) f (). The resulting external potential is

then given by
v(r, t) = Vtatic(T) + Vt(r)f(t) > (A.55)

where vgatic (r) denotes the static potential generated by the nuclei.

In analogy to the Hohenberg-Kohn theorem for DFT, the Runge-Gross theorem [263] estab-
lishes a one-to-one correspondence between the time-dependent electron density p(r, t),
the time-dependent external potential (up to a purely time-dependent constant), and the
time-dependent many-body wave function. Introducing a system of non-interacting parti-
cles within the Kohn-Sham formalism leads to the time-dependent Kohn-Sham equations

for the spin-orbitals ¢; »(r, t):

[ V2 p(r',t)

’ + a
-5t v(r, t) + r—1| Er' Vo (61) | 9io(rt) = IE(Pi,J(r, t) . (A.56)

For simplicity, the superscript “KS” for the spin-orbitals is omitted.

Within the adiabatic approximation, the time-dependent exchange-correlation (xc) potential
is assumed to be local in time. Consequently, it is approximated by the ground-state

exchange-correlation functional evaluated at the instantaneous electron density:

SES: [pas pp)

5po (@) (A.57)

Vxc,o (ra t) ~

p(r)=p(rz)

Next, considering a weak time-dependent perturbation of the ground state within linear
response theory, the linear response of the electron density p(!)(r, t) can be described
via the linear-response kernel )(5%, (¢,t',r, 1) of the non-interacting Kohn-Sham particles.
This leads to a self-consistent formulation of the linear density response. After Fourier

transformation to the frequency domain, the response equation for each spin component
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becomes [258]

o w>—Z/d3r xa[,(‘“”l”(r)f(w”sz (| ]

6°Exc W)
5pg (r")Spor (x'7) )pa (r (/))] (A.58)

where the linear Kohn-Sham response kernel is given by

XS (@,1,0) =860 )

i,a

@i (1) Pac (1) @io (') 0 (1)
- (faa - Eia) + i’?

_ q)ia(r)wéa(r)wfa(r/)w(f)) : (A.59)

W+ (an' - 5ia) -

Here, f(w) is the Fourier-transform of f(t). Similar to above, index a denotes virtual
(unoccupied) orbitals and index i denotes occupied orbitals. The limit  — 0* is understood,

and i is the imaginary unit.

The self-consistent solution for the first-order density response can be written as

PV (10) = 3 (Xiao (@0 (910 (1) + Yiao(@)pas (D0}, (1) . (A60)

i,a,0

where X; ;,(w) and Y; 4 - (w) denote the excitation and de-excitation amplitudes, respec-

tively.

Adopting a matrix formalism and introducing the coupling-matrix Kygspq'or (With p, q
general indices for orbitals) leads to the so-called Casida-Equations [121, 259, 262]:

1 0
=w
0 -1

1>
llo~

X
Y

X

e (A.61)

*

=
>
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Here, the matrix elements are defined as

Aiaa,i’a’a’ = 500' 5ii’5aa’(€aa - fia) + Kiaa,i’a’a’ s (A~62)

Biao,iraror = Kiasa'i'o’ » (A.63)

K _//d3r 93 (D)o (1) | ——- +  Erc
paop'q'c’ = oot Par N 1 T 5p0(1)5ps

) | (e ()

(A.64)

Solving this eigenvalue problem yields excitation energies w corresponding to transitions

from the ground state to excited states.

At this point, two quantities of particular interest are the effective excited-state pseudo-
wavefunction |#7*) and the associated ground-to-excited-state transition density. Within
linear-response theory, the excitation and de-excitation amplitudes define an effective
pseudo-wavefunction, which can be expressed in second quantization as a linear combina-

tion of single electron-hole excitations [121]:

195 = 3" (Xiaolhotio + Yiaod) ydao) [#0) (A.65)

i,a,0

From here, the corresponding transition density is then given by:

por(0) = (Gol 167 = > (X + Vi) 90 (1) gao(r) - (A.66)

i,a,oc

This transition density, in turn, determines the transition dipole moment and thus oscillator

strength of the electronic transition. Note, that the amplitudes are typically normalized.

Within the Tamm-Dancoff approximation (TDA) [264], the matrix B is neglected, which
leads to vanishing de-excitation amplitudes. While this approximation typically has little
impact on singlet excitation energies, it often improves the description of triplet excita-
tions. However, both TDA and full linear-response TD-DFT remain inadequate in strongly
correlated situations, such as conical intersections, due to the adiabatic approximation and
the lack of double excitations, although inclusion of the B matrix can improve the formal

consistency of the response equations.
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A.4.3 Computational Methods

This section provides a brief overview of the methods used for electronic-structure calcula-
tions based on DFT and its TD variant, including the basis set and exchange-correlation
functional employed throughout this thesis. In addition, complementary approaches that
extend the standard (TD-)DFT framework are outlined: dispersion correction schemes,

implicit solvation models, gap-tuning approach, and the broken-symmetry DFT method.

Basis Set

To numerically solve the Kohn-Sham equations within DFT or its TD variant, a finite basis
set is introduced to represent the molecular orbitals (leS (r) (the spin index is omitted for
clarity). Different numerical representations exist for this purpose, including plane waves
and localized atomic orbitals. In Gaussian-based quantum chemistry implementations of
DFT, the molecular orbitals are expanded in a linear combination of atomic orbitals (LCAO),
in which the atomic orbitals are expressed as contracted gaussian-type functions (CGTFs),
GEGTF, which themselves are linear combinations of gaussian-type functions (GTFs), g,

[66].

A Kohn-Sham orbital is thus written as

Ny Ny Ny
(pIKS(r) = Z cpl-GgGTF = Z Cpi Z d,,vgv(r)] , with (A.67)
H H v

gv(r) = Ay(x = x0)"(y — ya)"(z — za)°exp (—ay|r —ral®) . (A.68)

Here, c,; are the molecular orbital expansion coefficients and d,, are the contraction
coefficients defining each CGTF; N, and N, are the total number of CGTFs and the number
of primitive Gaussians per contraction, respectively; «;, and A, are the Gaussian exponent
and normalization constant, respectively; x, y, z are Cartesian coordinates with its origin at
the nucleus ra (x4, ya,z4), and [ = m + n + o defines the total angular momentum of the

Cartesian Gaussian.

In most basis sets, a distinction is made between core and valence electrons. Core orbitals
are typically represented by a single contracted basis function, while valence orbitals are
often split into multiple contracted functions, giving rise to so-called split-valence basis

sets, which provide enhanced radial flexibility.
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A widely used family of CGTF basis sets is the Pople-type family [265], in which the core
orbitals are represented by X primitive Gaussians and the valence orbitals by multiple
contracted sets consisting of Y, Z, ...primitive Gaussians. Here, Y and Z, ...correspond
to separate contractions for valence orbitals. These basis sets are commonly denoted as
X-YZ..G.

To allow for directional distortion of the electron density, which is essential for an accurate
description of chemical bonding, polarization functions may be added, denoted as X-
YZ...G(polarization). This is realized by addition of CGTFs with angular momentum higher
than the highest occupied atomic orbital of the free atom, for example, d-type functions for

atoms with valence p orbitals.

Moreover, to properly describe weakly bound or spatially extended electron density, such
as in anionic systems, diffuse functions can be incorporated into the basis set. These are
additional CGTFs characterized by small Gaussian exponents «,, leading to increased radial
extent of the basis functions. They are typically denoted as X-YZ...++G(polarization), where
+ denotes diffuse functions on heavy atoms, and ++ denotes diffuse functions on both

heavy atoms and hydrogen.

The choice of basis set depends on the system under investigation. For medium-sized
organic systems, the Pople-type 6-31G(d,p) basis set [265] is commonly employed, as it

offers a reasonable balance between computational cost and accuracy.

Dispersion Correction

Dispersion, or van der Waals interaction, plays a crucial role in accurately describing
intermolecular interactions as well as intramolecular interactions in large molecular systems.
These interactions arise from correlated instantaneous fluctuations of the electron density
and are not properly captured by conventional semi-local density functional approximations.
Typically, the dispersion is incorporated as an additive energy correction term, Egigp, to the

Kohn-Sham DFT energy, Exs-prr, written as
Eprr-p = Exs-pFT + Edisp - (A.69)

It is common practice to employ an atom-pairwise formalism, in which the dispersion

energy is expressed in terms of interatomic distance-dependent contributions. It can be
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generalized to

1 CAB
Edisp = _E Z Z Sn R%f(‘iamp,n (RAB) > (A-70)
A#B n=6,8,10,... AB

where the sum runs over all atom pairs AB, Rap denotes the internuclear distance between
atom A and B, s, are global scaling factors, C2B are the dispersion coefficients of pair AB,

and fyamp is a damping function preventing divergence of the expression.

Widely used empirical dispersion corrections include Grimme’s D2 method [266], which
includes only the 6th order, and more advanced Grimme’s D3 method [267], which accounts
for the 6th and 8th orders. These approaches differ in their evaluation of the dispersion
coefficients, inclusion of higher-order terms, and in the choice of damping function, which

are given by

1
d]iilp,n(RAB) = - , (A.71)
1+ exp[ - d( AR — 1)]
SR,nRO’AB
1
D3 _
damp,n Ras ~Yn ° (A.72)
1+ 6(3}{"&%)

or by the damping function introduced by Becke and Johnson (BJ) [268—-270] of the form

n
RAB

) (Rap) =

damp,n

(A.73)

BJ ne
n
RAB + (alRO’AB + 6(2)

The parameters sy, Srn, 1, and a, depend on the specific choice of exchange-correlation
functional employed. In the D2 method, the parameter d = 20 defines the steepness of the
damping, whereas for D3 method, the parameters ys = 14 and yg = 16 govern short-range

behavior.

In Grimme’s D2 method, the cutoff-radius Ry ap is defined from the van der Waals atomic
radii of the atoms A and B. In contrast, for Grimme’s D3 dispersion method with and
without the BJ damping function [271], the cutoff-radius is defined from the dispersion

coefficients as

D3(BJ) CBAB
RO,AB = m . (A74)

6

Although the numerical values of the dispersion coefficients differ between the schemes,
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they are generally associated with different orders of multipole interactions: Cy pre-
dominantly reflects dipole-dipole dispersion, whereas Cg is mainly dominated by dipole-

quadrupole contributions.

Exchange-Correlation Functional

The central quantity governing the reliability of DFT and TD-DFT is the exchange-correlation
(xc) functional. Typically these are parameterized against thermochemical datasets and/or
high-level ab initio reference data, sometimes in combination with experimental measure-
ments. Depending on the aim of the investigated system, appropriate functionals have to be
chosen to reliably reflect the properties under investigation. In the simplest approximation,
these rely on the local electron density and its gradient. Hybrid functionals incorporating a
fraction of Hartree-Fock exchange have proven particularly successful in describing small
organic semiconductors, such as the B3LYP functional. These can be further adjusted into
hybrid functionals that separate the exact exchange contributions to short- and long-range
contributions. Increasing the fraction of long-range exact exchange has been shown to
provide a more accurate description of the excited-state character of organic semiconduc-
tors, particularly due to their pronounced charge-transfer nature. Commonly used methods
include the Coulomb-attenuating method (CAM)-B3LYP, or the ©B97X-D functional; the

latter also includes dispersion corrections by design.

B3LYP

This functional combines Becke’s exchange functional [272], EB?’, consisting of the local
spin-density approximation (LSDA) exchange, (EL5P#), augmented by a gradient correction
[273], (AEB®®), with a global fraction of exact Hartree-Fock exchange, (ELF). The correlation
energy is constructed by mixing the gradient-corrected correlation functional of Lee, Yang,
and Parr [274], (ELY?), with the local correlation functional of Vosko, Wilk, and Nusair [275],

(EYWN). The VWN variant may differ in different implementations of the functional.

The resulting exchange-correlation functional is given by
EBLYP — GEHF 4 (1 - @) EESPA 4 cAEP® 4 pELYP 4 (1 - b)EYWN, (A.75)

where the parameters a = 0.2,b = 0.81, and ¢ = 0.72 are empirically fitted.

CAM-B3LYP
To resolve the problem that the exchange potential decays incorrectly in the B3LYP func-

tional, the exchange component is separated into a short-range (SR) and long-range (LR)
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component, leading to improved asymptotic behavior of the exchange potential. This is

achieved by splitting the Coulomb-operator into [276]

1 erfc(wry) N erf(wry)

= (A.76)
r2 r2 r2
D e
SR LR

Applying this range separation to the B3LYP functional yields the Coulomb-attenuated
CAM-B3LYP functional [277]

E MY = aE P (0) + (a+ HET () (A77)
+ (1 — @)ELPASR(0) 4 (1 — o — B)ESPAIR () (A.78)
p (AEES&SR(Q)) + AEBSS’LR(Q))) (A.79)
+bEM? 4 (1 - b)EYWN (A.80)

The parameters b = 0.81, ¢ = 0.72 are unchanged from B3LYP, while @ = 0.19 and = 0.46
replace the global HF exchange parameter a in B3LYP. Here, o determines the fraction
of exact HF exchange component at short range, while a + f§ determines its long-range
contribution. The range-separation parameter is set to @ = 0.33 bohr™'. All values are

empirically determined under physical constraints.

®B97X-D

This functional is also a long-range corrected (LC) hybrid functional that combines the
wB97X functional with an empirical dispersion correction term. The KS-DFT exchange-
correlation term combines exact HF exchange (SR and LR contributions), a modified SR-

EP7SR) " as well as Becke’s EBY

variant of Becke’s E2%7 exchange functional (denoted
correlation [278]. The Becke’s EB?’ correlation is further decomposed into same-spin and

opposite-spin components. The resulting wB97X functional reads [279]
E@BY7X _ pHELR . pHESR | pBO7SR | pB97 (A.81)
xc - x XHx x [ :

Dispersion interactions are accounted for via a correction similar to the D2-type empirical
dispersion model, including only the 6th-order term. The associated damping function is

a zero-damping form that forces the dispersion correction to vanish at short interatomic
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distances, it is given by [280]:

1
B97X-D _
f(‘ioimp,n - —12 (A.82)
1+ a( Rap )
Ro A

with parameters specifically optimized for this functional. The cutoff-radius Ry ap is defined
from the van der Waals atomic radii of the atoms A and B. This combination yields the
final functional denoted wB97X-D [280].

The range-separation parameter that defines the SR and LR exchange contributions is set
to w = 0.2 bohr™’. The fraction of SR-HF exchange is set to ¢, = 0.222036. Note that the
EBY7 correlation comprises 15 parameters due to the spin-resolved formulation. All values

are empirically determined under physical constraints.

Gap-Tuning Approach

To enhance the reliability of DFT calculations for the description of opto-electronic prop-
erties of organic semiconductors, the employed exchange-correlation functional can be
systematically tuned to satisfy explicit physical constraints. In exact Kohn-Sham DFT, the
HOMO energy equals the negative ionization potential (IP) as a consequence of Janak’s
theorem and the piecewise linearity of the total energy with respect to particle number [45,
281]. Approximate functionals violate this condition, and range-separated hybrids can be
tuned to restore it. This concept is commonly extended to the anionic system, where the

HOMO energy is constrained to reproduce the electron affinity (EA).

Within range-separated hybrid functionals, the range-separation parameter « can be op-
timized such that these conditions are fulfilled. By enforcing agreement between orbital
energies and the corresponding IP and EA, the resulting opto-electronic properties (in-
cluding excitation energies, IPs, and EAs) show significantly improved agreement with
experimental observations [45]. Since the IP and EA define the fundamental-gap of the

system, this procedure is commonly referred to as gap-tuning approach.

The tuning procedure is carried out by minimizing the target function J(w), which depends

on the range-separation parameter w:

J(@) = Jip(0) + Jea = |E+(w) = Eo() + e | + |Eo(w) — E_(w) + 7|, (A.83)
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where Ey, E,, and E_ denote the energy of the neutral, cationic, and anionic system, respec-
tively. e}l and ! denote the HOMO energy of the neutral and anionic system, respectively.
Note that while alternative formulations of the target function J(w) exist in the literature,
all implementations are designed to enforce the same underlying physical constraints
[45].

Polarizable Continuum Model

As explicit inclusion of a large number of solvent molecules is computationally expensive,
an implicit solvation model is commonly employed to capture interactions between solvent
and solute that strongly affect the solute’s opto-electronic properties. Among these, widely
used methods are based on the polarizable continuum model (PCM) [282, 283], in which
the solvent is represented as a polarizable dielectric continuum surrounding a cavity
that encloses the solute. The electrostatic potential generated by the solute polarizes the
surrounding medium, and induces a reaction potential at the cavity surface that acts back

on the solute.

Various methods exist to model the solvent cavity around the solute, which is usually
based on a union of overlapping atom-centered spheres and subsequently processed into
a smooth, discretized surface. Common cavity models include the scaled van der Waals
surfaces, the Solvent Accessible Surface (SAS), and the Solvent Excluded Surface (SES). The
cavity surface is divided into small surface elements, called tesserae. Inside the solvent
cavity, the dielectric constant is set to ¢ = 1, whereas outside the cavity ¢ takes a finite
value characteristic of the solvent, thus defining a dielectric boundary between the two

regions.

The solute-solvent interaction is governed by polarization effects induced by the solute’s
electrostatic potential Vj((r), creating a reaction potential of the solvent, Vg (r). This inter-

action is described by the Poisson equation as
=V [e(r)VV(r)] = 47ppm(x) , (A.84)

where pp(r) is the solute’s charge distribution (including both nuclear and electronic

contributions), and

V(r) = Vu(r) + Vr(r) . (A.85)
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By applying appropriate boundary conditions at the cavity surface, the reaction potential
can be expressed in terms of so-called apparent surface charges (ASC), o(s), distributed

over the cavity surface I'. The reaction potential reads

V(r) = Vo (r) = /r %dzs. (A.86)

By using an integral equation formalism variant of PCM (IEFPCM) [284-286], the apparent

surface charges are obtained by solving the following equation:

A(e)o = —g(pm) - (A.87)

Here, the matrix notation is used to represent the discrete tesserae within this formalism.
The matrix A(¢e) accounts for the electrostatic interaction between tesserae across the
dielectric boundary, and g(par) accounts for the interaction between the solute’s charge
density and the cavity surface. The surface charges are determined self-consistently within
the self-consistent field (SCF) procedure in (TD-)DFT.

In conductor-like screening models, such as in C-PCM [287], the dielectric constant is taken
to the limit ¢ — oo, eliminating the explicit e-dependence of A and yielding computationally
more efficient unscreened surface charges ¢”. The finite ¢ is introduced subsequently as a

scaling factor f(¢):
o=f(e)o’. (A.88)

The default solvation models and their implementations vary among different electronic-
structure software packages, such as Gaussian 16 [147], Q-Chem 5.4 [123], or ORCA 6.0

[135]. The reader is referred to the respective documentation for details.

Broken-Symmetry

The approximate single-determinant Kohn-Sham implementations become inadequate
when a multiconfigurational description of the wave function is required in certain sit-
uations for organic semiconductors. For example, a charge transfer character leading
to odd electron populations on the molecular fragments of donor:acceptor complexes,
DA—D,A_, or a (bi-)polaronic state of an organic semiconductor. In such situations, the
spin-symmetric orbitals are insufficient to describe the electronic structure of the states.

Here, spin-unrestricted formulation therefore constitutes the natural starting point, in
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which the a- and f-orbitals are treated separately, allowing for different spatial distribution

of the spin-polarized channels.

Within spin-unrestricted DFT, the broken-symmetry (BS) approach enables the formation
of spin-polarized solutions by breaking spin symmetry, such that the resulting single-
determinant wave function is no longer an eigenfunction of the total spin operator. In
practice, this is often achieved by mixing near-degenerate frontier orbitals, which in simple
cases corresponds to HOMO-LUMO mixing with opposite phase in the spin channels, gen-
erating spatially asymmetric orbitals [288, 289]. In this way, multiconfigurational effects can
be mimicked within the single-determinant DFT framework, in accordance with schemes
widely used in the literature to mimic the multiconfigurational character [290-292]. This
procedure is usually applied in the initial formation of the orbitals, which subsequently
serve as the starting point for the SCF procedure in DFT. However, the SCF procedure may

converge back to a spin-symmetric solution if such a state is energetically favored.

While this procedure can yield meaningful charge distributions and energetics, spin-
dependent properties derived from the resulting spin densities must be interpreted with
caution. The BS wave function is affected by spin contamination, i.e. the admixture of
higher-spin states inherent to the BS determinant, which leads to artificial spin densities.
This spin contamination is an intrinsic feature of the broken-symmetry approach within a

single-determinant framework and must be considered when interpreting results.
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