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might seem, were going to turn into men, and be allowed to do things that you would think
required a lot more talent and authority than they could have.
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Computational papers such as this are of no value to science [...]
and they should be discouraged.

— Reviewer 3, Submission to Energy & Environmental Science (2020)
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Abstract

Singlet fission (SF) is a multiexciton-generating process whereby an excited state singlet (S;)
is converted into two lower-energy triplets (77). 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(S;)
= 2 x E(T1)) and character of the S; and T} 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 S; and T; states (E(S;) < E(T1)). This property unlocks high-efficiency
organic light-emitting diode (OLED) emitters in which fluorescence from S; is no longer
impeded by population transfer to the thermodynamically-favored T; 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 D,j symmetry by their peripheral poly-
cyclic connectivities, which imbues them with the inverted character of the normally unstable
and antiaromatic D,j-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 a génération de multiples excitons olt un état excité de
spin singulet (S;) est converti en deux états triplets excités de plus basse énergie (T7). Linclu-
sion d'un matériau capable d’effectuer la FS dans un dispositif photo-voltaique permettrai
d’absorber des photons au-dela de la largeur de la bande interdite des matériaux traditionnels
utilisées comme couche active dans des cellules solaires, ce qui ménerait a une hausse de la
limite théorique de I'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’a
maintenant. La FS intramoléculaire (FSi) rend possible la mise au point de systémes bichro-
mophores et propose un alternatif attrayant au processus de FS intermoléculaire, qui repose
principalement sur des facteurs géométriques. Nous démontrons que I'approche des «blocs
de construction moléculaires » provenant des voies de synthese des polymeres conjugués de
type donneur-accepteur s’agit d'une source prometteuse afin d’élaborer des regles simples et
robustes pour la FSi basé sur I'énergie (E(S;) = 2 x E(T})) et le caractere des états S; et T7. La
pertinence des lignes directrices proposées, qui sont évaluées a 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 polymeres qui ont manifesté le FS
expérimentalement. Lorsqu’ils sont utilisés conjointement avec des modeles statistiques, ces
lignes directrices servent de méthode de criblage efficace pour I'identification de candidats
de type D-A pour la FSi a 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 S; et T; inversés (E(S;) < E(T1)). Cette propriété
engendrai une hausse importante de I'efficacité de diodes électroluminescentes organiques
(DELOs) puisque le transfert de population de I'état S; vers I’état T;, 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’a présent. Un tri initial
a partir de résultats TFDDT a été suivi de I'affinage des énergies des états excités par les
méthodes de type cluster couplé, d’abord a deuxieme ordre approximatif (CC2) et ensuite
a deuxiéme ordre aux équations du mouvement (EOM-CCSD). On retrouve des composés
déja 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 pentaléne dans une symétrie de type D-j,.



Résumé

Ce coeur symétrique, qui engendre le caractére inversé des états excités, mais qui est normale-
ment instable et anti-aromatique, est stabilisé par aromaticité grace a la connectivité de la
périphérie polycyclique. Mises ensemble, ces méthodologies de tri computationnel élargissent
la palette de matériaux a 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 a performance accrue.

Mots-clés : fission singulet, matériaux de type donneur-accepteur, design a base de fragments,
blocs de construction chimiques, cellules solaires organiques, regle de Hund, fluorescence
retardée a déclenchement thermique, diodes électroluminescentes organiques, modeles

statistiques, chimie computationnelle
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matic in magenta) as determined from nucleus-independent chemical shifts
(blue), and bond lengths (in A, black) of ground-state COLDEM, the ground-
state (C,j) and high-symmetry (D,;,) geometries of pentalene, and ground-state
BIVZIPO1. Geometries were optimized at the wB97X-D/def2-TZVP level; SCF
orbitals and excitation energies were obtained at the EOM-CCSD/aug-cc-pVDZ
level. . . . L

A.1 Slide serving as a visual aid for my three-minute thesis presentation. . .. ...
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|§ 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 SE 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 S; 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 S, very small S; — 77 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 - thatis, Sy — 17 <0 -
are highly promising for the development of active materials for OLEDs, as fluorescence from
the S state would no longer be impeded by population transfer to the thermodynamically
favored T; 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 (¢) 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(S;) = 2E(T;) 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 iSE 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 iSE

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 iSE 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 iSE 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 S; /Ty
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 SE 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 SE 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(sp?/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, S; and T; energies) from molecular geometries with high accuracy
across all known p-block organic compound space. With access to ab initio-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 D,j,-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.



¥4 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. !° 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.!! Since that
discovery, the following stepwise picture of SF has emerged:

S0So . S8, 2 ITT = T+ T4 @.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 (hv); this is converted through a spin-allowed pro-
cess to a slightly lower energy triplet-pair state ! TT; ! TT evolves into two triplets, each of
approximately half the energy of the initial S; state, and each located on a different chro-
mophoric center, for instance on adjacent molecules, or nearby segments on the same ex-
tended molecule.>'* 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 T; + T7.
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The SF process is usually broken down into two key events: the generation of ! T T from the ini-
tial singlet, and the formation of independent triplets 77 from the triplet pair. Experimentally,
measurements of delayed fluorescence provide indirect evidence for SE 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 S; state.'® The presence and time evolution of triplet
states may be observed directly with transient absorption spectroscopy, ¢! 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. '
Quantum efficiencies are also used to quantify SE 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).

S, S,
_l__ - [T1T1]
4 [T (x[T] [=
1 i R B P S
Sy So = _l_l

Conventional
semiconductor

_1_1_ _1_1_ High-energy-photon- ——
absorbing dye

Energy

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 ‘S;’ (and ‘SyS;’ 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 (S;) occurs in one center alone (or ‘monomer’), the exciton may be highly
delocalized.?® Although excitation to a higher state than S; is possible, (i.e., S,, where n
> 1), according to Kasha’s rule the system will quickly relax through internal conversion to
S;.2! For this reason, we consider here the S; state to be the initial photoexcited state for SE
From this singlet exciton emerges a multiexcitonic triplet-pair state (AT T), which retains the
overall configuration of a singlet. The full electronic structure description of the ! T' 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).

m=g((ED -G - Rh)

ITATE)  |TATE) IT6'T5)

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

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

1
MOTTy = —(TATEy +1 74Ty - 1 T 1)) 2.2)

V3

combine into a state of singlet spin multiplicity (hence the first superscript 1) and spin quan-
tum number m; of 0 (second superscript). As a result, S; = ! T T is a spin-conserving process.
However, these microstate configurations may also couple to form states of overall triplet
spins:

_ 1
P=ITTy = E(|T_ATOB>—|:r0ATi9>) 2.3)

1
POTT) = \72(|TfT§> —|T4TEY) (2.4)

1
PHTT) = E(|T;“T£> — 115 TEY) (2.5)

or quintet spins:

P72TT) = |TATE) (2.6)

_ 1
P77y = ﬁ(le‘Tf)HTé“ng)) 2.7)

1

0T Ty = %(ITfo) +TATEY +2| T 1)) (2.8)
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1
V2
PH2TT) = |TATE) 2.10)

PHTTYy = —(TATE) + 1T T8Y) (2.9)

Although the °T' 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 >TT and ! TT can be as little as 10 meV.?? The ! TT state can couple with other singlet
configurations of similar energy through configuration-interaction, thus stabilizing it.?32*
This energy difference between the triplet-pairs of singlet and quintet character can be used
as an approximation for the binding energy Ep;nqing Which must be overcome for the triplet
dissociation into independent T;s to be possible?:

Epinaing=ECTT)-E('TT) @2.11)

The coupling between S; and ! T 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 (krgr):

21
krgr = —=IVis "0 (Ef — Ei) (2.12)

in the regime of weak coupling V;¢ between the states (that is, the nonadiabatic regime),
where £ is the reduced Planck’s constant and 6 (E; — E;) is a delta function which ensure the

conservation of energy between the states. §; is usually expressed as the Franck-Condon

weighted density of states p'¢:26

(EY 4+ AGU)?
_ reorigj 0 2.13)
47[Ereorgk3 T

1
FC
Oif =P = P
4”EreorngT

where E iﬁor ¢ is the reorganization energy, kg is Boltzmann's constant, and T is the temperature.
AGéj 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.?’” Some ways by which the SF rate constant has been evaluated include
the Landau-Zener formulation, which accounts for tunnelling effects, >®?9 harmonic transition

30,31 25,32

state theory, and kinetic approaches based on linear free energies.

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



2.1 Theory of singlet fission

2.12 contains only the first-order term which accounts for the coupling between states i and f
through the electronic Hamiltonian H,;, which would correspond to the rate for the direct SF
process:

Vip =(S1Sol Het ' TT) (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 (Y*AC and 1CA)
and shown between the green brackets in Figure 2.3a.3* This mechanism follows the green
arrows. The second-order expansion to the coupling is expressed as:

Vimvmf
Em—E;

Vig= 2

m#i,f

(2.15)

in which m are the states that mediate the transition from i to f. These intermediary states
become significant if the couplings V;;, and V;,,r 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 V;;, Vy,, r elements from Equation 2.15 correspond to:3°

VimVins = (S1S0l Het |" AC) (" AC| Hy |' TT) (2.16)

VimVing = (S1Sol Het |'CAY ("CA| Hy |' TT) (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. 3537

The CT states may act as ‘real’ intermediates in the S;Sq — ! T'T process if they are at an energy
between the S1 Sy and ! T 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.3%3 Finally, it is also possible that CT states which lie
below the desired ! T 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
(ATT — Sy+Sy).40-44

Given the importance of CT states in driving the process of SE it would be desirable to design
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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,*> which is difficult to control in
asolid (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 S; state (Figure 2.3b, configurations in green boxes), rather than an
intermediary state which couples to both the S; and ! T 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 S; minimum should be at least twice as large as the 7} minimum (AEst = E(S;) —
2E(Th)). 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. 3536

2. The recombination (fusion) of the two T; states, for instance via 177 + T} — T or
Ty + T1 — Q1, must be disfavoured, (where Q denotes a quintet state).3>36 Therefore, to

10
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make such processes thermodynamically unfeasible, E(T»>) > 2E(T;) and E(Q;) > 2E(T})
is ideal.

3. The rate of intersystem crossing (ISC) directly into the triplet manifold S; — T}, 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. Sp+ S; — 'TT must be efficient to overcome other deactivation pathways. Direct
fluorescence from the excited singlet state back to the ground state S; — Sy + hv, for
instance, is in principle unavoidable, although rapid triplet-pair formation may reduce
its likelihood.

5. Non-radiative decay pathways S; < So 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, *64” 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 LT T formation
from S; (requirement 4) must be larger than that of the reverse process ATT — Sp+S1)
and fluorescence, while the rate constant of independant triplet formation from the triplet-
pair state ATT — Ty + T}) must be larger than the reverse process of triplet recombination
and direct relaxation of ! TT 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 x 10,5 x 107
and 9 x 107 s~! 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 S; state.?
In the same study, a triplet-pair of overall quintet spin (°T T) evolves from ! T T with a rate
constant of 1 x 107 s~ and subsequent triplet separation from ° T'T occurs at 6 x 10® s~!, while
the reverse process of T T — ! TT and decay of ! T T to the ground state occur at the similar
rates of 5 x 10% and 1 x 107 57!, respectively.?*

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 S; and T; 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 (Kgr) 48,

E(81) - E(Th) = 2KH1 (2.18)

where the exchange integral is defined as

11
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KHLfo¢HOMO(rl)¢LUMo(r2) dromo(r)brumol(r)dridr, (2.19)

|ro =11l

in which ¢yonmo and ¢ryao 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 extended n-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. 4

It has been shown that endoergic SF (AEst < 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.?>31% Although even
a small endoergic SF process would be highly desirable for increasing solar cell efficiencies®!
(the discussion of which is provided below), it exists primarily in crystals, particularly in
tetracene.3! 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.%? On the other hand, a
AEst difference which is too positive (exoergic) lowers the SF rate and leads to competition

with other reaction pathways. 3°

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.%® 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.?*

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>>~>,
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.>® However, quantum dots have nearly degenerate singlet
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and triplet energies, and therefore MEG occurs according to an unrelated mechanism. 5%6°

Singlet fission can be considered the organic/molecular version of MEG, with the advantage
of longer lifetimes of triplets excitons (us), in contrast to electron-hole recombination which
occurs on the picosecond scale in inorganic media. %!

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(/U = LHE(A)(Pinjection(A)(Pregenemtionncc (1) (2.20)

where @injection is the electron injection quantum yield, @ egenerarion is the dye regeneration
quantum yield and 7. is the efficiency of charge collection, all at a given wavelength A. 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\) =1-10"4W 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:

]sc=fEQE(MCIF(/1) dE (2.22)

where ¢ is the electronic charge and I' 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 @;njection- Pinjection depends on the injection
time 7;,; and the relaxation time 7,¢4y:

1
Tinj
1+
Trelax

(2.23)

Pinjection =

Tinj is the inverse of the rate of interfacial electron transfer (k;gr) 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®? expression for non-adiabatic charge
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Chapter 2. Theory

transfer established by Levich and Dogonadze %3, similar to Equation 2.13 above:

(Ereorg + AGo — E)?
_ reorg 0 (2.24)
47[Ereorng T

exp

1
\/ 47TEreorng T

in which Ey¢.,g is the total reorganization energy upon charge transfer, E are the energies of
acceptor states described by the density of states p(1), V(1) 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). AGy 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 S; 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 Sy — S; 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.

14



2.4 Classes of singlet fission materials

5. The triplet excitons are of sufficiently high energy to be injected into the bandgap Eg
of the semiconductor, i.e., Eg=1.1 €V 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. %
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 C(lasses 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.®® Internal quantum efficiencies above
100% were initially reported using a pentacene absorber in a photodetector '%; this was later
achieved in an organic photovoltaic device with pentacene and poly(3-hexylthiophene) layers,
although the PCE was less that 2%. % Triplet excitons in these settings were observed to have
relatively long diffusion lengths. % It has been suggested that blended OPV morphologies lead
to triplet-triplet annihilation.®” 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
T, energy of the SF-capable acene, efficient exciton transfer is possible.®® 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. %

Tetracene, which has a T; 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; ° (b) using a conjugated
tetracene-based polymer donor in a polymer/fullerene donor-acceptor junction; 1 and (¢)
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. > The 5,6,11,12-tetraphenyl derivative of tetracene (rubrene)
has also been used in an OPV together with a S; exciton donor and a non-fullerene acceptor, 3
thereby using the SF material not for absorption but rather solely for triplet formation, and
as the donor with a fullerene acceptor, ’* in which triplet-triplet annihilation was the main
competing pathway. ® Finally, beyond acenes, SF processes in quinoidal and radicaloid-type

compounds with low 7] energies have also been observed, 7%77

8

, including in a dye-sensitized
solar cell scheme.”
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Chapter 2. Theory

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 T; 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 R site is used for functionalization with solubilizing side-chains or as a site
to link with other chromophores, while the R, site has a more significant effect on the unit’s
electronic structure. Perylene diimides have shown efficient triplet formation upon appro-
priate substitution. ”® Slip-stacked conformations along the 7-plane has been shown to be
necessary for triplet formation, which has been achieved in the crystal structure through
substitution®, and in intramolecular dimers through the use of tailored linkers (such as in the
example in Figure 2.4c) and solvent effects.3! 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 T;+T; states.%?

a) acenes b) rylenes c) dimers " =..  aceneorother
. ‘~.‘SF chromophore

Ry
2944
2 g H
n=1 anthracene
R1 2 tefracene —R2
3 pentacene
4 hexacene
d) DPPs o .
) e) diradicaloids
R o n=1 perylene diimide
2 terrylene dimide
R4—N N—R;4

OH 9) conjugated polymers
R

\

R n

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 R; position with
alkyl side-chains. The R, site is used for connections to other molecular building blocks,
and thin films of DPP have exhibited SF when R, is thiophene-substituted, which is a small
enough unit to be coplanar with the DPP core.?? SF was also observed in nanoparticles of
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2.4 Classes of singlet fission materials

thiophene-substituted DPP, where smaller particles correlate with faster triplet formation
but shorter exciton lifetimes. 3 Non-covalent assemblies of DPP hydrogen-bonded to rylene
diimides have also been prepared as tailored architectures for SE 3 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 T 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. 387 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.):

_ NHONO-i —NLUNO+i

T; = 5 (2.25)
which relates to the expression for the multiradical character y; via:
-1 20 (2.26)
yi= 1+ Tiz '

such that for a pure diradical character, yy = 1 and y; = 0, while for a pure tetraradical character,
¥o and y; are both 1. Based on these indices, it was proposed that condition 1 listed above
(AEgT = 0) is not fulfilled if y9 — 0 or yy = y;. Furthermore, a large tetradical character y,; leads
to condition 2 (E(St, > St,)) not being met. Therefore, obtaining a reasonably high y, while
maintaining a low y; 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-trans configuration. Their lowest excited singlet is a dark state with a double-
excitation character®®, 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. 8889 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.? While carotenoids in biological environments %192
(such as their parent light-harvesting complexes) were shown to exhibit SE in solution the free
carotenoid molecules undergo non-radiative decay back down to the Sy ground state via the
dark state. ¥ 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

88,92

for SF to occur, possibly due to the fact that it must occur in an intermolecular fashion.
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Chapter 2. Theory

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
T, 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 7m-conjugated chain in a polymer offers many
possible sites for triplet-pair and free T} positions, thus providing a driving force that would
not be present in smaller systems. This has been given as a reason for rapid ! T'T formation in
benzodithiophene-DPP polymers but not in trimers composed of the same D and A units. %3
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. %4

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), structures. In the latter, either a single repeating unit is used,
leading to such homopolymers as polydiacetylene®*, polyphenylene®, polythiophene, ¢ and

polyfluorene, %’

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).%

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 S; energy below the thermodynamic
requirement for SE which may explain why some D-A polymers exhibit SF in thin film but not
in solution. %3 By ensuring that S; 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 Tj is likely to remain a localized state, in particular on the acceptor. If this occurs, the
triplets may not readily recombine, leading to long lifetimes.* Such a D-A polymer, based on
thiophene-1,1-oxide acceptors, showed very high triplet quantum yields. %

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

through-space interactions. %!

2.5 Excited state analysis

To describe quantitatively the character of the excited states, we employ a wavefunction
analysis scheme based on the following formalism !> and implemented in the TheoDORE

program. 1%

The transition density matrix D'~/ which describes the electronic transition between initial
(i.e., ground) state i and final (excited) state f is written as:

D= (rp,re) = nf...f‘l’,-(rh,rg,...,rn)‘Pf(re,rg,...,rn)drz...drn (2.27)

in which ¥; ¢ are the wavefunctions of the initial and final states from which the hole and
electron originate, respectively, and rj, and r, 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:

iy = (Wil Eap W) (2.28)

where E, is the excitation from occupied orbital a to unoccupied (virtual) orbital b. This
ng * np 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;;f 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 (Q£ Nk

ro_1 i—f
Q=3 2 @’ (2.29)
a,be A

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 Q. termeda

AB’
‘charge transfer number’:
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ro_1 i—f\2
Qup=5 2 2 (D7) 2.30)
acAbeB

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 n of Q values contributing to a given

;I‘ agmen ts
excitation. The resulting QO 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 all Q 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 n-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 large Qx__.x component, a charge transfer state (such as
in a donor-acceptor system) would be dominated by one large contribution of Qx_.y, and a
delocalized (Frenkel-type) exciton would have non-negligible contributions of Qx__.x and
Qy__.y, while a charge-resonance state (such as in some pentacene dimers) would exhibit
equally large contributions of Qx__.y and Qy__.x.

Finally, the approximate exciton size dgxc is obtained by summing over all atom pairs:

1
= 3 Y ol (@dun)? (2.31)
M,N

where where M and N are the indices of all atoms, QJJ:/I y is the charge transfer number between
atoms (as computed above for fragments), dy; is the distance between them, and Q is simply
anormalization factor, which is sum of all Q,;x 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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8] 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.!! To be energetically possible, the excited singlet energy
needs to be at least twice that of the triplet (i.e., E(S;) =2E(T1)). By definition, SF is a multiexci-
tonic process: upon the absorption of light, the absorbing singlet splits into two independent
triplets (T;) through a correlated triplet-triplet pair (TT) according to the following scheme?’:

So+ S0 So+ 5, 2 ITT= Ty + Ty 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. 3

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 S; to !TT 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.?” Both direct 19419 and charge-transfer3?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. 1011109111 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. 2”194 This limitation is circumvented in intramolecular SF (iSF).34!13 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. 14117 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 iSE ®! 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 () 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. !9 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.?”3*113121 Computations of iSF
in polymers have been done retroactively to rationalize SF reported in existing materials %',
but there has been a lack of effort to locate new iSF copolymer materials using computational
tools. 2% Only very recently a computational screening of intermolecular SF candidates, based
on crystal structures, has been reported. 2! 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 iSE 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. %% 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 S; is

greater than or equal to twice the energy of T; 123

AEgr = E(S;) —2E(T}) =0 3.2)

(2) the coupling between the two chromophores involved is strong, to promote S; — LT, 34
(3) the correlated triplet pair (ATT) must evolve into two independent triplets (T}) 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 S; has a dominant
CT contribution to the acceptor, with an acceptor featuring a low-lying triplet state (see Figure
3.2).%9 In this way, the strong CT character of S; is expected to promote an efficient splitting
to ! T 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 S; on the strong donor (SD, in blue) provides enough charge transfer character
(denoted with 0+ and 6-) to efficiently generate local T; on the adjacent strong acceptors (SA,
in red).®

3.2.2 Database construction

Our database includes nine donors and nine acceptors that are commonly found in the lit-
erature of conjugated polymers. 247128 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. 29132 Units
reported in previous works to display iSF in conjugated polymers were included: thiophene-
1,1-dixoide (TDO)??, benzodithiophene (BDT) 118 phenylene 19 vinylene 119 (in the form of
(E)-2-(2-(thiophen-2-yl)vinyl)thiophene), TVT), cyclopentadithiophene (CPDT)®, benzothia-
diazole (BT)® and isoindigo (iI). 120
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