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Abstract
Singlet fission (SF) is a multiexciton-generating process whereby an excited state singlet (S1)

is converted into two lower-energy triplets (T1). The inclusion of a SF-capable material into

a photovoltaic device offers the potential for the absorption of photons above the bandgap

of traditional solar cell materials, thus increasing the theoretical limit of power conversion

efficiency. However, the number of reported SF-capable materials remains remarkably low,

and trends pointing towards new molecules have not yet been established. Intramolecular

SF (iSF) enables the tuning of bi-chromophoric systems and offers an appealing alternative

to the intermolecular SF process, which relies heavily on geometric factors. We show that

the building-block approach to conjugated donor-acceptor (D-A) polymer synthesis provides

fertile ground to formulate simple and robust design rules for iSF based on the energy (E(S1)

≥ 2 × E(T1)) and character of the S1 and T1 states. The suitability of the proposed guidelines,

which are evaluated using descriptors extracted from time-dependent density functional

theory (TDDFT), is validated by the correct identification of some of the few polymers that

have previously been shown to exhibit SF experimentally. When used in concert with statistical

models, these guidelines provide a cost-effective screening protocol for the identification of

promising D-A units for iSF from a curated database of 117K reported crystal structures.

This dataset is then used to address the (almost) inverse challenge: the search for molecules

with inversion of the S1 and T1 states (E(S1) < E(T1)). This property unlocks high-efficiency

organic light-emitting diode (OLED) emitters in which fluorescence from S1 is no longer

impeded by population transfer to the thermodynamically-favored T1 state. Such inversions

have been identified in only one class of molecules to date. Following a pre-screening based

on TDDFT, approximate second-order and equations-of-motion coupled-cluster methods

are employed to refine the excited state energies. Compounds with known inversions are

recovered, confirming the validity of the screening methodology, and a new molecular class

with this behavior is identified. This class consists of non-alternant hydrocarbons whose

pentalene-like cores are aromatically stabilized in a D2h symmetry by their peripheral poly-

cyclic connectivities, which imbues them with the inverted character of the normally unstable

and antiaromatic D2h-pentalene. Put together, these virtual screening methodologies sig-

nificantly enrich the palette of both SF and OLED emitter materials. The building blocks

discovered show promise for the next generation of efficiency improvements in devices.

Keywords: singlet fission, donor-acceptor materials, fragment-based design, chemical build-

ing blocks, organic solar cells, Hund’s rule, thermally-activated delayed fluorescence, organic

light-emitting diodes, statistical models, computational chemistry
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Résumé
La fission singlet (FS) est un processus à génération de multiples excitons où un état excité de

spin singulet (S1) est converti en deux états triplets excités de plus basse énergie (T1). L’inclu-

sion d’un matériau capable d’effectuer la FS dans un dispositif photo-voltaïque permettrai

d’absorber des photons au-delà de la largeur de la bande interdite des matériaux traditionnels

utilisées comme couche active dans des cellules solaires, ce qui mènerait à une hausse de la

limite théorique de l’efficacité de conversion énergétique. Cependant, le nombre de matériaux

rapportés pouvant effectuer la FS demeure étonnamment bas et des principes de base pouvant

guider la conception de nouveaux candidats moléculaires n’ont pas encore été établis jusqu’à

maintenant. La FS intramoléculaire (FSi) rend possible la mise au point de systèmes bichro-

mophores et propose un alternatif attrayant au processus de FS intermoléculaire, qui repose

principalement sur des facteurs géométriques. Nous démontrons que l’approche des «blocs

de construction moléculaires » provenant des voies de synthèse des polymères conjugués de

type donneur-accepteur s’agit d’une source prometteuse afin d’élaborer des règles simples et

robustes pour la FSi basé sur l’énergie (E(S1) ≥ 2 × E(T1)) et le caractère des états S1 et T1. La

pertinence des lignes directrices proposées, qui sont évaluées à partir de descripteurs extraits

de calculs de la théorie de la fonctionnelle de la densité dépendante du temps (TFDDT), est

validée en identifiant correctement quelques-uns des rares polymères qui ont manifesté le FS

expérimentalement. Lorsqu’ils sont utilisés conjointement avec des modèles statistiques, ces

lignes directrices servent de méthode de criblage efficace pour l’identification de candidats

de type D-A pour la FSi à partir d’une base de données de 117 000 structures cristallines

expérimentales.

Cette base de données est ensuite utilisée comme point de départ pour le défi inverse : la

découverte de molécules ayant les états S1 et T1 inversés (E(S1) < E(T1)). Cette propriété

engendrai une hausse importante de l’efficacité de diodes électroluminescentes organiques

(DELOs) puisque le transfert de population de l’état S1 vers l’état T1, un processes qui est en

générale thermodynamiquement favorable, n’entraverai plus la fluorescence. Ces inversions

ont été rapportées au sein d’une seule catégorie de molécules jusqu’à présent. Un tri initial

à partir de résultats TFDDT a été suivi de l’affinage des énergies des états excités par les

méthodes de type cluster couplé, d’abord à deuxième ordre approximatif (CC2) et ensuite

à deuxième ordre aux équations du mouvement (EOM-CCSD). On retrouve des composés

déjà connus pour cette propriété - confirmant ainsi la validité de la méthodologie proposée -

et on dévoile une nouvelle classe moléculaire. Celle-ci s’agit d’hydrocarbures cycliques non-

alternants dont le coeur est composé d’une unité pentalène dans une symétrie de type D2h .
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Résumé

Ce coeur symétrique, qui engendre le caractère inversé des états excités, mais qui est normale-

ment instable et anti-aromatique, est stabilisé par aromaticité grâce à la connectivité de la

périphérie polycyclique. Mises ensemble, ces méthodologies de tri computationnel élargissent

la palette de matériaux à disposition pouvant effectuer la FS dans les cellules solaires et la

fluorescence dans les DELOs. Les blocs de construction présentés sont prometteurs pour la

prochaine génération de dispositifs à performance accrue.

Mots-clés : fission singulet, matériaux de type donneur-accepteur, design à base de fragments,

blocs de construction chimiques, cellules solaires organiques, règle de Hund, fluorescence

retardée à déclenchement thermique, diodes électroluminescentes organiques, modèles

statistiques, chimie computationnelle
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1 Introduction

This thesis concerns the data-driven design of organic molecules for the efficient generation

and use of energy. For each of these two applications, we focus on a process which shows

immense potential for applications in organic optoelectronic materials: singlet fission (SF) to

improve solar cell efficiencies, and singlet-triplet inversions to improve organic light-emitting

diode (OLED) efficiencies. In both cases, the promise of the process is overshadowed by the

paucity of compounds that possess the requisite properties.

SF is a multiexciton-generating process which has demonstrated significant promise for

boosting the power conversion efficiency (PCE) of solar cells by promoting the splitting of

a photon-absorbing singlet exciton into two triplet excitons within a single molecule. Tra-

ditionally, SF is targeted as an intermolecular process, however its dependence on crystal

packing makes molecular design difficult. Furthermore, almost all practical applications of SF

materials (and indeed most fundamental research into the topic) are still based primarily on

two or three classes of molecules.

In contrast, intramolecular SF (iSF) enables the exploration of tunable bichromophoric sys-

tems following well-defined structure-property relationships, thus reducing significantly the

role of packing effects and intermolecular couplings. Among different possibilities, the mod-

ular strategy on which the chemistry of donor-acceptor (D-A) copolymers is based leads to

materials which can undergo iSF in certain conditions. However, despite the breadth of litera-

ture on conjugated polymers, the number of reported iSF-capable D-A copolymers remains

remarkably small, at fewer than five compounds. Furthermore, while SF chromophores have

been incorporated in photovoltaic devices, efficiencies remain low.

Contrary to SF, which requires a large gap between the lowest excited singlet and triplet (at

least > 1eV , depending on their absolute energies), OLED emitters usually require the smallest

possible gap between these states. Here, holes and electrons are injected into an emissive

material, where they combine to release a photon of visible light. One of the key limitations to

device efficiency is the statistical ratio of three triplet excitons formed for every one singlet.

While the desired fluorescent emission occurs from the S1 state, the triplets are lost through
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phosphorescence or non-radiative decay unless they can be rapidly (re)converted into singlets.

To promote population of S1, very small S1 −T1 gaps (on the order of ≤ 0.1 eV) have been

targeted to enable reverse intersystem crossing from triplet to singlet via thermal activation,

leading to the thermally-activated delayed fluorescence mechanism.

Molecules with inversions of the singlet and triplet excited-state energies - that is, S1 −T1 < 0 -

are highly promising for the development of active materials for OLEDs, as fluorescence from

the S1 state would no longer be impeded by population transfer to the thermodynamically

favored T1 state. To date, azaphenalenes are the sole class of molecules where these inversions

have been identified unambiguously, and a functionalized azaphenalene has only recently

been incorporated in an OLED for the first time. For this highly unusual property to be fully

exploited as emitting materials, it will be necessary to identify chromophores which can emit

at different wavelengths and with high intensity. This requires the discovery of new core motifs

beyond azaphenalene derivatives.

Broadly, the thesis pursues three goals: (a) the establishment of chemical design principles

relevant to the two processes in question; (b) the discovery of molecules and motifs that fulfill

these design requirements; (c) the development of tools to accelerate the design and discovery

process.

Point (a) is addressed by identifying relationships between the desired excited-state properties

and practical chemical descriptors relating to the ground states of the molecules concerned.

Ground-state properties have the advantage of being more intuitive than excited states. They

are simpler to compute, meaning that they can be used for screening purposes. Point (b) is

achieved by the bottom-up generation of combinatorial datasets from molecular fragments,

the top-down screening of an existing experimental dataset, and the combination of both

approaches. Computational screening workflows are then established in which the best

candidates are located by means of the target descriptors identified in point (a). For such a

workflow to be practical for a massive number of molecules, descriptors must be evaluated

rapidly and accurately. To do this, in (c) we encode molecular structure using physics-based

representations, and train machine learning models on the excited state properties computed

for these datasets. This enables on-the-fly prediction of optical properties to high accuracy

without resorting to ab initio computation, such that intensive computational efforts can be

concentrated on the most promising candidates.

The thesis is structured as follows. In Chapter 2, the theory of singlet fission for solar energy

applications is outlined. Chapters 3-7 are published as articles or pre-prints. The overviews to

each of these chapters is based on their abstracts in the respective publications.

In Chapter 3, we propose a set of parameters to screen conjugated D-A copolymer candidates

with potential iSF behavior. We focus our analysis on the E(S1) ≥ 2E(T1) thermodynamic

condition and on the appropriate charge transfer (CT) character of S1. We map the CT

character with respect to the frontier molecular orbital (FMO) energies of the constituent

monomers, providing a cost-effective protocol for an accelerated screening of promising iSF
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D-A pairs, while minimizing the number of computations. These parameters are applied

to a chemically diverse, curated library of 81 truncated dimers of synthetically feasible D-A

copolymers. From our dataset, four candidates are flagged for iSF, two of which were previously

experimentally reported. This protocol is envisioned to be scaled up for the high-throughput

screening of large databases of D-A dimers for the design and identification of conjugated

polymers capable of iSF.

In Chapter 4, we identify the trade-off between the main iSF requirements of the D-A strategy

outlined in chapter 3, and formulate design rules that allow them to be tuned simultaneously

in a fragment-based approach. Based on a library of 2944 D-A copolymers, we establish simple

guidelines to build promising materials for iSF. These consist of (1st) selecting an acceptor

core with high intrinsic singlet-triplet splitting, (2nd) locating a donor with a larger monomer

frontier molecular orbital (FMO) gap than that of the acceptor, and (3rd) tuning the relative

energy of donor and/or acceptor FMOs through functionalization to promote photoinduced

charge transfer in the resulting polymer. Remarkably, systems containing benzothiadiazole

and thiophene-1,1-dioxide acceptors, which have been shown to undergo iSF, fulfill all criteria

simultaneously when paired with appropriate donors. This is due to their particular electronic

features, which make them highly promising candidates in the quest for iSF materials.

In Chapter 5, we propose heteroatom oxidation as a robust strategy to achieve sufficient S1/T1

splitting to overcome the demanding energy splitting criterion that the S1 energy must be at

least twice that of T1, which has been a limiting factor in expanding the range of materials

capable of SF. We demonstrate the potential of this approach for intramolecular SF and

apply the screening protocol outlined in the two previous chapters to a pool of ring systems

containing oxidized heteroatoms. This study was guided by the observation that prominent

candidates for SF, both reported experimentally and proposed computationally, contained

structurally similar yet rarely-discussed motifs of oxidized sulfur and nitrogen. Thus, this

simple moiety must have a significant effect on energy levels.

The high-throughput exploration and screening of molecules for organic electronics involves

either a ’top-down’ curation and mining of existing repositories, or a ’bottom-up’ assembly

of user-defined fragments based on known synthetic templates, such as applied in the three

previous chapters. Both are time-consuming approaches that require significant resources to

compute electronic properties accurately. In Chapter 6, we generate a top-down set of almost

117K synthesized molecules containing their optimized structures, electronic and topological

properties and chemical composition, and use these structures as a vast building block library

for bottom-up fragment-based materials design. A tool is developed to automate the coupling

of these building block units based on their available C(sp2/sp)-H bonds, thus providing a

fundamental link between the two philosophies of dataset construction. Statistical models are

trained on this dataset and a subset of the resulting hybrid top-down + bottom-up compounds,

which enables on-the-fly prediction of key ground and excited state properties (frontier

molecular orbital gaps, S1 and T1 energies) from molecular geometries with high accuracy

across all known p-block organic compound space. With access to ab i ni t i o-quality optical
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properties in hand, it is possible to apply this bottom-up pipeline using existing compounds as

building blocks to any materials design campaign. To illustrate this, we construct and screen

over a million molecular candidates for intramolecular singlet fission, the leading candidates

of which provide insight into the structural features that may promote this multiexciton-

generating process.

In Chapter 7, we screen the curated database of organic crystal structures presented in the

previous chapter to identify existing compounds for violations of Hund’s rule in the lowest

excited states. We identify two further classes with this behavior. The first, a class of zwitterions,

has limited relevance to molecular emitters as the singlet-triplet inversions occur in the

third excited singlet state. The second class consists of two D2h-symmetry non-alternant

hydrocarbons, a fused azulene dimer and a bicalicene, whose lowest excited singlet states

violate Hund’s rule. Due to the connectivity of the polycyclic structure, they achieve this

symmetry through aromatic stabilization. These hydrocarbons show promise as the next

generation of building blocks for OLED emitters.

Conclusions and an outlook on the fields discussed are provided in Chapter 8.

Finally, Appendix A contains the text and visual aid for a scientific popularization competition

I participated in during my PhD, in which I summarized my thesis work in three minutes for a

non-scientific audience.
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2 Theory

This chapter outlines some of the theoretical background on singlet fission (SF) that is not

covered explicitly in the following chapters (section 2.1). The necessary requirements both

for SF to occur (section 2.2) and for it to be implemented in solar technologies (section 2.3)

are discussed. The general classes of organic compounds in which SF has been studied are

summarized (section 2.4). The chapter closes with a brief theoretical overview of the method

used throughout this thesis for the analysis of excited state character (section 2.5).

2.1 Theory of singlet fission

SF was first discussed by Singh and coworkers at the National Research Council of Canada

in 1963 in the context of a dark state which could undergo two-photon absorption.10 This

state was found present in anthracene crystals but not in free anthracene, suggesting a multi-

chromophore process, which led to the first description of that intermediate state as an excited

spin-singlet comprised of two coupled triplet excitons which may dissociate.11 Since that

discovery, the following stepwise picture of SF has emerged:

S0S0
hν−→ S0S1 ⇄

1T T ⇄ T1 +T1 (2.1)

Generally speaking, SF can be summarized by the following steps, as shown schematically

in Figure 2.1: an organic chromophore in a singlet ground state is promoted to a higher-

energy singlet state via photoexcitation (hν); this is converted through a spin-allowed pro-

cess to a slightly lower energy triplet-pair state 1T T ; 1T T evolves into two triplets, each of

approximately half the energy of the initial S1 state, and each located on a different chro-

mophoric center, for instance on adjacent molecules, or nearby segments on the same ex-

tended molecule.12–14 Through a process of spatial separation and spin decoherence, the

individual triplet components of the triplet-pair disentangle until they behave as two fully

independent triplet excitons T1 +T1.
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The SF process is usually broken down into two key events: the generation of 1T T from the ini-

tial singlet, and the formation of independent triplets T1 from the triplet pair. Experimentally,

measurements of delayed fluorescence provide indirect evidence for SF, as a result of the for-

mation and then recombination of the triplet excitons occurring on a timescale much longer

than direct emission down from the S1 state.15 The presence and time evolution of triplet

states may be observed directly with transient absorption spectroscopy,16–18 and through

the study of photocurrent as a function of a magnetic field. The SF rate can be modified

through the effect of the magnetic field on the Zeeman interaction in the triplet-pair state. 19

Quantum efficiencies are also used to quantify SF, as values above 100 % are the hallmark of

a multiexciton-generating process at work. The external (internal) quantum efficiency EQE

(IQE) describes the ratio of incident (absorbed) photons to collected charges (see section 2.3

below).

Figure 2.1: General overview of the singlet fission process in a simplified 2-electron/2-orbital-
type (i.e., HOMO/LUMO on each chromophore) active space scheme. The y-axis gives an
approximate energy scale for the processes involved. When a SF-capable layer is used in a
solar cell in conjunction with a semiconductor, the triplet energies match closely with that
material’s bandgap. No competing pathways are shown.

In this thesis, we will use the label ‘S1’ (and ‘S0S1’ in a multichromophoric species, as in

Equation 2.1) to describe the lowest excited state of singlet multiplicity, drawing from the

nomenclature of molecular excited states, although this may be referred to elsewhere in the

literature as the ‘local’ or Frenkel exciton, in contrast to the ‘multiexciton’ states. Furthermore,

we note that in these figures, elsewhere in this thesis, and throughout the literature, the

monomer excited states are schematized as purely single-particle excitations, for instance

between the HOMO and LUMO.

We see that SF involves at least two distinct chromophore centers. These may be individual

molecules within a crystal or thin film layer or separate centers in a molecular homodimer,

which are perhaps separated by a bridging spacer unit. Although we indicate here that initial
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singlet excitation (S1) occurs in one center alone (or ‘monomer’), the exciton may be highly

delocalized.20 Although excitation to a higher state than S1 is possible, (i.e., Sn , where n

> 1), according to Kasha’s rule the system will quickly relax through internal conversion to

S1.21 For this reason, we consider here the S1 state to be the initial photoexcited state for SF.

From this singlet exciton emerges a multiexcitonic triplet-pair state (1T T ), which retains the

overall configuration of a singlet. The full electronic structure description of the 1T T state is

quite complex, involving six doubly-excited terms if we make the approximation that only the

highest occupied and lowest unoccupied molecular orbitals (HOMO and LUMO) are involved

in each transition (Figure 2.2).

Figure 2.2: Electronic configurations contributing to the 1T T state in a simplified scheme
comprised of the HOMO and LUMO of each monomer. The subscripts T+, T−, and T0 refer to
the spins of the monomers’ microstates.

The monomer triplet configurations shown in Figure 2.2, summarized as:

|1,0T T 〉 = 1p
3

(|T A
+ T B

− 〉+ |T A
− T B

+ 〉− |T A
0 T B

0 〉) (2.2)

combine into a state of singlet spin multiplicity (hence the first superscript 1) and spin quan-

tum number ms of 0 (second superscript). As a result, S1 ⇄ 1T T is a spin-conserving process.

However, these microstate configurations may also couple to form states of overall triplet

spins:

|3,−1T T 〉 = 1p
2

(|T A
− T B

0 〉− |T A
0 T B

− 〉) (2.3)

|3,0T T 〉 = 1p
2

(|T A
+ T B

− 〉− |T A
− T B

+ 〉) (2.4)

|3,+1T T 〉 = 1p
2

(|T A
+ T B

0 〉− |T A
0 T B

+ 〉) (2.5)

or quintet spins:

|5,−2T T 〉 = |T A
− T B

− 〉 (2.6)

|5,−1T T 〉 = 1p
2

(|T A
− T B

0 〉+ |T A
0 T B

− 〉) (2.7)

|5,0T T 〉 = 1p
6

(|T A
+ T B

− 〉+ |T A
− T B

+ 〉+2 |T A
0 T B

0 〉) (2.8)
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|5,+1T T 〉 = 1p
2

(|T A
+ T B

0 〉+ |T A
0 T B

+ 〉) (2.9)

|5,+2T T 〉 = |T A
+ T B

+ 〉 (2.10)

Although the 5T T states are usually assumed to be much higher in energy than the triplet-

pairs of other configurations, it has been shown in tetracene dimers that the energy splitting

of 5T T and 1T T can be as little as 10 meV.22 The 1T T state can couple with other singlet

configurations of similar energy through configuration-interaction, thus stabilizing it.23,24

This energy difference between the triplet-pairs of singlet and quintet character can be used

as an approximation for the binding energy Ebi ndi ng which must be overcome for the triplet

dissociation into independent T1s to be possible 25:

Ebi ndi ng = E(5T T )−E(1T T ) (2.11)

The coupling between S1 and 1T T is a central requirement for the key process of SF to occur.

In a limit of weak coupling between initial and final states i and f , the rate of a photophysical

process can be approximated using Fermi’s golden rule (kFGR ):

kFGR = 2π

ℏ
|Vi f |2δ(E f −Ei ) (2.12)

in the regime of weak coupling Vi f between the states (that is, the nonadiabatic regime),

where ℏ is the reduced Planck’s constant and δ(Ei −Ei ) is a delta function which ensure the

conservation of energy between the states. δi f is usually expressed as the Franck-Condon

weighted density of states ρFC : 26

δi f ≈ ρFC
i f = 1√

4πE i j
r eor g kB T

exp

[
−

(E i j
r eor g +∆G i j

0 )2

4πE i j
r eor g kB T

]
(2.13)

where E i j
r eor g is the reorganization energy, kB is Boltzmann’s constant, and T is the temperature.

∆G i j
0 is the energy difference between the free energy of the states (the driving force). The

resulting rate constant is not valid in large coupling (adiabatic) regimes, in which case other

rate expressions have been established which include outer-sphere dynamic effects caused by

the transfer process. 27 Some ways by which the SF rate constant has been evaluated include

the Landau-Zener formulation, which accounts for tunnelling effects, 28,29 harmonic transition

state theory, 30,31 and kinetic approaches based on linear free energies. 25,32

The SF process may be either direct or charge-transfer-mediated. In the case of SF between

two electronically equivalent chromophores, such as a homodimer, the direct mechanism

would involve the direct coupling of the initial singlet state to the triplet-pair state. Equation
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2.12 contains only the first-order term which accounts for the coupling between states i and f

through the electronic Hamiltonian Hel , which would correspond to the rate for the direct SF

process:

Vi f = 〈S1S0|Hel |1T T 〉 (2.14)

This corresponds to a single two-electron process, as shown by the brown arrows in the

example in Figure 2.3a, which may be mediated by intermolecular vibrations. 33 Alternatively,

charge transfer (CT) states may assist the process through a collection of indirect one-electron

processes, given as anion-cation and cation-anion states with singlet spins (1 AC and 1C A)

and shown between the green brackets in Figure 2.3a.34 This mechanism follows the green

arrows. The second-order expansion to the coupling is expressed as:

Vi f −
∑

m ̸=i , f

Vi mVm f

Em −Ei
(2.15)

in which m are the states that mediate the transition from i to f . These intermediary states

become significant if the couplings Vi m and Vm f between them and the initial and final states

are large and their energy differences are small. In the CT-mediated example given in Figure

2.3a, the two sets of Vi mVm f elements from Equation 2.15 correspond to: 35

Vi mVm f ≈ 〈S1S0|Hel |1 AC〉〈1 AC |Hel |1T T 〉 (2.16)

Vi mVm f ≈ 〈S1S0|Hel |1C A〉〈1C A|Hel |1T T 〉 (2.17)

These coupling terms can be evaluated in a number of ways, notably using a mutually orthog-

onal frozen orbital approach, in which the states are described by different populations of the

frontier molecular orbital (HOMO/LUMO) pairs on each chromophore. 35–37

The CT states may act as ‘real’ intermediates in the S1S0 → 1T T process if they are at an energy

between the S1S0 and 1T T states, although they may instead assist in the process as ‘virtual’

intermediates in a so-called superexchange mechanism if they are higher-lying than the others

and therefore do not become populated. 38,39 Finally, it is also possible that CT states which lie

below the desired 1T T state may act as traps. In general, larger couplings in Equations 2.16

and 2.17 lead to higher SF rates in the CT-mediated mechanism compared to the coupling

described by the two-electron process in the direct mechanism. However, couplings that

are too strong may induce various deactivation channels, such as charge separation and

excimer formation, or may enable the reverse process of triplet recombination to a singlet

(1T T → S0 +S1). 40–44

Given the importance of CT states in driving the process of SF, it would be desirable to design
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Chapter 2. Theory

Figure 2.3: Comparison of possible singlet fission mechanisms between two equivalent chro-
mophores (above) and within a donor-acceptor-type system (below), in a simplified HO-
MO/LUMO scheme. At each step, the global state is shown above.

chromophores in which strong coupling to these states is favourable. However, these couplings

terms are highly sensitive to the interchromophore geometry, 45 which is difficult to control in

a solid (crystalline or amorphous) medium. This has led to the tailored design of two classes of

intramolecular SF materials based on covalently-bound chromophores: dimers and polymers,

which are discussed in greater detail in section 2.4. Dimers are usually composed of two

SF-capable chromophores separated by a linker. The linker provides the necessary orientation

between chromophores to promote through-space coupling (an example is shown in Figure

2.4c). Polymers, on the other hand, may engage in either through-space coupling (between

polymer chains) or through-bond coupling between the chemically-bound units within one

chain. In that case, the degree of charge transfer may be sufficiently large that it becomes the

defining feature of the S1 state (Figure 2.3b, configurations in green boxes), rather than an

intermediary state which couples to both the S1 and 1T T states.

2.2 Requirements for singlet fission

The requirements for singlet fission may be summarized as follows (in order of the steps of the

singlet fission process):

1. The S1 minimum should be at least twice as large as the T1 minimum (∆EST ≥ E (S1)−
2E(T1)). This is commonly referred to as the ’thermodynamic’ condition, and has been

the subject of much study in the design of new singlet fission chromophores. 35,36

2. The recombination (fusion) of the two T1 states, for instance via T1 +T1 → T2 or

T1 +T1 →Q1, must be disfavoured, (where Q denotes a quintet state). 35,36 Therefore, to
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2.2 Requirements for singlet fission

make such processes thermodynamically unfeasible, E (T2) > 2E (T1) and E (Q1) > 2E (T1)

is ideal.

3. The rate of intersystem crossing (ISC) directly into the triplet manifold S1 → Tn must

be smaller than that of the SF process. Small ISC rates often exist in many organic

chromophores, as ISC requires good spin-orbit coupling, which exists primarily when

heavier atoms are present.

4. S0 + S1 → 1T T must be efficient to overcome other deactivation pathways. Direct

fluorescence from the excited singlet state back to the ground state S1 → S0 +hν, for

instance, is in principle unavoidable, although rapid triplet-pair formation may reduce

its likelihood.

5. Non-radiative decay pathways S1
C I−−→ S0 must be limited. This may be an issue in highly

flexible molecules, such as polyenes, which have readily available conical intersections

(CI) down to the ground state, 46,47 but is generally less of a concern in rigid structures.

It is important to note that the comparison of energies between states only provides an initial

approximation of the possible decay pathways in that they are indicative of the thermodynamic

feasibility of a given pathway. In practice, each photophysical process is described by a kinetic

rate, and for SF to be competitive with other processes, the rate constant of 1T T formation

from S1 (requirement 4) must be larger than that of the reverse process (1T T → S0 + S1)

and fluorescence, while the rate constant of independant triplet formation from the triplet-

pair state (1T T → T1 +T1) must be larger than the reverse process of triplet recombination

and direct relaxation of 1T T to the ground state. In a recent study of the kinetics of SF in

a covalently-linked pentacene dimer in solution at room temperature using time-resolved

optical and electron paramagnetic resonance spectroscopy, rate constants of 2×109, 5×107

and 9×107 s−1 were obtained for the first three processes described above, showing that for

that compound triplet-pair formation is indeed the favoured decay path for the S1 state.24

In the same study, a triplet-pair of overall quintet spin (5T T ) evolves from 1T T with a rate

constant of 1×107 s−1 and subsequent triplet separation from 5T T occurs at 6×106 s−1, while

the reverse process of 5T T → 1T T and decay of 1T T to the ground state occur at the similar

rates of 5×106 and 1×107 s−1, respectively. 24

The energy gap between states expressed in condition 1 is possible in organic chromophores

due to the repulsive exchange interaction which is present in the singlet excited state but not

in the triplet. Provided that both the S1 and T1 states are dominated by HOMO −→ LUMO

transitions, the gap between the lowest singlet and triplet excited states is approximately equal

to twice the exchange integral between the HOMO and LUMO orbitals (KHL) 48:

E(S1)−E(T1) ≈ 2KHL (2.18)

where the exchange integral is defined as
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KHL =
∫ ∫

φHOMO(r1)φLU MO(r2)
1

|r2 − r1|
φHOMO(r2)φLU MO(r1)dr1dr2 (2.19)

in which φHOMO and φLU MO are the HOMO and LUMO orbitals, respectively. This repulsive

exchange interaction present between the electron and hole in the singlet exciton leads to

delocalization of the exciton through a large region of an extendedπ-conjugated chromophore

(in a single molecule) or among many molecules (in a molecular crystal). The absence of

this interaction in triplet excitons leads to larger binding energies and therefore localized

excitations. 49

It has been shown that endoergic SF (∆EST < 0) is possible under certain circumstances, by

overcoming the energy deficit through entropic gain brought about by this difference in singlet

and triplet exciton sizes, due to the number of configurations available. 25,31,50 Although even

a small endoergic SF process would be highly desirable for increasing solar cell efficiencies 51

(the discussion of which is provided below), it exists primarily in crystals, particularly in

tetracene.31 It was proposed that this entropic gain, which occurs at both the triplet-pair

formation and triplet separation steps, can also be achieved in intramolecular conjugated

systems longer than dimers, leading to independent triplet formation. 52 On the other hand, a

∆EST difference which is too positive (exoergic) lowers the SF rate and leads to competition

with other reaction pathways. 35

2.3 Singlet fission in photovoltaic devices

One of the most significant limitations in a single-junction solar cell device issues from the

matching of the energy of incident photons to the semiconductor bandgap (Eg ): photons of

lower energy than Eg are not absorbed, while excitons resulting from the absoprtion of higher

energy photons thermalize to Eg , and therefore their excess energy is lost. As a result of these

losses (and others, related to radiative recombination and thermodynamics), an inherent

power-conversion efficiency (PCE) limitation exists (∼ 31%). One of the main techniques by

which to absorb photons of different energies while limiting thermal losses is by increasing

the number of junctions, in which different materials with staggered bandgaps are layered

on top of each other.53 Using these tandem approaches leads to a theoretical PCE of ∼ 46%,

although the inclusion of larger numbers of layers makes for a much more involved device

manufacturing process, and challenges persist for scaling up to production-level solar cell

fabrication. 54

Another approach is to include multiexciton-generating (MEG) processes to collect the other-

wise wasted high-energy photons. The term ‘MEG’ has been discussed as a means to improve

solar cell efficiencies in the context of inorganic semiconductors, such as quantum dots 55–57,

in which both excitons are formed within the same quantum dot. Hanna and Nozik have

demonstrated that the theoretical PCE limit may be increased to 44% for single-junction pho-

tovoltaics through MEG processes. 58 However, quantum dots have nearly degenerate singlet
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2.3 Singlet fission in photovoltaic devices

and triplet energies, and therefore MEG occurs according to an unrelated mechanism.59,60

Singlet fission can be considered the organic/molecular version of MEG, with the advantage

of longer lifetimes of triplets excitons (µs), in contrast to electron-hole recombination which

occurs on the picosecond scale in inorganic media. 61

The main practical advantage of SF is as an efficiency-boosting material in solar cells. This

would be done, for instance, by including a layer of an SF-capable dye which absorbs high-

energy photons and injects the down-converted triplet excitons into the semiconductor

(Figure 2.1). The key merit of this is the possibility of pushing quantum efficiencies above

100%, in that more charge carriers could be generated than photons absorbed. The expression

for EQE is given by:

EQE(λ) = LHE(λ)ϕi n j ect i on(λ)ϕr eg ener ati onηcc (λ) (2.20)

where ϕi n j ect i on is the electron injection quantum yield, ϕr eg ener ati on is the dye regeneration

quantum yield and ηcc is the efficiency of charge collection, all at a given wavelength λ. LHE

is the light-harvesting efficiency, which relates to the absorbance A of the active layer and

depends on the molar absorption coefficient of the dye and number of absorbing molecules

(due to layer thickness, etc.):

LHE(λ) = 1−10−A(λ) (2.21)

By integrating the EQE over all wavelengths, we arrive at the expression for the device current

(Jsc ), which is a key metric for solar cell efficiencies:

Jsc =
∫

EQE(λ)qΓ(λ)dE (2.22)

where q is the electronic charge and Γ is the photon flux. Regardless of the manner of triplet

formation (in either an inter- or intra-molecular fashion, via either a direct or charge-transfer-

mediated mechanism, etc.), once the triplet excitons are formed, they must reach an interface

and undergo charge separation via electron transfer. We see from Equation 2.20 that the EQE

is dependent on the injection quantum yield ϕi n j ect i on . ϕi n j ect i on depends on the injection

time τi n j and the relaxation time τr el ax :

ϕi n j ect i on = 1

1+ τi n j

τr el ax

(2.23)

τi n j is the inverse of the rate of interfacial electron transfer (ki ET ) from the chromophore

’donor’ (here, the SF material) into the conduction band of the semiconductor ’acceptor’. This

process follows a form of the standard Marcus theory 62 expression for non-adiabatic charge
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transfer established by Levich and Dogonadze 63, similar to Equation 2.13 above:

1

τi n j
= ki ET = 2π

ℏ

∫ ∞

0
dEλρ(λ)|V (λ)|2 1√

4πEr eor g kB T
exp

[
− (Er eor g +∆G0 −E)2

4πEr eor g kB T

]
(2.24)

in which Er eor g is the total reorganization energy upon charge transfer, E are the energies of

acceptor states described by the density of states ρ(λ), V (λ) is the coupling between donor and

acceptor (which also exists as a distribution, due to the range of local geometric arrangements

at the donor-acceptor interface). ∆G0 is the difference between the free energy of the states

(the driving force). In this context, it is the difference between the conduction band of the

acceptor and the ionization potential of the donor.

The solid-state morphology and interfacial effects contribute to the SF chromophore having

different state energies than in the isolated molecule. Such variations may be crucial for

the identification of chromophores that fulfill the energetic requirements for SF and charge

injection into an acceptor. This is particularly the case in the initial S1 state which has a

delocalized character.

From this analysis, we may summarize that the following parameters are necessary for a SF

chromophore to be effectively implemented in a solar cell, beyond the fundamental require-

ments outlined in the previous section:

1. The lowest excited singlet state must be absorptive (i.e., the S0 → S1 transition must be

optically active and have a non-negligible oscillator strength), and the compound should

have a high absorption coefficient. A high absorbance across the range of wavelengths

of interest means that a thinner chromophore layer can be used, while still having a

high LHE (Equation 2.21). A thinner absorbing layer reduces the distance the triplet

exciton must travel to reach the site of charge injection.

2. The chromophores are stable under environmental conditions (e.g., they do not pho-

todegrade, dimerize, or oxidize). This may be challenging due to the ground-state

diradical character, which is often larger in compounds where appropriate SF energetics

are achieved, and may make the compound more susceptible to undergoing reactions.

3. The resulting free triplet excitons have sufficiently large diffusion lengths and lifetimes

to move through the SF layer and reach the dye (donor) - semiconductor (acceptor)

interface.

4. The interfacial energies between dye and semiconductor are well-aligned to enable

efficient charge separation and the dye reorganization energy is low. The oxidation

potential of the SF chromophore is therefore important.
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5. The triplet excitons are of sufficiently high energy to be injected into the bandgap Eg

of the semiconductor, i.e., Eg =1.1 eV for silicon and higher for other common high-

performance inorganic semiconductors, such as gallium arsenide (Eg =1.4 eV ) and

cadmium telluride (Eg =1.5 eV ).

Note that other losses contributing to the limits of solar cell efficiency beyond the SF material

itself are not discussed here, such as those related to reflectance, thermal effects, and shading.

To date, SF-capable molecules have been incorporated in inorganic, dye-sensitized and all-

organic solar cells. While high quantum efficiencies have been achieved, PCEs remain low. 64

A number of classes of materials, notably derivatives of pentacene and tetracene, have been

studied to address these device requirements, as is discussed below. A summary of the different

broad classes of SF materials reported to date is given in Figure 2.4.

2.4 Classes of singlet fission materials

Pentacenes (Figure 2.4a) have been studied for the implementation of the SF process in

light harvesting, first in donor-acceptor junctions.65 Internal quantum efficiencies above

100% were initially reported using a pentacene absorber in a photodetector 19; this was later

achieved in an organic photovoltaic device with pentacene and poly(3-hexylthiophene) layers,

although the PCE was less that 2%. 66 Triplet excitons in these settings were observed to have

relatively long diffusion lengths. 65 It has been suggested that blended OPV morphologies lead

to triplet-triplet annihilation. 67 Nanoparticles, such as PbS and PbSe, have also been used as

triplet acceptors from pentacene to this effect. By tailoring the nanoparticle bandgap to the

T1 energy of the SF-capable acene, efficient exciton transfer is possible.68 SF has also been

observed through dye-sensitization of an indium-zinc oxide semiconductor with a pentacene

dimer derivative, but not with a monomeric derivative. 69

Tetracene, which has a T1 energy well-matched to silicon, has also been shown to undergo SF

in solar cells (Figure 2.4a). This has occurred, for instance, (a) in combination with copper ph-

thalocyanine and fullerene, such that SF occurs in tetracene and the triplet excitons separate

into triplet charge carriers at the phthalocyanine/fullerene interface; 70 (b) using a conjugated

tetracene-based polymer donor in a polymer/fullerene donor-acceptor junction;71 and (c)

via direct sensitization of silicon through addition of a thin hafnium oxynitride to alleviate

electron-hole pair quenching while still enabling efficient coupling between tetracene and sili-

con for energy transfer to occur. 72 The 5,6,11,12-tetraphenyl derivative of tetracene (rubrene)

has also been used in an OPV together with a S1 exciton donor and a non-fullerene acceptor, 73

thereby using the SF material not for absorption but rather solely for triplet formation, and

as the donor with a fullerene acceptor,74 in which triplet-triplet annihilation was the main

competing pathway. 75 Finally, beyond acenes, SF processes in quinoidal and radicaloid-type

compounds with low T1 energies have also been observed, 76,77, including in a dye-sensitized

solar cell scheme. 78
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The push for new SF-capable chromophores has been motivated in part by the fact that the

SF process is endothermic in anthracene and tetracene, while the T1 energy is too low for

solar cell applications in the longer acenes, pentacene and hexacene (Figure 2.4a). Other

classes of materials are presented below in which SF has been reported but not yet studied in

photovoltaic devices.

Rylene diimides, including derivatives of perylene and terrylene (Figure 2.4b), exhibit concur-

rently higher triplet and singlet energies, and have multiple available sites for functionalization.

In general, the R1 site is used for functionalization with solubilizing side-chains or as a site

to link with other chromophores, while the R2 site has a more significant effect on the unit’s

electronic structure. Perylene diimides have shown efficient triplet formation upon appro-

priate substitution.79 Slip-stacked conformations along the π-plane has been shown to be

necessary for triplet formation, which has been achieved in the crystal structure through

substitution 80, and in intramolecular dimers through the use of tailored linkers (such as in the

example in Figure 2.4c) and solvent effects. 81 However, face-to-face arrangements suppress SF

by instead engendering a charge separation state. Trimers and tetramers of perylene (without

the diimide) alternating with alkoxybenzene have shown that endothermic SF can occur in an

intramolecular fashion when triplet formation has a number of possible chromophore sites,

thereby increasing the entropy of the T1+T1 states. 52

Figure 2.4: Classes of molecules in which singlet fission has been reported experimentally.

Diketopyrrolopyrrole (DPP, Figure 2.4d) is an inexpensive dye with a large absorption coef-

ficient which, like rylenes, is solution-processable when substituted at the R1 position with

alkyl side-chains. The R2 site is used for connections to other molecular building blocks,

and thin films of DPP have exhibited SF when R2 is thiophene-substituted, which is a small

enough unit to be coplanar with the DPP core.82 SF was also observed in nanoparticles of
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thiophene-substituted DPP, where smaller particles correlate with faster triplet formation

but shorter exciton lifetimes. 83 Non-covalent assemblies of DPP hydrogen-bonded to rylene

diimides have also been prepared as tailored architectures for SF. 84 One particularly interest-

ing approach combines liquid-crystallinity with a donor-acceptor (D-A) approach, in which

an electron-rich (D) and electron-poor (A) core are coupled together. 85 The acceptor-donor-

acceptor trimer framework consisted of a central hexabenzocoronene donor, responsible for

self-assembled stacking into liquid-crystal domains, flanked with DPP acceptors, and led to

very high singlet fission yields and long T1 lifetimes.

Another design approach for SF is to focus on fulfilling the thermodynamic conditions for SF

through tuning of the diradical character of the molecular ground state. 86,87 This is based on

the spin-unrestricted computation of the occupation n of the highest occupied and lowest

unoccupied natural orbitals (HONOs and LUNOs) and their energy-adjacent neighboring

orbitals (HONO-1, LUNO+1, etc.):

Ti = nHONO−i −nLU NO+i

2
(2.25)

which relates to the expression for the multiradical character yi via:

yi = 1− 2Ti

1+Ti
2 (2.26)

such that for a pure diradical character, y0 = 1 and y1 = 0, while for a pure tetraradical character,

y0 and y1 are both 1. Based on these indices, it was proposed that condition 1 listed above

(∆EST ≥ 0) is not fulfilled if y0 → 0 or y0 ≈ y1. Furthermore, a large tetradical character y1 leads

to condition 2 (E(ST2 > ST1 )) not being met. Therefore, obtaining a reasonably high y0 while

maintaining a low y1 leads to compounds fulfilling both energy-based conditions. This is the

case for derivatives of diphenylisobenzofuran shown in Figure 2.4e.

Carotenoids (Figure 2.4f) are natural compounds with many alternating single and double

bonds in an all-tr ans configuration. Their lowest excited singlet is a dark state with a double-

excitation character36, which corresponds to two local triplets in two distinct parts of the

molecule, analogous to butadiene. This configuration may aid in the formation of the triplet-

pair state, although it has been proposed that this state is not in fact involved in the SF process

at all. 88,89 Rather, the triplet-pair state may form directly from the lowest bright state to which

the compound was excited. The identification of natural carotenoids has led to the design of a

number of synthetic polyene analogs.90 While carotenoids in biological environments91,92

(such as their parent light-harvesting complexes) were shown to exhibit SF, in solution the free

carotenoid molecules undergo non-radiative decay back down to the S0 ground state via the

dark state. 89 This suggests that the conformational flexibility of the free molecules enables this

non-productive relaxation, while the effect of the environment in their aggregated form is key

for SF to occur, 88,92 possibly due to the fact that it must occur in an intermolecular fashion.
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This leads to the final class of conjugated polymers (Figure 2.3g), which are an extension of

polyenes. Conjugated polymers exhibit a number of materials-specific advantages, such as

broad absorption profiles, photo- and chemical stability, rapid triplet-pair formation, long

T1 lifetimes, the possibility of charge and exciton transport through the chain, and in the

case of intramolecular electronic processes, little dependence on geometric arrangement for

coupling between chromophores. The extended π-conjugated chain in a polymer offers many

possible sites for triplet-pair and free T1 positions, thus providing a driving force that would

not be present in smaller systems. This has been given as a reason for rapid 1T T formation in

benzodithiophene-DPP polymers but not in trimers composed of the same D and A units. 93

In general, due to the inclusion of fused rings in the building blocks, conjugated polymers also

tend to be more rigid that polyenes, and non-radiative decay pathways are thus less accessible.

Many of the requirements for SF chromophores outlined above are fulfilled in conjugated

polymers, making them a promising template for SF design. The optical, conformational

and physical properties can also be tuned based on the choice of the comonomers and sub-

stituents. For instance, solubility (required for solution-based deposition techniques) can

be manipulated based on the nature of the side-chains. High coplanarity between repeating

units, which is determined by the local steric environment around the inter-monomer cou-

pling site, increases conjugation and favours delocalized excitations, whereas large dihedrals

between units lead to local excitations. Furthermore, photophysical processes in polymers

may occur in an intra- or inter-chain fashion. Bulky side-chains reduce interchain interac-

tions and therefore reduce intermolecular processes. It has been proposed that having fewer

such interactions reduces charge carrier formation between chains, thus favouring triplet

formation. 94

Polymers can be broadly classified into those with and without a significant D-A-type struc-

ture. In the former category, electron-rich and electron-poor moieties are copolymerized

to form alternating (D − A)n structures. In the latter, either a single repeating unit is used,

leading to such homopolymers as polydiacetylene 94, polyphenylene 95, polythiophene, 96 and

polyfluorene, 97 or copolymers in which one of the monomers - usually a vinyl group - serves

as a spacer to maintain planarity in the chain, such as in poly(phenylene-vinylene) (shown in

Figure 2.4g). 98

In the D-A category, low-lying excitations may be described by significant charge transfer char-

acter. If this is the case, polar solvents may stabilize the S1 energy below the thermodynamic

requirement for SF, which may explain why some D-A polymers exhibit SF in thin film but not

in solution. 93 By ensuring that S1 is dominated by CT character, they do not act as trap states

but rather assist in the SF process, as shown in Figure 2.3b. Due to the exchange interactions,

the T1 is likely to remain a localized state, in particular on the acceptor.99 If this occurs, the

triplets may not readily recombine, leading to long lifetimes. 93 Such a D-A polymer, based on

thiophene-1,1-oxide acceptors, showed very high triplet quantum yields. 99

As a final note, polymers for SF derived from pentacene have also been reported, such as in
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micelles,100 and as side-chains on a non-conjugated polymer, in which SF is mediated by

through-space interactions. 101

2.5 Excited state analysis

To describe quantitatively the character of the excited states, we employ a wavefunction

analysis scheme based on the following formalism102 and implemented in the TheoDORE

program. 103

The transition density matrix D i→ f which describes the electronic transition between initial

(i.e., ground) state i and final (excited) state f is written as:

D i→ f (rh ,re ) = n
∫

...
∫
Ψi (rh ,r2, ...,rn)Ψ f (re ,r2, ...,rn)dr2...drn (2.27)

in which Ψi , f are the wavefunctions of the initial and final states from which the hole and

electron originate, respectively, and rh and re are the coordinates of the excitonic hole and

electron. In a basis of localized and orthogonal orbitals, when the ground state is described by

a single determinant, the transition density matrix is the collection of one-electron excitation

operators. This may be written as:

d i→ f
ab = 〈Ψi |Eab |Ψ f 〉 (2.28)

where Eab is the excitation from occupied orbital a to unoccupied (virtual) orbital b. This

na∗nb matrix, where n is the number of orbitals of each kind in the system, is readily extracted

from a TDDFT computation.

The collection of transition density matrix elements D i→ f
ab can be used to decompose the

excitation into local and charge transfer contributions. A given element describes a local

excitation on a particular molecular fragment A if both orbitals a and b are located on atoms

within fragment A. By summing all elements located on fragment A, we arrive at an expression

for the fraction of the total excitation f which is local to A (Ω f
A A):

Ω
f
A A = 1

2

∑
a,b∈A

(d i→ f
ab )2 (2.29)

Next, if orbitals a and b are on different fragments (i.e., A and B), that matrix element would

describe a charge transfer character from fragment A to B. By summing over all orbitals a and

b belonging to fragments A and B, respectively, we obtain a similar fraction Ω f
AB , termed a

‘charge transfer number’:
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Ω
f
AB = 1

2

∑
a∈A

∑
b∈B

(D i→ f
ab )2 (2.30)

Although every atom in the system must be attributed to a fragment, the number of defined

fragments is not limited. Once all local (A = B) and charge-transfer (A ̸= B) combinations

are considered, we observe that there are n2
f r ag ment s of Ω values contributing to a given

excitation. The resulting Ω matrix, while evaluated in an atomic orbital basis, provides a

convenient (and quantitative) description of the excitation in real space: diagonal elements

denote local contributions to the transition, while all off-diagonal elements describe charge

transfer between various fragments. The sum of allΩ values is equal to or slightly below 1 (i.e.,

0.999).

It is important to note here that the partitioning of a chemical system into fragments is to one’s

discretion. For instance, a ‘fragment’ may be defined as the collection of subsets of atoms in

one part of a molecule – such as the atoms in one monomer of a dimer or one particular ligand

in a transition metal complex. Alternatively, it may be defined as all atoms of one molecule of a

non-covalent assembly of molecules, such as a crystal or π-stacked structure. The appropriate

definition of fragments provides a convenient means to locate the hole and electron within the

system, and therefore to characterize the excitation. In the case of two associated molecules X

and Y, a local state would have one largeΩX−→X component, a charge transfer state (such as

in a donor-acceptor system) would be dominated by one large contribution ofΩX−→Y , and a

delocalized (Frenkel-type) exciton would have non-negligible contributions ofΩX−→X and

ΩY −→Y , while a charge-resonance state (such as in some pentacene dimers) would exhibit

equally large contributions ofΩX−→Y and ΩY −→X .

Finally, the approximate exciton size d f
exc is obtained by summing over all atom pairs:

d f
exc =

√
1

Ω

∑
M ,N

Ω
f
M N (dM N )2 (2.31)

where where M and N are the indices of all atoms,Ω f
M N is the charge transfer number between

atoms (as computed above for fragments), dM N is the distance between them, andΩ is simply

a normalization factor, which is sum of allΩM N values. Note that this expression, unlike that

of the charge transfer numbers, does not require an a priori definition of fragments.
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3 Designing singlet fission candidates
from donor–acceptor copolymers

This chapter is published as:

Blaskovits, J. T.; Fumanal, M.; Vela, S.; Corminboeuf, C. Designing singlet fission candi-

dates from donor–acceptor copolymers. Chemistry of Materials, 2020, 32 (15), 6515–6524.

https://doi.org/10.1021/acs.chemmater.0c01784

Details of database construction, benchmarking results, and supplementary figures pertaining

to excited state character, tetramers, monomer properties and excitonic effects are made avail-

able in the Supporting Information of the original publication. All data discussed in this chapter

are available in a Materials Cloud repository (https://archive.materialscloud.org/record/2020.75).

The collection of all output files from Gaussian, Turbomole and TheoDORE computations is

available at the same location.

3.1 Introduction

First described in 1965, singlet fission (SF) is the spin-allowed conversion of a high-energy

singlet to two lower-energy triplets. 11 To be energetically possible, the excited singlet energy

needs to be at least twice that of the triplet (i.e., E(S1) ≥2E(T1)). By definition, SF is a multiexci-

tonic process: upon the absorption of light, the absorbing singlet splits into two independent

triplets (T1) through a correlated triplet-triplet pair (1TT) according to the following scheme 27:

S0 +S0
hν−→ S0 +S1 ⇄

1T T ⇄ T1 +T1 (3.1)

In organic photovoltaic devices, this theoretically leads to a doubled photocurrent if both

excitons are separated at a donor-acceptor interface. In this way, materials exhibiting quantum

efficiencies above 100% and power conversion efficiencies (PCE) beyond the thermodynamic

(detailed balance) limit of 33% become accessible. 36

SF involves two centers: following singlet excitation in one, there is energy transfer to the sec-
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Figure 3.1: Mechanisms for SF after absorption: direct S1 to 1TT conversion following the blue
arrows, or indirect conversion mediated by charge transfer (CT) states following the brown
arrows.

ond, such that one triplet is formed at each center. 27 Both direct 104,105 and charge-transfer 38,106–108

mechanisms have been proposed for this (Figure 3.1). The formation of the triplet pair can

proceed through either an intermolecular or an intramolecular process. In the former case,

the centers are located on two separate molecules, while in the latter the two centers are

covalently bound to one another. Intermolecular SF has been extensively studied in molecular

crystals. 10,11,109–111 However, its success depends highly on the coupling between the separate

units,112 which ultimately relies on the molecular packing, and as such can be difficult to

predict and control. 27,104 This limitation is circumvented in intramolecular SF (iSF). 34,113 Such

is the case of covalently-linked dimers, in which synthetic modification of the linking units en-

ables fine-tuning of the spatial orientation between the sites. 114–117 However, precisely due to

the proximity of the two implicated fragments, the triplets in these systems recombine quickly

and rarely become independent. Molecules with extended conjugation, such as polyenes and

carotenoids, have also shown iSF,91 but their large structural flexibility makes nonradiative

decay pathways readily available.

A few studies have demonstrated iSF in conjugated polymers, particularly in donor-acceptor

(D-A) copolymers, leading to some very promising candidates.6,99,118–120 On the one hand,

Busby et al. designed a poly(benzodithiophene-alt-thiophene-1,1-dioxide) (BDT-TDO) copoly-

mer with a triplet quantum yield of 170%, which highlighted the importance of i) strong in-

tramolecular donor-acceptor interactions, and ii) an acceptor core with a low triplet energy. On

the other hand, Zhai et al. reported SF character in thin films of poly(phenylene-alt-vinylene)

albeit not in solution, indicating that for certain polymers SF may involve interchain pro-

cesses. 119 Given the limited number of copolymer-based materials undergoing iSF reported

so far, clear performance trends could not be established.
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To date, research exploring the mechanisms of SF has been restricted to the small number of

materials in which this process was experimentally observed. 27,34,113,121 Computations of iSF

in polymers have been done retroactively to rationalize SF reported in existing materials 6,122,

but there has been a lack of effort to locate new iSF copolymer materials using computational

tools. 123 Only very recently a computational screening of intermolecular SF candidates, based

on crystal structures, has been reported. 121 Certainly, the discovery of novel iSF systems will

largely benefit not only from large-scale screening but also from the development of new

molecular design principles. In this work, we take advantage of the well-established modular

chemistry of conjugated polymers, and their demonstrated potential for iSF, to explore their

chemical space using computational screening techniques. Through systematic modulation

of the donor and acceptor units in truncated dimers, we sought to establish design rules that

link the monomer and dimer characteristics to the iSF potential of the resulting copolymer. In

this way, we provide an accelerated computational screening framework that allows to explore

a wide range of potential conjugated copolymers from in silico donor-acceptor combinations.

From a curated database of 81 systems, we identify four promising iSF candidates; in two

of these iSF has been previously reported.6,99 Altogether, we discuss both the rational and

large-scale strategies of molecular design that will enable the discovery of new iSF materials.

3.2 Methodology

3.2.1 Criteria to achieve iSF and design strategy

The main conditions that SF candidates need to fulfill are the following: (1) the energy of S1 is

greater than or equal to twice the energy of T1
123:

∆EST = E(S1)−2E(T1) ≥ 0 (3.2)

(2) the coupling between the two chromophores involved is strong, to promote S1 → 1TT; 34

(3) the correlated triplet pair (1TT) must evolve into two independent triplets (T1) that can

physically separate from one another and escape recombination. These criteria are referred to

here as the (1) energetic, (2) coupling and (3) separation criteria, respectively.

Within the framework of donor-acceptor copolymers, the design strategy consists in combin-

ing a donor core, which acts as the main photon absorption site and whose S1 has a dominant

CT contribution to the acceptor, with an acceptor featuring a low-lying triplet state (see Figure

3.2). 99 In this way, the strong CT character of S1 is expected to promote an efficient splitting

to 1T T (coupling criterion), while the spatial separation between the two triplets on nearby

acceptors, separated by the donor unit, is expected to diminish the possibility of triplet-triplet

recombination (separation criterion).
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Figure 3.2: Fundamental design for strong donor-acceptor-type iSF polymers, in which absorp-
tion leading to S1 on the strong donor (SD, in blue) provides enough charge transfer character
(denoted with δ+ and δ-) to efficiently generate local T1 on the adjacent strong acceptors (SA,
in red). 6

3.2.2 Database construction

Our database includes nine donors and nine acceptors that are commonly found in the lit-

erature of conjugated polymers.124–128 These contain cyclic, fused, and bridged derivatives

of thiophene, benzene, pyrrole, and other heterocycles (see Figure 3.3). Well-established

chemical motifs were prioritized to ensure that potential SF candidates that emerge from this

database are synthetically feasible, as well as units that are amenable to multiple polymeriza-

tion techniques and that can be synthesized with high atom economy in few steps. 129–132 Units

reported in previous works to display iSF in conjugated polymers were included: thiophene-

1,1-dixoide (TDO) 99, benzodithiophene (BDT) 118, phenylene 119, vinylene 119 (in the form of

(E)-2-(2-(thiophen-2-yl)vinyl)thiophene), TVT), cyclopentadithiophene (CPDT) 6, benzothia-

diazole (BT)6 and isoindigo (iI). 120

Each donor and acceptor core was encoded as a simplified molecular-input line-entry system

(SMILES) string.133 The dimer set was generated by linking the nine donors with the nine

acceptors through a covalent carbon-carbon bond to form the 81 donor-acceptor pairs. The

resulting SMILES strings of the dimer were then converted to Cartesian coordinates by using

the gen3d operation in OpenBabel134, which includes a conformational search and a geom-

etry optimization at the force field level. Tighter convergence criteria were then applied by

reoptimizing the geometries at the density functional theory (DFT) level. The full method

used for dataset construction is detailed in section S1 of the Supporting Information, and all

data are made available in the Materials Cloud repository.
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Figure 3.3: Library of acceptors and donors. Dotted lines denote the bonding positions for D-A
polymer chains. Common abbreviations for the cores, when available, are given in parentheses.
Structures discussed in section 3.3.1 are highlighted in red and blue.

3.2.3 Computational details

DFT computations were performed by using the Gaussian16 package (Revision A.03).135

Ground and excited state geometries for the model copolymer described in section 3.3.1

were optimized at the ωB97X-D/TZVP level of theory.136,137 The 6-31G* basis set was used

for subsequent database computations as it was shown to give very similar results to TZVP

(see section S2). Normal mode analysis confirmed that the stationary points were minima

with all real frequencies. To evaluate the energetic criterion, vertical excitations and excited-

state geometry optimizations were computed by using time-dependent density functional

theory (TD-DFT), within the Tamm-Dancoff approximation (TDA) to correct for the triplet

instabilities reported in TD-DFT.138 The range-separated hybrid functional ωB97X-D was

used, given its accurate treatment of excited states, in particular with respect to its description

of charge transfer (CT) character. 139,140 The default range separation parameter (ω=0.2) was

used as this has been found to be the optimal value for conjugated systems of similar size to
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the present dimers.141,142 Full details of functional and basis set benchmarking are given in

section S2. For computations with solvent, the solvent cavity reaction field (SCRF) was used

with a conductor-like polarizable continuum model (CPCM), which was found to give nearly

equivalent results to the SMD continuum model (see section S2.3 for a comparison of solvent

models).

Gaussian output files were parsed with cclib 143 and TheoDORE (version 1.7.2) 102,103 to assess

the coupling and separation criteria by means of the local and CT character of the electronic

transitions. This is done through the Ωi→ j values, which quantify the amount of hole (h+)

and electron (e−) transition density located in the different molecular fragments (i , j ). In

the present case, we considered two fragments: the donor (D) and the acceptor (A) cores

of the donor-acceptor dimer. Accordingly, the electronic transition is decomposed into a

matrix containing fourΩ values, in which the diagonal elements (ΩD→D andΩA→A) quantify

intrafragment contributions (i.e., the hole and electron are formed on the same fragment,

i=j), while the off-diagonal elements are the charge-transfer components (i̸=j), in which the

electron density is transferred from the donor fragment to the acceptor fragment (ΩD→A) or

vice versa (ΩA→D ). For each transition, the sum of the fourΩ values is 1.

3.3 Results

The results are presented in four sections. In section 3.3.1 we analyze the excited state char-

acteristics of the BDT-TDO copolymer, which previously exhibited iSF experimentally. In

sections 3.3.2 and 3.3.3 we establish specific numerical thresholds to efficiently screen the

energetic, coupling and separation criteria (as outlined in section 3.2.1) from the curated

dataset of 81 donor-acceptor dimers described in section 3.2.2. Finally, in section 3.3.4 we

map the CT character of S1 with respect to the frontier molecular orbital (FMO) energies of

the constituent monomers, and test it on 25 substituted bithiophene-benzothiadiazole pairs.

3.3.1 BDT-TDO copolymer

Copolymers made of the thiophene-1,1-dioxide acceptor (TDO, shown in red in Figure 3.3),

and benzodithiophene donor (BDT, shown in blue in Figure 3.3) have shown good SF quan-

tum yields and triplet pair lifetimes.99 Given its status as a prototypical SF copolymer with

excellent properties, we selected it as a representative test-case to establish a cost-effective

computational strategy to evaluate iSF design criteria (section 3.2.1).

Vertical and adiabatic S1, T1, T2, and Q1 energies were computed using the dimer (D-A) and

tetramer (D-A-D-A) cluster models of the BDT-TDO copolymer (see Table S4). While the ener-

getic criterion (1) is not fulfilled for the dimer model at the Franck-Condon point (∆E ver t
ST =E(S1

)-2E(T1 )=-0.72 eV), this value becomes much closer to zero in the adiabatic picture (∆E adi a
ST =-

0.18 eV), and even slightly positive for the extended tetramer model (∆E adi a
ST =0.04 eV). This

highlights the impact of adiabaticity in predicting potential SF behavior, while showing that
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the dimer-to-tetramer extension has a much less meaningful impact on the energetic criterion.

Fragment-based decomposition analysis of hole and electron density in the excited states

revealed that charge transfer from the donor core (BDT) to the acceptor (TDO) at the Franck-

Condon point is the primary contribution to the S1 excitation (ΩS1
D→A = 0.46), following the

coupling criterion, whereas a local excitation within the acceptor dominates in T1 state (ΩT 1
A→A

= 0.42), matching with the separation criterion (see section 3.2.1).144 Similar values were

obtained for the adiabatic states and, in all cases, the three other possible contributions to

excitation character are smaller (see Tables S5-S6).

To be efficient, SF needs to overcome triplet-triplet annihilation (TTA) paths, that is, recombi-

nation of the two T1 states to higher excited states such as T2 or Q1. For the recombination

paths to be energetically unfavourable, both E(T2)-2E(T1) and E(Q1)-2E(T1) should be pos-

itive.34 While low-lying T2 or Q1 states do not necessarily prevent the singlet splitting, they

may reduce the rate of SF. The computed adiabatic energy of T2 resulted in 0.4 eV below S1

when evaluated in gas phase conditions. Remarkably, this difference is significantly reduced

to 0.1 eV when including polar solvent effects (see Table S4). This decrease originates in the

strong CT character of S1, which has negligible contributions to the mainly local T1 and T2

states. Finally, we found that Q1 is consistently above both S1 and T2 in all cases.

In summary, our computations correctly predict (1) thermodynamic adequacy, (2) donor-to-

acceptor CT character as the largest contribution to S1, and (3) T1 being primarily localized on

the acceptor in the BDT-TDO copolymer. Adiabaticity plays an important role in the ∆EST

prediction and thus, empirical rules to correct cost-effective vertical energies of D-A dimers

are required. In the next section, we exploit this approach using a curated database of D-A

dimers.

3.3.2 Excited state energies

Threshold for the energetic criterion. We sought to establish a computationally efficient

method to evaluate∆EST (i.e., the energetic criterion), which bypasses the structural optimiza-

tion of S1 and T1. To do so, the S1 and T1 energies of 81 donor-acceptor dimers in our dataset

(see section 3.2.2) were evaluated at the S0 geometry and at their excited state minima to

establish an empirical trend. We found that the relationship between the vertical and adiabatic

energies for both S1 and T1 is linear (see Figures S9 and S10), and thus the correlation between

the vertical and adiabatic∆EST is also linear (see Figures 3.4 and S11). The vertical T1 energies

are found to be consistently higher than those obtained from adiabatic computations. As a

result, all dimers with ∆EST ≥0 eV in adiabatic computations are also above -1 eV when com-

puted vertically (shown as dotted lines in Figure 3.4). It is therefore possible to approximate

the energy conservation criterion computed adiabatically to:

∆E adi a
ST ≥ 0 eV ⇐⇒ ∆E ver t

ST ≥-1 eV

In this way, all the systems with ∆E ver t
ST ≥-1 will be selected as potentially promising for iSF.
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Figure 3.4: ∆E ver t
ST and ∆E adi a

ST values associated with the 81 donor-acceptor dimers, colored
based on the acceptor. These are computed with TDDFT (TDA) at the ωB97X-D/6-31G* level.
The vertical and adiabatic cutoffs established as the energy conservation criterion are shown
as dotted lines at -1.0 and 0.0 eV, respectively.

This provides a simple and cheap method to estimate ∆EST from vertical computations by

means of systematically shifting the threshold value corresponding to the energetic criterion.

It is noted that the linear relationship between the vertical and adiabatic values fails when

∆E ver t
ST is below -2 eV. However, this will not bias our identification of potential iSF candidates

based on this criterion, as this loss of correlation occurs well below the established threshold

of -1 eV.

The computed ∆E ver t
ST and ∆E adi a

ST values of the 81 D-A dimers are represented with respect to

their acceptor unit in Figure 3.4. Considering the nine sets of same-acceptor pairs, the dimers

can be classified into two categories: those in which the energetic criterion mainly depends

on the acceptor unit (acceptor-dependent), and those which have a broad distribution of

∆EST depending on both the donor and acceptor constituents (donor-tuning). In the former

category, all dimers containing the same acceptor (DPP, iI, TDO and NDI) have approximately

the same energy splitting values regardless of the donor. In the latter category are the dimers

containing BT, F4, TPD, bithiazole, and BDO acceptors, for which certain donors modulate

the excited state energy levels toward favorable splitting. In particular, the donors TVT, CPDT,

2,2’-bithiophene, thienothiophene and BDT, which all include thiophene moieties, shift ∆EST

to more positive values, while the donors that do not have thiophene motifs (Cbz, fluorene

and phenylene) are systematically detrimental to the energy conservation condition. Smaller
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values of ∆EST originate in nonplanar dihedral angles between the donor and acceptor units

in dimers linked via a benzene ring. This leads to a weaker effective conjugation and, generally,

to higher T1 excitation energies (see section S5).

To assess whether dimer models are representative of larger oligomeric (and polymeric)

systems, we evaluated (i) the vertical and adiabatic excited state energies, (ii) the structure,

and (iii) the excited state character, of a subset of 21 tetramers. We considered systems that

span the entire range of excitation energies and Ω values, with each donor and acceptor

moiety represented at least once. The correlation between the dimer and tetramer vertical

excitation energies is linear for the entire range of excitation energies and the y-intercept is

close to zero (see Figures S15-S16). Consequently, negligible deviations in ∆E ver t
ST and ∆E adi a

ST

between the two cluster models are obtained (see Figures S17-S18). Also, the excited states’

character remains very similar in the vertical and adiabatic pictures for both the dimer (Figure

S12 and S13) and tetramer models (see Figures S19-S22), likely due to the small changes in D-A

conjugation upon excited state geometry optimization (see Figures S23-S25). A comparison of

the S0 and S1 minima structures for the dimer and tetramer models can be found in section

S7. Note that two of the 81 cases deviate significantly from the vertical versus adiabaticΩS1
D→A

trend (Figure S12). This indicates that the vertical approach may not always be valid for

evaluating ΩS1
D→A , while the iSF potential of donor-acceptor polymeric systems in terms of

∆EST andΩT 1
A→A can be efficiently captured through vertical excitation computations on D-A

model dimers.

3.3.3 Excited state character

To identify how the excitation energies and thus, ∆EST , are affected by the different state

character of S1 and T1, we performed a fragment-based analysis of the main local and CT

contributions. We focused on the donor-to-acceptor CT component to S1 (ΩS1
D→A) and on

the local acceptor contribution to T1 (ΩT 1
A→A) as key requirements for efficient iSF that will

potentially favour singlet splitting and prevent fast TTA, respectively (criteria 2 and 3, section

3.2.1). These are represented for the 81 dimers in Figure 3.5. The dimers BDT-TDO (discussed

in section 3.3.1) and CPDT-BT, for which iSF has been reported, 6,99 fulfill both criteria, with the

key contributions (ΩT 1
A→A andΩS1

D→A) both above 0.4. The reported bithiophene-iI system 120

fulfills the separation criterion with ΩT 1
A→A above 0.4, but not the coupling criterion as it is

characterized by a small ΩS1
D→A of 0.1. For that reason, we tentatively select a ΩT 1

A→A of 0.4

as threshold for screening purposes and classify the remaining systems according to their

ΩS1
D→A . Remarkably, with the exception of one BDO-containing dimer, all other dimers found

in theΩS1
D→A > 0.4 region have BT as acceptor, which systematically generates very promising

candidates for iSF. In fact, the classification into acceptor-dependent and donor-tuning D-

A dimers discussed for the energy splitting values remains valid for ΩT 1
A→A and ΩS1

D→A . In

particular, DPP- and iI-containing dimers, which systematically show positive ∆EST , lead

to large ΩT 1
A→A and small ΩS1

D→A in all cases (due to large ΩS1
A→A values). Despite fulfilling

the energetic criterion, the fact that S1 and T1 are both characterized by a local excitation
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Figure 3.5: Adiabatic donor-to-acceptor charge-transfer contribution of S1 (ΩS1
D→A ,) and verti-

cal local acceptor contribution of T1 (ΩT 1
A→A ,) obtained for the 81 dimers, colored based on the

acceptor. Evaluated with TheoDORE using results from computations with TDDFT (TDA) at
the ωB97X-D/6-31G* level.

in the acceptor (or the donor) may be detrimental to the D-A design strategy for iSF. As a

consequence, the dimers involving these acceptors may not undergo efficient iSF, but most

likely interchain SF based on local acceptor states. Large singlet-triplet energy splitting has

been previously associated with local excitations in organic systems. 145 However, new design

principles need to be considered when evaluating the iSF capabilities of D-A copolymers.

From our results, it is possible to envision a ‘modular’ design strategy based on the frontier

molecular orbital (FMO) energies of the donor and acceptor units to screen the CT or local

character of S1 in the dimer.

3.3.4 Charge transfer prediction

In this section, we correlate the CT character of S1 in the 81 D-A dimers with the FMOs of

the 18 constituent monomers (collected in Table S7). This is represented schematically in

Figure 3.6, where it is shown how the CT excitation (D→A) competes with local excitations in

either the donor or the acceptor depending on the relative ordering of the monomer FMOs.

Within this approximation, the ratio between the local orbital gaps and the resulting CT energy

difference defined as:
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DLU MO −DHOMO

ALU MO −DHOMO
(3.3)

and

ALU MO − AHOMO

ALU MO −DHOMO
(3.4)

will estimate favorable (>1) or unfavorable (<1) CT excitations with respect to local excitations.

Both ratios above 1 indicate that the FMOs of the monomers will align in such a way that the

D-A dimer HOMO originates from the donor monomer and the LUMO from the acceptor

monomer. This will favor low-lying CT excitations in the dimer. In contrast, if the first (second)

ratio is below 1, the monomer FMOs will be positioned such that both FMOs of the D-A

dimer will originate from the acceptor (donor) monomer FMOs. If this occurs, it is expected

that the low-lying excited states in the dimer will be dominated by local excitations in the

acceptor (donor) core, thus disfavoring CT. Both ratios are therefore necessary to describe the

relative positions of the monomer FMOs. The approximation of considering orbital gaps as

one-electron transitions is possible because the relationship with the local excited energies

is rather linear (see Figures S26-S27). This shows that the exciton binding energy, defined as

the difference between the orbital gap and the excitation energies, is relatively constant for all

donors and acceptors considered.

Figure 3.6: Schematic representation of the dependence ofΩS1
D→A in the dimer with the FMOs

(HOMO, LUMO) of the monomers. The local excitations in the donor (blue) and acceptor (red)
compete with the CT excitation (green).

Figure 3.7 associates the computed FMO ratios with the computed ΩS1
D→A values. It can be

seen that the donor-acceptor monomer pairs with FMOs best suited for CT are located above
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1.0 in both axes. In contrast, dimers with FMO ratios below 1 correctly predict minor CT

character (ΩS1
D→A<0.2). This numerical comparison using monomer FMO energies is therefore

a robust metric for eliminating poor potential iSF candidates.

To illustrate the direct impact of monomer FMO energies onΩS1
D→A , we generated 25 substi-

tuted bithiophene-BT donor-acceptor pairs. The monomer energy levels are substantially

modulated through functionalization of the conjugated backbone with electron-donating

(-OH), electron-withdrawing (-CN) and halide (-F, -Cl) moieties. As a result, the CT character

of S1 in the dimer (ΩS1
D→A= 0.44 when unsubstituted) becomes as low as 0.26 when an electron-

withdrawing group is placed on the donor unit, and as high as 0.75 when electron-donating

(withdrawing) groups are attached to the donor (acceptor) moiety. These variations are cor-

rectly captured by the FMO ratio model (Figure 3.7), which reproduces the general increase

of ΩS1
D→A as the FMO ratios increase. This example demonstrates that functionalization of

monomers can be used to optimize the necessary properties for iSF.

3.4 Screening protocol

The protocol established to evaluate and screen promising iSF candidates among donor-

acceptor copolymers consists of the following steps:

Step 1. Compute the ground state FMOs of all donor and acceptor monomer cores, and

evaluate the FMO ratios for the donor-acceptor monomer pairs according to the expressions

DLU MO −DHOMO

ALU MO −DHOMO
≥ 1 (3.5)

and

ALU MO − AHOMO

ALU MO −DHOMO
≥ 1 (3.6)

Step 2. For the candidate donor-acceptor combinations resulting from step 1, generate the

dimers and compute the vertical S1 and T1 excited state energies. Apply the energetic criterion

associated with vertical energies:

∆E ver t
ST ≥-1 eV

Step 3. Determine the character of the vertical T1 state and apply the separation criterion

following theΩ value: ΩT 1
A→A ≥ 0.4

Step 4. Optimize the S1 state and classify the systems according to the coupling criterion

ΩS1
D→A .

The computations of the different steps consist in ground state (step 1), vertical excitations
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Figure 3.7: FMO ratios of the 81 donor-acceptor monomer pairs included in our dataset ((top),
see section 3.2.2), and of 25 substituted bithiophene-BT monomer pairs (bottom). Cutoffs for
discarding poor CT dimers are represented by the dotted lines. The structures of the reference
(nonsubstituted) dimer and the dimers with the highest and lowestΩS1

D→A values are shown.
In both plots, theΩS1

D→A of the resulting dimer is given by the color gradient.

(steps 2 and 3), and adiabatic optimizations (step 4), while structures larger than dimers are not

required. It is worth emphasizing that step 1 significantly reduces the number of computations

from ND *NA to ND +NA (where ND is number of donors and NA is number of acceptors). To

illustrate the efficiency of this protocol in filtering candidates, we apply it to the dataset of 81

dimers generated in this work (section 3.2.2). First, 19 possible combinations (representing

23% of the dataset) would be eliminated in step 1 and would not require dimer excited state

computations. Then, 42 dimers (52%) would be rejected in step 2. From the remaining 20

systems, 14 fulfillΩT 1
A→A ≥ 0.4 in step 3 and therefore require further adiabatic optimizations
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in step 4. The ΩS1
D→A values of these final 14 systems (17%) are shown in Figure 3.8. The

systems reported to undergo iSF (BDT-TDO and CPDT-BT) previously 6,99 are classified as the

most promising ones, and two new promising candidates, thieno[3,2-b]thiophene-BT and

2,2’-bithiophene-BT are predicted. While they exhibit less CT character than these top four

candidates, six other TDO-containing dimers (marked in blue) are also flagged for promising

iSF character. Interestingly, the reported iSF isoindigo system 120 (bithiophene-iI) is discarded

in our protocol. While it fulfills ∆E ver t
ST ≥-1 eV andΩT 1

A→A ≥ 0.4, it has aΩS1
D→A value of <0.1. To

ensure that our predictions for this system are reliable, we re-evaluatedΩS1
D→A with alternative

methods but similar values are obtained (section S9). In comparison with our reference

BDT-TDO system that exhibits iSF in the ultrafast scale (< 1ps), 99 bithiophene-iI displays iSF

after 60 ps, 120 which is in the range of timescales observed for other SF materials. 146 Further

investigations are therefore needed to determine the iSF mechanism of D-A copolymers

characterized by small ΩS1
D→A values, particularly those containing the iI acceptor, such as

bithiophene-iI and the iI-containing materials marked in green in Figure 3.8.

Figure 3.8: (left) Compounds retained following steps 1-3 of the screening protocol, ordered
following the ranking criterion ofΩS1

D→A as defined in step 4 and colored based on acceptor.
(right) The best four potential DA copolymer candidates flagged for iSF.

3.5 Conclusion

We have developed a cost-effective computational protocol to perform large-scale screening of

donor-acceptor copolymers with promising features for intramolecular singlet-fission. Using a

structurally diverse database of donor and acceptor units, we have established a simplified yet

robust computational strategy to evaluate the energy splitting criterion and the charge-transfer

requirements of the D-A candidates from conventional vertical excited state computations. In

the context of accelerated screening, we have proposed an expression to predict the excited

state character of D-A dimers from the FMO energies of their constituent donor and acceptor

units. This drastically reduces computational time in initial screening stages, as the number
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of computations is reduced from ND*NA to ND+NA, ND and NA being the number of donor

and acceptors considered.

This protocol is based on the main characteristics of two donor-acceptor pairs that exhibit

singlet fission behavior experimentally,6,99 and we propose two promising new candidates,

thieno[3,2-b]thiophene-BT and 2,2’-bithiophene-BT, that have not been studied to date. Ben-

zothiadiazole (BT) and thiophene-1,1-dioxide (TDO) in particular show promise as acceptor

units which drive iSF in D-A materials. Altogether, these findings pave the way for high-

throughput screening of large, chemically diverse databases of D-A conjugated polymers as a

mean to bolster the collective library of SF materials.
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4 Identifying the trade-off between
intramolecular singlet fission require-
ments in donor–acceptor copolymers
This chapter is published as:

Blaskovits, J. T.; Fumanal, M.; Vela, S.; Fabregat, R.; Corminboeuf, C. Identifying the trade-off

between intramolecular singlet fission requirements in donor–acceptor copolymers. Chem-

istry of Materials, 2021, 33 (7), 2567–2575. https://doi.org/10.1021/acs.chemmater.1c00057

Details of database construction and methods used, supplementary figures and tests for com-

putational methods are made available in the Supporting Information of the original pub-

lication. All data discussed in this chapter are available in a Materials Cloud repository

(10.24435/materialscloud:xj-9d). Interactive plots of the full dataset of 2944 dimers are freely

available on Materials Cloud (https://www.materialscloud.org/discover/isf ).

4.1 Introduction

Singlet fission (SF) is the process by which a photoexcited singlet state (S1) couples through a

spin-conserving process to a triplet pair (1TT), either directly or via intermediate or virtual

states. 27,64 If the triplet pair does not recombine or decays through other parasitic processes,

they may become independent triplets (T1) and be extracted as two charge-pairs, for in-

stance to generate a photocurrent. In theory, this multiexciton process has the potential to

overcome the thermodynamic limit of single junction solar cells.58 SF was first described in

anthracene 10,11 and tetracene 12 more than half a century ago, and was first implemented in

organic electronic devices using pentacene in the 2000s. 19,65 And yet, to this day the vast ma-

jority of experimental and theoretical studies of both intermolecular (xSF) and intramolecular

singlet fission (iSF) still focus on various acene derivatives in their monomeric and dimeric

forms, respectively. 27,45,64,114,115,117,147,148

Despite the large range of acene-based compounds in the SF materials library, a recent

review has highlighted just how few singlet fission-capable materials have been effectively

implemented in organic solar cells. 64 One promising family of materials which may fill this gap
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between concept and implementation is that of donor-acceptor (D−A) intramolecular systems,

and in particular conjugated polymers. Their advantages include broad photoabsorption and

high stability, and their modular nature enables a rational control of their electronic structure,

interchromophore geometries, solubility and molecular packing through the proper selection

of DA units, linkers and side-chains. This might help overcome the device-related drawbacks

of most SF materials by combining the precise energetic requirements of a small-molecule

intramolecular SF material with the structural and chemical advantages of larger conjugated

systems. 6,93,99,118–120,122,149

The electronic requirements of iSF in D−A polymers can be summarized by three conditions:

i) the energy of the lowest excited singlet state (E(S1)) must be no less than twice that of the

lowest excited triplet (E(T1)):

∆EST = E(S1)−2E(T1) ≥ 0 (4.1)

ii) the singlet state must be coupled to the triplet pair through low-lying charge transfer states;

and iii) the triplet pair state must evolve into two triplet states which are physically separate

and energetically independent. 27,34,36 The first condition is purely thermodynamic, the second

ensures efficient fission from the S1 to the 1TT state, and the third limits the reverse process of

triplet-triplet annihilation back to a singlet. These parameters drive iSF in D−A copolymers as

follows6,7,93,99,118,120,149: the donor chromophore acts as the site of photon absorption and

singlet formation, the coupling between the donor and the acceptor through the conjugated

chain leads to the triplet pair being formed on acceptors adjacent to the absorbing donor, and

the acceptor has a low triplet energy so as to accommodate the triplets. The spatial separation

of the acceptors along the polymer chain is expected to lead to a less bounded 1TT state, thus

promoting efficient triplet separation, and to ensure that the triplets, once independent, do

not recombine.

Recently, we have proposed a series of straightforward and accurate computational descriptors

with which to evaluate these three aforementioned requirements in conjugated polymers,

namely the energetic, coupling and separation criteria, using truncated D−A dimers. 7 On the

one hand, we showed that the energetic criterion in the adiabatic regime (∆E adi a
ST ≥0 eV) can

be approximated using excitation energies at the Franck-Condon point, such that the energy

splitting expression can be evaluated using a much more computationally tractable diagnostic

(∆E ver t
ST ≥-1 eV) that does not require excited state geometry optimizations. On the other hand,

the character of the S1 and T1 states can be quantified using charge transfer numbers extracted

from the transition density matrix of the partitioned donor and acceptor fragments of the

oligomer. In this way, the coupling criterion is measured by considering the donor to acceptor

charge transfer character of the S1 state (ΩS1
D→A), and the separation criterion is evaluated

from the local acceptor character of the vertical T1 state (ΩT 1
A→A). These descriptors enable the

quantification of the electronic requirements of the direct iSF mechanism in D−A copolymers,

while other secondary routes of splitting are not considered here. 150
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Figure 4.1: Library of acceptor cores, donor cores, side-chains (R) and functional groups (X)
used to create the database studied here. Dotted lines denote the sites for linkages to adjacent
donor/acceptor cores.

The experimental literature of donor-acceptor conjugated polymers is vast. By contrast, the

number of D−A dimers, oligomers and polymers studied for iSF character is insignificant

when compared to the acene family. A recent review that collects the D−A systems showing

iSF is found in ref 64. Only a few special cases have shown outstanding iSF efficiencies 99,118,120,

while other D−A systems which were expected to show iSF have failed.151 This highlights

the difficulty to properly balance the three criteria required for iSF in the D−A copolymer

strategy, which we now ascribe to the existence of a fundamental trade-off between the key

descriptors. Such a trade-off emerges from the computational evaluation of a large database

containing 2944 D−A copolymers and is rationalized here using the frontier molecular orbital

(FMO) energies of the constituent D and A cores. The dependence of the key descriptors

(ΩS1
D→A ,ΩT 1

A→A and∆E ver t
ST ) on the FMO energies enables us to establish a set of simple guiding

principles that allow for the accelerated screening of appropriate D−A combinations with

potential iSF behavior.

4.2 Database

Common, synthetically versatile, and chemically stable building blocks were used to gen-

erate the pool of conjugated core structures.124–126 Monomers and dimers were generated

from libraries of donor, acceptor and substituent fragments, as shown in Figure 4.1. Func-

tionalization plays a key role in the chemistry of conjugated polymers and small molecule
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organic electronics, as it provides opportunities to fine-tune the electronic structure and con-

formational preferences of the building blocks through electron-donating and -withdrawing

groups, and with moieties which form noncovalent inter- and intramolecular interactions,

respectively. 152–154 To include only reasonable functionalization patterns in our database, we

considered the substitution sites which have been reported in the experimental literature as

amenable to the reactions (e.g., metalation and halogenation) necessary for functionalization,

as indicated by the ‘X’ in Figure 4.1. For instance, the backbone fluorination of thiophene moi-

eties, either alone 155–159 or as a component of more complex units 160–163 is a widely-reported

approach to tuning the electronic properties of the heterocycle and the resulting extended ma-

terial. 152 The chlorination of monomers164–168 has also been used experimentally to modify

the electronic and steric properties of conjugated polymers, as has esterification, cyanation

and alkoxylation.169–174 N-substituted side-chains on the amide and imide moieties found

on isoindigo (iI), diketopyrrolopyrrole (DPP), naphthalene diimide (NDI) and thienopyrrole-

dione (TPD) acceptors are readily accessible through the condensation of anhydrides with

amines and substitutions reactions.175,176 These sites and similar ones on other cores are

tagged for side-chain substitution, as shown by the ‘R’ in Figure 4.1. The library of donor

and acceptor cores was paired with five functional groups (fluoro, chloro, hydroxyl, cyano

and hydrogen reference) and four truncated side-chains (methyl, methoxy, methyl ester and

hydrogen reference). Each functional group and side-chain was substituted iteratively on

each donor and acceptor core which possesses a chemical handle for the relevant substitution,

as described above and in section S1. Through the combinatorial addition of these cores

with functional groups and side-chains, 92 donors and 32 acceptors are obtained. Dimers

were generated by coupling the D and A units through a Csp2-Csp2 bond in the positions most

commonly used for coupling and polymerization reactions, giving a total number of 2944 D−A

compounds. Further details on the fragment-based design of dimers are given in section S1 of

the Supporting Information.

4.3 Results

4.3.1 Trade-off

Within the framework of the D−A copolymer strategy, the CT character of the low-lying absorb-

ing singlet modulates the electronic coupling between the donor and the adjacent acceptor

cores (coupling criterion). Overstabilization of the CT singlet must however be prevented by

ensuring that the singlet energy is larger than twice the triplet energy (energetic criterion).

Finally, photoexcitation is followed by the formation of triplets localized in the acceptors,

thus preventing recombination and favoring triplet dissociation (separation criterion). These

requirements have been quantified using the descriptors of energy splitting (∆E ver t
ST ), and

fragment-based charge transfer numbers (ΩS1
D→A andΩT 1

A→A) for the energetic, coupling and

separation criteria, respectively, for the 2944 dimers in our database. The relationship be-

tween them is mapped in Figure 4.2a and is also provided in a freely-available interactive

representation (see the Supporting Information). It can be seen that the systems with good
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Figure 4.2: Relationship between the donor-to-acceptor charge-transfer character of S1

(ΩS1
D→A , x-axis) and the local acceptor character of T1 (ΩT 1

A→A , y-axis) for the 2944 dimers
in our database, colored based on (a) the vertical singlet-triplet splitting in the dimer
(∆E ver t

ST ) and (b) the acceptor core, only for those systems with ∆E ver t
ST > -1. (c) Best dimer

candidates with a given acceptor core in the trade-off regime. All structures and their
relevant dimer and monomer excited state properties may be visualized interactively at
https://www.materialscloud.org/discover/isf.

splitting energies (∆E ver t
ST > -1 eV, in red) display a chevron-shaped distribution ofΩ values,

with only a small minority of compounds presenting large (∼ 0.5) ΩS1
D→A and ΩT 1

A→A values

simultaneously. A few exceptions exist to this general trend, which can be found at the top-

and bottom-right corners of the plot. In these outliers, the dihedral angle connecting the D

and A units (φD−A) becomes significantly large, therefore breaking the copolymer planarity.

This is depicted in Figure S3 where the coupling and separation criteria are mapped with

respect to φD−A . This shows that the trade-off within the chevron indeed only applies for

fully conjugated systems, while its boundaries can be pushed by inducing torsion in the D−A

bond. It is, however, unclear at what dihedral angle the conjugation is completely broken,

thus making iSF no longer possible.

For coplanar systems fulfilling ∆E ver t
ST > -1, the most promising for iSF are those with higher

ΩS1
D→A and ΩT 1

A→A values, which corresponds to the chevron point of Figure 4.2a. Note that

the energetic criterion discards systems in which the S1 state is overstabilized by CT, in which

case iSF is thermodynamically not possible. It can be seen in Figure 4.2b that the distribution

of Ω values largely depends on the acceptor core. BT- and TDO-containing systems (e.g.,

compounds A and B in Figure 4.2c) lie in the target chevron-region of coplanar structures,

as well as those systems containing DPP as the acceptor, which transition from the top-left

corner toward the chevron peak (compound C). In contrast, the systems with the bTz acceptor
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transition from the bottom-left corner toward the chevron peak (compound D). Still within

the systems that fulfill ∆E ver t
ST > -1, those containing iI display large ΩT 1

A→A but small ΩS1
D→A

(top-left), while those containing F4, TPD and BDO remain in the bottom-left corner where

bothΩS1
D→A andΩT 1

A→A approach to zero. Interestingly, the latter systems are only paired with

TVT or CPDT donors, while top-left systems do not show a specific dependence on donor

core (Figure S4). Clearly, the ability to fulfill the trade-off between ∆E ver t
ST ,ΩS1

D→A andΩT 1
A→A

originates in the electronic properties of the constituent monomers, which opens the question

of how to engineer the most appropriate combination. This is addressed in the next section.

4.3.2 FMO model

To understand why it is so difficult to simultaneously optimizeΩS1
D→A ,ΩT 1

A→A and∆E ver t
ST , we re-

sort to the analysis of the FMO expressions Acr i t and Dcr i t (see Figure 4.3), which we designed

to enable a fragment-based analysis of these key descriptors, in a computationally-efficient

manner. 7 These two variables suffice to describe the four FMO energies of the individual D and

A monomers, and to predict their behavior once they are coupled in a DA dimer (see Figure

4.3). Systems with both values above 1 constitute the target regime, since then the D-to-A

charge transfer (CT, green arrows) excitation will be favored over the local excitation in either

the acceptor (red arrows) or the donor (blue arrows), thus fulfilling the coupling criterion.

Systems fulfilling only Dcr i t or Acr i t display a mismatch in the HOMO or LUMO energies,

respectively, while systems with both Dcr i t and Acr i t below 1 lie in the inverted regime, in

which the D plays the role of the A, and vice versa, which indicates that the initial designated

roles are not correct. In both the mismatched and inverted regimes, local excitations prevail

over the desired CT one (see Figure S5).

It can be seen in Figure 4.4 (left) that large values of Dcr i t and Acr i t correspond to systems

with a larger D-to-A CT character of the S1 excited state (ΩS1
D→A), which highlights that the

FMO model is able to assess the character of the S1 state for the 2944 dimers based on the

constituent monomer FMO energies (see Figure S7). This very same model is indeed able

to provide a recipe on how to maximize the local acceptor character of T1 (ΩT 1
A→A) to fulfill

the separation criterion. Unlike the gradual evolution observed forΩS1
D→A , Figure 4.4 (right)

reveals a stark partitioning of compounds with poor (< 0.3) and large (> 0.6) ΩT 1
A→A values

along the narrow Dcr i t≈Acr i t diagonal boundary. This boundary splits the dimers showing

Dcr i t >Acr i t , associated with a large ΩT 1
A→A , from the opposite (Dcr i t <Acr i t ), in which case

the triplet contains significant undesired contributions from local donor transitions (ΩT 1
D→D ,

Figure S6 and S8). Systems with large ΩT 1
D→D in combination with significant ΩS1

A→D would

correspond to the ‘inverted regime’, as discussed above, in which the roles of the ‘donor’ and

‘acceptor’ are reversed. However, no systems display such a combination as the dataset is

intentionally built from D and A cores to promoteΩS1
D→A . Finally, no appreciable CT character

in the triplet is found except in a small number of dimers with concurrently very high values

of Dcr i t and Acr i t , because exchange interactions dominate in the high spin states and thus

local excitations are energetically favored.
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Figure 4.3: The competition between charge transfer (green), local donor (blue) and local
acceptor (red) transitions leads to four regimes in the FMO dimer model.

Figure 4.4: Monomer FMO criteria Dcr i t and Acr i t , colored according to the descriptors:
(a) ΩS1

D→A , (b), ΩT 1
A→A . The gray background indicates the region of FMO space where both

descriptors show optimal values.

It is already clear at this stage that an appropriate trade-off between ΩS1
D→A and ΩT 1

A→A is

necessary to build up potential iSF D−A copolymer candidates. A comparison of the plots in

Figure 4.4 shows that systems with a too small Acr i t may result in acceptor-centered transitions

in both the T1 and the S1 states, such that the separation criterion is satisfied, but the coupling

criterion (requiring significantΩS1
D→A) is not. Therefore, only acceptors of ‘intermediate’ gap
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size, where all three FMO-based expressions (Dcr i t > 1, Acr i t > 1, and Dcr i t -Acr i t > 0) are

fulfilled simultaneously once coupled to a donor, are of interest to iSF materials. This target

region is represented by the gray background triangle in Figure 4.4. Only 37% of the database

systems are located in this spot, regardless of fulfilling or not the energetic criterion.

Figure 4.5: Monomer FMO criteria Dcr i t and Acr i t , colored according to ∆EST . The gray
background indicates the region of FMO space whereΩS1

D→A andΩT 1
A→A show optimal values

(see Figure 4.4).

The relationship between the monomer FMO ratios and the dimer ∆EST (see Figure 4.5) is

less evident than for theΩS1
D→A andΩT 1

A→A values discussed above. One reason is that the FMO

picture lacks excitonic effects and is thus imperfect at explaining the dimer ∆EST . A better

correlation is found when monomer singlet-triplet state energies are used, instead of FMO

energies, to explain ∆EST (see Figure S9a). It can be seen that ∆EST is indeed dictated by the

highest singlet-triplet gap among the constituent D and A units. In other words, to obtain an

adequate ∆EST , either the D or the A must have an inherently good singlet-triplet gap, which

in most cases can be associated with a small local FMO gap (see Figure S9b). This is the case

of DPP and iI acceptors, which have small FMO gaps and thus, systematically show ∆E ver t
ST >

-1 eV when paired with a given donor (top-left region in Figure 4.2b). On the other hand,

systems containing CPDT and TVT donors show large singlet-triplet splitting for the same

reason, while leading to poor ΩT 1
A→A values when paired with most acceptors. Considering

that the separation criterion aims at a large ΩT 1
A→A , achievable by a small-gap acceptor, the

logical choice is therefore an acceptor unit with a small FMO gap, yet not too small to penalize

ΩS1
D→A (mismatched HOMOs regime, see Figure 4.3), revealing once again the difficulty to

optimize all descriptors simultaneously. Exceptionally, only the TDO acceptor displays large

splitting while having a remarkably large FMO gap (see section S7 for details), which makes it
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particularly attractive to build promising D−A candidates.

In summary, the FMO model explains the existing optimization problem as follows: ΩS1
D→A is

optimal when Acr i t and Dcr i t are > 1, which implies that ALU MO-DHOMO is minimized (see

Figure 4.4, left);ΩT 1
A→A is optimal when Acr i t is smaller than Dcr i t (see Figure 4.4, right); while

∆EST is optimized when either the donor or the acceptor has a small FMO gap. There is thus

a small region in the FMO space that concurrently optimizes the three descriptors. It now

remains to be seen which components of our dataset contribute to generate D−A dimers

whose properties lie within this hotspot.

4.3.3 Functionalization

The chemical modification of bare D−A pairs using functional groups and side-chains affects

their iSF capabilities due to electronic and structural effects. These effects are tracked in

the 1D-histograms of the change inΩS1
D→A andΩT 1

A→A upon functional group and side-chain

substitution, with respect to the H-substituted reference (see Figures 4.6 and S11-S13). In these

histograms, narrower peaks indicate consistent changes induced by a given functionalization,

while broader distributions indicate that the substituent has a different effect depending

on the nature of the core being functionalized. An example of the former is fluorine as the

acceptor substituent (see Figure 4.6a), as it leads to a systematic increase of ΩS1
D→A , which

indicates that this substitution reliably promotes D-to-A CT. An example of the latter case is

the OH substitution on the donor (acceptor), which systemically increases (decreases)ΩS1
D→A

due to its electron-donating effect (see Figure 4.6a for acceptor substitution and Figure S11a

for donor substitution). The overall increase (decrease) inΩS1
D→A upon addition of an electron-

withdrawing (donating) group to the acceptor core can be understood intuitively from the

FMO model: a more electron-poor (rich) acceptor core has deeper (higher) FMOs than the

unfunctionalized analogue, thus reducing (increasing) the denominator of Acr i t and Dcr i t and

increasing (reducing) the value of these expressions. This explains the trend observed in Figure

4.2a-b, in which the systems showing mostly local excitations on the acceptor (top-left) and

the donor (bottom-left) corners can be optimized toward the chevron peak by the appropriate

functionalization of the D−A combination.

Contrary toΩS1
D→A , functional group substitutions have no consistent effect onΩT 1

A→A , which

in most cases displays nonshifted distributions (see Figures 4.6b and S11b). In general, the

mild effect of substitutions onΩT 1
A→A emerges from their little-to-no change on the FMO gaps,

as most of the electron-withdrawing (donating) groups considered stabilize (destabilize) the

HOMO and LUMO simultaneously. In some cases, however, the chlorination or hydroxyl

substitution on the acceptor provides larger values ofΩT 1
A→A as seen in the shoulder in these

histograms. This is mainly due the induced dihedral torsion.

The impact of functionalization on the energetic descriptor (∆EST ) is shown in Figures 4.6c

and S11c. Generally broad and unstructured distributions point to the absence of a systematic

effect upon donor or acceptor substitution. This is expected considering the dependence
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Figure 4.6: Histograms showing the change in the descriptors (a) ΩS1
D→A (b) ΩT 1

A→A (c) ∆EST

upon different acceptor functionalization. ∆X is evaluated as the difference between a substi-
tuted dimer with respect to the dimer with H in the substituted position.

of ∆EST on the local monomer FMO gap (see section 3.2), which in turn remains mostly

unchanged upon functionalization as stated above. Certainly, tuning the splitting criterion in

DA copolymers requires chemical modifications beyond the functionalization with electron-

withdrawing and electron-donating groups. In particular, the acceptor cores need to be chem-

ically modified to intrinsically display large singlet-triplet splitting values without strongly

penalizing the D−A CT capabilities (ΩS1
D→A). This is the case of the TDO acceptor, which in

combination with BDT, showed 170% iSF in solution.99 According to our computations, the

TDO acceptor has the unique combination of a large monomer FMO gap (8.9 eV) and a high

monomer ∆EST (-0.9 eV). Given the small-size and short conjugation length of TDO177, its

relatively-high splitting energy is ascribed to the dioxide functionalization. For this reason,

we propose that another avenue to develop iSF materials which overcomes the trade-off

between charge transfer on one hand, and ∆EST on the other, is to explore new acceptor cores

combining small triplet energies (as previously reported 99) with large FMO gaps. This can be

achieved through i) moderately extending the conjugation, ii) increasing the quinoidal 178 or

iii) biradicaloid 123 character of the core, and iv) using moieties which have shown to improve

∆EST . Examples of the latter are sulfonyl (as in the TDO acceptor) and nitrone/N-oxide groups,

as recently reported. 121 Future work will be devoted to quantifying the diradical character yi

of promising candidates. 179

Finally, side-chain functionalization provides attenuated electronic effects, which lead to very

mild changes inΩS1
D→A andΩT 1

A→A (see Figures S12-S13). This reinforces their use to tune the

polymer physical properties while leaving their iSF capabilities mostly unchanged. A relevant

exception is the ester side-chain substitution in the DPP acceptor, which leads to significantly

higher values of ΩS1
D→A than the unsubstituted analog. Remarkably, all the outperforming

systems pointing to the top-right corner of Figure 4.2b are built from ester-substituted DPP

acceptors, which not only display large ΩS1
D→A but also important ΩT 1

A→A and appropriate

splitting. The role of the ester side-chain substitution in favoringΩS1
D→A in those dimers can

be understood from the stabilization of the DPP FMO energies, which otherwise displays a

HOMO energy as high as that of most of the donors considered (mismatched HOMOs regime
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in Figure 4.3; see section S9 for further analysis). This is also the case of the iI acceptor,

although its smaller FMO gap (Figure S10) prevents it from being as tunable as DPP and as a

consequence displays smallΩS1
D→A in most cases (Figure 4.2b).

4.4 Conclusion

In this work, we unravel the trade-off between the energetic, coupling, and separation require-

ments for iSF in D−A copolymers. By mapping these descriptors within a comprehensive

database of 2944 systems we show that the singlet-triplet energy splitting compromises the

ΩS1
D→A andΩT 1

A→A values around 0.5 for conjugated planar systems. These values can be further

pushed by inducing torsion between the donor and acceptor cores. Breaking (or diminishing)

the conjugation between the D and the A may be detrimental to iSF, and therefore further

analysis on the capabilities of the nonplanar systems will be addressed in the future. For

now, we have only considered the dihedral obtained during the ground-state geometry opti-

mization, although including information about the distribution of energetically accessible

dihedrals180 may be benefical for a more complete description of the descriptors described

here. Still, the electronic character of the excited states is mostly dictated by the FMO energies

of the donor and acceptor fragments, thus providing intuitive guidelines to predictΩS1
D→A and

ΩT 1
A→A within a given D−A pair. Ideally, the acceptor core with a small FMO gap provides both

a favorable energy splitting and a localized triplet state, while the donor intervenes only to

drive charge transfer upon photon absorption. We show that functionalization plays a key role

in fine-tuning the FMO relative energies that promote charge transfer, however, it does not

modulate the local acceptor character nor the energy splitting, which mostly depend on the

local FMO gaps.

From these results, we propose a three-step strategy with which to design appropriate D−A

pairs for iSF. The first step is to establish a polymerizable acceptor with ∆EST >-1 eV, as the

energetic criterion is the most stringent requirement with little sensitivity to functionalization

or subsequent choice of donor. The second step involves choosing a pairing donor with a larger

local FMO gap than the acceptor, such that Dcr i t -Acr i t≥0, so that the separation criterion is

fulfilled. The third step consists in tuning the D−A combination into the target regime (Figure

4.3), so as to fulfill the coupling criterion. This is achieved through chemical functionalization

of the donor (acceptor) with electron-donating (-withdrawing) groups, which in turn, is

unlikely to perturb ∆EST orΩT 1
A→A .

We expect these conclusions to provide a new avenue by which to generate more donor-

acceptor copolymer materials that fit into the currently sparsely populated iSF ‘sweet spot’,

which can now easily be mapped using simple and readily accessible ground state properties

of the monomer chromophores.
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4.5 Computational details

The full method used for dataset construction and computations is detailed in sections S1-

2 of the Supporting Information, and all data are made available in the Materials Cloud

repository. The functionalized monomers and dimers were encoded as SMILES strings.133

The SMILES strings were converted to Cartesian coordinates using the gen3d operation in

OpenBabel 134, which includes a conformational search and a geometry optimization at the

force field level. Tighter convergence criteria were then applied by reoptimizing the geometries

using density functional theory (DFT) at the ωB97X-D/6-31G* level136 with the Gaussian09

package (Revision D.01). 181 Vertical excitations were computed using time-dependent density

functional theory (TD-DFT), within the Tamm-Dancoff approximation (TDA) to correct for

triplet instabilities.138 Full details for the choice of method and benchmarking are given in

previous work7, which shows that the key excited state descriptors (∆EST ,ΩS1
D→A andΩT 1

A→A)

of extended conjugated chains can be readily approximated using vertical computations on

dimers, as used here. This same earlier study also shows that solvation has little effect on the

quantification of these descriptors.

The character of the excited states is evaluated using the charge transfer numbers (ΩE
i→ j )

gathered from the transition density matrices of a given excited state E, which express the ac-

cumulation of hole and electron density on molecular fragments i and j , respectively. 182 These

values are obtained by parsing the Gaussian output files with cclib143 and using TheoDORE

(version 1.7.2) 102,103 to compute the quantity of hole and electron density accumulated on the

donor and acceptor fragments of the dimer.

The interactive plots were constructed with the Python framework Dash for web applications

(https://plotly.com/dash/).
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5 Heteroatom oxidation controls sin-
glet–triplet energy splitting in singlet
fission building blocks
This chapter is published as:

Blaskovits, J. T.; Fumanal, M.; Vela, S.; Cho, Y.; Corminboeuf, C. Heteroatom oxidation controls

singlet–triplet energy splitting in singlet fission building blocks. Chem. Commun., 2022, 58 (9),

1338–1341. https://doi.org/10.1039/d1cc06755a

Details of database construction and methods used and supplementary figures are made avail-

able in the Electronic Supplementary Information (ESI) of the original publication. All data dis-

cussed in this chapter are available in a Materials Cloud repository (10.24435/materialscloud:m1-

dg).

5.1 Introduction

Singlet fission (SF) has shown potential to improve the power conversion efficiency in pho-

tovoltaic devices beyond the detailed balance limit by promoting the splitting of a photon-

absorbing singlet exciton into two triplet excitons.36 SF involves the excitation of a ground

state (S0) chromophore to an excited singlet state (S1) upon absorption of light, followed

by energy transfer to a second chromophore. The initial S1 state is coupled to a triplet pair

(1TT) state, a process which may be mediated by low-lying charge transfer (CT) states or may

proceed directly, via a resonance mechanism. 27,104 The triplet pair then evolves into physically

separate and energetically independent triplets (T1), one on each chromophore.

Among the requirements necessary for a system to be capable of SF, the most inflexible is that

the process be thermodynamically possible, meaning that the energy of the S1 state must be

no less than twice that of the T1 state:

∆EST = E(S1)−2E(T1) ≥ 0 (5.1)

This energy splitting term ∆EST , is therefore the most relevant target property in the discovery
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of new SF materials. 36,121,123 It has been shown that (i) extending the conjugation, and increas-

ing the (ii) biradicaloid 123 or (iii) quinoidal 178 character of a chromophore can improve ∆EST ,

as summarized in Figure 5.1. These strategies have drawbacks. For instance, compounds with

high diradicaloid and quinoidal character tend to suffer from chemical instability. 183

A particular challenge arises in designing materials which fall into the ∆EST ≥0 regime: the

S1 and T1 energies tend to move in parallel. When the excitation energies are stabilized to

the point that ∆EST is fulfilled, T1 is often too low to be of value for device applications. A

historically relevant example of this is the acene family, in which the excited state energies

decrease with an increasing number of fused rings. In early reports of SF, in anthracene (3

rings), SF was not favored due to a negative ∆EST and, therefore, the endothermicity of SF. 10

This was also the case for tetracene (4 rings) 12, while pentacene (5 rings) became the poster

child for SF due to it being the first acene in which SF is exergonic (∆EST >0), although its T1

energy is already somewhat lower (0.9 eV) than desirable.65 The next acene, hexacene184,

exhibits much more favorable ∆EST for SF, but has a far too low T1 energy (0.4 eV).

Figure 5.1: Proposed strategies to increase singlet-triplet splitting (∆EST ) in organic chro-
mophores.

A moiety which stabilizes T1 incrementally to the point that it can be tuned to remain above

1 eV (for exciton injection into silicon for instance, whose band gap is 1.1 eV) without also

lowering S1 substantially would be greatly beneficial (Figure 5.1, right panel). Here, we identify

a chemical functionality, heteroatom oxidation, which modulates the ∆EST in potential SF

chromophores in a foreseeable way (Figure 5.1 (iv)). This approach is motivated by the

experimental observation that the oxidized form of thiophene (thiophene-S,S-dioxide) is an

effective acceptor in donor-acceptor copolymers capable of intramolecular SF (iSF) 7,99,185, and

that nitrone/N -oxide groups were found in large numbers in a recent screening of thousands

of crystal structures for compounds with high ∆EST . 121 The present results show that, indeed,

heteroatom oxidation governs the S1 and T1 energies and thus can be used to improve the

singlet-triplet splitting of potential SF chromophores.
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5.2 Methods

To establish if a systematic improvement in ∆EST can be achieved through heteroatom oxida-

tion, we constructed a dataset consisting of 11 heteroatom-containing building blocks found

widely in the organic electronics literature (see Figure S1 for full dataset). These are classified

by the number of heteroatoms in the conjugated system, as shown in Figure 5.2a. All oxidized

derivatives of these compounds were generated by placing one oxygen atom at the electron

pair of all sp2-hybridized nitrogen atoms, thereby forming N -oxide (nitrone) moieties, and

one or two oxygen atoms at the electron pairs of all sulfur atoms, forming S-oxide or S,S-

dioxide moieties, respectively (as shown for bithiophene in Figure 5.2b). This produced a total

of 67 oxidized compounds (all structures shown in ESI). The oxidation of sp3 nitrogens was

not considered, as this would lead to charged or radical species. Compound geometries were

relaxed using density functional theory (ωB97X-D 136/6-31G*), and the S1 and T1 exited-state

energies were computed both vertically and at their minima using time-dependent DFT within

the Tamm-Dancoff approximation at the same level of theory (see ESI for details).

Figure 5.2: (a) Examples of building blocks studied in this work. (b) Five oxidized derivatives
of 2,2’-bithiophene.

5.3 Results

5.3.1 Excited state energies

Representative results for the effect of oxidation on the vertical and adiabatic S1, T1 and ∆EST

energies of bithiophene are shown in Figure 5.3a, and results for all other compounds are given

in the ESI. We observe a constant difference between the vertical and adiabatic excitation

energies. This allows us to extend our previous observation in dimers7 - that the adiabatic

energy splitting cutoff (∆E ver t
ST ≥0 eV) can be expressed as∆E ver t

ST ≥-1 eV in the Franck-Condon

regime - to smaller (monomer) building blocks, due to the linear relationship between the

two ∆EST values (Figure S2). Although it is immediately clear that increasing the number of

oxygens (regardless of their position) stabilizes T1 in an additive fashion across all compounds,
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the effect on S1 is less evident. While mono-oxidation of sulfur leads to a sharp reduction in

both S1 and T1 energies, which has little positive effect on∆EST , a second oxidation of the same

sulfur increases the S1 energy while further stabilizing T1, leading to a strong improvement

in ∆EST . For example, the dioxide derivatives of bithiophene have ∆E ver t
ST ≥0 eV (above the

grey line in Figure 5.3a) while bare bithiophene and its mono-oxidized derivatives do not.

The same conclusions can be drawn with all other sulfur-containing units (Figures S3-S6): as

outlined in Figure 5.3b, single sulfur oxidations have little effect on ∆EST as they stabilize S1

more than T1, while double oxidations of sulfur are invariably beneficial to ∆EST due to their

similar stabilization of T1 but smaller impact on S1. N -oxidation systematically improves∆EST

through a robust stabilization of T1 (Figures S7-S8). These trends are observed regardless of

the degree of oxidation of all others heteroatoms, resulting in a remarkably simple cumulative

effect across all compounds: the most highly oxidized structures have the highest ∆EST of all

combinations of oxidation products (Figure 5.3 and section S2 of ESI).

Figure 5.3: (a) Vertical and adiabatic S1, T1, and ∆EST energies of bithiophene and its oxidized
derivatives. Grey line indicates the ∆EST cut-off. (b) Summary of the change of adiabatic
S1, T1, and ∆EST upon S-, S,S- and N -oxidation for all compounds, showing averages (white
points), 1st-3rd quartiles (black bars), and maximal/minimal values (whiskers). See ESI for
details.

5.3.2 State character

To understand the effect of oxidation on S1 and T1 energies, we turned to the nature of

the excitations in the simplest sub-unit, thiophene (Figure 5.4). The T1 state of thiophene

52



5.3 Results

is dominated by a local HOMO → LUMO transition in the carbon backbone, while the S1

state involves predominantly charge transfer (CT) from sulfur (HOMO-1) into the backbone.

In thiophene-S-oxide, the T1 excitation is a localized HOMO-1 → LUMO transition on the

backbone, as the HOMO is located on the oxygen. It is instead the S1 excitation which

corresponds to a HOMO → LUMO CT state from oxygen into the backbone π∗ orbital, which

explains the significant stabilization of S1 upon mono-oxidation. Finally, in thiophene-S,S-

dioxide both S1 and T1 are characterized by backbone HOMO → LUMO (π→ π∗) transitions,

as the O and S orbitals are much lower in energy.

Similarly, in benzodithiophenedione (BDO) and thienopyrroledione (TPD, see Figure S12),

S1 is stabilized by CT states from the oxygen n orbitals into the π∗ orbital of the backbone.

The difference compared to thiophene is that BDO and TPD already contain oxygens in their

conjugated systems by virtue of their carbonyls, such that S1 in non-oxidized TPD and BDO

is described by CT from the carbonyls into the heterocycle. A first S-oxidation stabilizes S1

through CT from the S=O moiety, as with thiophene-S-oxide, while a second oxidation shifts

the source of CT back to the carbonyls. Therefore, the nature of the CT (i.e., the n orbitals

involved) changes, depending on the structure of the unit, but the stabilizing effect of a single

S-oxidation on S1 remains constant across all compounds. And yet, the oscillator strength of

S1 tends to drop significantly for S-mono-oxidized compounds (see Fig S14), which may have

consequences on the SF decay pathway and overall mechanism.186 Less impact is expected

on the photophysical properties of the S1 state of S,S- and N -oxidized compounds.

Figure 5.4: Projected density of states (PDOS), key molecular orbitals and vertical excitation
energies for thiophene (Th) and its two S-oxidized derivatives (Th-1O and Th-2O). Transitions
between the states most involved in the T1 and S1 excitations are marked with black and red
arrows, respectively. The molecular orbitals contributing to the charge transfer (CT) character
of certain excitations and the atoms on which they are centered are highlighted in green. All
energies are given in eV. BB = carbon backbone.

Recent work has rationalized ∆EST based on ground- and excited-state aromaticity. 187,188 To

explain the effect of these substitutions on aromaticity, we computed the nucleus independent

chemical shifts (NICS) of thiophene, TPD, and thiazole (Figure S15). While thiophene is

aromatic in the ground state and anti-aromatic in the first triplet state, thiophene-S-oxide
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is much less aromatic in the ground state, but still significantly anti-aromatic in the triplet.

The absence of lone pairs on the sulfur atom of thiophene-S,S-dioxide leads to non-aromatic

character of both the ground state singlet and first triplet. This is reflected in the bond

order of the backbone which, like butadiene, is reversed in the triplet (.CH-CH=CH-CH.)

compared to the singlet (CH=CH-CH=CH). This is not the case for non-oxidized or mono-

oxidized thiophene (Figure S16). The TPD ring aromaticity is similarly suppressed upon the

double oxidation of sulfur. Put together, these results suggest that the destabilization of S1

upon S,S-dioxidation, and its consequently beneficial effect on ∆EST , originate from the SO2

moiety eliminating the aromatic character of the heterocycle and instead inducing a polarized

butadiene-like behavior to the backbone.177 In this way, T1 is sufficiently stabilized, while

the stabilizing effect of CT from S (in thiophene rings) or O (in thiophene-S-oxide rings) into

the π-system observed in S1 is eliminated. This is similar to the ‘breaking’ of conjugation in

polycyclic hydrocarbons through boron-doping, an approach proposed to build molecules

that fulfill ∆EST . 189

CT, primarily from oxygen into sulfur (HOMO→LUMO+1), also accounts for the stabilization

of S1 in N -oxidized benzothiadiazole (BT, see Figure S13), compared to non-oxidized BT, which

has a local π→π∗ (HOMO→LUMO) character. The T1 states are also described by a π→π∗

transition in both non-oxidized and N,N’-dioxidized BT. The inclusion of the N-O moiety in

the conjugated system reduces the π/π∗ energy gap, leading to an extreme lowering of both

the S1 and T1 energies by approximately 2 eV. N -oxidation has the effect of strongly reducing

the antiaromatic character of the triplet (Figure S15), while retaining ground state aromaticity,

explaining the significant T1 stabilization and consequent increase in ∆EST .

5.3.3 Oxidized units in donor-acceptor systems

iSF has been demonstrated experimentally in donor-acceptor (D-A) polymers 6,99,120, in which

the triplet pair formation is mediated through low-lying donor-to-acceptor CT states, while the

spatial separation of the acceptors by the absorbing donor leads to a weakly-bound 1TT state.

We have recently proposed a protocol with which to identify potential polymer candidates

for iSF based on the ∆EST of the constituent monomers and their relative frontier molecular

orbital (FMO) energies.7,185 To assess the performance of these new oxidized units to form

iSF-capable D-A pairs, we treat all those in the dataset that fulfill ∆E ver t
ST ≥0 (and ∆E ver t

ST ≥-1

eV, vide supra) as acceptor monomers (34 compounds). The FMOs of each acceptor were

compared to all other buildings blocks (2244 monomer pairs), and only those whose FMO

arrangement is conducive to CT (i.e., donor HOMO higher than acceptor HOMO and donor

LUMO higher than acceptor LUMO; see earlier work for details185) were retained. For these

631 D-A combinations, the dimers were generated, their ground state geometries optimized,

and their vertical excited states were evaluated at the same level of theory as the monomers.

All dimers exhibit energy splitting above the vertical threshold ∆E ver t
ST ≥-1 eV (Figure S17),

which is consistent with our observation 185 that the dimer∆EST originates from the monomer

with the higher (i.e., more positive) ∆EST .

54



5.4 Conclusion

We have previously outlined two other requirements beyond ∆EST for iSF to be possible in

D-A systems: S1 must have significant donor-to-acceptor CT character to drive triplet-pair

formation (S1 → 1TT), and T1 must be located on the acceptor to promote dissociation of

the triplet states ((1TT → T1 + T1). 7,185 Deactivation of S1 towards higher energy triplet states

is neglected but the S1 → 1TT transition required for iSF is expected to be the most efficient

decay pathway (see section S6 of the ESI). Quantum chemical descriptors were introduced

to quantify these criteria using the character of excited states (see ESI). Figure 5.5 shows the

fraction of CT from donor to acceptor in S1 (ΩS1
D→A) and the fraction of local T1 character on

the acceptor (ΩT 1
A→A). The upper righthand corner corresponds to the ‘ideal’ region in which

these two criteria are fulfilled simultaneously. The majority of the present dimers display a

highly localized T1 (ΩT 1
A→A = 0.5 ∼ 1.0) and non-negligible S1 CT character (ΩS1

D→A = 0.1 ∼ 0.4),

but are nonetheless not in the ideal region.

A striking exception are dimers containing N ,N -dioxidized benzothiadiazole along the top

of Figure 5.5, indicating pure localization of T1 on the acceptor (Figure S17). In addition to

stabilizing T1 to achieve positive ∆EST , this acceptor induces dihedral torsion to the D-A

linkage (ϕD−A ≈ 50°), thereby contributing to very high CT in S1 (up to 0.8). The best of these

dimers is shown in Figure 5.5 (compound A), and is revealed to have a donor partner which

differs from the acceptor only with regard to the sulfur oxidation. However, the N -oxidation

of A stabilizes T1 too much for it to be of practical use if extracted (0.41 eV). All other dimers

constructed with this acceptor suffer from this problem (T1 = 0.3 – 0.9 eV). Two other dimers (B

and C) have a similar acceptor, albeit without N -oxidation, which leads to promising excited

state behavior in the dimer and appropriate ∆EST (as with A), but importantly, they retain

attractive T1 energies (1.47 eV and 1.24 eV, respectively; see Table S2). The absence of nitroxides

leads to smaller dimer dihedrals (30° and 19°) and therefore slightly lower CT compared to

A, although B and C are still located near the ideal region. This analysis demonstrates that

through judicious chromophore oxidation, both∆EST and T1 can be fine-tuned without losing

the CT character which mediates the SF process in D-A copolymers.

5.4 Conclusion

We have disclosed heteroatom oxidation as a convenient handle through which to modulate

singlet-triplet splitting in SF building blocks. Beneficial ∆EST through double oxidation of

sulfur is obtained by suppressing aromaticity while maintaining overall conjugation, thereby

stabilizing T1 compared to non-oxidized analogs, while having a smaller impact on S1. A

higher number of heteroatom oxidations stabilizes T1 additively, making it possible to drive

the T1 energy down as far as necessary to achieve exergonic splitting. The utility of this ap-

proach is demonstrated using new S- and N -oxidized compounds to construct D-A materials

for iSF, although this method is equally valid in intermolecular SF materials design. D-A sys-

tems based on a new benzothiadiazole-S,S-dioxide acceptor may be excellent candidates, as

sulfur oxidation modulates the excited state energies for SF to be thermodynamically possible

while ensuring that the resulting T1 is appropriate for injection into silicon (1.1 – 1.7 eV).
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Figure 5.5: Donor-to-acceptor charge-transfer character of S1 (ΩS1
D→A , x-axis) and local accep-

tor character of T1 (ΩT 1
A→A , y-axis) in dimers, colored by the dihedral between the donor and

acceptor (ϕD−A).

N -oxidations, on the other hand, also systematically improve ∆EST , but at the expense of

an attractive T1 energy. While these specific units have not been described in the literature,

previously reported preparation of S-oxidized190 and S,S-(di)oxidized190,191 analogs of ben-

zothiadiazole, as well as N -oxidized thiazoles 192, bithiazoles 193, and thiadiazoles 194 suggest

that they are synthesizable.
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6 Data-driven discovery of organic elec-
tronic materials enabled by hybrid
top-down/bottom-up design
This chapter is based on the following work:

Blaskovits, J. T.; Laplaza, R.; Vela, S.; Corminboeuf, C. Data-driven discovery of organic

electronic materials enabled by hybrid top-down/bottom-up design. 2023, Under review.

ChemRxiv preprint: https://doi.org/10.26434/chemrxiv-2022-88t32

The automated cross-coupling tool and scripts for XGBoost models and diverse subset selection

are available on GitHub at https://github.com/lcmd-epfl/FORMED_ML. All other details on

dataset curation and methods used are made available in the Supporting Information of the

original publication. All data discussed in this chapter are available as a Materials Cloud

repository (10.24435/materialscloud:nh-gb), and are provided in an interactive format using

Chemiscope. 195

6.1 Introduction

The strength of a fragment-based approach to materials design resides in its synthetic flexibil-

ity: chemical building blocks are prepared and functionalized separately, and then coupled

together in a final reaction step. This methodology has been applied successfully across

many fields of experimental organic materials science, and has recently been adapted to high-

throughput virtual screening: given a library of molecular fragments and a template for how to

combine them, structures can be generated combinatorially and screened, with a high chance

of the hit candidates being synthesizable (Figure 6.1a).196–198 Moreover, statistical models

can be trained on the initial pool of fragments and then used to power further screening

efforts at a significantly reduced cost.199–203 This bot tom-up approach has been applied to

the construction of organic materials based on predefined fragments inspired by the literature

and experimental insight, such as non-fullerene acceptors198,204 and organic light-emitting

diodes (OLEDs). 196,205

The most widely used bottom-up fragment-based strategy in both the experimental and
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computational design of organic materials is the donor-acceptor template, where conjugated

electron-donating (D) and electron-accepting (A) units are selected in such as way as to

manipulate various optical and electronic properties. This is used notably in the virtual

screening of thermally-activated delayed fluorescence (TADF) emitters for OLEDs206,207, in

which the D and A units are often orthogonal to one another to limit the overlap of the HOMO

and LUMO, thus reducing the gap between the lowest singlet (S1) and triplet (T1) excited

states.208,209 Conjugated polymers124,126, used as donor materials in bulk heterojunction

solar cells, and non-fullerene acceptors210, are also often constructed according to (−D −
A−)n and A−D−A arrangements, respectively, to modify electron affinity, minimize energy

loss upon electron transfer, maximize the materials’ complementary absorption profiles

and promote exciton dissociation at the donor-acceptor interface.211 The facile tunability

of donor-acceptor systems has also recently been applied experimentally to materials for

intramolecular singlet fission (iSF), a multiexciton-generation process which has the potential

of overcoming the detailed balance limit in photovoltaic cells, both in small molecules 85,93,212

and polymers. 93,99,118,120

Bottom-up approaches, however, are limited by the choice of initial fragments and will only

generate combinations and variations thereof.204,213,214 The notion of a ‘good’ donor or ac-

ceptor for a given application depends on a preconceived set of criteria, primarily related to

desirable electronic properties. The search for promising materials is therefore inherently

biased towards variations of building blocks which have already been reported for that applica-

tion and the discovery of new families of molecules exhibiting desired properties is impossible.

Furthermore, specific rules must be set to put fragments together.

To mitigate such limitations, the search may be conducted in a top-down manner instead

(Figure 6.1b): existing repositories are screened for compounds with desirable characteristics

for a given application that may differ from their original purpose. Examples of this in organic

materials include the extraction and high-throughput screening of crystal structures from the

Cambridge Structural Database (CSD) for materials with high charge carrier mobilities based

on the evaluation of transfer integrals and reorganization energy 215, for singlet fission (SF)

candidates 121 and TADF materials 216 based on excitation energies (as discussed above), and

for other user-defined targets.217 The outcome of such a screening may lead to unexpected

results which push research into a new direction of chemical compound space.

A key drawback of such schemes is the difficulty of extracting design principles from the

identified molecules. Contrary to bottom-up approaches, in which the influence of a spe-

cific sub-unit (e.g., a core, spacer or side-chain) on a particular property can be ascertained

from the fragment assembly process, additional investigation is required on the output of a

top-down screening to understand what features are responsible for the good performance.

Additionally, there are inherent problems related to the initial, pre-existing data, which may

be of heterogeneous composition, quality and size. Given the prohibitive computational cost

of accurately evaluating every molecule in large datasets (on the order of 104-106), initial

screening stages often involve very approximate methods followed by increasingly expensive
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Figure 6.1: General view of the (a) bot tom-up (purple) and (b) top-down (green) philoso-
phies of high-throughput virtual screening, with with end-goals in yellow. Requirements for
the different stages of a successful screening campaign are indicated in italics and datasets are
shown as blocks, whose widths represent the datasets’ sizes relative to one another. (c) The
hybrid screening methodology described in this work, with the union of top-down (green) and
bottom-up (purple) elements enabled by statistical models and automated fragment coupling
(orange).

methods as the size of the dataset decreases (Figure 6.1b). 196 High-quality data, in addition to

chemically correct structures (e.g., which are absent of crystallographic errors, a non-trivial

challenge), are therefore crucial for an effective top-down screening protocol. 218

It must be noted that the philosophy underlying the molecular space to be explored is critical

for the training of predictive statistical models. 219–221 While design campaigns for molecules

and materials using statistical models are reported at an increasing rate,201,202,222–227 direct

applications for materials design face two challenges regarding access to data: on one hand,

using available small molecule data to train predictive models may compromise extrapolation

towards larger, more complex chemical species of interest. On the other hand, curated top-

down data including relevant properties (e.g., excitation energies) is not widely available,
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severely limiting the applicability of statistical models.

Here, we provide a computational framework to systematically generate combinations of

molecular building blocks in a chemically meaningful way following predetermined design

rules, such as a donor-acceptor strategy, and evaluate their electronic properties (Figure 6.1c).

To do this, we construct a diverse, experimentally reported database of over 110K crystal

structures in a top-down fashion, which we treat as molecular building blocks for the sub-

sequent fragment-based generation of hierarchical structures. We encode these building

blocks’ topology so as to identify available sites for carbon-carbon bond-forming reactions

and automate the generation of chemically relevant cross-coupling products between these

units without manual input. We then use these building-block structures, a diverse subset

of a few thousand of the billions of possible cross-coupled products, and their associated ab

i ni t i o electronic properties to train statistical models for the prediction of relevant optical

properties − excitation energies and orbital gap − to near-TDDFT accuracy across organic

chemical compound space. The ability to evaluate these optical properties on-the-fly unlocks

the screening of organic electronic materials on a much larger scale than would be possible

with conventional virtual screening techniques. We propose this as a platform to construct

donor-acceptor structures in a way that is unbiased towards preconceived notions of ‘good’

building blocks and thus combines the advantages of both top-down and bottom-up ma-

terials discovery strategies. We demonstrate the potential of this workflow by constructing

and screening over a million donor-acceptor combinations for intramolecular SF using the

experimental building blocks as the initial pool of both donor and acceptor units. In this

manner, hitherto unexplored singlet fission candidates are identified.

6.2 Results and discussion

The results are organized as follows. section 6.2.1 outlines the construction of the Fragment-

Oriented Materials Design (FORMED) database. This involves the curation of building block

structures and their associated electronic properties (section 6.2.1.1), and the evaluation

of their topological and chemical composition (section 6.2.1.2), as outlined in Figure 6.2.

All discussed properties are made available and may be visualized interactively through the

Materials Cloud using using Chemiscope (https://doi.org/10.24435/materialscloud:nh-gb). 195

The electronic properties from the FORMED dataset are then used to train predictive statistical

models (section 6.2.2). In the final part (section 6.2.3), we outline the requirements for efficient

singlet fission materials (6.2.3.1), identify leading structural motifs in the FORMED dataset that

contribute to fulfilling these requirements (6.2.3.2), and finally use the dataset and associated

automated cross-coupling tool in concert with statistical models to construct intramolecular

donor-acceptor SF candidates in a bottom-up approach (section 6.2.3.3).
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Figure 6.2: Overview of the preparation of the FORMED dataset, consisting of a top-down
screening of the CSD, extensive refinement based on structure and composition, and subse-
quent evaluation of electronic, structural and topological properties.

6.2.1 Dataset

Structure curation

We performed a top-down screening of the Cambridge Structural Database (CSD), the largest

repository of experimental crystal structures (Figure 6.2, see Methods section for details). Struc-

tures were refined by optimizing the crystal structure geometries with the GFN2-xTB semi-

empirical method 228 and ground state energies and vertical excitations were computed with

density functional theory and Tamm-Dancoff approximated time-dependent DFT (TDDFT),

respectively, at the ωB97X-D/6-31G(d) level (see Methods section).

It was found that the geometry optimization could be used as a screening tool for filtering

out compounds with crystallographic errors: compounds which underwent any change in

connectivity (i.e., the bond network) over the course of optimization were eliminated, as

many of these were found to contain structural errors or inconsistencies, such as omitted

hydrogens (see section S2). This resulted in a set of nearly 117K computationally clean organic

molecules whose synthesis is experimentally reported, comprised of hydrogen and 12 p-block

non-metals and metalloids (boron through bromine), for which the frontier molecular orbitals

(FMOs), ground- and excited-state energies, exciton character and oscillator strengths of
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(a) (b)

Figure 6.3: (a) S1 and T1 excitation energies across the FORMED dataset; points are colored
according to the frontier molecular orbital gap. The yellow region defines both the thermody-
namically feasible regime for singlet fission and T1 energies well-matched to the bandgap of
conventional semiconductors (to the right of the vertical dashed grey line). The dotted grey
line indicates the hard thermodynamic cutoff for singlet fission (S1 ≥ 2T1), while the solid
black line is the same cutoff but relaxed to the Franck-Condon regime (S1 - 2*T1 > -1 eV ) based
on linear trends between vertical and adiabatic excitation energiees reported previously7,8

(see section S7). (b) Dimensionality reduction plot of the molecules in the FORMED and QM9
datasets using the t-distributed stochastic neighbor embedding algorithm generated from the
3D structures encoded using the spectrum of London and Axilrod-Teller-Muto potentials9

representation (see Methods section for details).

the first five singlet and triplet excited states were evaluated (Figure 6.2). The character of

the exciton provides insight into the nature of the electronic transition229 and a physically

intuitive description of the excited state wave function (localized versus charge transfer, for

instance), while the oscillator strength relates to the probability of a transition to occur. The

FMO gap and lowest singlet and triplet excitation energies are shown in Figure 6.3a, and

a dimensionality reduction plot highlighting the diversity of the dataset in relation to one

of the most widely-used datasets for statistical models (QM9)230,231 is given in Figure 6.3b.

While QM9 comprises a slightly larger number (134K) of organic molecules with up to 9 heavy

atoms and only main organic chemistry elements (C, N, O, F and H), FORMED covers a much

broader region of the chemical space by virtue of it not being limited in size, and by adding 8

other elements to the palette (B, Si, P, S, Cl, As, Se, Br). We point out that this diversity is also

significantly larger than that of previous datasets, such as those generated via the combination

and fusion of a small set of molecular motifs 213, or via the execution of a number of predefined

morphing operations 214.
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Topology and automated generation of coupling products

The vast majority of π-conjugated organic materials are synthesized via carbon-carbon bond-

forming reactions between building blocks. 232,233 These usually involve the cross-coupling of

an aryl halide (or pseudohalide) and another substrate which has been pre-functionalized

with an organometallic leaving group. In these reactions, the leaving groups and halogens

serve the same purpose of preactivating the particular desired C-H site on the organic building

block where the coupling should take place. Under certain reaction conditions, unsatu-

rated substrates may even undergo coupling at C(sp/sp2)-H sites directly without preactiva-

tion. 129,234–238 The coupling of fragments at these sites, such as the aryl rings highlighted in Fig-

ure 6.4, leads to electronic communication between the coupled fragments via π-conjugation,

from which a broad range of optical and electronic properties can be accessed.

The first step of an automated approach to fragment coupling is therefore to identify un-

saturated C-H sites which may be amenable to cross-coupling, provided the appropriate

coupling conditions and necessary site preactivation. For this, we developed a tool to generate

molecular graphs characterizing the connectivity between atoms in each structure, identify

available sites for cross-coupling using a series of simple connectivity-based rules, and encode

the topological environments of these sites using resistance distances 239,240 between atoms

in the molecule, directly from reported 3D structures (Figure 6.4, see Methods section for

details). This last part is done to detect symmetry-related coupling sites and thus avoid the

construction of identical dimers. This information is indeed crucial since many molecules

in the dataset are highly symmetric, and is therefore stored as a molecular property in all

FORMED entries (Figure 6.2). While it is not expected that all resulting compounds will have a

clear synthetic route, it is reasonable to assume that many are within the realm of synthetic

feasibility given that their component parts, which have been prepared in the literature, are

combined in a way consistent with well-established coupling procedures. This is supported

by the synthetic accessibility241 and complexity 242 scores, which were evaluated for both

FORMED and dimers generated using this protocol (see section S8).

By including the potential sites for the formation of carbon-carbon bonds as a property of

each compound in FORMED, these dataset entries can then be used as building blocks for

the construction of larger materials in a bottom-up strategy. Chemically reasonable coupling

products are generated automatically using the approach described above, in which coupling

between fragments is achieved by replacing the hydrogens at the available coupling sites

with the partner fragment, and screening the dihedral around the newly formed bond, to

limit steric clashes while promoting favourable π-orbital overlap. This workflow is outlined

in Figure 6.4, and the full details are given in the Methods section. While we acknowledge

that certain functional groups on the existing building blocks may not be compatible with

cross-coupling reactions, we reiterate that analysis of the synthetic accessibility and feasibility

suggest that the coupling products are generally not more complex synthetic targets than the

existing builting blocks, as discussed above. The tool for automated cross-coupling is made

available at https://github.com/lcmd-epfl/FORMED_ML.
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Figure 6.4: Bottom-up application of the FORMED dataset, including the automated unsatured
C-H site identification, topological analysis of coupling sites, and cross-coupling of molecular
building blocks, followed by property prediction on the resulting dimer space.

Finally, 160 moieties, mainly representing functional groups made up of one or more of the

13 element types present in the dataset, were defined and encoded as SMARTS strings, a

graph-based representation of chemical fragments and molecules (see section S4). These

were used in a sub-graph search on each molecule243–245, the output of which constitutes

a rudimentary description of the composition of each molecule. A vectorial representation

of these molecular compositions (see section S4) will be used in section 6.2.3.2 to build a

functional-group-based scoring function that correlates chemical structures to properties.

6.2.2 Prediction of optical properties

The FORMED dataset was used to construct statistical models to predict key optical properties

across the full range of organic compounds. We targeted both excited state and ground state

properties, focusing in particular on the frontier molecular orbital (FMO) gap, and the S1 and

T1 state energies and excitonic character, given the importance of these properties across

multiple applications in organic electronic materials. Extreme gradient boosting (XGBoost 246)

models were trained using a 3D geometry-based representation, the spectrum of London
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and Axilrod-Teller-Muto potentials9, which contains one-, two- and three-body terms (see

Methods).

To ensure that the model is able to predict the optical properties of extended structures

generated by the automated cross-coupling pipeline, we produced a selected number of

dimers and incorporated them into the training data (see section S5). Considering that all

possible coupling products derived from the FORMED set would lead to a combinatorial

explosion (149 billion unique compounds), far exceeding what is possible to generate and

compute, we turned to a sampling workflow to generate the most diverse possible subset of

2,506 coupling products that could be constructed from the building blocks available in the

FORMED database (Figure 6.5). This was done by performing a dimensionality reduction

on the collection of the optical properties and results of the substructure analysis described

above, selecting the 1,000 most unique compounds as building blocks, clustering all possible

pairwise combinations of these, evenly sampling each cluster, and generating the coupling

products of the sampled pairs via automated cross-coupling (see section S5).

Figure 6.5: Workflow for the generation of diverse dimers from the FORMED dataset. Details
are provided in section S5.

Using the FORMED dataset enriched with cross-coupling products, excellent predictions are

obtained, with 10-fold cross-validation mean absolute errors of 0.18 eV for T1, 0.20 eV for

S1 and 0.26 eV for the FMO gap (see Methods). We note that these errors are comparable to

TDA-TDDFT accuracy for excitation energies (see section S6).247 With these models able to

predict optical properties with high accuracy, we turned towards high-throughput screening

of D-A compounds for singlet fission.

6.2.3 Discovery of materials for singlet fission

Requirements for singlet fission

SF, the downconversion of a high-energy singlet spin state to two lower-energy triplets 11, has

attracted much attention as a non-conventional avenue to increased photocurrent gener-
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ation in solar cells.58,66 This process has also been demonstrated in photodetectors19 and

OLEDs248, and proposed for quantum computing applications.249 The primary limitation

on development to state-of-the-art SF applications is that too few practical SF-capable mate-

rials have been reported (and those that have been implemented in solar cell technologies

display very low efficiencies). This is due primarily to the thermodynamic constraint that the

energy of the lowest-lying excited singlet state (S1) must be greater than or (approximately)

equal to twice the energy of the first triplet (T1)36 (quite rare in organic molecules121, see

yellow region in Figure 6.3a), and that SF is very sensitive to relative orientation between the

chromophores involved.45,81 As a result, most recent developments in SF materials design

rely on modifications to existing chemical scaffolds known to exhibit SF, the vast majority of

which are acenes and rylenes. 10,27,64,250,251 Furthermore, the triplet energies of most existing

SF-capable molecules are too low for the charge carriers to be injected into conventional

solar cell materials, such as silicon (Eg =1.1 eV ), GaAs (Eg =1.4 eV ) and CdTe (Eg =1.5 eV ).64

High photostability and chemical stability, and broad absorption profiles are also necessary

requirements for potential SF sensitizers for solar cells. 250

D-A materials, and conjugated polymers in particular, have emerged as strong candidates for

SF implementation in devices, due to their merging of these parameters. 85,93,99,118,120,122,212

An advantage of covalently-bound D-A templates for intramolecular over intermolecular SF

materials is that their SF propensity is not dependent on intermolecular couplings, and they

are therefore less sensitive to orientation in the solid state. Instead, the necessary parameters

to achieve SF via a photoinduced charge-transfer-mediated mechanism27 and subsequent

triplet separation 144 can be tuned simultaneously and in a modular way through a fragment-

based approach, as shown in Figure 6.6. Intuitive computational guidelines, based on the

electronic properties of the constituent D and A units, have recently been established to do

this with conjugated polymers. 7,99,185

Exploration of chemical space

The substructure analysis implemented in the FORMED dataset enables us to investigate

the relationship between chemical structure and the desirable electronic requirements for

singlet fission. We define a score function ξ which evaluates compounds concomitantly by

their thermodynamic propensity for SF - the energy splitting criterion adapted to the Franck-

Condon regime 7,8 (S1 - 2*T1 > -1 eV) - and the usability of the T1 energy, as described above

(see section S7). The region of excited state space described by these two requirements is

highlighted in yellow in Figure 6.3a. A multivariate linear model was fit to the substructure

composition of all compounds, from which the coefficients attributed to each substructure

were extracted. The most positive (negative) coefficients correspond to substructures whose

contribution the score is most beneficial (detrimental). Although this naive technique does

not take into account the role of interaction between substructures on the overall molecular

property and is therefore not quantitative, it provides a means to identify and classify the most

significant substructures based on their overall ability to induce desirable SF energetics. The
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Figure 6.6: Charge-transfer-mediated intramolecular singlet fission in donor-acceptor systems.
Upon photoexcitation, charge transfer (green) from the donor (blue) to the acceptors (red)
mediates the formation of triplets on neighboring acceptors.

largest and smallest coefficients and representative molecules are shown in Figure 6.7.

While disilenes121 and boron dipyrromethene (BODIPY) derivatives252 (a boron-containing

ring system) have been proposed theoretically for SF, silene-, nitroso-, sulfenate- and dico-

ordinate (R2C = As −R) arsenic-containing compounds and other substructures identified

here are entirely unstudied moieties for this application. Many of these structures are quite

rare in the FORMED dataset (occurrences are shown in Figure 6.7); as such, they constitute a

potentially fruitful avenue to be incorporated in SF materials. Particularly worth mentioning

is that the C=As moiety has recently been successfully incorporated as a building block in

a conjugated polymer, which is air-stable in the solid state.253 We also observe that boron-

containing rings are the most widely-occurring structure with a very positive coefficient. Their

well-established chemistry and the recent suggested application of boron-doping189,254 as a

means to control S1/T1 splitting by interrupting π-conjugation positions them as an excellent

starting structure for the design of SF-capable molecules.

Bottom-up design of donor-acceptor compounds

We leverage the FORMED database (Figure 6.2), the automated cross-coupling tool, and

models for excited state energy prediction (Figure 6.4) to apply the reported iSF recipe on

a large scale as follows. In the intramolecular D-A strategy, the T1 state is located on the
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Figure 6.7: Largest (green) and smallest (red) coefficients to the multilinear regression ξ = ci ni

+ c j n j + ck nk + ..., where each coefficient ci corresponds to the contribution of functional
group i to the score function ξ and ni is the number of instances of the functional group i
in each given molecule. Representative examples of molecules containing some of the most
favorable substructures for singlet fission are presented. The number of occurences of each
substructure in FORMED is given in black; substructures with fewer than five occurrences in
the dataset are not shown. Di pp = 2,6-diisopropylphenyl; T MS = trimethylsilyl.

acceptor (A)99; A therefore determines the overall T1 energy of the D-A system and must

possess appropriate energy levels to imbue the resulting polymer with appropriate excited

state energy levels for exergonic singlet-to-triplet splitting.7 We select as A units building

blocks from the FORMED dataset with sufficiently high triplet energies to be practically useful

in a solar cell (T1 > 1.5 eV) 71, which fulfill the thermodynamic requirement discussed above,

and which have a significantly higher T2 energy (T2 > 2*T1) so as to prevent deactivation

channels via triplet-triplet annihilation.36 For the resulting A units, appropriate donor (D)

partners are selected from the same source of building blocks (FORMED) which satisfy the

FMO-based criteria laid out in earlier work: the FMO gap of A must be larger than that of D

to ensure that the triplet state is localized on A185, and the FMOs of the D and A fragments

must be ordered in such as way as to promote sufficient charge transfer in the S1 state upon

photoexcitation to induce S1 to 1[T T ] splitting. 7

We selected building blocks that contain available C-H sites, to form linkages with coupling

partners, and that are comprised of no more than 20 heavy (non-hydrogen) atoms. We
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privilege small units to preserve the notion of ‘donor’ and ‘acceptor’ within an extended

π-conjugated manifold and to promote intrachain triplet transport in an eventual polymer,

as it has been shown that shorter distances between acceptors promote efficient separa-

tion of the intramolecular triplet-pair state (1[TT])50 into independent triplets (T1 + T1).255

This pre-screening of acceptors and donors, automated cross-coupling of appropriate D-A

combinations and subsequent semi-empirical geometry optimization (GFN2-xTB) results in

1,002,268 unique dimers. The models discussed above are employed to predict their excited

state energies, and the score function outlined in Figure S12 is then used to rank the resulting

compounds based on potential SF exergonicity and T1 energy.

Figure 6.8: (a) Predicted excited state energies of the million donor-acceptor dimers generated
by automated fragment coupling, colored according to the ξ score function (see section S7).
Compounds with the highest score are located in the dashed box. Contour lines give the shape
of the score function, with positive and negative contours shown as solid and dotted lines,
respectively. The full FORMED dataset, containing the building blocks from which the dimers
were constructed, is shown in grey in the background for comparison. (b) Leading candidates
of D-A dimers generated through automated cross-coupling and proposed to have favourable
energetics for singlet fission. Donor and acceptor cores are colored blue and red, respectively,
and are shown alongside their CSD names; dotted lines indicate possible linkages to adjacent
repeating units in a polymer.

The predicted S1 and T1 energies are shown in Figure 6.8a, which highlights the effectiveness

of the fragment-based screening approach at locating D-A dimers with desirable energies for

SF. In fact, by using the most SF-appropriate building blocks from the FORMED dataset to

construct conjugated D-A units, the initial pool of 7,474 synthesized and theoretically useful

molecules (6% of the original FORMED dataset, found in the very sparsely-populated yellow

region of Figure 6.3a), was enriched with 560,394 not synthesized − though equally chemically

valid − molecules (56% of the novel dimers, shown in the green region of Figure 6.8a) using

the D-A template.

A selection of a few top D-A candidates is shown in Figure 6.8b (all compounds and their pre-

dicted properties are made available for interactive visualization on https://doi.org/10.24435/
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materialscloud:nh-gb). TDA-TDDFT computations confirmed the accuracy of the excited

state prediction, with similar errors to those obtained in the cross-validation of the XGBoost

models (∼0.2 eV , see Table S2). All compounds display appropriate energy splitting for SF

while retaining T1 energies higher than those of the vast majority of SF-capable materials 64: in

fact, the triplet energies match very closely the bandgaps of the most widely-used photovoltaic

materials when the correction associated with adiabatic relaxation is applied (∼1.5 eV , see

section S7 for details). These compounds tend to be fully conjugated, and comprise polarizing

electron-donating and -withdrawing groups, especially on the D and A units, respectively.

Many acceptors, including all those shown in Figure 6.8b, display the nitrone (R2C = N+(O−)R)

motif in the form of furoxan (5-membered ring with a N −O −N+O−), which also emerges

as a strong candidate in our substructure analysis of the score function (coefficient = 0.1).

This confirms it to be a highly attractive moiety for inducing SF-appropriate S1/T1 energy

splitting, in line with the conclusions of previous screening efforts8,121, although one which

to our knowledge has not been reported in any experimental SF material to date despite its

well-studied chemistry.256 Pentacene motifs are notably absent from these promising can-

didates, due to the low T1 of this building block (see section S7). Of particular note are two

unconventional donor candidates: the highly aromatic, zwitterionic [9]annulene NERBAQ,

studied as a synthetic curiosity of aromaticity 257 and the phosphoselenoic amide TUHSAS 258,

a ligand for alkaline earth metals. No compound remotely like either has been reported as a

possible donor unit or SF material, although these results demonstrate that they are clearly

deserving of experimental attention. The flagging of such unexpected structures as iSF can-

didates highlights the value of automated materials discovery based on a pool of molecular

fragments that is synthetically accessible, but at the same time not limited to the known

literature or established conventions for the application in question. Finally, we highlight

that the same database and model could be readily adapted to any other materials target

application given a set of energy-based requirements, such as the small S1-T1 gap required for

TADF emitters.

6.3 Methods

6.3.1 Quantum chemistry computations

All density functional theory (DFT) optimizations and vertical excitations (time-dependent

DFT using the Tamm-Dancoff approximation) employed the ωB97X-D functional 136 with the

6-31G(d) basis set. Structures were refined by optimizing the crystal structure geometries

using the extended tight-binding (GFN2-xTB) semi-empirical method.228 Ground state en-

ergies were then computed with DFT, followed by vertical excitations using Tamm-Dancoff

approximated time-dependent DFT (TDA-TDDFT). Both ground- and excited-state computa-

tions were done at the ωB97X-D/6-31G(d) level. We benchmarked GFN2-xTB against DFT as

the optimization method on 4,000 structures from the dataset, selected from Farthest-Point

Sampling, and found excellent agreement with respect to electronic properties between the

two methods (see Figure S2). Further computational details are preovided in section S1.
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6.3.2 Dataset

An initial filtering of the CSD using the Cambridge Crystallographic Data Centre’s Conquest in-

terface 259 based on queries regarding composition and lack of crystallographic errors yielded

167,997 crystal structures, which were downloaded as pdb and mol 2 files and then converted

to the x y z format. Compounds containing anything other than p-block elements and con-

sisting of more than one fragment were removed. Duplicate structures were identified by

the initial six-letter code of their names, and only one entry from each chemical species was

retained. The number of electrons in each compound was counted and those with an odd

number of electrons, likely due to missing hydrogens, were eliminated.

All 127,002 remaining crystal structures were optimized at the GFN2-xTB semi-empirical level

of theory. Changes in bonding over the course of geometry optimization give an indication

as to the correctness of the initial crystal structure.260 The Laplacian of the connectivity

matrix of each compound was therefore evaluated pre- and post-xTB optimization, and

compounds with any difference between the two matrices were eliminated. Although the

attribution of bonding is sensitive to the choice of the covalent radius, this screening criterion

was nonetheless imposed in order to remove unusual or ill-defined structures. Following

this, each compound was submitted for TDA-TDDFT computation and substructure analysis.

Structures whose ground states could not be described reliably at the TDA-TDDFT level

due to multireference character, based on an analysis of low-lying excited states and LUMO

energies, were set aside (see section S2). We note that this subset merits further investigation

from a quantum-chemical point of view. In all, 116,687 structures of ground-state singlet

electronic configuration successfully completed the full screening and substructure analysis.

All structures, computed properties, synthetic complexity 242 and accessibility 241 scores, and

results of the substructure search are provided at https://doi.org/10.24435/materialscloud:

nh-gb. A complete discussion of the refinement protocol, including the number of compounds

removed from each curation step, is provided in section S2.

6.3.3 Automated cross-coupling

The topological environment of each molecule’s coupling sites is encoded as follows.

For each structure, the adjacency matrix is generated using the atoms’ covalent radii and all

sites amenable to forming bonds with other fragments through a hypothetical cross-coupling

reaction are identified based on simple connectivity rules. A molecular graph is generated from

the adjacency matrix for each structure, in which atoms and bonds are described by nodes

and vertices, respectively. An element-weighted resistance-distance matrix 240 – constructed

from the resistance distances239 between all pairs of atoms – is generated for each graph.

The topological environments of the carbon atoms of the identified coupling sites are then

compared to one another by evaluating the collection of resistance distances with respect to

their nth-order neighbors, where n is increased until either the resistance distances of two

nodes diverge, or every pairwise resistance distance in the molecule has been considered.
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Coupling sites are thus classified as either topologically unique or equivalent to another site

in that molecule. However, we note that this topology-based approach does not distinguish

between geminal C-H bonds on terminal (e.g., vinylic) double-bonds. Coupling between

fragments is achieved by replacing the hydrogens at the available coupling sites with the

coupling C atom of the partner fragment at an appropriate C-C bond distance. A screening

of dihedral angles around the newly formed bond is performed to limit steric clash while

promoting favourable π-orbital overlap. Dimer generation is then followed by a geometry

optimization, such that the ground state geometry is used for subsequent computations and

property predictions. Further details are provided in section S3.

6.3.4 Statistical models

All statistical models used in this study are extreme gradient boosting ensembles (XGBoost 246)

and were trained using the spectrum of London and Axilrod-Teller-Muto potentials 9 represen-

tation, which uses physics-inspired one, two- and three-body potentials bagged over pairs and

triads of element types. Given the large elemental diversity of FORMED with respect to QM9,

many of the bagged potential terms are empty for the latter (as no molecules contain one or

more of the participating elements). Coherently, the chemical space of QM9 is a fraction of

the one in FORMED, as captured by the t-distributed stochastic neighbor embedding (Figure

6.3b). Note that the potentials are computed using information from the 3D coordinates and

thus capture geometric information. Hyperparameters for all models were optimized using

a grid search approach (see section S6). These representations were developed to be used

in kernel-based statistical models. However, we found that kernel ridge regression models

performed comparatively worse. For a comparison with other statistical methods see Figure

S9 and section S6.1. We note that the FORMED database is significantly more diverse in

terms of molecule size and elemental composition than typical datasets used to develop and

benchmark statistical models in chemistry, and thus pre-existing approaches may require

significant adaptation.

The XGBoost models have remarkable 10-fold cross-validation mean absolute errors of 0.18

eV for T1, 0.20 eV for S1 and 0.26 eV for the FMO gap in the FORMED dataset enriched with

cross-coupling products. Parity plots are shown in Figure S8, and a detailed error analysis

is presented in section S6.2; the highest errors of the model occur in molecules containing

infrequent functional groups such as selenoketones or phosphasilenes. Finally, we ascertained

that incorporating some cross-coupling products leads to slightly improved performance

on dimer prediction (see section S6.3) and thus decided to add the 2,506 dimer subset to

FORMED to train the final models. The corresponding ML models without the added dimers,

including their respective training and cross-validation, as well as software for the diverse

subset selection, fine-tuning scripts and associated data have been made available at https:

//github.com/lcmd-epfl/FORMED_ML.
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6.4 Conclusion

We have proposed a platform for the fragment-based discovery of organic materials based on

a hybrid top-down/bot tom-up approach. This consists of a) generating a curated dataset of

the structures and TDA-TDDFT-computed properties of over a hundred thousand compounds

extracted from an experimental crystallographic database comprising the first three rows of

p-block non-metals; b) automating the identification of available unsaturated C-H coupling

sites and subsequent formation of cross-coupling products using chemical topology; and

c) training statistical models on an enriched version of the dataset in (a) which are able

to predict optical properties relevant to state-of-the-art optoelectronic applications to high

accuracy. The compounds from (a) and their associated coupling site information from

(b) constitute the Fragment-Oriented Materials Design (FORMED) dataset, which is made

available at https://doi.org/10.24435/materialscloud:nh-gb. The model architectures from (c)

are then used in the prediction of target electronic properties in larger structures constructed

according to predefined fragment-based design principles from the building blocks of the

FORMED set.

This platform is used to enrich significantly the palette of intramolecular SF materials by

generating a library of over a million donor-acceptor dimers and evaluating their excited

state energies on a scale that would be unfeasible with a standard computationally-driven

virtual screening approach. This constitutes a crucial step in the discovery of SF-capable

molecules that are both outside the range of currently studied compound families and which

may be effectively implemented in solar cells, based on favourable S1 −2∗T1 splitting and

high T1 energies. These tools, when used in concert, may be applicable to any fragment-

based materials design protocol and will enable future large-scale i n si l i co molecular design

campaigns in organic electronics.
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7 Symmetry-Induced Singlet-Triplet
Inversions in Non-Alternant Hydrocar-
bons
This chapter is published as:

Blaskovits, J. T.†; Garner, M. H.†; Corminboeuf, C. Symmetry-induced singlet-triplet in-

versions in non-alternant hydrocarbons. Angewandte Chemie International Edition, 2023,

e202218156. https://doi.org/10.1002/anie.202218156

† These authors contributed equally.

All computational details and additional figures are made available in the Supporting Infor-

mation of the original publication. All data discussed in this chapter are supplied with the

publication on the journal website.

7.1 Introduction

Hund’s rule stipulates that for a given electronic configuration, the one with the highest spin

is the lowest in energy.261,262 This rule is broadly applicable across organic molecules with

closed-shell ground states, where the excited singlet states will have higher energy than the

triplets of the same electron configuration (Figure 7.1a). Given the first excited triplet state (T1)

is thermodynamically favored over the first excited singlet state (S1), Hund’s rule constitutes a

fundamental limitation for the efficiency of molecular emitters. The energetic inversion of the

S1 and T1 excited states illustrated in Figure 7.1b is a uniquely desirable property for organic

light-emitting diode (OLED) materials, as fluorescence from the S1 state is no longer impeded

by population transfer to the T1 state. This process has very recently been demonstrated

experimentally by Aizawa et al. 263 and shows great promise in the design of next-generation

thermally-activated delayed fluorescence (TADF) emitters whose fluorescence rates are no

longer limited by spin statistics. 264–266

Until recently, Hund’s rule violations were restricted to unstable diradicals,267,268 charge-

transfer excited-states of large molecules, 269,270 and cases where strong light-matter coupling

is achieved.271,272 This changed when negative S1-T1 gaps (E(S1−T1) < 0) were theoretically
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Figure 7.1: Schematic of three excited states, color-coded to indicate state pairs of identical
electron configuration. a) Three pairs of excited states that obey Hund’s rule, i.e., each triplet
is of lower energy than the singlet of the same configuration. b) The S1 and S2 states violate
Hund’s rule by having lower energy than the equivalent triplet states, T1 and T3.

identified in cycl[3.3.3]azine and its aza-substituted analogs by Ehrmaier et al.273 and de

Silva. 274 While a number of analogous azaphenalenes had been studied experimentally since

the 1980s due to their photophysical properties275,276 and later as TADF emitters by Li et

al.,277,278 the possibility of higher-order Hund’s rule violations had been overlooked.279–281

The 40-year gap between the discovery of azaphenalenes as inverted gap molecules and their

implementation in devices, despite all being in the same molecular family, highlights the

scarcity of compounds with singlet-triplet inversions. 282

With the prospect of superior emissive properties, it is imperative to find new classes of

molecules with singlet-triplet inversions. Given the historic lack of focus on the possible exis-

tence of Hund’s rule violations among excited states, and because inverted singlet-triplet gaps

can only be modelled using high-level quantum chemical methods, 274,283–288 we suggest that

there may be many cases of excited state singlet-triplet inversions among already synthesized

molecules. Such molecules would provide an excellent starting point for future computational

and synthetic efforts in the design of molecular emitters.

7.2 Results

7.2.1 Screening protocol

Here, we focus on vertical excitations as an initial molecular screening step, while acknowl-

edging that adiabatic relaxation would be required for a complete picture. For a molecule

in the S1 state, adiabatic relaxation followed by fluorescence is likely to be a more efficient

decay pathway than intersystem crossing if the lowest triplet is thermodynamically disfa-

vored. We mine a dataset of existing crystal structures to identify compounds which exhibit
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Figure 7.2: Three-step protocol for screening compounds in the FORMED database (top) for
excited-state violations of Hund’s rule with increasingly complex methods.

violations of Hund’s rule in the lowest excited states through sequential refinement of the

geometry and excitation energies with increasingly precise computational methods (Figure

7.2). We have recently introduced a curated database tailored to materials design applications,

the Fragment-Oriented Materials Design (FORMED) dataset289, consisting of over 117,000

experimentally-reported organic crystal structures and their associated optical properties

computed with Tamm-Dancoff-approximated time-dependent density functional theory

(TDA-TDDFT) using ωB97X-D136/6-31G(d) and geometries with GFN2-xTB228 (Figure 7.2,

top box).

The screening procedure illustrated in Figure 7.2 starts with a pre-selection of the molecules

in the FORMED dataset based on E(S1 −T1) (TDA-TDDFT level) and to the extent necessary

prioritized by smallest number of atoms in the molecule (Figure S1). 290 We optimize the select

1514 geometries at a tighter level (ωB97X-D/def2-TZVP) and recompute the excited states at

the second-order approximate coupled-cluster level (CC2/aug-cc-pVDZ); Figure 7.2, middle

box. The states are then paired according to their electronic configuration in order to identify

possible Hund’s rule violations between the lowest (S1 and T1 in Figure 7.1b), or alternatively

between higher-lying excited states (e.g., S2 and T3 in Figure 7.1b). The 54 molecules we

identify with negative or near-degenerate gaps among the first three singlet excitations are

explored at the equations-of-motion coupled-cluster level (EOM-CCSD/aug-cc-pVDZ); Figure

7.2, bottom box (see section S1 for details). 290
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7.2.2 Azaphenalenes

From this virtual screening protocol, we identify three potential classes of materials which

exhibit Hund’s rule violations among the first three excited state singlets, Figure 7.3. The first

of these belong to the well-established azaphenalene family. 263,273–276,291–293 TAZCAZ 294 and

the methyl-substituted analog COSFIZ295, are penta-azaphenalenes with negative E(S1−T1).

State diagrams are shown in Figures S9-S10. The utility of the screening protocol is validated

by our ability to recover compounds structurally similar to those for which S1-T1 inversions

are known from both experimental and computational studies. 285,286

Figure 7.3: Survey of three classes of compounds exhibiting Hund’s rule violations identified
through screening: azaphenalenes, zwitterions, and polycyclic aromatic hydrocarbons with
high symmetry induced by aromaticity. The energy splitting labels correspond to singlet-
triplet pairs of the same configuration. Structures are labeled according to their Cambridge
Structural Database codes. Excitation energies were obtained with EOM-CCSD/aug-cc-pVDZ
using ground state geometries optimized at the ωB97X-D/def2-TZVP level.

7.2.3 Zwitterions

The second class comprises small zwitterionic compounds with Hund’s rule violations among

the higher-lying excited states. SUZLEF296 and OLISUX297 consist of a positive charge de-

localized over protonated aminoiminium and pyrazole rings balanced out by phosphonate

and sulfonate, respectively, while VUYHAY is the zwitterion of the fully non-conjugated N -(2-

diethylaminoethyl)dithiocarbamic acid298. State diagrams are provided in Figures S11-S13.

Furthermore, several molecules in this class are almost gapless with state-paired E(S1−T1) < 10

meV in the form of AMMCHC11, ROFJAY, TIRZAX, and VICGOE as listed in Table S1. We note

that many zwitterionic compounds exhibit inverted or degenerate state-paired singlet and

triplet excitations at the CC2/aug-cc-pVDZ level. These gaps often become slightly positive

when the more precise EOM-CCSD/aug-cc-pVDZ method is employed, Table S1.

7.2.4 Non-alternant hydrocarbons

The third, and most promising class of compounds consists of fused polycyclic hydrocarbons

containing odd-membered rings. We identify the dicyclohepta[cd ,g h]-

pentalene COLDEM299, a fused azulene dimer with negative E(S1 −T1) of −14 meV with D2h
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symmetry, the state diagram of which is given in Figure S14. As with the azaphenalenes, 273,274

the S1 and T1 states are both described predominantly by HOMO→LUMO configurations. The

highest occupied (HOMO) and lowest unoccupied (LUMO) molecular orbitals of COLDEM

are spatially proximal, though non-overlapping: the HOMO is centered on the pentalene-

like core, and the LUMO on the tropylium rings (Figure A.1), thus minimizing the exchange

interactions necessary for inverted singlet-triplet splitting. Both the 5- and 7-membered rings

of COLDEM are aromatic, as evidenced by the respective nucleus-independent chemical shifts

(N IC S(1)zz ) of −36 and −32 ppm, see section S1 for details. 300 While the 5-membered rings of

COLDEM are slightly less aromatic than the equivalent ring in the parent azulene (Figure S3),

the 7-membered rings are more aromatic than that of azulene. Due to the aromatic nature of

the rings, COLDEM exhibits D2h symmetry with almost no bond-length alternation.

7.3 Discussion

Given the unique electronic behavior of COLDEM, we examined the pentalene core to under-

stand the origin of this inverted singlet-triplet splitting (Figure A.1). 301 Pentalene is a textbook

Hückel antiaromatic system. 302 Its C2h ground-state structure is a frequently-studied antiaro-

matic molecule (N IC S(1)zz = 58 ppm) with significant bond-length alternation, 302–304 and a

strongly positive E(S1−T1) = 1018 meV. If the D2h symmetry of COLDEM is imposed on pental-

ene it achieves an inverted E(S1−T1) =−125 meV, but becomes strongly antiaromatic owing to

its 8 π−electrons distributed in two symmetric rings. 303 We do not assess D2h-pentalene fur-

ther due to its inherent multireference character, see Figure S5. Pentalene sub-units in larger

molecules often cause them to distort into lower symmetry through bond-length alternation

to escape antiaromaticity. By virtue of aromatic stabilization due to the presence of the fused

7-membered rings, the pentalene core of COLDEM retains the highest possible symmetry.

The similarity between the two is evident from the D2h symmetry, the alternating form of the

HOMO and LUMO (Figure 4), and the concomitant singlet-triplet inversion (E(S1 −T1) =−14

meV). And yet, unlike D2h-pentalene, COLDEM is not a sensitive case for static correlation,

as revealed by fractional occupation number weighted electron density analysis (FOD, see

Figure S5). 305 With the pentalene core embedded within an aromatic ring system, COLDEM is

a stable molecule that has been synthesized with306 and without substituents299, and more

recently in an annulated form. 307

The high symmetry and non-overlapping nature of the orbitals involved in the S0−→S1 excita-

tion of COLDEM results in null oscillator strength ( f osc
S1 ). For COLDEM derivatives to work

as emitters, such functionalized molecules must achieve appreciable oscillator strengths. As

an initial assessment, we carry out a cursory screening with amino (-NH2) and cyano (-CN)

substituents on the available C−H sites of the COLDEM core. Both excitation energy and f osc
S1

can be modulated through substitution effects while retaining the negative E(S1 −T1) values

(see Figure S6 and S7). These initial results reveal the potential for chemical optimization of the

emissive properties of COLDEM. A combined computational and experimental approach was

recently successfully applied by Aizawa et al. 263 in the design of azaphenaele-based emitters.
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Figure 7.4: Key molecular orbitals, ground-state ring aromaticity (aromatic in green, antiaro-
matic in magenta) as determined from nucleus-independent chemical shifts (blue), and bond
lengths (in Å, black) of ground-state COLDEM, the ground-state (C2h) and high-symmetry
(D2h) geometries of pentalene, and ground-state BIVZIP01. Geometries were optimized at
the ωB97X-D/def2-TZVP level; SCF orbitals and excitation energies were obtained at the
EOM-CCSD/aug-cc-pVDZ level.

To guide future synthetic efforts based on the COLDEM motif, a large-scale screening of more

diverse substituents is needed to identify targets with appreciable fluorescence rates.

The excited state singlet-triplet inversion in COLDEM is driven by the D2h symmetry of the

central pentalene unit, which is achieved by an aromatic stabilization of the pentalene core by

the peripheral tropylium rings. Here, we have identified the singlet-triplet inversion in COL-

DEM through high-throughput screening of experimental molecules. However, COLDEM and

pentalene were among several conjugated hydrocarbons proposed by Toyota and co-workers

as possible Hund’s rule violations in the 1980s, 308–310 which have been overlooked in the recent

literature. Given that this prior work was based on symmetry analysis and HF/STO-3G level

calculations with a simplified configuration interaction scheme, we surveyed all proposed

molecules from this earlier work at the EOM-CCSD/aug-cc-pVDZ level (Figure S16). Out of

those suggested by Toyota and co-workers, the only other Hund’s rule violation is bicalicene

(see Figure A.1). This structure also exists in our database in bare 311,312 and functionalized 312

forms (Cambridge Structural Database codes BIVZIP01 and DUWXIC, respectively). These

were beyond the cutoff of molecule sizes yet considered in our screening protocol.

The D2h-symmetry bicalicene BIVZIP01 has a positive gap between the lowest excited singlet

and triplet states, but the configuration-paired E(S1 −T2) =−50 meV constitutes a Hund’s rule

violation, as shown by the state diagram in Figure S15. BIVZIP01 consists of a calicene dimer

forming a central 8-membered ring structurally reminiscent of cyclooctatetraene (COT) that

is stabilized by the aromaticity of the peripheral cyclopentadienyl and cyclopropenium rings

through a push-pull mechanism.313–315 The NICS-values and bond lengths of the 5- and 3-
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membered rings in the dimer are almost equivalent to those of the corresponding rings in the

parent calicene (see Figure S3). The central COT-ring of BIVZIP01 is only weakly anti-aromatic

(N IC S(1)zz = 10 ppm, Figure 4). As with COLDEM discussed above, the non-overlapping

orbitals describing the S1/T2 states coincide with the HOMO and LUMO of D2h-pentalene,

albeit separated from one another by the central COT-like ring and with additional features on

the latter. The presence of the high-symmetry pentalene-like core of COLDEM and BIVZIP01

is the necessary requirement for the existence of the negative singlet-triplet gap in this class

of molecules. We further assess the gaps of simplified analogs of the substituted bicalicenes,

which all have inversion of the S1-T2 gap similar to BIVZIP01 (Figure S8). As with the COLDEM

core, the Hund’s rule violation in bicalicene is persistent under structural modification, and it

is therefore a parent unit within the same D2h-pentalenic class as COLDEM. Finally, we note

that OLISUX, in the zwitterionic class discussed above, is also highly symmetric as a result of

its aromatic ring structure (see Figure S3).

COLDEM and BIVZIP01 are Hückel aromatic molecules in the ground state. Future work

must address their fluorescent properties and excited state dynamics, which are potentially

governed by antiaromaticity in the excited state.316,317 Using excited-state aromaticity as a

strategy to tune the energies has recently been applied successfully, for instance in the context

of singlet fission. 304,318 We briefly assess the aromaticity of the T1 excited-state structures (Fig-

ure S4). As expected for a planar hydrocarbon with a Hückel aromatic ground state, COLDEM

is Baird antiaromatic in the T1 excited state. 319,320 BIVZIP01 distorts into C2v symmetry and

only one of the five-membered rings becomes Baird antiaromatic in the T1 state (Figure S4). A

strategy based on excited-state aromaticity which lowers the state inversion to being between

S1 and T1 may enable rational chemical design. In future screening efforts, it is also clear that

the initial step (Figure 7.2, top) must consider higher-order Hund’s rule violations than simply

the S1 −T1 gap, which is the subject of ongoing work.

7.4 Conclusion

In conclusion, we have reported two classes of molecules that exhibit a violation of Hund’s

rule in the lowest excited singlet state. The first class consists of zwitterions that exhibit

violations in the higher excited states, and are therefore unlikely to be of practical use for

OLED emitters. The second class of D2h-pentalenic molecules is comprised of high-symmetry

non-alternant polycyclic hydrocarbons. These consist of the fused azulene dimer COLDEM

and bicaclicene BIVZIP01 and their derivatives, which demonstrate significant potential for

materials applications. Both these molecules have D2h-symmetry ground-state structures due

to aromatic stabilization, which enables the higher symmetry pentalene moieties that are key

to achieving singlet-triplet inversion. The S1-T1 states are inverted in COLDEM, and we show

that the energies and oscillator strength of this compound are tunable via functionalization

while retaining the inverted gap. We highlight that all of the parent compounds discussed here

have been synthesized, and therefore constitute an excellent starting point for the synthetic

design of new OLED emitters beyond azaphenalenes. We are currently applying our screening
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protocol to a broader range of compounds, and applying these symmetry-based design rules

to new core motifs exhibiting excited-state singlet-triplet inversions.

82



8 Conclusions and Outlook

8.1 Conclusions

This thesis concerned the manipulation of excited states and the elaboration of data-driven

computational workflows for the discovery of singlet fission chromophores and inverted

gap emitters for applications in high-efficiency photovoltaics and organic light-emitting

diodes. In particular, it involved identifying and rationalizing correlations between the ground

state (energies and locations of orbitals; symmetry) and excited state properties that may be

exploited for molecular design and screening purposes.

The SF design process required establishing quantum chemical descriptors based on the

energy and character of the excited states invoked in the SF mechanism using time-dependent

density functional theory (TDDFT) techniques, and identifying extant or synthetically at-

tainable compounds located in the desirable region of this descriptor space. Rather than

evaluating the triplet-pair state directly, at great computational cost due to its complexity, we

have identified a proxy criterion: the fragment-based charge transfer numbers extracted from

the transition density matrix computed with TDDFT.102,103 These were used to quantify the

propensity of (a) the S1 state to exhibit charge transfer character, and (b) the T1 states to be

localized on geometrically separate sites, thus favouring triplet-pair separation. 7

By building on the rich chemistry of conjugated donor-acceptor (D-A) materials and well-

established techniques for polymer synthesis, we used computational approaches to identify

new, albeit synthetically feasible, D + A fragment combinations which, when coupled to-

gether in a D-A conjugated polymer, achieve the required excited state behaviour to enable

intramolecular SF. 7 The validity of the proposed descriptors was confirmed by the rediscovery

of certain compounds in which SF has been reported experimentally.6,99 It was found that

these descriptors in D-A compounds could be mapped to ground-state electronic properties

of the constituent D and A monomers, which affords a significant computational speedup

to compound screening.185 Structure-property relationships were then identified in rings

with oxidized heteroatoms, through which the S1 and T1 energies could be manipulated. 8 To
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summarize, we have established intuitive computational guidelines, based on the electronic

properties of the constituent D and A units, that allow the parameters for intramolecular

singlet fission to be tuned simultaneously in a modular, fragment-based approach.

We then mined and curated a massive database of reported organic crystal structures, devel-

oped a Python-based tool to combine molecules together in an automated yet chemically

feasible way, and trained machine learning models for the prediction of vertical excitation

energies from molecular structure with excellent accuracy. We used our screening parame-

ters and models in tandem to locate new organic molecular candidates for SF beyond the

well-trodden realm of pentacene-based materials. 289 The collection of structural, optical and

graph-topological properties is termed the Fragment-Oriented Materials Design (FORMED)

dataset, and it may be repurposed to any other fragment-based materials design campaign,

provided the design rules are known.

This molecular dataset, which is the largest of its kind, was then extended for use in the

discovery of molecules with inversions of the S1 and T1 states, a highly attractive property

for the design of OLED emitters.321 To do this, we employed a filtering procedure to screen

candidates using increasingly accurate (and expensive) methods, from TDDFT to approxi-

mate second-order coupled-cluster to equations-of-motion coupled-cluster. A new class of

molecules displaying an inversion of the lowest singlet and triplet excited states was identi-

fied. This observed behavior is attributed to a high-symmetry non-alternant hydrocarbon

core motif, which is stabilized via captodative aromaticity. The link between high symmetry

and negative E(S1 −T1) gaps enables the rational design of a new class of molecules beyond

previously-synthesized structures.

8.2 Outlook

The next stage of the design process for both SF and inverted singlet-triplet materials will

require the embedding of the best candidates identified thus far in the solid state to account

for effects induced by the local environment.

Any future design of SF chromophores must consider the issue of the diffusion of triplet

excitons from the site of SF to the chromophore/acceptor or chromophore/semiconduc-

tor interface, and subsequent charge separation at that interface.322 This would require the

parametrization of force fields and the subsequent simulation of bulk morphologies. The

simulation of an amorphous polymer environment is challenging due to the conformational

diversity of extended π-conjugated chains and the possibility of both amorphous and crys-

talline domains existing in a polymer film. As a result, it may be necessary to construct simpler

trimer and tetramer models, and use coarse-graining techniques. Once the morphology for

a chromophore-acceptor combination is available, charge injection rates from a SF chro-

mophore into an acceptor material can be modelled using expressions such as those discussed

in Chapter 2; charge dynamics can in turn be simulated using kinetic Monte Carlo methods. 323

Electrostatic effects are significant at donor-acceptor interfaces, and the ionization energy
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of the chromophore plays a role in promoting efficient charge separation of the T1 states at

the SF-chromophore/acceptor interface. Such parameters may be included in future design

requirements for SF chromophores for photovoltaic applications. With ‘bulk’ information in

hand, it may be possible to map charge injection ability back to chromophore properties, thus

bridging the gap between molecular design (which has been the sole focus of this thesis) and

measurable, experimental device characteristics.

Beyond conjugated polymers, other D-A-type arrangements have also shown promise for

SF, and the design rules established here are likely applicable to these templates as well.

In particular, long-lived T1 states have been observed in liquid-crystalline motifs formed

from hexabenzocoronene flanked with acceptors.85 The columnar structure formed by the

π-stacked hexabenzocoronene core may also allow triplets to be channeled between acceptor

chromophores aligned along the periphery of the self-assembled column. Including T1 trans-

port as a parameter to optimize, either between self-assembled acceptors or along a polymer

chain in an intramolecular fashion255, will lead to compounds and design templates with

improved triplet diffusion pathways, and therefore less triplet recombination and higher rates

of charge injection.

As with the SF candidates, the identification of molecules with singlet-triplet inversions con-

stitutes only the first step towards high-performance OLEDs, and the work presented here

does not consider any aspect of their practical implementation. To bridge this gap between

molecule and device, it will be necessary to study the excited state dynamics, ideally in a

simulated environment, such as in a ‘pure’ emitter layer or embedded in a host material.

Competing relaxation pathways would need to be considered to tailor the molecular candi-

dates to limit parasitic non-radiative decay pathways from the S1 state. With appropriate core

structures available, the logical next step is to modify them through functionaliztion to tune

their emission wavelengths (and therefore colour) and to maximize emission probability. The

transition probability is proportional to the oscillator strength f osc , which is expressed by the

following:

f osc
i→ f ≈

2

3

me

ℏ
(E j −Ei )| 〈Ψi |R |Ψ j 〉 |2 (8.1)

where me is the mass of the electron,Ψi andΨ j are the ground and excited state wavefunc-

tions, R is the operator for the sum over the coordinates of the electrons in the system, and ℏ
is the reduced Planck’s constant. If we assume that the S0 −→ S1 transition is dominated by

HOMO −→ LUMO character, this means that in order for there to be a non-negligible f osc
S0−→S1

,

there must be some overlap between the HOMO and LUMO.

Given the direct relation between the HOMO-LUMO overlap and both the E(S1 −T1) energy

gap (Equation 2.18) and the oscillator strength (above), the highest-symmetry inverted-gap

structures discussed in this thesis (i.e., those with perfectly non-overlapping orbital features)

have a transition probability of zero. By the same token, perturbation of the electronic struc-
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ture of the core responsible for the inversion through substituent effects increases oscillator

strength but may easily destroy the S1 −T1 inversion.263,285 It is therefore expected that a

trade-off between transition probability and robustly inverted S-T gaps exists, which can be

impacted by the degree of symmetry in the orbitals involved. This will need to be elucidated

and then optimized through systematic substitution effects on a series of cores exhibiting

singlet-triplet inversions.
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A Appendix A: Three-minute thesis

In the third year of my PhD, I participated in the "Three-minute thesis" competition for scientific

popularization. The goal was to summarize one’s PhD thesis topic for a general (non-scientific)

audience in a concise and engaging way. The activity also involved a course workshop to train

presenters to develop effective ways of presenting research effectively to both non-specialist and

specialist audiences. I prepared the following text (with accompanying slide) at the workshop,

and presented it at both the qualifications stage and at the university-wide finals.

Figure A.1: Slide serving as a visual aid for my three-minute thesis presentation.

Text:

You probably think what I’ve written up here is a mistake.

Well, I’m going to tell you that sometimes, 1 is equal to 2. At least, that is something that can

happen in solar panels, those black blocks you can sometimes see on rooftops.

You may remember from school that all matter is made of molecules. Every molecule is an

assembly of atoms, which are held together by electrons.
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A solar panel contains a molecule that can absorb a particle of light, called a photon, and then

transfer the energy from that light particle to one of the molecule’s electrons. This electron,

which has much more energy than all the other electrons, is now able to jump into a nearby

wire. This generates an electrical current. So, through this molecule, the energy from light

becomes electricity.

There is a special type of molecule that, through a complex process, can transfer this energy

from a photon into not one, but two electrons. This process is called singlet fission. I’m not

going to explain exactly how it works - just remember this term.

Now, imagine we put this kind of molecule in a solar panel. Getting one photon to make two

electrons jump out generates twice the electrical current, and gives us more renewable energy.

We will have made solar panels more efficient than they are now.

Great! So where is the problem?

Well, there are millions of different molecules out there, and only a handful have the ability to

generate singlet fission. And we need to find more of them.

This is where the science gets more complicated. We need to understand how a molecule

behaves when it has a lot of energy. This is called the excited state, and it looks like someone

dancing in a nightclub. [dancing motions]

Without extra energy, a molecule will be in the ground state. It’s more like standing in the

queue outside the nightclub. The ground state is much easier to measure and to model.

What we’re doing is equivalent to finding out if people will be good dancers before they step

inside the nightclub. To do that, we need get as much information as we can from the ground

state and use it to predict which molecules have the ideal excited states to undergo this unique

process.

This is based on the molecules we already know. It’s like looking at experienced dancers, seeing

what qualities they have, and then looking at inexperienced ones, to see if they, too, can dance

in just the right way. With molecules it’s more complicated, so we need computers for that.

Some of these molecules already exist in nature, but I also design new molecules that are likely

to display these properties.

Why is this process important?

It takes too much time and money to find the right molecule through trial and error in the lab.

My work makes discovering efficient solar energy materials cheaper and easier. In this way, we

cycle through millions of possible molecules to find the ones that will be capable of making

two electrons jump, producing more renewable energy.

Then, one will be equal to two a bit more often. Thank you.
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ner, M. A.; Michl, J. Singlet fission for dye-sensitized solar cells: Can a suitable sensitizer

be found? J. Am. Chem. Soc. 2006, 128, 16546–16553.

124. Zhou, H.; Yang, L.; You, W. Rational design of high performance conjugated polymers for

organic solar cells. Macromolecules 2012, 45, 607–632.

125. Guo, X.; Baumgarten, M.; Müllen, K. Designing π-conjugated polymers for organic

electronics. Prog. Polym. Sci. 2013, 38, 1832–1908.

126. Cheng, Y.-J.; Yang, S.-H.; Hsu, C.-S. Synthesis of conjugated polymers for organic solar

cell applications. Chem. Rev. 2009, 109, 5868–5923.

127. Szarko, J. M.; Guo, J.; Liang, Y.; Lee, B.; Rolczynski, B. S.; Strzalka, J.; Xu, T.; Loser, S.;

Marks, T. J.; Yu, L., et al. When function follows form: effects of donor copolymer side

chains on film morphology and BHJ solar cell performance. Adv. Mater. 2010, 22, 5468–

5472.

128. Szarko, J. M.; Rolczynski, B. S.; Lou, S. J.; Xu, T.; Strzalka, J.; Marks, T. J.; Yu, L.; Chen, L. X.

Photovoltaic function and exciton/charge transfer dynamics in a highly efficient semi-

conducting copolymer. Adv. Funct. Mater. 2014, 24, 10–26.

129. Pouliot, J.-R.; Grenier, F.; Blaskovits, J. T.; Beaupré, S.; Leclerc, M. Direct (Hetero)arylation

Polymerization: Simplicity for Conjugated Polymer Synthesis. Chem. Rev. 2016, 116,

14225–14274.

130. Blaskovits, J. T.; Leclerc, M. C-H Activation as a Shortcut to Conjugated Polymer Synthesis.

Macromol. Rapid Comm. 2019, 40, 1800512.

131. Bura, T.; Blaskovits, J. T.; Leclerc, M. Direct (Hetero)arylation Polymerization: Trends and

Perspectives. J. Am. Chem. Soc. 2016, 138, 10056–10071.

98



Bibliography

132. Po, R.; Bernardi, A.; Calabrese, A.; Carbonera, C.; Corso, G.; Pellegrino, A. From lab to

fab: how must the polymer solar cell materials design change?–an industrial perspective.

Energy Environ. Sci. 2014, 7, 925–943.

133. Weininger, D. SMILES, a chemical language and information system. 1. Introduction to

methodology and encoding rules. J. Chem. Inf. Model. 1988, 28, 31–36.

134. O’Boyle, N. M.; Banck, M.; James, C. A.; Morley, C.; Vandermeersch, T.; Hutchison, G. R.

Open Babel: An open chemical toolbox. J. Cheminf. 2011, 3, 1–14.

135. Frisch, M. J. et al. Gaussian 16, Revision A.03. 2016; Gaussian Inc.: Wallingford, CT.

136. Chai, J.-D.; Head-Gordon, M. Long-range corrected hybrid density functionals with

damped atom–atom dispersion corrections. Phys. Chem. Chem. Phys. 2008, 10, 6615–

6620.

137. Weigend, F.; Ahlrichs, R. Balanced basis sets of split valence, triple zeta valence and

quadruple zeta valence quality for H to Rn: Design and assessment of accuracy. Phys.

Chem. Chem. Phys. 2005, 7, 3297.

138. Peach, M. J.; Tozer, D. J. Overcoming low orbital overlap and triplet instability problems

in TDDFT. J. Phys. Chem. A 2012, 116, 9783–9789.

139. Laurent, A. D.; Jacquemin, D. TD-DFT benchmarks: a review. Int. J. Quantum Chem.

2013, 113, 2019–2039.

140. Adamo, C.; Jacquemin, D. The calculations of excited-state properties with Time-

Dependent Density Functional Theory. Chem. Soc. Rev. 2013, 42, 845–856.

141. Pandey, L.; Doiron, C.; Sears, J. S.; Brédas, J.-L. Lowest excited states and optical absorp-

tion spectra of donor–acceptor copolymers for organic photovoltaics: a new picture

emerging from tuned long-range corrected density functionals. Phys. Chem. Chem. Phys.

2012, 14, 14243–14248.

142. Sun, H.; Autschbach, J. Electronic energy gaps for π-conjugated oligomers and polymers

calculated with density functional theory. J. Chem. Theory Comput. 2014, 10, 1035–1047.

143. O’boyle, N. M.; Tenderholt, A. L.; Langner, K. M. Cclib: a library for package-independent

computational chemistry algorithms. J. Comput. Chem. 2008, 29, 839–845.

144. Ren, J.; Peng, Q.; Zhang, X.; Yi, Y.; Shuai, Z. Role of the Dark 2Ag State in Donor–Acceptor

Copolymers as a Pathway for Singlet Fission: A DMRG Study. J. Phys. Chem. Lett. 2017, 8,

2175–2181.

145. Chen, T.; Zheng, L.; Yuan, J.; An, Z.; Chen, R.; Tao, Y.; Li, H.; Xie, X.; Huang, W. Understand-

ing the control of singlet-triplet splitting for organic exciton manipulating: a combined

theoretical and experimental approach. Sci. Rep. 2015, 5, 10923.

99



Bibliography

146. Arias, D. H.; Ryerson, J. L.; Cook, J. D.; Damrauer, N. H.; Johnson, J. C. Polymorphism

influences singlet fission rates in tetracene thin films. Chem. Sci. 2016, 7, 1185–1191.

147. Bhattacharyya, K.; Datta, A. Computationally driven design principles for singlet fission

in organic chromophores. J. Phys. Chem. C 2019, 123, 19257–19268.

148. Pal, A. K.; Bhattacharyya, K.; Datta, A. Remote functionalization through symmetric or

asymmetric substitutions control the pathway of intermolecular singlet fission. J. Chem.

Theory Comput. 2019, 15, 5014–5023.

149. Pace, N. A.; Zhang, W.; Arias, D. H.; McCulloch, I.; Rumbles, G.; Johnson, J. C. Controlling

Long-Lived Triplet Generation from Intramolecular Singlet Fission in the Solid State. J.

Phys. Chem. Lett. 2017, 8, 6086–6091.

150. Fumanal, M.; Corminboeuf, C. Direct, Mediated, and Delayed Intramolecular Singlet

Fission Mechanism in Donor-Acceptor Copolymers. J. Phys. Chem. Lett. 2020, 11, 9788–

9794.

151. Mukhopadhyay, T.; Musser, A. J.; Puttaraju, B.; Dhar, J.; Friend, R. H.; Patil, S. Is the

chemical strategy for imbuing “polyene” character in diketopyrrolopyrrole-based chro-

mophores sufficient for singlet fission? J. Phys. Chem. Lett. 2017, 8, 984–991.

152. Leclerc, N.; Chávez, P.; Ibraikulov, O. A.; Heiser, T.; Lévêque, P. Impact of backbone fluori-

nation on π-conjugated polymers in organic photovoltaic devices: A review. Polymers

2016, 8, 11.

153. Nguyen, T. L.; Choi, H.; Ko, S.-J.; Uddin, M. A.; Walker, B.; Yum, S.; Jeong, J.-E.; Yun, M.;

Shin, T. J.; Hwang, S., et al. Semi-crystalline photovoltaic polymers with efficiency ex-

ceeding 9% in a 300 nm thick conventional single-cell device. Energy Environ. Sci. 2014,

7, 3040–3051.

154. Yum, S.; An, T. K.; Wang, X.; Lee, W.; Uddin, M. A.; Kim, Y. J.; Nguyen, T. L.; Xu, S.;

Hwang, S.; Park, C. E., et al. Benzotriazole-containing planar conjugated polymers with

noncovalent conformational locks for thermally stable and efficient polymer field-effect

transistors. Chem. Mater. 2014, 26, 2147–2154.

155. El Kassmi, A.; Fache, F.; Lemaire, M. Poly (3-fluorothiophene). J.ournal of Electroanal.

Chem. 1994, 373, 241–244.

156. Sakamoto, Y.; Komatsu, S.; Suzuki, T. Tetradecafluorosexithiophene: The first perfluori-

nated oligothiophene. J. Am. Chem. Soc. 2001, 123, 4643–4644.

157. Heeney, M.; Farrand, L.; Giles, M.; Thompson, M.; Tierney, S.; Shkunov, M.; Sparrowe, D.;

McCulloch, I. Mono-, oligo-and poly-4-fluorothiophenes and their use as charge trans-

port materials. 2004; US Patent 6,676,857.

100



Bibliography

158. Blaskovits, J. T.; Bura, T.; Beaupré, S.; Lopez, S. A.; Roy, C.; de Goes Soares, J.; Oh, A.;

Quinn, J.; Li, Y.; Aspuru-Guzik, A.; Leclerc, M. A Study of the Degree of Fluorination in

Regioregular Poly(3-hexylthiophene). Macromolecules 2016, 50, 162–174.

159. Sun, J.-P.; Blaskovits, J. T.; Bura, T.; Beaupré, S.; Leclerc, M.; Hill, I. G. Photovoltaic device

performance of highly regioregular fluorinated poly(3-hexylthiophene). Org. Electron.

2017, 50, 115–120.

160. Yao, H.; Ye, L.; Zhang, H.; Li, S.; Zhang, S.; Hou, J. Molecular design of benzodithiophene-

based organic photovoltaic materials. Chem. Rev. 2016, 116, 7397–7457.
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