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Abstract 

 Molecular dimers, oligomers, and polymers are versatile components in photophysical and 

optoelectronic architectures that could impact a variety of applications.  We present a perspective 

on such systems in the field of singlet fission, which effectively multiplies excitons and produces 

a unique excited state species, the triplet pair.  The choice of chromophore and the nature of the 

attachment between units, both geometrical and chemical, play a defining role in the dynamical 

scheme that evolves upon photoexcitation. Specific final outcomes (e.g., separated and 

uncorrelated triplet pairs) are being sought through rational design of covalently bound 

chromophore architectures built with guidance from recent fundamental studies that correlate 

structure with excited state population flow kinetics. 
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I. Introduction 

  Singlet fission (SF), a process by which a photoexcited singlet (S1) exciton in organic 

chromophores splits into a pair of triplet (T1) excitons, has garnered interest for its potential 

applications in organic optoelectronic devices.1,2 Incorporation of SF compounds into photovoltaic 

(PV) devices could raise the theoretical efficiency limit from 33 % to over 45 %.3-5 Additionally, 

SF materials could enhance the efficiencies of field effect transistors, organic light emitting 

diodes,6 and could play a meaningful role in future quantum information schemes.7 While efficient 

SF has been observed in a variety of organic molecular systems,8-19 successful implementation of 

SF materials in devices has been lagging.20-23 Therefore, clever design of new SF compounds and 

associated architectures for extracting energy or charge is still crucial for their advancement. To 

guide the way for development of practical SF systems, numerous recent studies have undertaken 

the task of deciphering the mechanism of this process, as well as studying the impediments to SF 

materials applications.24 

In the most current understanding of SF, the process is envisioned to proceed in at least two 

steps (Figure 1): 1) the formation of the singlet-correlated triplet pair – 1(T1T1), and 2) the 

separation of the pair into two independent triplets – T1---T1. The definition of the final species 

remains debatable, as it is now understood that clear transitions to entirely independent triplets, 

especially in covalent systems, are not always observed.  Multiple excitonic processes (Figure 1) 

have been proposed to facilitate each of the steps along the SF pathway. For instance, excimer 

formation, charge transfer/charge resonance (CT/CR) states,9,10,25-31 coherent excitation of S1 and 

1(T1T1),32-34 as well as exciton delocalization33,35-37 have been invoked in leading to population of 

the 1(T1T1) state. Meanwhile, the generation of free triplets has been proposed to proceed via 

Dexter energy transfer,38-41 quintet formation and subsequent decorrelation,42-44 exciton 

delocalization,33,36,37,45 and electronic decoupling of the 1(T1T1) state.45  
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Many of the aforementioned proposals regarding the mechanism of SF have been derived 

from studies of solid state samples (i.e., intermolecular SF), and summaries of these studies can be 

found in recent reviews.10 However, observations of intramolecular SF in covalently-linked 

chromophores have provided indispensable information into the mechanism of SF. The 

mechanistic insights gained from studying SF in covalently bound chromophore systems is the 

subject of this perspective. A variety of important concepts are covered, including the distinction 

between endothermic and exothermic SF, as well as the development of molecular structure design 

rules for inducing the formation of free triplets.  

The remainder of section 1 is dedicated to the primary fundamental issues surrounding SF. 

In section 2 we will address the advantages and challenges of studying isolated, covalently linked 

systems as compared to bulk. In section 3 insights about exothermic SF gleaned from pentacene 

and terrylene systems will be summarized, followed by an analogous summary about isoergic and 

endothermic SF derived from tetracene, perylene, and diphenylisobenzofuran systems. In section 5 

we briefly describe several studies concerning other emerging chromophore dimers and larger 

arrays. Then in section 6 we provide global insights about the SF mechanism extracted from 

covalent systems that can be transferrable to future development of SF materials, and we conclude 

with an outlook of future challenges for extending SF for increasingly complex systems applicable 

to a variety of contemporary problems.  

 

 The basic requirement for efficient SF is that two times the isolated triplet energy, E(2T1), 

be accessible from the position of the lowest singlet, E(S1), in order for the rate to be competitive 

with fluorescence.  This disqualifies most molecules with a large activation barrier to reach 2×T1 

and reduces the set of likely SF chromophores to a small, but ever-growing,46-48 class.  The second 

 

Figure 1. Excitonic processes that facilitate singlet fission. 
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requirement is that the coupling between chromophores be sufficient to engender an SF rate that 

is at least in the 1 ns-1 range for dominance over competing processes and production of high triplet 

yields.  The coupling matrix elements for SF have been derived under various approximations49,50 

and are now commonly used to predict and define particular chromophore dispositions that should 

maximize the rate.  However, the aforementioned energetic requirements depend also on relative 

molecular orientation and distance, as excitonic effects can drive S1 downward in energy at the 

expense of the favored S1-2×T1 energy balance.  Inclusion of the S1 energy depression in an 

estimate of optimal geometries has been found to be crucial for explaining experimental results.51  

Specifically for covalent systems, conjugation through a bridge can both improve the SF coupling 

and result in delocalization that depresses S1, thus these effects must be included with the through-

space contributions in order to arrive at a comprehensive picture of the energetics of the system.  

 Although it was not initially appreciated, the boundedness of the biexciton 1(T1T1) state 

can also provide a barrier to the full process of SF.  Some specific examples will be presented and 

discussed below, but in general, two or more tightly coupled triplet excitations (e.g., for which the 

2Ag state of butadiene and related polyenes is a limiting case)52 will possess a significant binding 

energy that effectively traps population in the bound 1(T1T1) state (center panel of Figure 1), and 

opposes free triplet formation.  In such cases, promoting subsequent triplet pair dissociation will 

require additional activation or tailored design features that encourage triplet de-coupling and 

separation.  Examples to be discussed below include torsional motions that break extended 

multichromophoric conjugation and interaction with proximal chromophores in a polymer chain 

that provide additional dimensions for triplet hopping.  These contributions can often be 

considered to involve both entropic and enthalpic factors. The spin degree of freedom may also 

play an important role in triplet pair decoupling, and the evolution from 1(T1T1) to triplet 3(T1T1) 

or quintet 5(T1T1) spin states of the triplet pair may open pathways for triplet separation. 

 

Besides fluorescence and intrinsic nonradiative decay, other excited state decay processes 

associated with chromophore-chromophore interactions can occur on a competitive timescale with 

SF.  For covalent chromophore assemblies, the most common of these are excimer and charge-

transfer (CT) state formation, which, depending on the energy of these states relative to the 1(T1T1) 

state, can lead to energy loss and potentially fast return to the ground state.  If the CT or excimer 
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state lies energetically below 1(T1T1), it can serve as a trap state and prevent population transfer 

from S1 to 1(T1T1); however, if 1(T1T1) is lower in energy than CT or excimer states, it may aide 

the process of SF.53 While the relative contours of the potential energy surfaces of 1(T1T1), CT and 

excimer may vary from system to system, several works discussed below suggest that the 1(T1T1) 

potential energy surface follows that of the excimer provided that SF is not endothermic in a given 

system.35,38,54 The energetic and intermolecular geometry guidelines for facilitating excimer 

formation are well-established, and it is known that direct or near-direct -stacking can often 

promote fast excimer formation (a classic example is that of perylene).55  Although similarly -

stacked geometries might be near the optima for SF rates,56 they should be avoided when 

constructing covalent assemblies of endothermic SF chromophores due to the risk of competing 

excimer formation.  Charge-transfer can occur through-space or through-bond, with the process 

facilitated by a high dielectric medium to stabilize the isolated charges.  If the polarity of the 

environment can be kept low, fast population of CT states can typically be avoided.  However, in 

large chromophore assemblies (i.e., polymers), charge delocalization and a heterogeneous energy 

landscape may promote stable CT state formation or admixture of CT character into the lowest 

singlet excited state.   As with other factors, some degree of balance must be struck between 

utilizing CT character to facilitate SF and the probability that low-energy CT states might 

effectively trap excited state population. 

II. Intramolecular vs. Intermolecular Singlet Fission 

 A. Intermolecular SF. Relative chromophore orientation and distance have been proposed 

to be the crucial parameters in the electronic coupling of the S1 and the 1(T1T1) states – 

⟨𝑆1|Ĥ𝑒𝑙| (𝑇1𝑇1)
1 ⟩, which along with the relative energy balance between the participating states 

dictates the rate of SF.1,2 Crystalline samples, where a unit cell with identically oriented 

chromophores is repeated throughout the bulk and SF is intrinsically intermolecular in nature, were 

the first systems in which SF was studied, particularly herringbone crystals of acenes.11,15-17,57-68 

However, even in those crystals many different types of pairs of chromophores are potential actors 

in the SF process, and it may not be immediately obvious which type of pair is most conducive for 

fast SF. Additionally, studies of amorphous solids, in which the relative chromophore orientation 

is unknown, have demonstrated multiple rates of SF.8,38,69,70 Excitations occurring at chromophore 

pairs within the amorphous bulk that are preferentially oriented undergo fast  SF, while other 
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excitations at less preferred orientations undergo diffusion to the preferred SF sites. This situation 

produces distributed kinetics that can be difficult to relate to a detailed microscopic mechanism. 

Based on the information derived from studies on solids, developing effective SF materials 

relies on achieving the optimal relative chromophore geometries. Theoretical studies have 

certainly provided guidance regarding such geometries;71 however, sufficient experimental results 

are not always available to test the theory’s overall validity.51  Many of the pair structures predicted 

to be optimal for SF are far from what is found in the natural polymorphs of crystals.  Crystal 

engineering, which utilizes substitution to the core chromophore to engender specific 

intermolecular dispositions in the solid-state, is a powerful tool to approach optimal geometries.72  

However, the process is often not prescriptive at the level required to provide the specific 

placement that is likely needed to assure efficient SF.  Further, interactions that are beyond 

pairwise are not easily captured by most models, and thus unexpected consequences may hinder 

the theory/experiment feedback cycle.  We note that ab initio approaches to SF in crystalline solids 

have begun to produce intriguing agreement in some systems.73 Covalently-linked molecular 

dimers, however, eliminate the need for tenuous crystal engineering, and through a wide library of 

molecular linkers provide nearly infinite possibilities for exploring various relative chromophore 

geometries.  

B. Intramolecular SF. In addition to through-space coupling in covalent dimers, the linkers 

with which the chromophores are tethered could also provide through-bond electronic coupling 

that facilitates intramolecular SF. The earliest model of SF presented by Smith and Michl 

implicates orbital overlap in facilitating SF through electronic coupling.2 Such overlap of 

chromophore orbitals can be achieved through space, as in the intermolecular sense occurring in 

an arrangement of monomer chromophores, where the chromophores pack as closely as 3 Å.2 In 

covalently linked systems, however, the chromophore orbitals can overlap with those of the linker; 

this becomes particularly important for conjugating linkers, where the π molecular orbitals of the 

bridges mix efficiently with the π orbitals of the SF chromophores. In such scenarios the electronic 

coupling between chromophores and the ⟨𝑆1|Ĥ𝑒𝑙| (𝑇1𝑇1)
1 ⟩ matrix element can be even larger than 

in intermolecular scenarios.35,54 The contrast between the through-space and through-bond 

situations is shown in Figure 2. 
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C. Charge-transfer.  A further advantage of molecular dimers is greater control over the 

systems’ surroundings, which is particularly beneficial for determining the effect of CT states on 

SF. Several studies have suggested a step-wise mechanism for SF, in which a CT state is transiently 

populated on the way to 1(T1T1) formation (i.e., the “indirect” mechanism).74 To assess this 

proposition, one would need to vary the dielectric environment and observe the effects on SF rate. 

In bulk solids, it is nearly impossible to separate the dielectric environment from intrinsic 

chromophore properties; however, in studying SF in molecular dimers the dielectric environment 

can be easily tuned by dissolving the dimer in solvents of different polarity/dielectric constant, 

without affecting SF energetics or chromophore coupling. Too large of a depression of the CT 

state energy of a dimer with a highly polar solvent could conversely lead to excited state population 

being effectively “trapped” in the low energy state, with a large barrier to complete the second step 

of the indirect SF mechanism.29  Environmental polarizability tuning to modulate the CT state 

energy could also tune the SF rate in the so-called “mediated” mechanism, in which the CT state 

is not populated, but the rate constant depends inversely on the energy separation between it and 

S1.  Such tunability is essential for exploring the details of the SF mechanisms and the intermediate 

regimes between them.10 

 
Figure 2. Orbital overlap (shown in pink) of chromophores (shown in celeste) through-space 

(as in bulk solids), and through-bond (as in molecular dimers).  
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D. Decorrelation. Except in some circumstances,75,76 once the 1(T1T1) state has formed, the 

triplets must become independent prior to being harvested in device settings.77  We note that just 

the opposite is true for situations in which conserving the entangled properties of the triplet pair is 

the final goal.  “Independence” can be defined in several ways, but the means through which it can 

be achieved are spatial separation, electronic decoupling, and spin dephasing,38,41,42,44,78 as 

mentioned in Figure 1. Covalently linked chromophore systems provide a further advantage for 

studying this latter portion of the SF mechanism by allowing the isolation of chromophores from 

interactions with other chromophores in the bulk. By tuning the number of covalently linked 

chromophores and the coupling between them, the effects of triplet exciton separation can be more 

rigorously investigated.  

E. Delocalization. Lastly, singlet exciton delocalization has been implicated in facilitating 

endothermic SF in tetracene solids,33,36 as well as hastening exothermic SF in pentacene solids into 

the ultrafast regime.12  Zhu and Krylov have posited that the process of SF results in an entropic 

increase and the positive ΔS helps to overcome the enthalpic barrier to SF in tetracene. Moreover, 

they argue that the magnitude of entropic gain is proportional to the radius of S1 delocalization, 

such that the 1(T1T1) state can form on any pair of chromophores within the delocalized S1, and 

the number of 1(T1T1) microstates increases with increasing S1 delocalization radius.33,36 To test 

this effect it is necessary to have control over the size of S1 delocalization. Substitution of the core 

chromophore can roughly but not systematically modulate the effective delocalization length, 

which cannot be easily determined accurately except through complex experiment and/or high-

level calculation.  This lack of determinism hinders a clear understanding of how delocalization 

affects the mechanism of SF. Covalently linked chromophore systems are an ideal way to study 

the effects of S1 delocalization. Provided that a strong enough coupling linker is utilized, the size 

of exciton delocalization can be controlled by changing the number of chromophores covalently 

linked to each other.  However, depending on the linker design, conformational flexibility in non-

rigid systems will provide a means for exciton localization regardless of the number of 

concatenated chromophores.   

III. Dimers/oligomers 
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A. Pentacenes. SF is exothermic in pentacene and its derivatives (e.g. TIPS-pentacenes) by 

roughly 0.1-0.2 eV.57,59,79-81 This energetic driving force results in a very rapid rate of the initial 

step of SF, such that in polycrystalline pentacene films evidence for triplet excitons is found in as 

little as 80 fs, although these are likely triplet pairs that share similar spectra with independent 

triplets that form some time later.57,59,80  However, in molecular dimers and larger arrays of 

pentacene analyzed to date, SF is slower and is highly dependent on the chromophore coupling. 

For our purposes here, we briefly discuss the SF dynamics in pentacene dimers and larger arrays 

with the goal of comparison to dimers composed of other chromophores, and we refer the reader 

to a recent review of SF in pentacene dimers for a more detailed exposition of this topic.82-84  The 

situation as it stands now for pentacene systems is that ps-scale SF is readily achievable in a variety 

of geometries and configurations, but that long-lived (T1T1) states are more challenging to produce.  

                  

Figure 3. a) Relative energetics of SF in the common SF chromophores, ranging from 

exothermic SF to endothermic SF. b) Electronic coupling strength of the molecular linkers 

used in SF dimers to date. The linkers are arranged by the chromophore coupling effect they 

produce based on both through-bond and through-space coupling.  
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A correlation can be found between (T1T1) formation and (T1T1) lifetime, which naturally arises 

due to the strength of interchromophore coupling that dictates both of these rates.  There are, 

however, some examples that exhibit long (T1T1) lifetimes despite fast SF, and these results should 

guide the field toward design principles that facilitate the desired outcomes. Table I compiles much 

of the available relevant data for pentacene dimers/oligomers, most of which are discussed below.   

The molecular substitutions on the pentacene core appear to influence the excited state 

dynamics. This was demonstrated by Lukman et al. in two  pentacene dimers directly linked at the 

13 position of the central ring, opposite that of either a mesityl or TIPS group (Table I, 7-8a).29,85  

The TIPS derivative adopted a highly twisted configuration during excited state evolution, leading 

to fast and solvent polarity dependent formation of a real charge-transfer state that was partially 

emissive.  This CT state subsequently created two triplets via SF in roughly 1 ps or faster, although 

some CT signatures persisted at long delay times, suggesting trapped population with high solvent 

polarity. In contrast, the mesityl derivative contained mixed S1-CT character that was retained at 

least partially through the excited state evolution but without formation of a real CT population.  

In that case triplets still formed with high efficiency and on a ps to sub-ps timescale with a 

moderate solvent dependence, but it was hypothesized that a virtual CT state was the intermediate. 

High solvent polarity causes a branching involving depressed S1 states unable to circumvent the 

barrier to form 1(T1T1). 

Arguably, the molecular nature of the linker and the resultant chromophore coupling have 

the most profound effect on SF dynamics. Synthetic flexibility of acenes allows for a variety of 

linkage locations on the acene core. Tykwinski and Guldi explored the TIPS-pentacene motif 

coupled to a linker via an acetylene group in the 5 position.86,87 The first report of SF in pentacene 

dimers by Zirzlmeier et al. presents three TIPS-pentacene dimers bridged by phenylenes in the 

ortho, para, and meta substitution patterns, resulting in phenyldialkynyl bridges (Table I, 1a-c).87 

The ortho and para dimers exhibit fast SF ( and fast triplet-triplet annihilation (TTA)), while the 

dynamics of meta dimer were slower and improved with increasing solvent polarity, thereby 

suggesting that CT states facilitate SF in this system. Other variations of the TIPS-pentacene 

dimers linked via the alkynyl groups have also shown solvent polarity dependence, particularly 

the dimers bridged by non-conjugating linkers that provide weak electronic coupling.86 Among 

their strongly coupled dimers is the xanthene-bridged dimer (Table I, 2b).88 The xanthene linker 
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may not supply strong through-bond coupling, but rather scaffolds the chromophore in a way that 

maximizes through-space orbital overlap. The authors observed a rapidly forming excimer-like 

1(T1T1) state in this dimer.  Krishnapriya and coworkers constructed TIPS-pentacene dimers linked 

via the alkyne group with diaryl-diketopyrrolopyrrol (DPP) groups (Table I, 2c).89 They observed 

SF only in the diphenyl-DPP bridged dimer, in which spin densities are localized on the 

pentacenes, but thiophene- and selenophene-DPP bridged dimers exhibited spin delocalization 

throughout the linker, preventing SF.89  

Another location where pentacene can be easily substituted is at the 2’ position, leaving the 

TIPS-acetylene groups intact.  Campos et al. have assessed the SF dynamics in TIPS-pentacene 

dimers bonded via the 2’ position of the pentacene through direct coupling or various phenyl 

bridges (Table 1, 3a, 4a).42,84,90-93 Tuning the steric bulk on the 1’ position of the acene, and thereby 

changing the relative out-of-plane angle between pentacenes, results in faster SF rates, but also 

faster annihilation for more in-plane dimers, indicating that electronic coupling between 

chromophores is a “double-edged sword”.91  Moreover, TIPS-pentacene dimers linked at the 2’ 

position did not demonstrate a dependence of SF rate on solvent polarity, regardless of the bridging 

linker.84,90-94 Instead, the authors show that fast SF is activated through the vibrational modes of 

their compounds.91 They specifically assign the ring breathing mode of the acenes as the crucial 

vibration that produces a geometry in which the S1 and 1(T1T1) states become strongly coupled.91  

The importance of vibrational modes in activating SF was further highlighted by recent 

studies of TIPS-pentacene dimers with linkage through two carbons of each acene. Yamakado, 

Saito and coworkers presented an interesting study of anthracene (FLAP1), TIPS-tetracene 

(FLAP2) and pentacene (FLAP3) cyclooctatetraene-bridged dimers, which exhibit C2ν symmetry 

and are antiaromatic in the ground state while planarizing in the excited state (Table 1, 5d).95 The 

planar excited state enable SF on a timescale of 4 ps, with a triplet decay lifetime of 5.3 ns.  Another 

TIPS-pentacene dimer with C2ν symmetry is the norbornyl-bridged TIPS-pentacene dimer studied 

by Gilligan, Damrauer and coworkers (Table I, 5a).96 According to theoretical models the coupling 

needed for SF should be strictly zero in this type of a structure with a plane of symmetry due to 

canceling of HOMO and LUMO mediated CT contributions to SF.97 However, SF can be induced 

due to vibrational flexibility leading to nonzero coupling elements between relevant orbitals. As a 
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result TIPS-BP1 was observed to form triplet pairs on a 4.4 ps timescale, with a decay lifetime of  

~100 ns.95,96  

Studies of analogous TIPS-pentacene dimers linked via a cyclic bridges further underscore 

the role of coupling, not only in the rate of 1(T1T1) formation, but also the lifetime of the resulting 

triplet excitons. Ethanobenzodecacene bridge (an analog of the norbornyl bridge) facilitates fast 

triplet formation on similar timescale to the phenyl-linked dimer, but the resulting triplets have 

much longer lifetimes (Table I, 5b). In contrast, a completely non-conjugating linker, namely 

bicyclooctane, dramatically slows down SF.90  

In phenylene-linked TIPS-pentacene dimers, the linkage location on the acene as well as on 

the phenylene has a drastic impact on the SF dynamics. The ortho and meta analogs the 

TIPS-pentacene dimers linked via 2’ position were studied by Sakai et al., who found that 

pentacenes arranged ortho on the benzene are much more strongly coupled than in the meta 

arrangement (Table I, 3d-f).43 As a result the rate of SF in ortho (1.2×1011 s-1) is two orders of 

magnitude faster than in the meta (2.1×109 s-1), and faster than in previously reported para 

(5.0×1010 s-1).43,93,98 Moreover, the rate of 1(T1T1) recombination in ortho is ~10× greater than the 

rate of dissociation, while in meta the dissociation rate is slightly larger than the recombination 

rate. The overall effect is fast recombination of 1(T1T1) with low yield of long lived independent 

triplets in ortho, but greater yield of independent triplets in meta, despite slower rate/lower yield 

of the initial 1(T1T1) state. This study further highlights the effects of strong versus weak 

chromophore coupling on both steps of SF, and the need to balance the couplings to achieve 

optimal yields of independent triplets.  

The effect of ortho vs meta phenylene linkage on SF dynamics was further highlighted in 

phenyldialkynyl-liked tetraaza-TIPS-pentacenes attached via 2’ position.99 The closer packing and 

stronger through-bond coupling in the ortho dimer facilitates fast SF but also fast triplet-triplet 

annihilation (TTA). These excited state processes are much slower in the meta dimer. Interestingly, 

the two-dimensional (2D) meta trimer exhibits faster SF rate than the analogous dimer, but the rate 

of TTA is unaffected. This result suggests that increasing microstates that describe the 1(T1T1) play 

a beneficial role in making the SF process entropically favorable, and further supports the ideas 

put forth by Zhu and Krylov.33,36 The exploration of 2D oligomers is the emerging trend in the 
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field, as it allows us to gain insights into the role of exciton delocalization on SF dynamics. We 

will comment more on the importance of 2D structures toward the end of this article.  

The 2’-linked TIPS-pentacenes have also been explored in linear oligomer configurations, as 

well as pendant polymers. The rate of SF increased slightly with linear oligomer size, and reached 

a maximum in polypentacene at ~2X that of the dimer.100 The authors attributed this increase to 

exciton delocalization and a greater number of favorable configurations for SF due to the larger 

number of linked pentacenes. The annihilation rate was not substantially affected by the oligomer 

size, leading authors to conclude that the triplet pair is bound in such systems. In pendant polymers, 

however, where significant π orbital overlap of the pentacenes is possible, the authors observed 

prolonged triplet lifetimes, likely due to enhanced triplet exciton mobilities that facilitate longer 

range motion.101 The effect of increased number of tethered chromophores in a 

tetraalkynyl-adamantyl-linked TIPS-pentacene was also similar: an increased rate of SF was found 

in the tetramer compared to the dimer (Table 1, 1e).102 Although the chromophores are not 

conjugated in these systems, the close proximity of available triplet sites is thought to enhance 

diffusion and decorrelation. These studies provide crucial insight about the mechanism of SF that 

could not be directly obtained from bulk SF studies, namely that the rate of SF increases with 

increasing number of coupled chromophores, potentially implicating singlet exciton delocalization 

as the aiding factor.  

Table I: Summary of timescales of intramolecular SF in pentacene-based dimers.  

Chromophore Linker SF timescale  SF Yield TT lifetime Solvent Ref. 

 

 
0.50 ± 0.20 ps  

too short to 

measure 
12.0 ± 0.30 ps Benzonitrile 87 

 

 
 

90 ± 8 ps  125 ± 5% 2.6 ± 0.1 ns Toluene 87 

63 ± 6 ps 156 ± 5% 2.2 ± 0.1 ns Benzonitrile 87 

 
2.70 ± 1.10 ps 130 ± 10% 17.3 ± 1.5 ps Benzonitrile 87 

 

420 ± 20  ps 188% 8.3 ns Benzonitrile 44 

 

150 ps 
Varies with 

TT character 
12 ns Benzonitrile 102 

1. 
a. 

b.  

c.  

d.  

e.  
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1.54 ± 0.24 ps  127 ± 10% 480.8 ± 16 ps Benzonitrile 86 

 

1.0 ± 0.2 ps 162 ± 10% 394 ± 12 ps Benzonitrile 86 

 

2.4 ps --- 213 ps Chlorobenzene 89 

 

 
760 fs ~200% 450 ps Chloroform 93 

 
49.7 ps >198% 531 ns Chloroform 90 

 
20 ns 76% 18 us Chloroform 90 

 

8.3 ps 198% 113 ns Toluene 44 

 
340 ± 20 ps 194 ± 4.1% 170 ± 8.6 ns THF 98 

 

20 ps ~200% 16.5 ns Chloroform 87 

12 ± 5 ps ~200% 15 ± 1.1 ns THF 93 

 

220 ps ~200% 270 ns Chloroform 93 

 

560 ± 200 ps 190 ± 4.1% 360 ± 0.58 ns THF 98 

 

 3.38 ps ~200% 5.2 ns Chloroform 84 

 

 
4.3 ± 0.2 ps 195 ± 22% 102 ± 3 ns Toluene  96 

 
10.4 ps >198% 174 ns Chloroform 90 

 
54.5 ps >198% 705 ns Chloroform 90 

 
4.23 ± 0.02 ps 202 ± 3% 5.3 ± 0.1 ns DCM  95 

N

N

O

O

C6H13

C6H13

3. 

4. 

5. 

2. 
a.  

b.  

c. 

a.  

b. 

c. 

d. 

e. 
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g. 

a. 

h. 

a. 

b. 

c. 
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6.4 ns --- Not given 500 ns Chloroform 42 

 

 

760 ± 20  fs 192 ± 3% 658 ± 86 ps Toluene 85 

390 fs 150% 830 ps 
O-

Dichlorobenzene 
85 

 
 

1.13 ps 177 ± 15% 847 ps Hexane 29 

0.84 ps 193 ± 15% 675 ps Toluene 29 

0.35 ps 164 ± 15% 678 ps DMF 29 

 

 

26 ps 180% 13.9 ns THF 99 

 
932 ps 160% 39.3 ns THF 99 

 

591 ps 160% 36.7 ns THF 99 

 

 

Terrylene, or specifically terrylenediimide (TDI) is another chromophore in which SF is 

exothermic, by >0.2 eV.30,103-105 The first report of the slip-stacked triptycene bridged TDI dimer 

claims that in a polar dielectric (CH2Cl2) the excited state population is trapped in a CT state, while 

in a non-polar solvent (toluene) rapid SF is observed in 2 ps.30 However, a later study of this 

compound using femtosecond mid-IR spectroscopy points out that the 1(T1T1) state is actually 

present in both of the aforementioned solvents and is significantly mixed with S1S0 and the CT 

states.104 These studies further demonstrate that when center-to-center distances of two 

chromophores are sufficiently close, the CT states become mixed with the low energy excited 

states, and in most cases facilitate SF. 

As was previously mentioned, the evolution from the initially formed 1(T1T1) state toward 

independent triplets (T1---T1) may involve transitions through higher spin intermediates.26,42,103,106  

Optical spectroscopy alone may not be specifically sensitive to this spin state evolution, and thus 

6. 

7. 

a. 

a. 

a. 8. 

a. 

b. 

c. 
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magnetic resonance techniques are preferred.  Time-resolved electron paramagnetic resonance 

spectroscopy (TREPR) has recently been utilized to identify the quintet 5(T1T1) and triplet 3(T1T1) 

species distinctly from the independent triplet T1.42,44 The time resolution of such experiments is 

typically on the order of 100 nanoseconds, therefore, to gain insights from this technique several 

weakly coupled pentacene dimers have been designed in which the exciton dynamics are 

sufficiently slow.  Pentacene dimers with varying length of phenyl spacers were cooled to 80K in 

toluene and subjected to pulsed optical excitation in conjunction with EPR pulse sequences, Figure 

4.42  For both the two- and three-phenyl spaced dimers (BP2 and BP3, respectively, Table 3g), 

after the initially roughly 100 ns instrument response period, the species identified had primarily 

quintet character 5(T1T1) and was largely spin polarized in the ms = 0 state, consistent with mixing 

with 1(T1T1), Figure 4B.  For the BP3 dimer, subsequent evolution over a period of 0.5 – 10 s 

yielded a species with predominant isolated triplet character, and no signals arising from 3(T1T1) 

were assigned.  Signatures of population of the ms = -2 spin state of 5(T1T1) prior to isolated triplet 

observation were used to assign the ms = -2 spin sublevel as the originator of free triplets.  For the 

BP2 dimer, the evolution from 5(T1T1) to independent T1 was less complete, with evidence for 

residual T1-T1 coupling assigned to the larger exchange interactions arising from the shorter bridge 

than for BP3. Similar conclusions were drawn from TREPR data on a pentacene dimer with a 

nonconjugated linker.44 
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In contrast to the bipentacenes, a terrylene diimide (TDI) dimer system was found through 

TREPR to have an open pathway for 5(T1T1) to 3(T1T1)  evolution, presumably due to mixing at 

moderate magnetic fields facilitated by weaker exchange coupling.103  Subsequent annihilation of 

3(T1T1) (ms = +/- 1) to T1 (ms = +/- 1) was found to be a major source of long-lived triplets.  This 

conjecture is supported by the spin polarization patterns that matched the expected population flow 

due to state mixing at standard EPR magnetic field strengths.  Optical spectroscopy confirmed the 

overall kinetic scheme of 1(T1T1) to T1 behavior, although no specific features due to 5(T1T1) or 

3(T1T1) could be resolved.  These studies underscore the need for mechanistic investigations that 

involve a combination of optical spectroscopy and magnetic resonance experiments in order for 

definitive information to be obtained.  While there remains some debate about the exact scheme 

that leads from 1(T1T1) to T1---T1, it is clear that rational design of chromophore coupling in 

covalent systems can influence the pathways of SF. 

Figure 4. A. Proposed scheme of spin state evolution after singlet fission for bipentacenes. B. 

Spin sublevel mixing induced by magnetic fields. C. TREPR signal for BP2 at 80K.  D. 

TREPR traces obtained at early and later delay times showing quintet to isolated triplet 

evolution.  Reprinted by permission from Nature/Springer/Palgrave, Tayabjee et al. Nat. 

Phys. 13, 182 Copyright (2017). 
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Recent studies of exothermic SF in TIPS-pentacene dimers and oligomers, as well as TDI 

dimers, have provided important insights into the mechanism of SF. As SF is exothermic in these 

systems, all presented examples were observed to undergo SF, with timescales ranging from sub-

ps to 100s of ps (see Table 1). However, the rate of SF was found to vary with the magnitude of 

chromophore coupling. In the systems with strongly electronically coupled pentacenes, 

particularly those in which the linker is expected to have a cumulene-like electronic structure in 

the excited state87 the rate of SF is in the few hundred ns-1 range, but with non-conjugating linkers 

the rate drops to a few ns-1. Moreover, it appears that when the coupling is weak, and the rate is 

slower, the CT states become involved in assisting SF, but only when the center to center distance 

of the chromophores is relatively close. In TIPS-pentacene dimers where the center to center 

distance is large due to the binding via the 2’ position, CT states do not assist SF, regardless of 

linker, coupling, or SF rate.42,84,90-93  

B. Tetracenes. While all pentacene and terrylene dimers have been reported to undergo SF (largely 

due to exothermic SF energy balance), the rates and yields of SF in tetracene dimers, in which SF 

is isoergic or endothermic, are highly variable and depend strongly on chromophore coupling. 

However, the benefit of studying molecular systems with such energetics is that triplet-triplet 

annihilation to the S1 state is possible, expanding the experimental toolbox that can be used to 

investigate the dynamics of SF to include time resolved photoluminescence spectroscopy. SF was 

first discovered in anthracene with this method and it remains a powerful technique for confirming 

the occurrence of isoergic or endothermic SF.65  However, this experimental blessing underscores 

a potential curse, which is that the issue of balancing interchromophore coupling to produce fast 

SF yet long-lived (T1T1) states is even more challenging in tetracene than in pentacene.  This is 

due in large part to the endothermicity of SF in tetracene, which forces population from (T1T1) 

back to S1 unless a mechanism for spatial separation and/or spin dephasing can occur.  Strategies 

mentioned below to circumvent this problem (e.g., multiple chromophores or additional bridge 

flexibility) are beginning to show some promise. Table II collects reported information regarding 

SF on covalent tetracene dimers. 

The difference in the excited state dynamics of the tetracene and pentacene dimers are quite 

dramatic when we compare the phenylene-bridged dimers. The earliest report of intramolecular 

SF by Bardeen et al. featured phenyl and biphenyl linked tetracene dimers (Table II, 1a-b).107,108 
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In all of these dimers the tetracenes are out of plane of the linker, such that the linker provides 

minimal through-bond electronic coupling, as well as minimal through-space overlap. As a result, 

the SF rate (0.003 ns-1) and yield (<3 %) are particularly low in these systems. Despite the low 

yield, the assignment of SF in these dimers is quite certain, as these compounds displayed delayed 

fluorescence on a 100-1000 ns timescale assigned to triplet-triplet fusion. Another tetracene dimer 

with weak through-bond electronic coupling is the norbornyl-bridged tetracene dimer reported by 

Damrauer et al.,109 which exhibited solvent dependent dynamics consistent with formation of a CT 

state in polar media (Table II, 3a). While the SF yield was slightly larger than in the dimers 

reported by Bardeen, at 6 % it is still quite low compared to the yields produced by the pentacene 

dimers. Significant endothermicity, weak electronic coupling, and symmetry factors are 

considered as impediments to efficient SF in these systems. The luminescence quantum yield 

(>10 %) in the weakly coupled dimers is substantial, allowing them to be studied by time resolved 

photoluminescence techniques. Damrauer et al. then explored the TIPS-alkynyl substituted 

versions of this dimer and discovered a dependence on the substitution positions.96 In the dimer 

with TIPS groups located closer to the bridge virtually no SF was observed, however, in the dimer 

where the TIPS groups are located on the third ring away from the bridge (Table II, 3b) an 

equilibrium between S1 and 1(T1T1) state was established within picoseconds, predominantly 

decaying via relaxation to S1 and subsequent fluorescence (with PLQY of 72 %). It was 

hypothesized that relocating electron density further from the bridge resulted in reduced triplet-

triplet exchange interaction.  An analogous scenario was reported for FLAP2 

(cyclooctatetraene-bridged TIPS-tetracene dimer) by Yamakado and Saito (Table II, 5a).95 In an 

adamantane-linked TIPS-tetracene dimer (Table II, 6a), delayed fluorescence was also observed 

on a 435 ns timescale; however, despite the weak coupling the authors report a triplet yield of 92 % 

arising from SF.106 According to this report the relative S1/T1 energetics result in exothermic SF 

due to the TIPS-alkynyl substitutions which lower T1 to 1.03 eV.106  Nakamura et al. also reported 

a high T1T1 yield in a weakly coupled tetracene dimer (Table II, 6a).110 

Strong through-bond coupling can be achieved in tetracene dimers through incorporation 

of alkyne groups between the tetracenes and the phenylene linker. SF in such dimers was assessed 

by the Thompson and Bradforth labs.38,45,111 The diethynylbenzene-bridged tetracene dimers are 

analogous in structure to those reported by Zirzlmeier et al.,87 however, the photophysics are 

substantially different (Table II, 7a-d). First, the excited state decay is significantly slower in all 
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of the tetracene analogues compared to the pentacene ones. Moreover, not all of the tetracene 

dimers exhibit the formation of distinct triplets, and those which do, have much lower SF yields. 

The strong through-bond and through-space coupling in the ortho-diethynylbenzene-bridged 

tetracene dimer facilitated a fast non-radiative decay of the S1 state, resulting in low luminescence 

efficiencies. The excited state decay resulted in a population of a peculiar short-lived (~500 ps) 

state – one whose spectral signature did not distinctly resemble that of the triplet but was also quite 

different from the S1. The nature of this state was revealed through experiment in which the dimer 

was doped as a guest into a host diphenyltetracene (DPT)  matrix and was selectively excited. The 

excited state dynamics revealed the S1 relaxation of the dimer into the aforementioned state, 

followed by formation of equal parts DPT and dimer triplet excitons. This prompted the 1(T1T1) 

assignment of the ambiguous short-lived species in the ortho dimer. It was hypothesized that the 

1(T1T1) state in this molecular system is actually lower in energy than the S1, due to the addition 

of alkynes to the tetracene core.  

The importance of intramolecular motions in SF dynamics is further underscored by the 

para-diethynylbenzene bridged tetracene dimer. The chromophore coupling in this dimer is 

provided solely through-bond, and when the tetracenes are given the freedom to rotate out of the 

plane of the linker, the electronic coupling could be significantly reduced. Once the 1(T1T1) state 

has formed in the para dimer, the torsions resulted in electronic decoupling of the triplets, such 

that monomer-like triplet absorption spectra were observed for a brief period of time before 

re-planarization and annihilation. The meta-diethynybenzene bridge tetracene dimer, on the other 

hand, behaves almost identically to the weakly coupled tetracene dimers discussed above, and the 

alkynes do not seem to enhance SF rates, resulting in a low SF yield of 2 %. This excited state 

behavior is in stark contrast to the pentacene dimer analog,87 which exhibits triplet yields of 

>125 %, further highlighting the interplay of electronic coupling and driving force in SF dynamics. 

Akin to the pentacene dimer, the SF rate and yield in the tetracene meta dimer is also improved 

slightly by polar solvents, however, in the ortho and para dimers no solvent dependency was 

observed.   

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



21 

 

 

In all of the diethynylbenzene bridged tetracene and pentacene dimers, the distinction of 

where the chromophore ends and where the linker begins is a bit nebulous, but it is certain that the 

alkyne portion is part of the chromophore. Using simple DFT modeling of the dimers (illustrated 

in Figure 6), we see that in the meta dimers, where the substitution pattern is such that the orbital 

symmetry has a persistent node in the middle of the benzene ring in HOMO and LUMO, it seems 

that the two acenes’ orbitals are predominantly delocalized over the alkynes. This result is also 

consistent with experimental evidence – nearly identical absorption spectra of the monomer 

alkynyl-acene chromophore and that of the meta dimer were observed.45 In the ortho dimers, 

chromophore orbitals extend onto the alkynes, but delocalization onto the benzene ring is more 

significant than in meta. In the planar para dimers, however, we see that the benzene orbitals 

strongly participate in the HOMO and LUMO, and the node in the middle of the ring in the HOMO 

disappears in the LUMO, suggesting that electronic communication through the middle ring 

becomes more accessible in the excited state. This phenomenon has been ascribed to cumulene 

bond arrangements in the excited states of the diethynylbenzenes in related studies.112 This 

 

Figure 5.  Left, Structure and species associated spectra extracted from transient absorption 

spectroscopy for an ortho diethynyl benzene bridged dimer (Table II, 7a).  Right, Structure of 

bipentacenes (Table I, 3a) and comparison of T1 and 1(TT) transient absorption spectra. 

Adapted with permission from Sanders et al., J. Am. Chem. Soc. 2015, 137, 28, 8965-8972. 

Copyright 2015 American Chemical Society. 
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enhanced communication via the benzene ring is likely responsible for the  much faster SF and 

TTA rates in the para and ortho, and weak coupling in the meta arrangement reduces the SF rate, 

creating a small amount of long lived triplets. We surmise that a similar orbital analysis is 

responsible for the SF dynamics in the analogous pentacene dimers, however, the meta pentacene 

dimer is still able to undergo efficient SF because the process is energetically driven, and given 

sufficient time the system finds a path to the lowest energy excited state. The energetic driving 

force for 1(T1T1) state formation is unavailable in the meta tetracene dimer, and without electronic 

coupling, the chromophores behave nearly independently and spend most of their lifetime in the 

singlet state.  

 

 

Figure 6. The HOMO (left) and the LUMO (right) of a) ortho, b) meta, and c) para 

diethynylbenzene bridged tetracene dimers. calculated at the B3LYP/6-31++G** level of theory. 
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Along similar lines a recent theoretical work presented a simple model based on 

Ovchinnikov rule that correctly describes the SF behavior in diethynylbenzene-linked acene 

compounds.113 The model predicts the energetic ordering of the 1(T1T1), 3(T1T1), and 5(T1T1) states 

in these molecular systems, and their energetics relative to the free triplets. The results suggest that 

in meta, the 1(T1T1) state lies above the 5(T1T1) state (and in tetracene above S1S0 as well), 

accurately describing the formation of distinct triplet absorption signatures in the pentacene meta 

dimer, and inaccessibility of the 1(T1T1) state in the tetracene dimer. The studies of these dimer 

model systems indicate that chromophore coupling plays an immense role in SF dynamics, and 

the effects are particularly pronounced in tetracene dimers: weakly coupled tetracene dimers form 

unbound triplet pairs but in low yields, while the strongly coupled dimers produce the 1(T1T1) state 

rapidly, but this state is strongly bound and requires other means of separating the triplets.  

The role of excimer state in SF dynamics can be gleaned from another tetracene dimer with 

strong through-space chromophore coupling, namely  the xanthene-bridged tetracene dimer, 

reported by Liu et al.114 and Korovina et al.38 While intramolecular excimer formation has been 

proposed as the main S1 decay pathway based on photoluminescence measurements, theoretical 

calculations suggest that the 1(T1T1) state lies below the excimer state, and the S1 and 1(T1T1) 

potential energy surfaces undergo curve crossing. The spectral shape of the short-lived exited state 

(which forms within 200 fs) does indeed resemble that of the 1(T1T1) state of the ortho dimer. The 

analogous DPT/dimer host/guest experiment aimed at separating the triplets from the correlated 

pair resulted in photodegradation of the dimer (possibly via photocyclization) and the nature of the 

elusive excited state in this compound is still unresolved.38 The pentacene analogs of this 

compound, however, demonstrate rapid 1(T1T1) formation at 80 K as well as room temperature.88 

The room temperature measurements also indicate the presence of an excimer, which the authors 

describe as a 1(T1T1) excimer. The comparison of the acene dimers in this cofacial configuration 

further highlights the difference between tetracene and pentacene: the pentacene dimer readily 

forms distinct triplet features, while the tetracene dimer relaxes into a state that could be the 1(T1T1) 

state, but its resemblance to T1 is much less apparent.38,88  
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Table II. Summary of timescales of intramolecular SF in tetracene-based dimers. 

Chromophore Linker SF timescale  SF Yield TT lifetime  Solvent Ref. 

 

 
360  ± 30 ns 2.8±0.2 % 330 ± 20 ns Toluene 

106, 

107 

 

250 ± 10 ns 2.9±0.1 % 100 ± 10 ns Toluene 106 

 
 

70 ± 20 ns 6.3 ± 1.4 % 9 ± 2 ns Toluene 108 

360 ± 30 ns 2.8 ± 0.2 % 330 ± 20 ns Benzene 108 

 

 

9.1 ps ≤ 10 % 24.3 ns Toluene 96 

 

 

5.0 ± 0.5 ps 50 ± 8 % 36 ± 3 ns Toluene 96 

 

 

3.3 ± 0.2 ps 180 ± 20 % 33 ± 2 ps DCM 95 

  

 

6.7 ns 92 % 
Complicated 

Scheme 

Methylcyclo-

hexane 
66 

 
14 ps 175 ± 5 % 160 ns Benzonitrile 109 

 

 
2.0 ± 0.5 ps 154 ± 10 % 500 ± 50 ps THF 38 

 
1.5×104 ps ~1 % 4.6×103 ns THF 45 

 

48 ps 94 % 76 ps THF 45 

 

19 ps 70 % 20 ps THF 45 

6 

7 
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The effect of increased quantity of tethered chromophores on isoergic or endothermic SF 

is largely the same as on exothermic SF – the rate and yield of SF increases. A diphenyltetracene 

trimer was compared to its dimer analog by Liu and coworkers, and they observed nearly a 10 

increase in SF rate.115,116 Triplets formed on a timescale of 1.8 ns in the trimer, and 12.3 ns in the 

dimer, with the increase attributed to greater S1 delocalization, leading to greater entropic 

contribution.115,116 Another study from the same group compared the SF dynamics of the 

ortho-bis(ethynyltetracenyl)benzene dimer to a trimer in which the ethynyltetracenes are bridged 

by diphenylethynyltetracene (in the ortho positions on the phenyls).117 While they report rapid 

(picosecond) formation of triplet excitons in the trimer, it is difficult to draw mechanistic insights 

from this comparison.117 The middle chromophore has two alkynes while those on the ends have 

only one.117 In light of the recent work by Matsui et al.106 it would be expected that the middle 

chromophore has a lower T1 energy, and the trimer could thus be effectively undergoing 

heterofission.117  

Longer oligomers of tetracene were synthesized by Pun, Sanders and coworkers in a fashion 

similar to that of the previously mentioned pentacene oligomers,100 using a Suzuki step-growth 

polymerization reaction that yielded head-to-tail chains of chromophores with an average length 

of 7 repeat units.118  Upon photoexcitation, triplet pairs are formed on a sub-ps timescale but decay 

rapidly (<200 ps) without forming free triplets.  In thin films a small yield of free triplets does 

form with a lifetime beyond 50 ns, presumably from opportunities for interchain triplet hopping.  

Various charge acceptors were mixed into the polytetracene thin films to demonstrate viability in 

a photovoltaic context, and photocurrents for one acceptor, a cyano-substituted perylene diimide 

compound, were found to be influenced by SF.  Although the results are intriguing, the modest 

yield of free triplets and its unknown dependence on intrachain structure or interchain interactions 

leave a great deal of space for further systematic exploration of oligomers and their optimization 

for SF. 

The studies of covalently linked tetracenes provide a nice comparison to the covalently bound 

pentacenes. While all of the pentacene structures undergo SF with varying rates due to exothermic 

SF, resulting in distinct triplet spectra of the final states, the excited state dynamics of the tetracene 

dimers and oligomers are more intricate. In cases of strong chromophore coupling, formation of 
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the 1(T1T1) state was observed in tetracene dimers, but this state appears to be bound, likely due to 

the formation of T1---T1 being energetically uphill in these systems. In weakly coupled tetracene 

dimers, SF was reported to be very slow, resulting in small SF yields. Moreover, the relative S1/T1 

energetics in tetracene systems allow for persistent equilibrium between S1 and 1(T1T1) as was 

demonstrated by Gilligan et al. This equilibrium could present unique opportunities for 

applications, as emission from S1 is a sensitive reporter of the perturbations of the triplet pair that 

influence the equilibrium.  

C. Perylenes. Whereas studies of SF in acenes and their derivatives have yielded immense 

mechanistic insights about this process, the poor photostability and low extinction coefficients 

reduce their applicability in device applications. Intermolecular SF in bulk samples of perylene 

diimides (PDIs) has been extensively investigated.14,119-125 The dicarboximide substitution on the 

perylene core brings the S1/T1 ratio in PDIs closer to 2, while in the parent chromophore structure 

this ratio is significantly smaller, making SF in bare perylene endothermic by ~0.2-0.5 eV, 

depending on chromophore interactions.    Nonetheless, unsubstituted crystalline perylene has also 

been shown to undergo activated SF, but only in the β crystalline form.55  Reports of SF in 

covalently linked perylenes are scarce. Wasielewski and coworkers have explored the cofacial 

orientation of covalently-linked PDI dimers and observed excited state quenching via excimer or 

charge transfer states.126-128 Relaxation to the excimer in these structures did not lead to the 

formation of 1(T1T1) state, unlike in pentacene and tetracene dimers. The cofacial dimers of 

perylene on a xanthene and aryl-xanthene scaffolds studied by the same group also were assigned 

to relax to the excimer state, bypassing the 1(T1T1) state.129 The xanthene-bridged perylene dimer 

was recently studied by Ni, Sun and coworkers, who uncovered activated SF in this compound.130 

They determined the threshold for SF to be 3.06 eV, consistent with 1.5 eV T1 energy.130   

A recent study of phenylalkynylperylene oligomers provided valuable insights about 

endothermic SF.131 The phenylalkynyl substitution on the perylene core was shown to lower the 

excited state energies significantly, resulting in T1 of ~1.24 eV and S1 in the 2.36-2.20 eV range.131 

Assessment of excited state dynamics of linked phenylalkynylperylene dimer, trimer, and tetramer 

revealed that two chromophores are insufficient for triplet formation when SF is endothermic, and 

the S1-1(T1T1) equilibrium in the dimer eventually decays via fluorescence. Trimer and tetramer, 

however, provide sufficient statistical space for the two triplet excitons to separate, thereby 
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prolonging the lifetime of the 1(T1T1) state, and allowing it to decorrelate.131 Moreover, the SF rate 

increased with increasing oligomer length, further underscoring the benefits of exciton 

delocalization and implicates entropy as the enabling factor in endothermic SF.  

 

D. Emerging Heterocyclic SF chromophores   

Another class of compounds related to oligoacenes involves substitution of the terminal acene 

rings with thiophenes, which tend to have better chemical stability and could serve as better 

electron donors in photovoltaics.  The most common example is anthradithiophene (ADT), an 

electronicanalog of tetracene that has been shown to undergo SF in the solid state.76  Dimers of 

ADT have been constructed of various geometries,132,133 with a (dimethylsilyl)ethane linked dimer 

being studied for SF.133  It was found that conformational flexibility led to two equilibrium 

structures distinguished as cis and trans with respect to twisting about the linker.  These 

conformers adopt unique interchromophore geometries characterized as side-to-side (trans) or -

stacked (cis).  However, the cis isomer undergoes a transformation predominantly to an excimer 

state, whereas the trans isomer merely fluoresces despite likely having an expected exothermic 

energy balance for SF.  The interchromophore geometries are suggested to be less than optimal for 

engendering a fast SF rate.  Despite this negative result, with improved strategic design, ADT and 

related thiophene containing compounds have potential as a new class of covalently bound 

chromophores for SF. 

Diketopyrrolopyrroles (DPP) have also arisen as an intriguing class of compounds with 

potential for SF.  Solid-state films of DPP have exhibited efficient SF134 and also possess the 

desirable properties of being stable and strongly absorbing.  Dimers were recently synthesized and 

explored for SF25 that included a xanthene bridge connection, which enforces a face-to-face  

stacking geometry roughly mimicking the intermolecular geometries in the solid-state.  High 

solvent polarity induced formation of the fully charge-separated state of the dimer, inhibiting SF.  

Lower polarity solvents yielded an equilibrium between the localized S1 and the CT state, but 

triplets were similarly not detected.  The rationale for lack of SF in dimers vs. the solid despite 

similar interchromophore geometries was stated to be entropic effects, which could facilitate 

independent T1 formation in situations where proximal chromophores can accept triplets through 
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hopping.  Although there is a small intrinsic entropic gain from SF itself without delocalization ( 

2 kBT), any further beneficial entropic effect depends on the number of chromophores included as 

well as the degrees of freedom available in each state involved.  Elaborations of covalent DPP 

systems with additional design features may show improved SF properties. 

In 2006, 1,3-Diphenylisobenzofuran (DPIBF) was predicted and verified to have nearly 

isoergic SF.48  Subsequent studies of the monomer in solids confirmed this notion and found 

efficient SF occurring on a ps timescale.18,135,136  Various dimers containing the DPIBF 

chromophores were prepared, spanning the range of weak to moderate to strong coupling 

(Figure 7A).137,138  The dimers with weaker coupling exhibited almost no SF in nonpolar solution 

and largely underwent fluorescence.138  In polar solution (e.g., DMSO), new spectroscopic features 

emerged on a roughly 100 ps timescale that were correlated with the radical cation and anion of 

the monomer DPIBF.  This charge-transfer species was found to decay mostly to the ground state 

but also to T1, the yield of which was found to be in the 5-10% range.  It was not possible to decide 

if SF was the source of the triplets, but radical pair assisted intersystem crossing (ISC) was 

considered to be equally likely.  A much more strongly coupled version of the DPIBF dimer was 

also synthesized and studied photophysically.137  In that case, an intermediate forming on a ps 

timescale was also found, although solvent polarity was not effectual.  Through calculations and 

excitation wavelength dependent studies, it was concluded that the dimer exhibited 

localization/delocalization character in its excited state due to presence of planar and twisted 

conformers.  The planar conformers sustained delocalized singlet and triplet states, Figure 7C-D, 

which were formed from energy donation from the higher energy states of the twisted conformers, 

Figure 7B.  Localized triplets were also formed directly in the twisted conformers with a yield of 

roughly 30%, possibly born from SF.  The study showed that a range of SF couplings may exist 

even in just one molecular structure due to the conformational changes, and that planarity and the 

associated delocalization may be undesirable for an SF system that is approximately isoergic or 

slightly endoergic.   

 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



29 

 

 

E. Push-pull polymers  

Polymers represent a unique multichromophoric situation in which individual absorbers are 

tethered along a backbone that can be tailored for specific purposes.  Although some evidence for 

SF has been reported in classic conjugated polymers (PPV, poly-3-hexithophene),139-142 the 

energetics of the delocalized singlets and localized triplets yield a highly endothermic SF scenario. 

More recently, conjugated “push-pull” polymers for SF have been explored.143  An intriguing 

example is based on poly(benzothiophene dioxide) (PBTDO1), which was investigated for its 

potential for intramolecular SF.144  The charge-transfer nature of the singlet excited states leads to 

the opportunity to tune the exoergicity of SF by adjusting the donor and acceptor units, Figure 

8A.144  A high yield (170%) and fast formation of triplets was discovered in PBTDO1 in solution, 

although the lifetime of the triplets was exceedingly short (< 1 ns), Figure 8B.  Return to the ground 

state via geminate recombination along the one-dimensional chain was considered to be the culprit 

Figure 7. A. DPIBF monomer (blue), weakly coupled dimers (red, green) and strongly 

coupled dimer (purple), with solution triplet quantum yield values T.  B. Kinetic scheme 

includes parallel excitation/ decay pathways for two conformational isomers that produce (C) 

delocalized and (D) localized triplet states.  Adapted with permission from Schrauben et al. J. 

Phys. Chem. A 2016, 120, 20, 3473-3483. Copyright 2016 American Chemical Society. 
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for the short lifetime. A subsequent study employed PBTDO1 modified with two sidechains, linear 

and branched, to determine the influence of interchain interactions on triplet separation after SF.145  

It was verified that SF is intramolecular in nature even when polymer chains are coalesced into a 

film, but the initial fast decay rate of 1(T1T1) was reduced considerably.  The polymer with linear 

side chains produced the largest yield of long-lived triplets (25%), while the branched side chain 

polymer exhibited a two-fold reduced yield.  It was hypothesized that the close connection points, 

more common in with linear side chains that facilitate close approach, lead to a divergence from 

1D toward 2D triplet hopping behavior, Figure 8D.  In turn, this reduces the likelihood of geminate 

triplet-triplet annihilation.  Elaborations on this general concept of donor-acceptor polymers for 

intramolecular SF have included an isoindigo-based polymer,146 which undergoes SF with a near 

unity quantum yield in certain circumstances.  It was discovered that excessive aggregation of the 

polymer chains reduces SF, in contrast with the aforementioned example. The reduction is 

suggested to be due to inter-chain coupling that modified the S1-1(T1T1) energy balance, thus 

reducing the SF rate.  These results underscore the potential versatility of polymers both as agents 

of efficient intramolecular SF and also the elongation of triplet lifetime through introduction of 

pathways for triplet pair separation, as long as the initial step of intramolecular 1(T1T1) formation 

is protected from influence of other polymer chains. 
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F. Other chromophore dimers. Several recent publications report intramolecular SF in 

quinoidal bithiophene,147,148 boron-dipyrromethene (BODIPY) dimer149 and an antiaromatic 

polycyclic hydrocarbon.150  The Goodson lab has spectroscopically investigated a quinoidal 

bithiophene, and with the help of theory they report the excited state dynamics of this dimer in 

solution as relaxation to a dark 2Ag state. Since the 2T1 energy in this compound is much higher 

than S1, they interpret the dark 2Ag state as a bound 1(T1T1) state. The 2T1 of the BODIPY dimer 

investigated by Montero and coworkers is also greater than the S1; however the authors report 

triplet yield of 132%, based on the quantity of sensitized singlet oxygen that was measured upon 

photoexcitation of the dimer. The possibility of SF in systems with such relative S1/T1 energies is 

Figure 8.  A. Concept of donor-acceptor polymers for SF.  B. BTDO1 and PBTDO1 

structures.  C. ground state recovery and triplet dynamics in solution. D. Schematic of 

branching between 1(T1T1) decay pathways in films, including long-lived (>1 ns) triplets.  

Panels A-C adapated with permission from Nature/Springer/Palgrave, Busby, E. et al. Nature 

Materials 14, 426,  (2015).  Panel D from Pace et al., J. Phys. Chem. Lett. 2017, 8, 6086 used 

with permission. Copyright American Chemical Society 2017. 
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intriguing, and additional experiments should be carried out to conclusively rule out other decay 

pathways and to corroborate SF yields. Lastly, Wu and coworkers explored the excited state 

dynamics of a styryl-substituted dibenzopentalenes and reported sub-ps S1 decay kinetics in 

solution as well as film, with the resulting T1 spectra ascribed to the 1(T1T1) state. The relative S1 

and T1 energetics in these compounds indeed make them amenable to SF, however, the “monomer” 

analog of such compounds was not explored.  

IV. Summary 

The studies of intramolecular SF discussed above have greatly enriched the field and 

provided insights that researchers can now draw upon when designing the next generation of SF 

materials. Many of the questions and hypotheses put forth in the 2010 review by Smith and Michl, 

when the field was in its infancy, have now been addressed through clever molecular design. We 

have distilled our overview of the intramolecular SF into several key mechanistic insights outlined 

below. 

Charge transfer/charge resonance (CT/CR) states: Analysis of intramolecular SF indicates 

that role of CT/CR states in SF is highly system dependent. In rylenes, CT states serve as traps, 

and excited state population relaxation into a CT state in these systems eliminates SF. We suspect 

that rylene chromophores are better at accommodating charge and therefore exhibit substantially 

low-lying CT states when in close proximity to each other. In perylenes, where SF is not 

exothermic, CT states prohibit SF; in terrylenes, where SF is exothermic, the CT state energy can 

be raised slightly above the desired 1(T1T1) state with solvents of low polarity. In acenes, however, 

the CT state is rarely populated, but rather the CR states become admixed with the low energy 

excited states.35,54 Increasing the amplitude of CR configurations in the S1 and 1(T1T1) 

wavefunctions appears to be beneficial for SF in acenes,35,54 and this is particularly helpful for 

weakly coupled systems where SF is slow. Several studies have shown that increasing solvent 

polarity, thereby lowering the energy of CT/CR states and increasing their admixture into low 

lying excitonic states, results in faster SF. However, even in acenes, the role of these states is 

highly structure dependent. In covalent acene structures linked by the 2’ position, the 

center-to-center distance between chromophores is quite large, therefore the CT/CR states lie 

energetically far away from the relevant states and do not benefit SF. The benefit from CT states 

is particularly evident in push-pull polymers for SF for which strong charge transfer character is 
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intrinsically carried by the photoexcited S1 state.144,145  Thus, the choice of “donor” and “acceptor” 

subunits enables nearly continuous tunability of the SF energy balance. 

Excimers: The role of excimers in SF also appears to be nuanced and highly dependent on 

molecular structures. In cofacial rylenes, where large area of orbital overlap produces a deep 

excimer, the excimer state serves as a trap and prevents SF.30,151 In acenes, the 1(T1T1) state was 

shown to follow the potential energy surface of the S1 state such that relaxation into an excimer 

leads to 1(T1T1) formation, but the resulting 1(T1T1) is bound and cannot produce free triplets.38  

Exciton delocalization: The studies of acene and rylene oligomers have demonstrated that S1 

exciton delocalization improves SF rates. The covalent pentacene studies show that both strong 

and weak coupling of chromophores produces sufficient inter-chromophore interaction that results 

in increase of SF rate with increasing quantity of covalently-bound chromophores. S1 

delocalization and greater quantity of tethered chromophores appears to be particularly helpful for 

endothermic SF. The effect is two-fold: 1) increased rate of 1(T1T1) formation, and 2) increased 

probability of spatial separation of T1 excitons resulting in prolonged lifetimes.  

The 1(T1T1) state: the correlated triplet pair state is an integral part of the SF mechanism. 

While spatially separated, electronically decoupled triplets can retain spin correlation for 

nanoseconds, the 1(T1T1) state is typically thought of a state on two adjacent chromophores that 

forms during the earliest stages of SF. Without dimers it would be practically impossible to 

determine the spectral signature of this state, as triplet energy transfer in a crystal or bulk would 

separate the triplets in a matter of picoseconds in most situations. The transient absorption spectra 

of dimers in solution provide a glimpse at the spectral shape of the proximal 1(T1T1) state. It 

appears that in systems with exothermic SF, where equilibrium between S1 and 1(T1T1) lies almost 

completely on the 1(T1T1) side, the absorption shape of 1(T1T1) looks very similar to T1 absorption, 

but exhibits additional peaks that are not present in the sensitized T1 absorption spectrum. In 

tetracene-based dimers, where SF is roughly isoergic, the shape of the 1(T1T1) state depends on the 

chromophore coupling. In dimers where tetracenes are strongly coupled, the spectral shape 

assigned to 1(T1T1) has significant similarity to the S1 absorption.38,45 A more likely scenario is 

that in such systems the 1(T1T1) and S1 are equal contributors and decay together as an equilibrium 

due to the near isoergicity of SF. This was in fact shown to be the case in the tetracene dimer 

studied by Gilligan et al.96 In oligomer systems with strong electronic coupling, the 1(T1T1) state 
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has similar photoinduced absorption features as the sensitized T1, but the amplitude of the ground 

state bleach is roughly ½.  

Decorrelation of 1(T1T1): TREPR studies of electronically weakly bound covalently linked 

chromophores show that the long-lived triplets born from SF are typically decorrelated. In most 

cases the decorrelation of 1(T1T1) proceeds via the quintet 5(T1T1) state, which is likely produced 

on a nanosecond timescale. If the decorrelation of 1(T1T1) occurs more quickly than its population 

decay, the resultant pair of triplets typically lives for microseconds. These long-lived decorrelated 

triplets have only been observed in weakly coupled dimers, and in oligomers, suggesting that 

minimizing electronic interactions between the triplets is crucial for facilitating decorrelation. We 

conclude that all of the factors listed in the second step of SF in Figure 1 play a role to some extent. 

Decorrelation is the key to forming long lived free triplets, but for the triplets to become 

decorrelated, they must first undergo electronic decoupling and transition from 1(T1T1) to 5(T1T1).  

In strongly coupled chromophore arrays, electronic decoupling is in turn achieved by spatial 

separation via Dexter energy transfer of triplet excitons to distant chromophores. We summarize 

these mechanistic steps in Figure 9.  

 

 

V. Outlook 

A. Alternate geometries. The majority of the intramolecular SF systems studied to date can be 

considered one dimensional, in a sense that the chromophores are linked in series rather than in 

parallel. It could be argued that as such they are not representative of bulk, where the chromophore 

arrays stretch in three dimensions. To get a better idea of how all of the excitonic processes affect 

 

Figure 9. Mechanism of SF built on insights from intramolecular SF studies. The ~ indicate 

that the given process only helps SF in certain systems, while competing with SF in others.  
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SF in a multi-dimensional space, it would be valuable to expand covalently-linked model systems 

to structures that arrange the chromophores in two and three dimensions. So far there are only two 

examples of multiple (three99 and four152) chromophores linked to single central node. However, 

the chromophore coupling through the bridges used in those studies is relatively weak, and it would 

be beneficial to assess the effects of multi-dimensional bonding arrangements through a strongly 

coupled linker.   

B. Endothermic SF. When it comes to PV or solar energy related applications of SF materials, 

the resultant triplet excitons must be sufficiently energetic to produce high open circuit voltages 

or be able to donate their energy to high efficiency PV materials. While the pentacene based 

materials have revealed many important details of the SF mechanism, their low T1 energies render 

them uncompetitive for PV applications. Instead, chromophores with T1 energies >1.2 eV are 

preferred. Moreover, to use the solar photon energy in a most efficient manner it would be desirable 

to minimize thermalization from S1 upon conversion to the 1(T1T1) state. This means that isoergic 

or slightly endothermic SF would be the most desirable. Endothermic SF has been a subject of 

recent debate, and we anticipate that it will become the focus of new research efforts in the future. 

It would be particularly interesting to learn about the interplay of chromophore coupling and 

endothermic SF, as well as the limits of endothermic SF.    

C. Strategies for Triplet Harvesting. One of the unique advantages of covalent vs. noncovalent 

systems is that the “intramolecular” SF is intrinsic and, in principle, not strongly affected by 

positioning the chromophores near a charge- or energy-harvesting partner.118,153  The covalent 

system comes “pre-assembled” and simply needs a means of encounter or attachment to the 

partner.  In that sense, many of the common architectures for charge extraction are applicable, 

including dye-sensitized or bulk-heterojunction schemes.24,154,155  However, the potential for tight 

coupling of the nascent triplets from SF within the covalent assembly may inhibit the exciton 

dissociation process, a problem recently considered in a host:guest system with molecular 

acceptors and polycrystalline pentacene.156  Some evidence has been put forth that the triplet pair 

1(T1T1) state itself can undergo charge injection,75 which would obviate the otherwise necessary 

step of triplet pair decorrelation.  There has been little work in this area, and more focused attention 

should be directed toward understanding additional criteria necessary for extraction of 

photocurrent after SF in these systems.24  In terms of energy transfer, quantum dots (QDs) and 
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related nanoscale absorbers have become popular partners for accepting triplet energy.157-159  

However, few studies have been aimed at coupling dimers or other covalent assemblies to QDs, 

and the influence of the nearby QD on the SF process could be substantial.  Nonetheless, fast (< 

ps) and efficient SF in the covalent molecular assembly followed by relatively slow (ns) triplet 

transfer to an emissive QD could represent an ideal scenario for efficient triplet harvesting. 

D. The role of conformations and vibrations.  

The aforementioned TIPS-BT1 and FLAP3 dimers possess C2v symmetry that in principle reduces 

the SF rate to zero.  However, certain vibrational motions of the dimer break the symmetry and 

enable nonzero SF couplings.160  These so-called “non-Condon” effects underscore the importance 

of considering not just the frozen equilibrium geometries but also the relative intramolecular 

juxtaposition that arises from natural motions of the dimer systems.  This represents a challenge 

for theory because it “smears” the optimized geometries by the amplitudes of nuclear motion at 

finite temperature.  In particular cases, such as with dimers of high symmetry, these motions are 

crucial toward activating SF.  A related challenge for theory lies in the previous example of 

perylene oligomers.  In that case, a distribution of accessible of final isolated triplet pair geometries 

needs to be computed and compared with the geometry of the initial 1(T1T1) state.  Low energy 

conformational changes are increasingly important for larger structures and even in cases with 

somewhat rigid bridges.161  

E. Covalent tuning of triplet-triplet interactions in other applications 

The necessary framework to describe properties of an intramolecular SF system that translate 

toward quantum information science (QIS) applications is still being developed.  Of course, 

efficient production of triplet pairs is requisite.  If inspiration is drawn from leading QIS materials 

systems, then isolation of the initially formed triplet pair from environment dephasing, including 

hopping between proximal chromophores, is paramount.162  Maintaining the spin entanglement 

that is naturally present at the birth of the triplet pair also requires limiting interactions with 

magnetic species and the minimization of spin-orbit coupling.  A high degree of spin polarization 

is likely to be required, and how this is facilitated from a molecular structure perspective remains 

to be elucidated.  However, many of the design principles described above for triplet pair 

production and harvesting will undoubtedly serve as a guide for this new purpose. 
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Although we have not considered the reverse process of SF in this article, photon triplet-triplet 

annihilation based upconversion (TTA-UC), the role of covalently coupled chromophores is 

beginning to be appreciated in that field as well.163-165  The annihilation of triplets is related to the 

fission of a singlet through microscopic reversibility, and many roughly isoergic SF systems are 

found to be excellent annihilators in TTA-UC schemes.  Properly designed dimers or other 

covalently bound chromophore species could represent the next phase of efficient TTA-UC 

systems, especially in architectures designed as solid-state. 

Acknowledgements: 

This work was authored in part by the National Renewable Energy Laboratory, operated by 

Alliance for Sustainable Energy, LLC, for the U.S. Department of Energy (DOE) under Contract 

No. DE-AC36-08GO28308.  Funding provided by the Solar Photochemistry Program of the U.S. 

Department of Energy, Office of Basic Energy Sciences, Division Chemical Sciences, 

Biosciences, and Geosciences. The views expressed in the article do not necessarily represent the 

views of the DOE or the U.S. Government. The U.S. Government retains and the publisher, by 

accepting the article for publication, acknowledges that the U.S. Government retains a 

nonexclusive, paid-up, irrevocable, worldwide license to publish or reproduce the published form 

of this work, or allow others to do so, for U.S. Government purposes. 

 

 

 

References 

 

1 Smith, M. B. & Michl, J. Recent Advances in Singlet Fission. Annu. Rev. Phys. Chem. 

64, 361 (2013). 

2 Smith, M. B. & Michl, J. Singlet Fission. Chem. Rev. 110, 6891 (2010). 

3 Tayebjee, M. J. Y., McCamey, D. R. & Schmidt, T. W. Beyond Shockley-Queisser: 

Molecular Approaches to High-Efficiency Photovoltaics. J. Phys. Chem. Lett. 6, 2367 

(2015). 

4 Tayebjee, M. J. Y., Gray-Weale, A. A. & Schmidt, T. W. Thermodynamic Limit of 

Exciton Fission Solar Cell Efficiency. J. Phys. Chem. Lett. 3, 2749 (2012). 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



38 

 

5 Hanna, M. C. & Nozik, A. J. Solar Conversion Efficiency of Photovoltaic and 

Photoelectrolysis Cells with Carrier Multiplication Absorbers. J. Appl. Phys. 100, 074510 

(2006). 

6 Nagata, R., Nakanotani, H., Potscavage, W. J. & Adachi, C. Exploiting Singlet Fission in 

Organic Light-Emitting Diodes. Advanced Materials 30, 1801484, 

doi:10.1002/adma.201801484 (2018). 

7 Weiss, L. R. et al. Strongly Exchange-Coupled Triplet Pairs in an Organic 

Semiconductor. Nat. Phys. 13, 176 (2017). 

8 Roberts, S. T. et al. Efficient Singlet Fission Discovered in a Disordered Acene Film. J. 

Am. Chem. Soc. 134, 6388 (2012). 

9 Margulies, E. A. et al. Enabling singlet fission by controlling intramolecular charge 

transfer in π-stacked covalent terrylenediimide dimers. Nature Chemistry 8, 1120, 

doi:10.1038/nchem.2589 

https://www.nature.com/articles/nchem.2589#supplementary-information (2016). 

10 Monahan, N. & Zhu, X. Y. Charge Transfer–Mediated Singlet Fission. Annu. Rev. Phys. 

Chem. 66, 601 (2015). 

11 Piland, G. B. & Bardeen, C. J. How Morphology Affects Singlet Fission in Crystalline 

Tetracene. The Journal of Physical Chemistry Letters 6, 1841-1846, 

doi:10.1021/acs.jpclett.5b00569 (2015). 

12 Yost, S. R. et al. A Transferable Model for Singlet-Fission Kinetics. Nat. Chem. 6, 492 

(2014). 

13 Lee, J. et al. Singlet Exciton Fission in a Hexacene Derivative. Adv. Mater. 25, 1445 

(2013). 

14 Eaton, S. W. et al. Singlet Exciton Fission in Polycrystalline Thin Films of a Slip-Stacked 

Perylenediimide. J. Am. Chem. Soc. 135, 14701 (2013). 

15 Burdett, J. J. & Bardeen, C. J. The dynamics of singlet fission in crystalline tetracene and 

covalent analogs. Acc. Chem. Res. 46, 1312 (2013). 

16 Burdett, J. J. & Bardeen, C. J. Quantum Beats in Crystalline Tetracene Delayed 

Fluorescence Due to Triplet Pair Coherences Produced by Direct Singlet Fission. J. Am. 

Chem. Soc. 134, 8597 (2012). 

17 Burdett, J. J., Gosztola, D. & Bardeen, C. J. The dependence of singlet exciton relaxation 

on excitation density and temperature in polycrystalline tetracene thin films: Kinetic 

evidence for a dark intermediate state and implications for singlet fission. The Journal of 

Chemical Physics 135, 214508, doi:10.1063/1.3664630 (2011). 

18 Johnson, J. C., Nozik, A. J. & Michl, J. High Triplet Yield from Singlet Fission in a Thin 

Film of 1,3-Diphenylisobenzofuran. J. Am. Chem. Soc. 132, 16302 (2010). 

19 Wang, C. & Tauber, M. J. High-Yield Singlet Fission in a Zeaxanthin Aggregate 

Observed by Picosecond Resonance Raman Spectroscopy. J. Am. Chem. Soc. 132, 13988 

(2010). 

20 Congreve, D. N. et al. External Quantum Efficiency Above 100% in a Singlet-Exciton-

Fission-Based Organic Photovoltaic Cell. Science 340, 334 (2013). 

21 Reusswig, P. D., Congreve, D. N., Thompson, N. J. & Baldo, M. A. Enhanced external 

quantum efficiency in an organic photovoltaic cell via singlet fission exciton sensitizer. 

Appl. Phys. Lett. 101, 113304 (2012). 

22 Jadhav, P. J., Mohanty, A., Sussman, J., Lee, J. & Baldo, M. A. Singlet Exciton Fission 

in Nanostructured Organic Solar Cells. Nano Lett. 11, 1495 (2011). 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.

https://www.nature.com/articles/nchem.2589#supplementary-information
https://www.nature.com/articles/nchem.2589#supplementary-information
https://www.nature.com/articles/nchem.2589#supplementary-information


39 

 

23 Einzinger, M. et al. Sensitization of silicon by singlet exciton fission in tetracene. Nature 

571, 90-94, doi:10.1038/s41586-019-1339-4 (2019). 

24 Gish, M. K., Pace, N. A., Rumbles, G. & Johnson, J. C. Emerging Design Principles for 

Enhanced Solar Energy Utilization with Singlet Fission. The Journal of Physical 

Chemistry C 123, 3923-3934, doi:10.1021/acs.jpcc.8b10876 (2019). 

25 Mauck Catherine, M. et al. Charge-Transfer Character in a Covalent 

Diketopyrrolopyrrole Dimer: Implications for Singlet Fission. ChemPhotoChem. 2, 223 

(2018). 

26 Basel, B. S. et al. Evidence for Charge-Transfer Mediation in the Primary Events of 

Singlet Fission in a Weakly Coupled Pentacene Dimer. Chem. 4, 1092 (2018). 

27 Hart, S., Silva, W. R. & Frontiera, R. R. Femtosecond stimulated Raman evidence for 

charge-transfer character in pentacene singlet fission. Chemical Science 9, 1242 (2018). 

28 Miller, C. E., Wasielewski, M. R. & Schatz, G. C. Modeling Singlet Fission in Rylene 

and Diketopyrrolopyrrole Derivatives: The Role of the Charge Transfer State in 

Superexchange and Excimer Formation. J. Phys. Chem. C 121, 10345 (2017). 

29 Lukman, S. et al. Tuning the Role of Charge-Transfer States in Intramolecular Singlet 

Exciton Fission through Side-Group Engineering. Nat. Commun. 7, 13622 (2016). 

30 Margulies, E. A. et al. Enabling Singlet Fission by Controlling Intramolecular Charge 

Transfer in π-Stacked Covalent Terrylenediimide Dimers. Nat. Chem. 8, 1120 (2016). 

31 Beljonne, D., Yamagata, H., Brédas, J. L., Spano, F. C. & Olivier, Y. Charge-Transfer 

Excitations Steer the Davydov Splitting and Mediate Singlet Exciton Fission in 

Pentacene. Phys. Rev. Lett. 110, 226402 (2013). 

32 Chan, W. L. et al. The Quantum Coherent Mechanism for Singlet Fission: Experiment 

and Theory. Acc. Chem. Res. 46, 1321 (2013). 

33 Chan, W. L., Ligges, M. & Zhu, X. Y. The Energy Barrier in Singlet Fission can be 

Overcome Through Coherent Coupling and Entropic Gain. Nat. Chem. 4, 840 (2012). 

34 Chan, W. L. et al. Observing the Multiexciton State in Singlet Fission and Ensuing 

Ultrafast Multielectron Transfer. Science 334, 1541 (2011). 

35 Feng, X., Casanova, D. & Krylov, A. I. Intra- and Intermolecular Singlet Fission in 

Covalently Linked Dimers. J. Phys. Chem. C 120, 19070 (2016). 

36 Kolomeisky, A. B., Feng, X. & Krylov, A. I. A simple kinetic model for singlet fission: 

A role of electronic and entropic contributions to macroscopic rates. J. Phys. Chem. C 

118, 5188 (2014). 

37 Pensack, R. D. et al. Exciton Delocalization Drives Rapid Singlet Fission in 

Nanoparticles of Acene Derivatives. J. Am. Chem. Soc. 137, 6790 (2015). 

38 Korovina, N. V. et al. Singlet Fission in a Covalently Linked Cofacial Alkynyltetracene 

Dimer. Journal of the American Chemical Society 138, 617-627, 

doi:10.1021/jacs.5b10550 (2016). 

39 Grieco, C. et al. Direct Observation of Correlated Triplet Pair Dynamics during Singlet 

Fission Using Ultrafast Mid-IR Spectroscopy. J. Phys. Chem. C 122, 2012 (2018). 

40 Grieco, C. et al. Dynamic Exchange During Triplet Transport in Nanocrystalline TIPS-

Pentacene Films. J. Am. Chem. Soc. 138, 16069 (2016). 

41 Pensack, R. D. et al. Observation of Two Triplet-Pair Intermediates in Singlet Exciton 

Fission. The Journal of Physical Chemistry Letters 7, 2370-2375, 

doi:10.1021/acs.jpclett.6b00947 (2016). 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



40 

 

42 Tayebjee, M. J. Y. et al. Quintet multiexciton dynamics in singlet fission. Nat. Phys. 13, 

182 (2017). 

43 Sakai, H. et al. Multiexciton Dynamics Depending on Intramolecular Orientations in 

Pentacene Dimers: Recombination and Dissociation of Correlated Triplet Pairs. The 

Journal of Physical Chemistry Letters 9, 3354-3360, doi:10.1021/acs.jpclett.8b01184 

(2018). 

44 Basel, B. S. et al. Unified Model for Singlet Fission within a Non-Conjugated Covalent 

Pentacene Dimer. Nat. Commun. 8, 15171 (2017). 

45 Korovina, N. V. et al. Linker-Dependent Singlet Fission in Tetracene Dimers. Journal of 

the American Chemical Society 140, 10179-10190, doi:10.1021/jacs.8b04401 (2018). 

46 Fallon, K. J. et al. Exploiting Excited-State Aromaticity To Design Highly Stable Singlet 

Fission Materials. Journal of the American Chemical Society 141, 13867-13876, 

doi:10.1021/jacs.9b06346 (2019). 

47 Wen, J., Havlas, Z. & Michl, J. Captodatively Stabilized Biradicaloids as Chromophores 

for Singlet Fission. Journal of the American Chemical Society 137, 165-172, 

doi:10.1021/ja5070476 (2015). 

48 Paci, I. et al. Singlet Fission for Dye-Sensitized Solar Cells:  Can a Suitable Sensitizer Be 

Found? Journal of the American Chemical Society 128, 16546-16553, 

doi:10.1021/ja063980h (2006). 

49 Casanova, D. Theoretical Modeling of Singlet Fission. Chemical Reviews 118, 7164-

7207, doi:10.1021/acs.chemrev.7b00601 (2018). 

50 Berkelbach, T. C. Electronic Structure and Dynamics of Singlet Fission in Organic 

Molecules and Crystals. Adv. Chem. Phys 162, 1-38 (2017). 

51 Buchanan, E. A. & Michl, J. Optimal arrangements of 1,3-diphenylisobenzofuran 

molecule pairs for fast singlet fission. Photochemical & Photobiological Sciences 18, 

2112-2124, doi:10.1039/C9PP00283A (2019). 

52 Tavan, P. & Schulten, K. Electronic excitations in finite and infinite polyenes. Physical 

Review B 36, 4337-4358, doi:10.1103/PhysRevB.36.4337 (1987). 

53 Dover, C. B. et al. Endothermic singlet fission is hindered by excimer formation. Nature 

Chemistry 10, 305, doi:10.1038/nchem.2926 

https://www.nature.com/articles/nchem.2926#supplementary-information (2018). 

54 Feng, X. & Krylov, A. I. On Couplings and Excimers: Lessons from Studies of Singlet 

Fission in Covalently Linked Tetracene Dimers. Phys. Chem. Chem. Phys. 18, 7751 

(2016). 

55 Albrecht, W., Michel-Beyerle, M. & Yakhot, V. Exciton fission in excimer forming 

crystal. Dynamics of an excimer build-up in α-perylene. Chemical Physics 35, 193-200 

(1978). 

56 Ito, S., Nagami, T. & Nakano, M. Singlet fission in pancake-bonded systems. Physical 

Chemistry Chemical Physics 19, 5737-5745, doi:10.1039/C6CP07641F (2017). 

57 Wilson, M. W. B. et al. Ultrafast Dynamics of Exciton Fission in Polycrystalline 

Pentacene. J. Am. Chem. Soc. 133, 11830 (2011). 

58 Grumstrup, E. M., Johnson, J. C. & Damrauer, N. H. Enhanced Triplet Formation in 

Polycrystalline Tetracene Films by Femtosecond Optical-Pulse Shaping. Phys. Rev. Lett. 

105, 257403-257401 (2010). 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.

https://www.nature.com/articles/nchem.2926#supplementary-information
https://www.nature.com/articles/nchem.2926#supplementary-information
https://www.nature.com/articles/nchem.2926#supplementary-information


41 

 

59 Marciniak, H., Pugliesi, I., Nickel, B. & Lochbrunner, S. Ultrafast singlet and triplet 

dynamics in microcrystalline pentacene films. Phys. Rev. B: Condens. Matter Mater. 

Phys. 79, 235318 (2009). 

60 Pope, M., Geacintov, N. E. & Vogel, F. Singlet Exciton Fission and Tri plet-Tri plet 

Exciton Fusion in Crystalline Tet racene. Molecular Crystals 6, 83-104, 

doi:10.1080/15421406908082953 (1969). 

61 Katoh, R. & Kotani, M. Fission of a higher excited state generated by singlet exciton 

fusion in an anthracene crystal. Chemical Physics Letters 196, 108-112, 

doi:https://doi.org/10.1016/0009-2614(92)85937-6 (1992). 

62 Klein, G., Voltz, R. & Schott, M. On singlet exciton fission in anthracene and tetracene at 

77°K. Chemical Physics Letters 19, 391-394, doi:https://doi.org/10.1016/0009-

2614(73)80388-4 (1973). 

63 Schwob, H. P. & Williams, D. F. Charge transfer exciton fission in anthracene crystals. 

The Journal of Chemical Physics 58, 1542-1547, doi:10.1063/1.1679392 (1973). 

64 Frankevich, E. L., Sokolik, I. & Lukin, L. Triplet Exciton–Charge Carrier Interaction in 

Anthracene. physica status solidi (b) 54, 61-65 (1972). 

65 Klein, G., Voltz, R. & Schott, M. Magnetic field effect on prompt fluorescence in 

anthracene: evidence for singlet exciton fission. Chemical Physics Letters 16, 340-344, 

doi:https://doi.org/10.1016/0009-2614(72)80288-4 (1972). 

66 Matsui, Y. et al. Exergonic Intramolecular Singlet Fission of an Adamantane-Linked 

Tetracene Dyad via Twin Quintet Multiexcitons. The Journal of Physical Chemistry C 

123, 18813-18823, doi:10.1021/acs.jpcc.9b04503 (2019). 

67 Groff, R. P., Avakian, P. & Merrifield, R. E. Coexistence of Exciton Fission and Fusion 

in Tetracene Crystals. Physical Review B 1, 815-817, doi:10.1103/PhysRevB.1.815 

(1970). 

68 Geacintov, N., Pope, M. & Vogel, F. Effect of Magnetic Field on the Fluorescence of 

Tetracene Crystals: Exciton Fission. Physical Review Letters 22, 593-596, 

doi:10.1103/PhysRevLett.22.593 (1969). 

69 Sutton, C., Tummala, N. R., Beljonne, D. & Brédas, J.-L. Singlet Fission in Rubrene 

Derivatives: Impact of Molecular Packing. Chemistry of Materials 29, 2777-2787, 

doi:10.1021/acs.chemmater.6b04633 (2017). 

70 Dron, P. I., Michl, J. & Johnson, J. C. Singlet Fission and Excimer Formation in 

Disordered Solids of Alkyl-Substituted 1,3-Diphenylisobenzofurans. The Journal of 

Physical Chemistry A 121, 8596-8603, doi:10.1021/acs.jpca.7b07362 (2017). 

71 Havlas, Z. & Michl, J. Guidance for Mutual Disposition of Chromophores for Singlet 

Fission. Israel Journal of Chemistry 56, 96-106, doi:10.1002/ijch.201500054 (2016). 

72 Desiraju, G. R. Crystal Engineering: From Molecule to Crystal. Journal of the American 

Chemical Society 135, 9952-9967, doi:10.1021/ja403264c (2013). 

73 Refaely-Abramson, S., da Jornada, F. H., Louie, S. G. & Neaton, J. B. Origins of Singlet 

Fission in Solid Pentacene from an ab initio Green's Function Approach. Physical Review 

Letters 119, 267401, doi:10.1103/PhysRevLett.119.267401 (2017). 

74 Greyson, E. C., Vura-Weis, J., Michl, J. & Ratner, M. A. Maximizing Singlet Fission in 

Organic Dimers: Theoretical Investigation of Triplet Yield in the Regime of Localized 

Excitation and Fast Coherent Electron Transfer. The Journal of Physical Chemistry B 

114, 14168-14177, doi:10.1021/jp907392q (2010). 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.

https://doi.org/10.1016/0009-2614(92)85937-6
https://doi.org/10.1016/0009-2614(73)80388-4
https://doi.org/10.1016/0009-2614(73)80388-4
https://doi.org/10.1016/0009-2614(72)80288-4
https://doi.org/10.1016/0009-2614(92)85937-6
https://doi.org/10.1016/0009-2614(92)85937-6
https://doi.org/10.1016/0009-2614(73)80388-4
https://doi.org/10.1016/0009-2614(73)80388-4
https://doi.org/10.1016/0009-2614(72)80288-4
https://doi.org/10.1016/0009-2614(72)80288-4


42 

 

75 Kim, H. et al. Enacting Two-Electron Transfer from a Double-Triplet State of 

Intramolecular Singlet Fission. Journal of the American Chemical Society 140, 7760-

7763, doi:10.1021/jacs.8b01884 (2018). 

76 Yong, C. K. et al. The entangled triplet pair state in acene and heteroacene materials. 

Nature Communications 8, 15953, doi:10.1038/ncomms15953 (2017). 

77 Chan, W. L., Tritsch, J. R. & Zhu, X. Y. Harvesting Singlet Fission for Solar Energy 

Conversion: One- versus Two-Electron Transfer from the Quantum Mechanical 

Superposition. J. Am. Chem. Soc. 134, 18295 (2012). 

78 Breen, I. et al. Triplet Separation Drives Singlet Fission after Femtosecond Correlated 

Triplet Pair Production in Rubrene. J. Am. Chem. Soc. 139, 11745 (2017). 

79 Ramanan, C., Smeigh, A. L., Anthony, J. E., Marks, T. J. & Wasielewski, M. R. 

Competition between Singlet Fission and Charge Separation in Solution-Processed Blend 

Films of 6,13-Bis(triisopropylsilylethynyl)pentacene with Sterically-Encumbered 

Perylene-3,4:9,10-bis(dicarboximide)s. J. Am. Chem. Soc. 134, 386 (2011). 

80 Rao, A., Wilson, M. W. B., Albert-Seifried, S., Di Pietro, R. & Friend, R. H. 

Photophysics of Pentacene Thin Films: The Role of Exciton Fission and Heating Effects. 

Phys. Rev. B: Condens. Matter Mater. Phys. 84, 195411 (2011). 

81 Walker, B. J., Musser, A. J., Beljonne, D. & Friend, R. H. Singlet Exciton Fission in 

Solution. Nat. Chem. 5, 1019 (2013). 

82 Hetzer, C., Guldi Dirk, M. & Tykwinski Rik, R. Pentacene Dimers as a Critical Tool for 

the Investigation of Intramolecular Singlet Fission. Chem. - Eur. J. 24, 1 (2018). 

83 Basel, B. S. et al. Pentacenes: A Molecular Ruler for Singlet Fission. Trends in 

Chemistry 1, 11-21, doi:https://doi.org/10.1016/j.trechm.2019.02.002 (2019). 

84 Sanders, S. N. et al. Understanding the Bound Triplet-Pair State in Singlet Fission. Chem 

5, 1988-2005, doi:https://doi.org/10.1016/j.chempr.2019.05.012 (2019). 

85 Lukman, S. et al. Tuneable Singlet Exciton Fission and Triplet–Triplet Annihilation in an 

Orthogonal Pentacene Dimer. Adv. Funct. Mater. 25, 5452 (2015). 

86 Zirzlmeier, J. et al. Solution-Based Intramolecular Singlet Fission in Cross-Conjugated 

Pentacene Dimers. Nanoscale 8, 10113 (2016). 

87 Zirzlmeier, J. et al. Singlet Fission in Pentacene Dimers. Proc. Natl. Acad. Sci. U. S. A. 

112, 5325 (2015). 

88 Basel, B. S. et al. Davydov splitting and singlet fission in excitonically coupled 

pentacene dimers. Chemical Science 10, 3854-3863, doi:10.1039/C9SC00384C (2019). 

89 Krishnapriya, K. C. et al. Spin density encodes intramolecular singlet exciton fission in 

pentacene dimers. Nature Communications 10, 33, doi:10.1038/s41467-018-07736-3 

(2019). 

90 Kumarasamy, E. et al. Tuning Singlet Fission in π-Bridge-π Chromophores. J. Am. 

Chem. Soc. 139, 12488 (2017). 

91 Fuemmeler, E. G. et al. A Direct Mechanism of Ultrafast Intramolecular Singlet Fission 

in Pentacene Dimers. ACS Central Science 2, 316-324, doi:10.1021/acscentsci.6b00063 

(2016). 

92 Sanders, S. N. et al. Exciton Correlations in Intramolecular Singlet Fission. Journal of the 

American Chemical Society 138, 7289-7297, doi:10.1021/jacs.6b00657 (2016). 

93 Sanders, S. N. et al. Quantitative Intramolecular Singlet Fission in Bipentacenes. J. Am. 

Chem. Soc. 137, 8965 (2015). 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.

https://doi.org/10.1016/j.trechm.2019.02.002
https://doi.org/10.1016/j.chempr.2019.05.012
https://doi.org/10.1016/j.trechm.2019.02.002
https://doi.org/10.1016/j.trechm.2019.02.002
https://doi.org/10.1016/j.chempr.2019.05.012
https://doi.org/10.1016/j.chempr.2019.05.012


43 

 

94 Trinh, M. T. et al. Distinct properties of the triplet pair state from singlet fission. Science 

Advances 3, e1700241, doi:10.1126/sciadv.1700241 (2017). 

95 Yamakado, T. et al. Conformational Planarization vs Singlet Fission: Distinct Excited-

State Dynamics of Cyclooctatetraene-Fused Acene Dimers. Angew. Chem., Int. Ed. 57, 

5438 (2018). 

96 Gilligan, A. T., Miller, E. G., Sammakia, T. & Damrauer, N. H. Using Structurally Well-

Defined Norbornyl-Bridged Acene Dimers to Map a Mechanistic Landscape for 

Correlated Triplet Formation in Singlet Fission. Journal of the American Chemical 

Society 141, 5961-5971, doi:10.1021/jacs.9b00904 (2019). 

97 Vallett, P. J., Snyder, J. L. & Damrauer, N. H. Tunable Electronic Coupling and Driving 

Force in Structurally Well-Defined Tetracene Dimers for Molecular Singlet Fission: A 

Computational Exploration Using Density Functional Theory. J. Phys. Chem. A 117, 

10824 (2013). 

98 Sakuma, T. et al. Long-Lived Triplet Excited States of Bent-Shaped Pentacene Dimers 

by Intramolecular Singlet Fission. J. Phys. Chem. A 120, 1867 (2016). 

99 Alagna, N. et al. Singlet Fission in Tetraaza-TIPS-Pentacene Oligomers: From fs 

Excitation to μs Triplet Decay via the Biexcitonic State. The Journal of Physical 

Chemistry B 123, 10780-10793, doi:10.1021/acs.jpcb.9b08031 (2019). 

100 Sanders, S. N. et al. Singlet Fission in Polypentacene. Chem. 1, 505 (2016). 

101 Pun, A. B. et al. Ultra-fast intramolecular singlet fission to persistent multiexcitons by 

molecular design. Nature Chemistry 11, 821-828, doi:10.1038/s41557-019-0297-7 

(2019). 

102 Hetzer, C. et al. Chromophore Multiplication To Enable Exciton Delocalization and 

Triplet Diffusion Following Singlet Fission in Tetrameric Pentacene. Angewandte 

Chemie 131, 15407-15411, doi:10.1002/ange.201907221 (2019). 

103 Chen, M. et al. Quintet-triplet mixing determines the fate of the multiexciton state 

produced by singlet fission in a terrylenediimide dimer at room temperature. Proceedings 

of the National Academy of Sciences 116, 8178, doi:10.1073/pnas.1820932116 (2019). 

104 Mandal, A. et al. Two-Dimensional Electronic Spectroscopy Reveals Excitation Energy-

Dependent State Mixing during Singlet Fission in a Terrylenediimide Dimer. Journal of 

the American Chemical Society 140, 17907-17914, doi:10.1021/jacs.8b08627 (2018). 

105 Margulies, E. A. et al. Direct Observation of a Charge-Transfer State Preceding High-

Yield Singlet Fission in Terrylenediimide Thin Films. Journal of the American Chemical 

Society 139, 663-671, doi:10.1021/jacs.6b07721 (2017). 

106 Matsui, Y. et al. Exergonic Intramolecular Singlet Fission of an Adamantane-Linked 

Tetracene Dyad via Twin Quintet Multiexcitons. The Journal of Physical Chemistry C, 

doi:10.1021/acs.jpcc.9b04503 (2019). 

107 Müller, A. M., Avlasevich, Y. S., Schoeller, W. W., Müllen, K. & Bardeen, C. J. Exciton 

Fission and Fusion in Bis(tetracene) Molecules with Different Covalent Linker 

Structures. J. Am. Chem. Soc. 129, 14240 (2007). 

108 Müller, A. M., Avlasevich, Y. S., Müllen, K. & Bardeen, C. J. Evidence for exciton 

fission and fusion in a covalently linked tetracene dimer. Chem. Phys. Lett. 421, 518 

(2006). 

109 Cook, J. D., Carey, T. J. & Damrauer, N. H. Solution-Phase Singlet Fission in a 

Structurally Well-Defined Norbornyl-Bridged Tetracene Dimer. J. Phys. Chem. A 120, 

4473 (2016). 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



44 

 

110 Nakamura, S. et al. Quantitative Sequential Photoenergy Conversion Process from 

Singlet Fission to Intermolecular Two-Electron Transfers Utilizing Tetracene Dimer. 

ACS Energy Letters 4, 26-31, doi:10.1021/acsenergylett.8b01964 (2019). 

111 Joy, J., Korovina, N., Thompson, M. & Bradforth, S. Decoupling inter- and intra-dimer 

singlet fission. Vol. 10348 OPN (SPIE, 2017). 

112 Levitus, M. et al. Steps To Demarcate the Effects of Chromophore Aggregation and 

Planarization in Poly(phenyleneethynylene)s. 1. Rotationally Interrupted Conjugation in 

the Excited States of 1,4-Bis(phenylethynyl)benzene. Journal of the American Chemical 

Society 123, 4259-4265, doi:10.1021/ja003959v (2001). 

113 Abraham, V. & Mayhall, N. J. Simple Rule To Predict Boundedness of Multiexciton 

States in Covalently Linked Singlet-Fission Dimers. J. Phys. Chem. Lett. 8, 5472 (2017). 

114 Liu, H. et al. Synthesis and photophysical properties of a “face-to-face” stacked tetracene 

dimer. Physical Chemistry Chemical Physics 17, 6523-6531, doi:10.1039/C4CP05444J 

(2015). 

115 Liu, H. et al. A Covalently Linked Tetracene Trimer: Synthesis and Singlet Exciton 

Fission Property. Org. Lett. 19, 580 (2017). 

116 Liu, H. et al. Singlet exciton fission in a linear tetracene tetramer. Journal of Materials 

Chemistry C 6, 3245-3253, doi:10.1039/C7TC05783K (2018). 

117 Wang, X. et al. Intramolecular singlet fission in a face-to-face stacked tetracene trimer. 

Phys. Chem. Chem. Phys. 20, 6330 (2018). 

118 Pun Andrew, B. et al. Triplet Harvesting from Intramolecular Singlet Fission in 

Polytetracene. Adv. Mater. 29, 1701416 (2017). 

119 Le, A. K. et al. Singlet Fission Involves an Interplay between Energetic Driving Force 

and Electronic Coupling in Perylenediimide Films. Journal of the American Chemical 

Society 140, 814-826, doi:10.1021/jacs.7b11888 (2018). 

120 Renaud, N. & Grozema, F. C. Intermolecular Vibrational Modes Speed Up Singlet 

Fission in Perylenediimide Crystals. The Journal of Physical Chemistry Letters 6, 360-

365, doi:10.1021/jz5023575 (2015). 

121 Mirjani, F., Renaud, N., Gorczak, N. & Grozema, F. C. Theoretical Investigation of 

Singlet Fission in Molecular Dimers: The Role of Charge Transfer States and Quantum 

Interference. The Journal of Physical Chemistry C 118, 14192-14199, 

doi:10.1021/jp503398a (2014). 

122 Renaud, N., Sherratt, P. A. & Ratner, M. A. Mapping the Relation between Stacking 

Geometries and Singlet Fission Yield in a Class of Organic Crystals. The Journal of 

Physical Chemistry Letters 4, 1065-1069, doi:10.1021/jz400176m (2013). 

123 Aulin, Y. V. et al. Morphology-Independent Efficient Singlet Exciton Fission in Perylene 

Diimide Thin Films. ChemPlusChem 83, 230-238, doi:10.1002/cplu.201700449 (2018). 

124 Le, A. K., Bender, J. A. & Roberts, S. T. Slow Singlet Fission Observed in a 

Polycrystalline Perylenediimide Thin Film. The Journal of Physical Chemistry Letters 7, 

4922-4928, doi:10.1021/acs.jpclett.6b02320 (2016). 

125 Farag, M. H. & Krylov, A. I. Singlet Fission in Perylenediimide Dimers. The Journal of 

Physical Chemistry C 122, 25753-25763, doi:10.1021/acs.jpcc.8b05309 (2018). 

126 Brown, K. E., Salamant, W. A., Shoer, L. E., Young, R. M. & Wasielewski, M. R. Direct 

Observation of Ultrafast Excimer Formation in Covalent Perylenediimide Dimers Using 

Near-Infrared Transient Absorption Spectroscopy. The Journal of Physical Chemistry 

Letters 5, 2588-2593, doi:10.1021/jz5011797 (2014). 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.



45 

 

127 Lefler, K. M. et al. Triplet State Formation in Photoexcited Slip-Stacked Perylene-

3,4:9,10-bis(dicarboximide) Dimers on a Xanthene Scaffold. J. Phys. Chem. A 117, 

10333 (2013). 

128 Margulies, E. A., Shoer, L. E., Eaton, S. W. & Wasielewski, M. R. Excimer formation in 

cofacial and slip-stacked perylene-3,4:9,10-bis(dicarboximide) dimers on a redox-

inactive triptycene scaffold. Physical Chemistry Chemical Physics 16, 23735-23742, 

doi:10.1039/C4CP03107E (2014). 

129 Cook, R. E. et al. Excimer Formation and Symmetry-Breaking Charge Transfer in 

Cofacial Perylene Dimers. The Journal of Physical Chemistry A 121, 1607-1615, 

doi:10.1021/acs.jpca.6b12644 (2017). 

130 Ni, W. et al. Singlet Fission from Upper Excited Electronic States of Cofacial Perylene 

Dimer. The Journal of Physical Chemistry Letters 10, 2428-2433, 

doi:10.1021/acs.jpclett.9b00717 (2019). 

131 Korovina, N. V., Chang, C. & Johnson, J. C. Spatial Separation of Triplet Excitons 

Drives Endothermic Singlet Fission. Nature Chemistry, doi:10.1038/s41557-020-0422-7 

(2020). 

132 Balandier, J.-Y. et al. Dimers of Anthrathiophene and Anthradithiophene Derivatives: 

Synthesis and Characterization. Organic Letters 13, 548-551, doi:10.1021/ol102776p 

(2011). 

133 Dean, J. C. et al. Photophysical characterization and time-resolved spectroscopy of a 

anthradithiophene dimer: exploring the role of conformation in singlet fission. Phys. 

Chem. Chem. Phys. 19, 23162 (2017). 

134 Mauck, C. M. et al. Singlet Fission via an Excimer-Like Intermediate in 3,6-

Bis(thiophen-2-yl)diketopyrrolopyrrole Derivatives. Journal of the American Chemical 

Society 138, 11749-11761, doi:10.1021/jacs.6b05627 (2016). 

135 Ryerson, J. L. et al. Two Thin Film Polymorphs of the Singlet Fission Compound 1,3-

Diphenylisobenzofuran. J. Phys. Chem. C 118, 12121 (2014). 

136 Schrauben, J. N., Ryerson, J. L., Michl, J. & Johnson, J. C. Mechanism of Singlet Fission 

in Thin Films of 1,3-Diphenylisobenzofuran. Journal of the American Chemical Society 

136, 7363-7373, doi:10.1021/ja501337b (2014). 

137 Schrauben, J. N. et al. Excitation Localization/Delocalization Isomerism in a Strongly 

Coupled Covalent Dimer of 1,3-Diphenylisobenzofuran. J. Phys. Chem. A 120, 3473 

(2016). 

138 Johnson, J. C. et al. Toward Designed Singlet Fission: Solution Photophysics of Two 

Indirectly Coupled Covalent Dimers of 1,3-Diphenylisobenzofuran. J. Phys. Chem. B 

117, 4680 (2013). 

139 Zhai, Y., Sheng, C. & Vardeny, Z. V. Singlet fission of hot excitons in π-conjugated 

polymers. Philosophical Transactions of the Royal Society A: Mathematical, Physical 

and Engineering Sciences 373, 20140327, doi:10.1098/rsta.2014.0327 (2015). 

140 Musser, A. J. et al. Activated Singlet Exciton Fission in a Semiconducting Polymer. 

Journal of the American Chemical Society 135, 12747-12754, doi:10.1021/ja405427j 

(2013). 

141 Wohlgenannt, M. et al. Singlet Fission in Luminescent and Nonluminescent II-

conjugated Polymers. Synthetic Metals 101, 267-268, doi:https://doi.org/10.1016/S0379-

6779(99)80002-2 (1999). 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.

https://doi.org/10.1016/S0379-6779(99)80002-2
https://doi.org/10.1016/S0379-6779(99)80002-2
https://doi.org/10.1016/S0379-6779(99)80002-2


46 

 

142 Musser, A. J., Al-Hashimi, M., Heeney, M. & Clark, J. Heavy-atom effects on 

intramolecular singlet fission in a conjugated polymer. The Journal of Chemical Physics 

151, 044902, doi:10.1063/1.5110269 (2019). 

143 Kasai, Y., Tamai, Y., Ohkita, H., Benten, H. & Ito, S. Ultrafast Singlet Fission in a Push–

Pull Low-Bandgap Polymer Film. Journal of the American Chemical Society 137, 15980-

15983, doi:10.1021/jacs.5b09361 (2015). 

144 Busby, E. et al. A design strategy for intramolecular singlet fission mediated by charge-

transfer states in donor–acceptor organic materials. Nature Materials 14, 426, 

doi:10.1038/nmat4175 

https://www.nature.com/articles/nmat4175#supplementary-information (2015). 

145 Pace, N. A. et al. Controlling Long-Lived Triplet Generation from Intramolecular Singlet 

Fission in the Solid State. J. Phys. Chem. Lett. 8, 6086 (2017). 

146 Hu, J. et al. New insights into the design of conjugated polymers for intramolecular 

singlet fission. Nature Communications 9, 2999, doi:10.1038/s41467-018-05389-w 

(2018). 

147 Chien, A. D. et al. Structure and Dynamics of the 1(TT) State in a Quinoidal 

Bithiophene: Characterizing a Promising Intramolecular Singlet Fission Candidate. The 

Journal of Physical Chemistry C 119, 28258-28268, doi:10.1021/acs.jpcc.5b07786 

(2015). 

148 Varnavski, O. et al. High Yield Ultrafast Intramolecular Singlet Exciton Fission in a 

Quinoidal Bithiophene. The Journal of Physical Chemistry Letters 6, 1375-1384, 

doi:10.1021/acs.jpclett.5b00198 (2015). 

149 Montero, R. et al. Singlet Fission Mediated Photophysics of BODIPY Dimers. The 

Journal of Physical Chemistry Letters 9, 641-646, doi:10.1021/acs.jpclett.7b03074 

(2018). 

150 Wu, Y. et al. Intramolecular Singlet Fission in an Antiaromatic Polycyclic Hydrocarbon. 

Angewandte Chemie 129, 9528-9532, doi:10.1002/ange.201704668 (2017). 

151 Giaimo, J. M. et al. Excited singlet states of covalently bound, cofacial dimers and 

trimers of perylene-3, 4:9, 10-bis (dicarboximide) s. J. Phys. Chem. A 112, 2322 (2008). 

152 Hetzer, C. et al. Chromophore multiplication to enable exciton delocalization and triplet 

diffusion following singlet fission in tetrameric pentacene. Angewandte Chemie 0, 

doi:10.1002/ange.201907221 (2019). 

153 Trinh, M. T. et al. Distinct properties of the triplet pair state from singlet fission. Science 

Advances 3, 7 (2017). 

154 Pace, N. A. et al. Dynamics of singlet fission and electron injection in self-assembled 

acene monolayers on titanium dioxide. Chemical Science 9, 3004-3013, 

doi:10.1039/C7SC04688J (2018). 

155 Schrauben, J. N. et al. Photocurrent Enhanced by Singlet Fission in a Dye-Sensitized 

Solar Cell. ACS Appl. Mater. Interfaces 7, 2286 (2015). 

156 Pace, N. A. et al. Slow charge transfer from pentacene triplet states at the Marcus 

optimum. Nature Chemistry 12, 63-70, doi:10.1038/s41557-019-0367-x (2020). 

157 Tabachnyk, M. et al. Resonant energy transfer of triplet excitons from pentacene to PbSe 

nanocrystals. Nature Materials 13, 1033, doi:10.1038/nmat4093 

https://www.nature.com/articles/nmat4093#supplementary-information (2014). 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.

https://www.nature.com/articles/nmat4175#supplementary-information
https://www.nature.com/articles/nmat4093#supplementary-information
https://doi.org/10.1016/S0379-6779(99)80002-2
https://www.nature.com/articles/nmat4175#supplementary-information
https://www.nature.com/articles/nmat4175#supplementary-information
https://www.nature.com/articles/nmat4093#supplementary-information


47 

 

158 Thompson, N. J. et al. Energy harvesting of non-emissive triplet excitons in tetracene by 

emissive PbS nanocrystals. Nat. Mater. 13, 1039 (2014). 

159 Kroupa, D. M. et al. Control of Energy Flow Dynamics between Tetracene Ligands and 

PbS Quantum Dots by Size Tuning and Ligand Coverage. Nano Letters 18, 865-873, 

doi:10.1021/acs.nanolett.7b04144 (2018). 

160 Alguire, E. C., Subotnik, J. E. & Damrauer, N. H. Exploring Non-Condon Effects in a 

Covalent Tetracene Dimer: How Important Are Vibrations in Determining the Electronic 

Coupling for Singlet Fission? J. Phys. Chem. A 119, 299 (2015). 

161 Winters, M. U. et al. Photophysics of a Butadiyne-Linked Porphyrin Dimer:  Influence of 

Conformational Flexibility in the Ground and First Singlet Excited State. The Journal of 

Physical Chemistry C 111, 7192-7199, doi:10.1021/jp0683519 (2007). 

162 Dobrovitski, V. V., Fuchs, G. D., Falk, A. L., Santori, C. & Awschalom, D. D. Quantum 

Control over Single Spins in Diamond. Annual Review of Condensed Matter Physics 4, 

23-50, doi:10.1146/annurev-conmatphys-030212-184238 (2013). 

163 Baluschev, S. et al. Blue-Green Up-Conversion: Noncoherent Excitation by NIR Light. 

Angewandte Chemie International Edition 46, 7693-7696, doi:10.1002/anie.200700414 

(2007). 

164 Pun, A. B., Sanders, Samuel N., Sfeir, M. Y., Campos, L. M. & Congreve, D. N. 

Annihilator dimers enhance triplet fusion upconversion. Chemical Science 10, 3969-

3975, doi:10.1039/C8SC03725F (2019). 

165 Gao, C. et al. Intramolecular Versus Intermolecular Triplet Fusion in Multichromophoric 

Photochemical Upconversion. The Journal of Physical Chemistry C 123, 20181-20187, 

doi:10.1021/acs.jpcc.9b07098 (2019). 

 

Pursuant to the DOE Public Access Plan, this document represents the authors' peer-reviewed, accepted manuscript. 
The published version of the article is available from the relevant publisher.

https://www.nature.com/articles/nmat4093#supplementary-information

	Abstract
	I. Introduction
	II. Intramolecular vs. Intermolecular Singlet Fission
	A. Intermolecular SF
	B. Intramolecular SF
	C. Charge-transfer
	D. Decorrelation
	E. Delocalization

	III. Dimers/oligomers
	A. Pentacenes
	B. Tetracenes
	C. Perylenes
	D. Emerging Heterocyclic SF chromophores
	E. Push-pull polymers
	F. Other chromophore dimers

	IV. Summary
	V. Outlook
	A. Alternate geometries
	B. Endothermic SF
	C. Strategies for Triplet Harvesting
	D. The role of conformations and vibrations
	E. Covalent tuning of triplet-triplet interactions in other applications

	Acknowledgements
	References
	References



