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Abstract

Entanglement of states is one of the most surprising and counterintuitive
consequences of quantum mechanics, with potent applications in cryptog-
raphy and computing. In organic semiconductor materials, one particularly
significant manifestation is the spin-entangled triplet-pair state, which con-
sists of a pair of localized triplet excitons coupled into an overall spin-0, -1,
or -2 configuration. The most widely analyzed of these is the spin-0 pair,
denoted 1(TT), which was initially invoked in the 1960s to explain delayed
fluorescence in acene films. It is considered an essential gateway state for
triplet-triplet annihilation and the reverse process, singlet fission, enabling
interconversion between one singlet and two triplet excitons without any
change in overall spin.This state has returned to the forefront of organicma-
terials research in recent years, thanks both to its central role in the resurgent
field of singlet fission and to its implication in a host of exotic new photo-
physical behaviors.Here we review the properties of triplet-pair states, from
first principles to recent experimental results.
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1. INTRODUCTION

In its simplest description, a triplet-pair state is made up of two correlated triplet (spin S = 1)
states. In the field of organic optoelectronics, these triplet-pair states have received a lot of interest
in recent years because of their role in singlet exciton fission, where a pair of triplets is created
from a single absorbed photon. This two-for-one process has the potential to be harnessed in
solar cells to beat the Shockley–Queisser limit, offering the opportunity of increasing power
conversion efficiency of even the most efficient solar cells (1). Additional interest in triplet-pair
states stems from the fact that the triplets within the pair are spin-entangled and could remain so
even as they separate (2).

Triplet pairs can also be formed from the encounter of two triplets, for example, in up-
conversion materials, resulting in an encounter complex triplet pair that, with the correct spin
configuration, can fuse to form a singlet exciton that emits. In both singlet fission and triplet
fusion, the triplet-pair state is an elusive state whose electronic and spin properties remain an
area of active research.

Triplet pairs are generally dark (nonemissive) and therefore often require indirect or multiple
experimental probes to uncover their nature and behavior. At the same time, theoretical descrip-
tions of multiexciton states in large and multimolecule systems push the boundaries of available
theoretical techniques (3). Our understanding of triplet-pair states in organic semiconductors has
progressed very rapidly over the past few years, and here we review this progress and describe our
current understanding. This review deals specifically with the nature and behavior of triplet-pair
states, rather than the processes of singlet fission or triplet fusion (triplet-triplet annihilation),
which have been reviewed elsewhere (1, 3–13).

2. BACKGROUND

A useful starting point when describing the triplet-pair states (see, e.g., 14) is their constituent
triplets. We therefore begin by describing two-electron states.

2.1. Two-Electron Singlet and Triplet States

In an isolated closed-shell molecule in which the electrons have paired spins in the ground state,
promoting an electron from the highest occupied molecular orbital (HOMO) to the lowest un-
occupied molecular orbital (LUMO) results in a two-electron excited state, often described as an
exciton (15, 16). This state can be described by a spatial wave function � and a spin wave function
χ , where the overall wave function is � = �χ . In terms of spin, the two unpaired electrons have
four possible combinations: |αα〉, |αβ〉, |βα〉, and |ββ〉 (see Figure 1), where |α〉 and |β〉 are the

usual eigenstates of the one-electron spin operators Ŝ
2
1 and Ŝ1z. These four combinations are not

eigenstates of the two-electron spin Hamiltonian, which are found by diagonalizing the matrix
of the total spin angular momentum operator: Ŝ2 = (

Ŝ1 + Ŝ2
)2. Diagonalizing Ŝ2 results in four

pure spin states: one singlet (S = 0) and three triplets (S = 1) (14, 17):

|S(2)
1 〉 = 1√

2
(|α1β2〉 − |β1α2〉),

|T (2)
−1 〉 = |−〉 = |β1β2〉

|T (2)
0 〉 = |0〉 = 1√

2
(|α1β2〉 + |β1α2〉), 1.

|T (2)
+1 〉 = |+〉 = |α1α2〉.
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Figure 1

The (a) two-electron and (b) four-electron product basis states, where |α〉 and |β〉 are the usual spin-up and spin-down single-electron
states. (c) The relative energies of the two-electron states (with two-electron states denoted by a superscript 2, omitted for the
four-electron states), including the fine structure of the triplets |x〉, |y〉, and |z〉 (Equation 3) given by the zero-field-splitting E and D
parameters (Equation 4). In singlet-fission materials,D is ∼105 times smaller than half the singlet/triplet splitting J0 [i.e., exchange
energy J0, defined as half the energetic separation between |S(2)1 〉 and |T (2)

1 〉]. The Davydov splitting in aggregates/crystals due to
resonant energy transfer and mixing between Frenkel excitons and charge-transfer excitons is shown for comparison (15, 16, 136).
(d) The relative energies of the four-electron states according to Scholes (2), who suggested that |S1〉 (i.e., the spin-0 triplet pair) is not
degenerate with any four-electron S = 1 triplet state, |T1〉. (e) The relative energies of the four-electron states according to Kollmar
(22), who, in contrast, suggested that |S1〉, |Q〉, and |T1〉 are all triplet-pair states and degenerate at two times the triplet energy ET . Also
shown is the fine-structure splitting of the lowest-lying |S1〉, |Q〉, and |T1〉 states due to the exchange term J in Equation 6, which can be
described by a configuration interaction that mixes the four-electron states with two-electron charge-transfer or exciton states. �ESQ is
often taken to be the binding energy of |S1〉 = 1(TT) (40). �ESQ ≈ 6J is estimated to be on the order of 10 meV (28, 31, 65).
Stabilization of |S1〉 and/or |Q〉 with respect to 2ET may be on the order of 100 meV (e.g., in tetracene-like materials). The origin of
this stabilization is not yet established.

Here |αi〉 and |βi〉 are the usual single-electron spin functions, where the indices refer to electron
1 or 2; the superscript on |S〉 or |T 〉 refers to the number of electron spins and the subscript to
theMs quantum number. As |T (2)

n 〉 are eigenstates of both Ŝ2 and Ŝz, they are often referred to as
the high-field basis since they describe the eigenstates when a magnetic field Bz is applied to the
system. In the literature, these eigenstates are also defined as the |−〉, |0〉, and |+〉 states, using the
Ms eigenvalue notation.

The three triplet states are symmetric when exchanging an electron from orbital 1 to orbital
2 (HOMO to LUMO). Therefore, the spatial component of the wave function must be anti-
symmetric according to the Pauli exclusion principle. Likewise, the singlet has an antisymmetric
spin wave function but a symmetric spatial wave function. As the spatial part of the triplet wave
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functions must contain a node, the Coulomb repulsion is lower. As a result, the triplet energy is
lower than that of the singlet by an amount proportional to the exchange energy 2J0, defined as
the energetic separation between |S(2)

1 〉 and |T (2)
1 〉 (see Figure 1c). In π-conjugated molecules, 2J0

is on the order of ∼0.5–1 eV.
In the absence of a magnetic field, the spins of the two electrons can interact, via a spin dipole-

dipole or spin-orbit interaction. The spin-orbit interaction is usually neglected in π-conjugated
hydrocarbons, although this may depend on nonadiabatic coupling (18). Neglecting spin-orbit
interaction, the dipolar interaction leads to splitting of the three triplets into sublevels. The zero-
field-splitting Hamiltonian is given by

ĤZFS = Ŝ · D · Ŝ, 2.

where D is a symmetric, traceless tensor that contains details of the spin-spin interaction. It can
be diagonalized by choosing a suitable coordinate system, termed principal axes: x, y, and z. The
principal axes are arbitrary and are usually defined so that the z direction has the largest dipolar
coupling strength. With the molecular coordinate system, the three triplet states become

|x〉 = 1√
2
(|ββ〉 − |αα〉),

|y〉 = i√
2
(|ββ〉 + |αα〉), 3.

|z〉 = 1√
2
(|αβ〉 + |βα〉).

Note that either of the triplet basis sets in Equation 1 or 3 can be used to provide a complete
description of the two-electron triplet subspace. The basis set chosen depends on the experimen-
tal observable. The relative energies of the three states in Equation 3 can be defined by the so-
called D and E parameters (14, 19) (see Figure 1). These values are usually small in π-conjugated
molecules, typically ∼10−5J0 ∼ 10 μeV. Defining X , Y , and Z as the relative energies of |x〉, |y〉,
and |z〉 (such that ĤZFS |x〉 = X |x〉, etc.), one obtainsD = 3Z

2 and E = X−Y
2 . By convention, D and

E are defined such that |D| ≥ 3|E| and |Dz| ≥ |Dx| ≥ |Dy| (20). From these definitions of D and
E, the zero-field-splitting Hamiltonian can be written as

ĤZFS = −X Ŝ2x −Y Ŝ2y − ZŜ2z ,

ĤZFS = D

[
Ŝ2z − Ŝ2

3

]
+ E

[
Ŝ2x − Ŝ2y

]
.

4.

In analogy with the classical dipole-dipole interaction, and assuming point dipoles, the
zero-field-splitting parameters D and E can be formulated as D = 3

4
μ0
4πh (geμB )2〈 r2−3z2

r5
〉 =

3
4

μ0
4πh (geμB )2〈 1−3cos2θ

r3 〉 and E = 3
4

μ0
4πh (geμB )2〈 y

2−x2
r5

〉, where r is the distance between unpaired elec-
tron spins, θ is the angle between the spin vector and the dipolar z-axis, and the angular brackets
denote the expectation value (20). Therefore, provided the point-dipole approximation holds, D
can be related to the average interspin distance and can be used to estimate the size of the triplet
exciton (20, 21), ∼1.38 Å (1.5 benzene rings) in tetracene (21). E contains information about the
rhombicity of the zero-field-splitting tensor (20) and is zero in axially symmetric molecules.
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2.2. Four-Electron Singlet, Triplet, and Quintet States

Having described the two-electron triplet and singlet states, their basis states, and energies
(Figure 1a,c), we move on to describe the four-electron states, which include triplet-pair states. A
four-electron system is extremely complex and cannot be solved through simple diagonalization
of a Hamiltonian, as done for the two-electron states above.However, in the context of this review,
it is useful to describe the triplet-pair states to first order using a model Hamiltonian (2, 3, 14, 22,
23).

This model assumes four electrons on sites A and B (see Figure 1b). Starting with these four
electrons, we can write 16 products: |αααα〉, |αααβ〉. . .|ββββ〉, where |α〉 and |β〉 are the usual
one-electron spin eigenstates described above. These product states are not eigenstates of Ŝ2 =
(Ŝ1 + Ŝ2 + Ŝ3 + Ŝ4)2, but using them to diagonalize Ŝ2 results in 16 pure spin states: 2 with S = 0
(singlet |Sn〉), 9 with S = 1 (triplet |Tn〉), and 5 with S = 2 (quintet |Q〉). Equation 5 shows the
spin part of the six four-electron spin wave functions that have MS = 0, according to Kollmar
(22):

Singlet 1 : |S1〉= 1√
12

(2 |ααββ〉 + 2 |ββαα〉 − |αβαβ〉 − |βααβ〉 − |αββα〉 − |βαβα〉),

Singlet 2 : |S2〉= 1
2
(|αβαβ〉 − |βααβ〉 − |αββα〉 + |βαβα〉),

Triplet 1 : |T1〉= 1√
2
(− |ααββ〉 + |ββαα〉),

Triplet 2 : |T2〉= 1√
2
(− |αβαβ〉 + |βαβα〉), 5.

Triplet 3 : |T3〉= 1√
2
(− |αββα〉 + |βααβ〉),

Quintet : |Q〉 = 1√
6
(|ααββ〉 + |ββαα〉 + |αβαβ〉 + |βααβ〉 + |αββα〉 + |βαβα〉).

Here, the numerical subscript counts the different singlet (n = 1, 2) and triplet (n = 1, 2, 3) states,
and |α〉 and |β〉 are the standard one-electron spin states. We have omitted any four-electron
superscripts for simplicity, although we continue to use superscripts for the two-electron states to
differentiate them.

The singlet and quintet wave functions presented here are identical to those in References 2,
3, 23, and 24. However, where reported, the triplet wave functions differ (2). We discuss |Tn〉 be-
low, concentrating for now on |Sn〉 and |Q〉. Provided that orbital overlap between the two sites
is weak, |Sn〉 and |Q〉 can be written as pairs of excitations (2, 10, 22). For example, the first sin-
glet state can be written as combinations of triplet excitations: |S1〉 ≈ 1√

3
(|00〉 − |+−〉 − |−+〉)

in the high-field basis (Equation 1) [or equivalently |S1〉 ≈ 1√
3
(|xx〉 + |yy〉 + |zz〉) in the zero-

field basis (Equation 3)]. This singlet state is therefore described as a correlated pair of triplets,
denoted 1(TT). |S2〉 can similarly be written as a pair of singlets 1(SS). Likewise, |QMS=0〉 ≈
− 1√

6
(|+−〉 + |−+〉 + 2 |00〉) shows that the quintet is also described as a correlated triplet pair:

5(TT). Therefore, ignoring wave function overlap or intertriplet spin-dipolar coupling (discussed
below), |S1〉 = 1(TT) and |Q〉 = 5(TT) are degenerate at an energy 2ET . Compared with these,
|S2〉 = 1(SS) lies 4J0 ∼ 1–2 eV higher in energy (Figure 1d,e) [J0 is the intrapair exchange energy,
defined as half the two-electron singlet-triplet energy gap (see Figure 1b)].
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Despite the use of similar methods of constructing the four-electron basis set, the three
S = 1 triplet states—|T1〉, |T2〉, and |T3〉—have been described differently in early work by Koll-
mar (22), reproduced in Equation 5, and more recent work by Scholes (2). According to Scholes
(2) (Figure 1d), |T3〉 is a correlated triplet-singlet pair, 3(TS), while |T1〉 and |T2〉 comprise explicit
singlet-triplet pair contributions as well as a linear combination of triplets that is an overall triplet
state. The presence of 3(TS) in all the |Tn〉 states lifts the degeneracy between |S1〉 and |Tn〉, as
shown in Figure 1d. Scholes calculates that the smallest |S1〉 − |T1〉 diabatic energy gap to first
order is 2

3 J0. In singlet-fission-based systems, it has typically been found that J0 ∼ 0.5 eV and J0
should dominate over any other intertriplet interaction terms.

In contrast to Scholes’s analysis, Kollmar (22) (Figure 1e) used a very similar construction
of the four-electron basis set but concluded that |T1〉 is a correlated triplet pair, 3(TT), with no
discernible singlet-triplet contribution. Both |T2〉 and |T3〉 are described as correlated singlet-
triplet pairs 3(TS), with energy ES + ET , shown in Figure 1e. The result of Kollmar’s description
is that |T1〉 is degenerate with both |Q〉 and |S1〉. In Kollmar’s case, all three of the lowest-lying
four-electron states can be described as pairs of triplets. All nine of the possible such triplet pairs,
including MS �= 0 states, are described in Merrifield’s (25) classic work in both triplet-product
bases.

The difference between Scholes’s (Figure 1d) and Kollmar’s (Figure 1e) analyses appears to
stem from the method of antisymmetrizing the total wave function. Kollmar emphasized the fact
that the triplet and singlet states require wave functions that are a sum of products of orbital and
spin contributions (26). The discrepancy in predicting the diabatic |T1〉-|S1〉 energy gap has im-
portant consequences for understanding the triplet-pair states and exploiting them. For example,
the maximum achievable yield of upconversion from triplet-triplet annihilation depends on the
relative position of |T1〉. Likewise, analysis of magnetic-field-dependent fluorescence and of elec-
tron paramagnetic resonance (EPR) spectroscopy requires knowledge of the relative position of
the low-lying |T1〉 levels (27–31). Recent magnetic-field-dependent fluorescence measurements
have been interpreted to suggest that |T1〉 lies very close (≤10 meV) to |S1〉 (28–31).

2.3. Fine Structure of the Lowest-Lying Four-Electron States

Having described the coarse electronic structure of the four-electron states, we move on to con-
sider the fine structure, which, as discussed in Section 3.4, is important to understand the dynamic
behavior of triplet-pair states. In the absence of nonadiabatic coupling and geometric molecular
reorganization, the fine structure of four-electron states is described by the total spin Hamilto-
nian. This is shown below for four electrons at sites A and B in the absence of spin-orbit coupling
(32–35):

Ĥspin =
∑
i=A,B

giμBB · Ŝi︸ ︷︷ ︸
Zeeman

+Di

(
Ŝ2i,z − Ŝ2

i /3
)

+ Ei
(
Ŝ2i,x − Ŝ2i,y

)
︸ ︷︷ ︸

Intratriplet dipolar

+ ŜA ·Dinter · ŜB︸ ︷︷ ︸
Intertriplet dipolar

+ J ŜA · ŜB︸ ︷︷ ︸
Exchange

. 6.

Here gi are the g factors of the electrons on sites i = A,B; μB is the Bohr magneton; B is the
external magnetic field; Di and Ei are the on-site zero-field parameters defined in Equation 4;
ŜA ·Dinter · ŜB can be formulated in different ways, depending on how the intertriplet geometry
and exchange interactions are accounted for (32–35); and it can be approximated toDAB(ŜA,zŜB,z −
ŜAŜB/3) (32), where DAB is the intertriplet dipolar coupling, and the spin operators are given by
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ŜA = Ŝ1 + Ŝ2 and ŜB = Ŝ3 + Ŝ4. In molecular systems such as tetracene, recent measurements
suggest that the intertriplet DAB is approximately 10 neV (21, 33), compared with intratriplet
Di ∼ 10 μeV. The E values are often set to zero for symmetric molecular systems as E 
 D (21,
32, 36). J is the exchange coupling term, which is currently thought to vary between 0 and 5 meV
(23, 28).

In this equation, the exchange term (J) is mediated by bond or orbital overlap, while the spin-
dipole terms (DAB, EAB) are considered as a through-space interaction. A bond-like interaction
requires orbital overlap and can be described using configuration interaction (22), for example, by
mixing between charge-transfer 1(CT), 3(CT) states, and correlated triplet-pair states |S1〉, |T1〉.
Since it is not possible to have charge-transfer states with S = 2 of comparable energy, |Q〉 does
not mix with other states in the absence of spin mixing. Therefore, ignoring nonadiabatic effects
and geometric molecular relaxation, its energy remains at that of two free triplets, defined as 2ET
(Figure 1e). On the other hand, |S1〉 and |T1〉 are stabilized through the configuration interaction.

As an example of how the configuration interaction relates to the exchange term in Equation 6,
and how we can use this to describe the relative energies of |S1〉, |T1〉, and |Q〉, let us consider the
case described in Reference 22. In this case, the triplet-pair states mix with a charge-transfer state
where transfer between orbitals 1 and 3 (see Figure 1b) is governed by the transfer integral t13.
By second-order perturbation theory (assuming |t13| 
 |J0|), the energy differences between |S1〉,
|T1〉, and |Q〉 are given by 2�EST = �EQT = t213/(U13 + J0). Here U13 is the Coulomb repulsion
between electrons in orbitals 1 and 3, and J0 is the exchange energy, defined as half the two-
electron singlet-triple gap (Figure 1c). The state ordering becomes E|S1〉 < E|T1〉 < E|Q〉.

This energetic splitting is characteristic of the exchange coupling J, when taking J =
−t213/2(U13 + J0). The energetic spacing becomes �EST = 2J and �EQT = 4J, as depicted in
Figure 1e. This energy splitting ratio is used to describe exchange coupling between triplet-pair
states in the literature, particularly in relation to spin resonance spectroscopy or magnetic-field
effects discussed in Section 3.4 (27–31, 36, 37).

The fine-structure splitting between sublevels and stabilization relative to 2ET is likely to be
more complex than that described here. It will include, for example, mixing between |S1〉 and
|S(2)

1 〉 that should stabilize |S1〉 relative to |T1〉 and |Q〉, and mixing with different charge-transfer
states (34). [We recall that throughout |S1〉 denotes the four-electron singlet (S = 0), while |S(2)

1 〉
denotes the two-electron singlet.] The simple description here also ignores nonadiabatic coupling
and geometric relaxation, which has been suggested (38–40) to be substantial (∼0.5 eV).

Following theory developed by Benk & Sixl (35), there are two limiting cases when consid-
ering the relative magnitudes of the exchange and dipolar coupling terms: The first case involves
mixed-spin states, where J → 0 due to negligible orbital overlap between sites. This means that
�ESQ ≈ 0. In this case, the dipolar terms DAB dominate, allowing mixing between |S1〉 and |Q〉 to
produce mixed |SQ〉 states, described in Reference 35. Note that, in the case of identical triplets,
|T1〉 does not mix with |S1〉 or |Q〉 due to symmetry. The second case involves pure spin states,
where J is sufficiently large such that �ESQ � D. In this case, the different spin states cannot mix
and remain pure |S1〉 and |Q〉.

Historically, the existence of mixed-spin states where �ESQ ≈ 0 was assumed in Merrifield’s
(25) and Suna’s (41) models of triplet-triplet annihilation. These models provide excellent pre-
dictions for <1 T magnetic-field delayed fluorescence measurements and, with the inclusion of
coherence (7), quantum beating. At the other extreme, pure spin states with significant configu-
ration interaction and �ESQ � D are known to occur in polyenes. In polyenes, the lowest-lying
singlet state, denoted 2Ag, is described by various configurations, the largest of which is a four-
electron spin-0 triplet-pair state, |S1〉 (42). This state is known to be significantly mixed with
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charge-transfer components and S(2)
1 (39, 43). In addition, 2Ag is known to be stabilized by ∼1 eV

through geometric reorganization (38, 39). In short-chain polyenes such as all-trans β-carotene,
experimental observations of the adiabatic |S1〉 state suggest that it behaves as expected for a pure
singlet state. For example, although symmetry forbidden, the nonradiative decay from |S1〉 is very
rapid, suggesting no need for spin mixing. Similarly, emission from |S1〉 is observed through a
Herzberg–Teller mechanism (44, 45). Such emission has been observed in free jet expansions
with incredible spectral resolution (45). These experiments demonstrated that the pure elec-
tronic 0-0 emission is absent. Instead, emission originates from a false origin due to odd-symmetry
Herzberg–Teller promotingmodes.These experiments demonstrate that if pure triplet-pair states
with significant �ESQ exist, their emission spectra should have a weak 0-0 emission.

3. RECENT EVIDENCE FOR BOUND TRIPLET-PAIR STATES

The Merrifield (25, 46) model of triplet-triplet annihilation and singlet fission developed in the
1970s, which assumes �ESQ ∼ 0 and an unbound or weakly bound 1(TT) state with mixed-
spin character, has been very successful in describing steady-state or delayed fluorescence
measurements with or without an applied magnetic field. However, with technological advances
in time-resolved optical and spin resonance spectroscopy, and the new observations these have
enabled, the concept of a bound—and therefore pure spin—triplet-pair state has been invoked in
recent years.

3.1. Identification of 1(TT)

At first the concept of a bound 1(TT) was used to resolve controversy over the interpretation of
ultrafast time-resolved measurements in pentacene thin films. This debate has previously been
reviewed elsewhere (4, 5), but we highlight that computational (47) and experimental (48) studies
claimed evidence of a distinct multiexcitonic (2Ag-like) 1(TT) state intermediate to singlet fission.
Both results proved highly controversial (4, 5, 49, 50) but inspired deeper investigation into the
possible nature of 1(TT).

More recently, to explain the surprising lack of a temperature dependence in the measured rate
of singlet fission in polycrystalline tetracene films, which is expected to demonstrate endoergic
singlet fission [(2ET − ES ) ≈ 250 meV], Burdett et al. (51) and Tayebjee et al. (52) tentatively
proposed that singlet fission proceeds through a lower-energy intermediate state. They described
this state as weakly emissive and potentially exhibiting triplet-pair character reminiscent of the
2Ag state in polyenes.

Following this, the role of an intermediate 1(TT) state to mediate endothermic singlet fission
was explicitly invoked in 2015 to describe the photophysics of concentrated TIPS-tetracene
solutions (53). Transient absorption measurements showed evidence of efficient singlet fission
through a diffusional mechanism (54), despite being endoergic by ∼250 meV. In the transient
absorption measurements, the intermediate state showed triplet-like absorption features on a
broad background. These features were directly correlated with excimer emission dynamics.
The authors assigned the intermediate state as an emissive, bound pair of triplets, 1(TT), that
was proposed to be an essential intermediate in endothermic singlet fission. This interpretation
has proved controversial, however, with others proposing a branching decay pathway from S(2)

1
either into excimers with no 1(TT) character or directly into free triplets (55). This debate
notwithstanding, the optical assignment of a bound 1(TT) intermediate in singlet fission has
inspired numerous subsequent studies.
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In the solid state, two ultrafast vibrational spectroscopy studies on pentacenes (56, 57) hinted
at the existence of an intermediate state that evolved into free triplets. A similar model was also
invoked in a much wider range of experimental systems, including covalent dimers (58), acene
nanocrystals (59, 60) and thin films (6, 58, 61, 62), but with ambiguous and often contradictory
definitions of 1(TT). Properties of this state such as its lifetime, excited-state structure, and ener-
getic position with respect to its parent singlet S(2)

1 (energy ES) and a pair of free triplets (energy
2ET ) remained unclear.

A series of three studies teased apart detailed temperature-dependent transient absorption and
emission data in 2017 to provide a more comprehensive description of the intermediate state and
its role in thin films (63–65). They showed, in polycrystalline films of a range of acenes (63, 65),
heteroacenes (65), and diradicaloid zethrenes (64), that the intermediate state can be identified
as 1(TT). Regardless of whether singlet fission is endoergic [ES < 2ET ] or exoergic [ES > 2ET ],
the 1(TT) state is energetically bound with respect to both its parent two-electron S(2)

1 and free
triplets, and as a singlet state it is capable of direct (symmetry-forbidden) emission analogous to
the polyene 2Ag state. Strikingly similar emission is also observed in defect-free single crystals of
pentacene (66). We briefly describe here the evidence used to justify these claims, described in
more detail in the following sections.

1. The prompt S(2)
1 emission (Figure 2a) decays with the same time constant as the initial S(2)

1
excited-state absorption features in transient absorption (Figure 2b) (63–65). This process
is temperature independent in all tested polycrystalline systems (51, 52, 63–65, 67), showing
that ES > E1(TT).

2. Following S(2)
1 decay, a new red-shifted emissive species can be observed (Figure 2a) (63–

65). The spectra typically exhibit well-resolved vibronic structure inconsistent with excimer
emission (see examples in Section 3.2). The emission dynamics of this state are closely cor-
related with a second state observed in transient absorption (Figure 2b) (64, 65), as demon-
strated by comparing the respective transient absorption and photoluminescence dynamics
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Figure 2

Identification of intermediate 1(TT) in F2-TES ADT film. (a) Transient photoluminescence reveals distinct prompt (black) and delayed
(red) emitting species. The rise of the delayed emitter can be directly resolved. (b) Low-temperature transient absorption shows
conversion from S(2)1 (black) to free triplets T1 + T1 (purple). The distinct species on intermediate timescales (red) can be identified as
1(TT). (c) Species population kinetics extracted from transient absorption (solid lines) show clear sequential progression and closely
track those from transient photoluminescence (dashed lines). The intermediate 1(TT) is thus emissive. The raw transient absorption
kinetic (diamonds) tracks both triplet-related species. Figure adapted from Reference 65, licensed under a Creative Commons
Attribution 4.0 International License.
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inFigure 2c.The absorption spectrum of this intermediate state is distinct from free triplets
(Figure 2b) (63–65).

3. The presence of this red-shifted emissive state coincides with quantum beating in the de-
layed emission (64, 65), demonstrating that—at least during this initial decay—the system
contains triplet pairs with correlated spin (33, 68, 69) (see Section 4).

4. The decay of the second state results in the formation of identifiable free triplets with long
lifetimes (e.g., Figure 2) (63–65), with the exception of isolated cases where no free triplets
can be identified (63–65).

5. The formation of free triplets from the intermediate state is temperature dependent to a
varying degree in all materials, providing evidence that E1(TT) < 2ET (63–65). The inter-
mediate state is therefore also bound with respect to free triplets.

6. The pure electronic emission energy (i.e., 0-0 emission energy) of the intermediate species
closely tracks 2ET , with an offset (64, 65) (Section 3.2). At the same time, the inter-
mediate state can show distinct triplet-like excited-state absorption fingerprints (63, 64)
(Section 3.3).

Together, these points identify an intermediate state in singlet fission and assign it to 1(TT).
They show that 1(TT) is bound with respect to both its parent two-electron singlet state S(2)

1
(energy ES) and a pair of free triplets (energy 2ET ) and, as we describe further below, is common
to all singlet-fission systems studied to date.

Having demonstrated the existence of 1(TT), we now look to describe its properties. We start
by defining the binding energy of 1(TT) asEb = 2ET − E1(TT).Then, assuming the quintet energy
is equal to 2ET (3), we see from Figure 1 that Eb = �ESQ = 6J. In other words, in the absence of
stabilization of |Q〉 [which might occur through geometrical reorganization (40) or nonadiabatic
coupling (18)], �ESQ is equal to 6J ≈ 20–200 meV (Section 3.2). This large separation would
prevent mixing between |S1〉 and |Q〉, suggesting that 1(TT) must be a pure spin state similar to
2Ag in carotenoids and other polyenes (Section 2.3). To test this conclusion, we now consider the
photophysical and spin properties of 1(TT) in more detail to determine whether 1(TT) is a pure
spin-singlet state and, if so, whether it behaves like the 2Ag state in polyenes.

3.2. Emission Spectra of 1(TT)

One of the most surprising findings in the studies described above is that 1(TT) is not a com-
pletely dark state but can emit photons (63–65). Because its decay is kinetically distinct from S(2)

1 ,
the 1(TT) emission spectrum can be isolated with spectral decomposition, as shown in Figure 2a.
Strikingly similar delayed emission spectra have been extensively studied in tetracene (51, 52,
70) (Figure 3b) and even observed in high-quality pentacene films (71) (Figure 3c) and single
crystals (66). The temperature dependence reveals stark differences between prompt and delayed
emissive species. At low temperatures, the prompt singlet emission typically exhibits strong en-
hancement of the 0-0 peak, due to a reduction in disorder that leads to greater delocalization and
consequently superradiance (52, 65, 67, 71, 72). The 1(TT) emission spectral shape, by contrast,
is largely temperature independent (52, 64, 65, 71). This behavior is indicative of a state that is
highly localized regardless of disorder, as might be expected for a triplet pair. We note that the
2Ag state in xanthophyll carotenoids shows similar temperature-independent behavior (44).

The most obvious question inspired by these spectra is simply, How can this nominally dark,
multiexcitonic state emit? As noted in Section 2.3, in polyenes emission from 2Ag occurs through
a Herzberg–Teller mechanism, where coupling to an odd-symmetry vibration breaks symmetry,
allowing the radiative transition. In analogy, we might expect that 1(TT) should emit through a
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Emission from 1(TT). Photoluminescence in polycrystalline films of (a) F2-TES ADT, (b) tetracene, and (c) pentacene, revealing a
vibronically structured subgap species enhanced at low temperature. This feature coincides with 1(TT) in transient absorption. (d) For
comparison, absorption (black) and emission (red) spectra of carotenoid deoxyperidinin at 77 K. Vibronically structured emission is
primarily from 2Ag in this carotenoid. (e) Extracted 1(TT) (F2-TES ADT, tetracene, pentacene) or 2Ag (deoxyperidinin) emission
(circles), which can be fitted with a Franck–Condon progression (red curves), allowing extrapolation of the 1(TT) 0-0 peak (dashed/green
curves). The tetracene spectrum is taken from Reference 51, and the others are from the panels above. Details of the fits are available in
Reference 65, except for deoxyperidinin, where the Huang–Rhys parameter is S = 2, the effective vibrational energy is 0.153 eV,
E0-0 = 2.02 eV, and Gaussian widths are kept constant for the different vibronic replicas at 0.08 eV. The red curves have 0-0 artificially
set to zero, while the dashed/green curves show the expected 0-0 intensity in the absence of symmetry-induced suppression. ( f ) The
stabilization of 1(TT) versus S(2)1 and 2ET , based on reported energy measurements. 1(TT) is in all cases lower in energy than 2ET . In
systems where 1(TT) is approximately isoenergetic with S(2)1 (e.g., TIPS-tetracene, F2-TES ADT), significant delayed fluorescence is
observed (63, 65). Materials are as follows: β-carotene (77, 78) [note here that S(2)1 = 1Bu and 1(TT) = 2Ag], TIPS-tetracene (63),
rubrene (65), tetracene (51, 52, 65, 67), P-zethrene (64), M-phenaleno-fluorene (64), F-heptazethrene (64), M-octazethrene (64),
T-octazethrene (64), F2-TES ADT (65), M-heptazethrene (64), T-heptazethrene (64), and pentacene (65, 66, 71). Zethrene solubilizing
units are triisopropylsilylethynyl (T, TIPS), mesityl (M), fluorinated mesityl (F), and phenylethynyl (P). Panel a adapted from Reference
65, licensed under a Creative Commons Attribution 4.0 International License. Panel b adapted with permission from Reference 67;
copyright 2013 American Chemical Society. Panel c adapted from Reference 71, with permission from AIP Publishing. Panel d adapted
with permission from Reference 74; copyright 2016 American Chemical Society.
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similar symmetry-breaking mechanism. This turns out to be the case. Calculations for F2-TES
ADT (65) show that emission requires the presence of a symmetry-breaking molecular distor-
tion as well as coupling to S(2)

1 . This is equivalent to Herzberg–Teller coupling. Interestingly,
two-dimensional electronic spectroscopy on acene films has also uncovered the reverse process:
Through coupling to vibrational modes, the 1(TT) state can mix with bright S(2)

1 and acquire weak
oscillator strength (57).

One of the key implications of emission via Herzberg–Teller coupling is that the 0-0 peak
should be suppressed in the absence of significant disorder (45, 73). Thus, to extract the energy of
1(TT) from the emission, we cannot simply read off the origin of the first spectral peak but must
instead consider the vibronic progression. As shown in Figure 3e, the most prominent peak in the
(hetero)acene spectra can be treated as the 0-1 emission. Fitting to that and the next (0-2) peak
with a standard Franck–Condon progression gives the spacing between peaks, and an estimate of
the Huang–Rhys parameter, allowing extrapolation of where the suppressed 0-0 peak should be.

Direct comparison of these spectra with polyene systems is difficult as similar analysis has not
been explicitly performed on polyenes in the condensed phase (44, 74, 75). This is because, in
contrast to the gas phase (45), polyene or carotenoid emission spectra are overlapped with S(2)

2
emission and broadened due to strong coupling to low-energy vibrational modes and conforma-
tional disorder (44). However, recent measurements on deoxyperidinin at 77 K (74) show clear,
structured 2Ag emission (Figure 3d,e). In this case, a Franck–Condon fit to the 0-1, 0-2, and 0-3
vibronic replica demonstrates that the 0-0 peak is only slightly suppressed, as well as being slightly
blue-shifted compared with the expected position. That 0-0 is not totally suppressed is probably
due to molecular disorder, as discussed in Reference 76. Although we do not expect such large
disorder in polycrystalline (hetero)acene films, in some instances the 0-0 peak is still only partially
suppressed. This is exemplified in pentacene at low temperatures (Figure 3c) (66, 71). As the ef-
fect of disorder should reduce as the temperature is lowered, the increased 1(TT) 0-0 emission
is instead tentatively linked to the evident superradiance (i.e., strong enhancement of 0-0) of the
bright S(2)

1 , which may partially counteract the 0-0 suppression in 1(TT).
In all cases, the position of the 0-0 peak can be taken as the approximate energy of the state.

It is reassuring that this energy tracks the 2ET energy rather than ES. This behavior is clearest in
zethrenes (64) and pentacene (66, 71), where the emission is substantially red-shifted from that of
S(2)
1 . This is observable even in defect-free single crystals (66). Such emission is currently the most

direct method of determining the energy of 1(TT). Using this energy, Figure 3f shows that in
every reported system (63–65), E1(TT) < 2ET , similar to polyenes (77, 78). A cautionary note is in
order regarding the interpretation of delayed emission spectra.We have focused the discussion on
systems in which the delayed emission exhibits clear vibronic structure as optimal examples of the
Herzberg–Teller model. However, in many other singlet-fission systems, the delayed emission is
less amenable to detailed analysis. Tetracene, for example, is well known to exhibit broad excimer
emission that partially overlaps with the 1(TT) spectrum (52, 65, 67). It can also be populated by
triplet-triplet annihilation, making it difficult to distinguish kinetically from 1(TT). However, the
excimer-forming defect sites can be eliminated through careful film processing (52, 67, 79), and
in other systems, such as rubrene (65), disordered TIPS-tetracene (63), diketopyrrolopyrrole (62),
and tetracene dimers (58), the overall envelope of 1(TT) emission can be distinguished. In these
cases, vibronic structure is absent, resulting in uncertainty in the Herzberg–Teller fitting (65).
The same logic used to assign direct emission from 1(TT) in thin films can be applied to certain
donor-acceptor polymers capable of intramolecular singlet fission, for example, the red-shifted
emission observed by Busby et al. (80) and by Hu et al. (81) in polyene-charge-transfer polymers.
This emission has been theoretically analyzed based on a modified polyene framework (82), sug-
gesting that coupling with charge-transfer states, rather than vibrations, breaks the symmetry to
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allow emission. This mode of symmetry breaking could also be occurring in deoxyperidinin in
Figure 3.

3.3. 1(TT) Excited-State Absorption

The first explicit invocation of a distinct 1(TT) state as an intermediate in singlet fission was
primarily justified through the decomposition of transient absorption data from concentrated so-
lutions of TIPS-tetracene (53) [see Dover et al. (55) for the controversy about this procedure].
The initial state could be identified as S(2)

1 on isolated molecules, while the terminal state agreed
with reference measurements for free triplet excitons. The intermediate state assigned to 1(TT)
exhibited a combination of excited-state absorption features: identifiable fingerprint peaks of the
triplet, albeit slightly spectrally shifted, and a broad underlying envelope distinct from S(2)

1 and
T (2)
1 . The same basic concept—that 1(TT) exhibits distinct spectral features, typically closely re-

lated to those of free triplets—is now widely applied (12, 13, 60–63, 65, 83–86), in most instances
simply as a means to track the populations of different states.

However, the 1(TT) excited-state absorption spectra extracted from such experiments contain
far more information than this. Krylov and coworkers (40, 58, 87), for example, examined the na-
ture of 1(TT) in detail and emphasized the role of even small admixtures of singlet, charge-transfer
(resonance) and other contributions to the adiabatic 1(TT) wave function. These contributions
affect not only the 1(TT) binding energy (Eb) and the couplings with S(2)

1 that drive singlet fission,
but also the optical transitions of 1(TT). A more recent consideration of tetracene films using an
advanced spin-flip formalism was even able to describe the higher levels in the TT manifold, sug-
gesting that 1(TT) transient absorption signatures should be similar, though shifted, to the triplet
(88). The expected shift is due to the admixture of singlet configurations within the 1(TT) wave
function. In contrast, Khan & Mazumdar used high-order configuration interaction calculations
with the π-electron Pariser–Parr–Pople Hamiltonian to calculate the excited-state absorption of
pentacene covalent dimers (89) and thin films (90). Their detailed analysis suggests that mixing of
additional contributions into the 1(TT) wave function completely alters the excited-state absorp-
tion spectrum (89, 90). For example, the presence of charge-transfer character in 1(TT) should
result in unique charge-transfer-derived transitions in the near infrared for that state, as are indeed
observed (12, 60, 65, 91–93).While the full interpretation of such transient absorption spectra re-
mains controversial, this technique demonstrates the power of excited-state absorption analysis to
understand the nature of 1(TT).

Important qualitative effects can also be inferred from a purely experimental perspective, espe-
cially when 1(TT) spectra are collected for series of molecules with slight structural differences.
An excellent case is the family of acene dimers reported by Campos and coworkers (91, 94, 95),
examples of which are reproduced in Figure 4. In these, pentacenes or tetracenes are linked at the
2, 2′ position (effectively end to end), either directly or with a variable number of phenyl spacers.
In the most closely spaced dimers (BP0 and BP1 in Figure 4), the triplets formed by singlet fission
exhibit significant differences from those generated through triplet sensitization (where a single
triplet sits on the molecule) (91, 94, 95). The new peak in the near infrared in BP0 and BP1 is re-
lated to the charge-transfer character discussed byKhan&Mazumdar (89). Increasing the number
of phenyl spacers reduces the difference between sensitized and fission-generated triplet spectra.
At the same time, the lifetime of the triplets formed increases (91, 94, 95). It therefore appears
reasonable to correlate the degree of difference between sensitized and fission-generated triplets
with the strength of interaction or binding within the triplet pair, consistent with the original pro-
posal from TIPS-tetracene solutions (53). This behavior is representative of the vast majority of
reported acene dimers (12, 37, 58, 96–103).
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Figure 4
1(TT) excited-state absorption spectra. (a) Transient absorption spectra of 2,2′-linked pentacene dimers, with zero (BP0), one (BP1), or
two (BP2) phenyl spacers (structures in Figure 6). In closely spaced dimers, fission generates interacting triplet pairs with distinct
excited-state absorption. Panel a adapted with permission from Reference 91; copyright 2015 American Chemical Society.
(b) Excited-state absorption bands of mesityl-octazethrene (OZ-M), TIPS-octazethrene (OZ-T), and mesityl-phenaleno-fluorene
(PF-M), extracted from transient absorption maps in Reference 64. Vertical lines denote fingerprint peaks to identify the shift between
1(TT) and T+T species. Panel b adapted from Reference 64, licensed under a Creative Commons Attribution 4.0 International License.
(c) Excited-state absorption bands of astaxanthin (129) and β-carotene (104) showing sensitized triplet (blue) and 2Ag [≈1(TT)] at 10 ps
(red). Astaxanthin panel adapted from Reference 129, licensed under a Creative Commons Attribution 4.0 International License.
(d) Extracted spectral shift �EPIA compared with 1(TT) binding energy Eb (Figure 3f ) for all zethrenes (orange circles). As described in
Reference 64, the two values are correlated (the dashed line has a slope of 1). Also shown are similar data for other materials (filled green
triangles), where the values have been extracted from the 50-K spectrum for pentacene (65), the 110-K spectrum for rubrene (65), and
room-temperature solution spectra for TIPS-tetracene (53) and β-carotene (104). We note that we were unable to determine �EPIA
for tetracene as triplets and/or 1(TT) in the solid state at low temperature has vanishing excited-state absorption oscillator strength
(65). Using the definition Eb = 2ET − E1(TT), rubrene and TIPS-tetracene lie off the trend line. However, as shown by the open
triangles, taking the 1(TT) binding energy to be defined from magnetic-field-dependent measurements (Eb = 6J) for TIPS-tetracene,
or by the activation energy (Eb = Ea) for free triplet formation in rubrene (Sections 3.5.1 and 3.4.1 respectively), places both materials
on the trend line. The definition of 1(TT) binding energy Eb is discussed in Section 3.4.2.
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Aside from the theoretical work discussed above, there has been little detailed analysis of the
1(TT) spectra obtained in the solid state, as they are more challenging to isolate and systematic
structural studies are more demanding than in solution. A notable exception is a family of zethrene
diradicaloids with different conjugation length and intermolecular packing (64). In these systems,
the excited-state absorption spectra of free triplets exhibited unique fingerprint peaks in the near
infrared. The same peaks could be identified in the more complex 1(TT) spectra, but distinctly
shifted to higher energies (see Figure 4b). In this system, it was also possible to measure 1(TT)
emission and, together with sensitized phosphorescence, directly determine the binding energy
of 1(TT) [Eb = 2ET − E1(TT)]. Comparison of the degree of shift (E�PIA) with Eb (Figure 4d) (64)
reveals a striking—almost 1:1—correlation, suggesting that when distinct peaks can be identified,
their shifts can be used as a proxy for the strength of the intertriplet coupling.

We have used this methodology with values reported for other material systems (Figure 4d).
We note that we take the absolute values of �EPIA as—for some as yet unknown reason—the shift
is sometimes in the opposite direction to that observed for zethrenes. Interestingly the corre-
lation holds even for β-carotene, assuming 2Ag ≈ 1(TT), providing additional insight into the
nature of the 2Ag excited-state absorption spectrum in polyenes (104). Of the measured ma-
terials, only rubrene and TIPS-tetracene fall outside the trend when defining the 1(TT) bind-
ing energy as Eb = 2ET − E1(TT). However, defining the 1(TT) binding energy as the activation
energy for free triplet formation from temperature-dependent measurements (Section 3.5.1) (65),
rather than the measured Eb = 2ET − E1(TT), puts rubrene well within the expected trend. The
same is true when taking the binding energy for TIPS-tetracene from magnetic-field-dependent
measurements (Section 3.4.1). We discuss the definition of the 1(TT) binding energy further in
Section 3.4.2.

3.4. Spin Properties of Triplet Pairs

The optical spectroscopy results presented above show that, in many systems, 1(TT) is bound with
respect to free triplets. In these systems, assuming that the quintet state |Q〉 takes the energy of
two free triplets,EQ = 2ET , the fact that 1(TT) is bound suggests that �ESQ (defined in Figure 1)
is not zero. Therefore, following the definition in Section 2.3, 1(TT) should be a pure spin state,
|S1〉. Magnetic-field-dependent and magnetic resonance measurements have been performed to
gain more insight into the spin character of 1(TT) (4, 5, 10, 25, 27–31, 33, 36, 37, 69, 102, 105).
For pure spin states, application of an external magnetic field alters the energies of theMS �=0 states
of the spin-1 triplet |T1〉 or spin-2 |Q〉 state through the Zeeman term in Equation 6. The most
intuitive experiment to probe the spin states is therefore to apply a magnetic field while monitor-
ing the delayed fluorescence intensity. As the magnetic field grows, the quintet states with MS �=0

move into resonance with |S1〉, whose energy is not altered with magnetic field. In the simplest
picture, at these resonances, it is expected that �ESQ = 0, and mixing between |Q〉 and |S1〉 can
occur [mixing between |S1〉 or |Q〉 and |T1〉 is symmetry forbidden in the absence of inequivalent
triplet g factors (23, 27)]. The mixing causes dips in the measured delayed fluorescence, as the
probability of delayed fluorescence is proportional to the singlet content of the wave function
(i.e., the overlap | 〈S1|�〉 |2). The dips are apparent only when the triplet pairs are pure spin states
at zero field, and the relative positions of the dips give an indication of the exchange term, J, of the
spin Hamiltonian in Equation 6 (Figure 1), while the shape and depth of the dips can be modeled
to provide information on the kinetic behavior of the triplet pairs and their relative orientation
(27–31).
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Figure 5

EPR observation of weakly interacting triplet pairs (T± or T0) and pure spin-2 state [Q± or 5(TT)] in (a) TIPS-tetracene and
(b) pentacene dimer BP3. (c) Magnetic-field effects on the fluorescence of a diphenylhexatriene crystal, revealing distinct dips from level
crossings, and the spin-correlated triplet-pair model used to simulate the level crossings. Note the explicit variation of �ESQ during
separation. Abbreviations: EPR, electron paramagnetic resonance; SF, singlet fission; trESR, time-resolved electron spin resonance.
Panel a adapted from Reference 36 with permission from Springer Nature; copyright 2016. Panel b adapted from Reference 37 with
permission from Springer Nature; copyright 2016. Panel c adapted with permission from Reference 30; copyright 2015 American
Chemical Society.

3.4.1. Measurements under high (>1 T) magnetic field suggest strongly bound 1(TT).
Most of the early measurements of magnetic-field-dependent delayed fluorescence observed no
dips. Instead, the observed effects could be fully described by the Merrifield model discussed in
Section 2.3, which assumes �ESQ ≈ 0 and mixed-spin states (4, 5, 10, 25, 33, 69, 105). These
measurements were performed at magnetic fields at or below ∼1 T.

However, more recent high-field (>1 T) studies of diphenylhexatriene by Yago and colleagues
(29–31) and TIPS-tetracene by Bayliss et al. (28) demonstrated distinct dips in the magnetic-field-
dependent delayed fluorescence due to the level crossings (Figure 5c). The resonance positions
can be directly related to J, the exchange term in Equation 6 (see Figure 1), which was found to
be on the order of 0.08–6 meV for diphenylhexatriene (29–31) and 0.3–5 meV for TIPS-tetracene
(28).

3.4.2. Ambiguous definitions of the 1(TT) binding energy Eb. Taking Eb = 6J, as is of-
ten assumed (35) (see Figure 1 and Section 2.3), and using the reported values of J (28–31) give
Eexchange
b ≈ 0.5–30 meV. These values are small compared with those determined in Figure 3f

from optical spectroscopy [Eoptical
b = 2ET − E1(TT) ≈ 20–200 meV]. For TIPS-tetracene, both

338 Musser • Clark

A
nn

u.
 R

ev
. P

hy
s.

 C
he

m
. 2

01
9.

70
:3

23
-3

51
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

 A
cc

es
s 

pr
ov

id
ed

 b
y 

O
re

go
n 

St
at

e 
U

ni
ve

rs
ity

 o
n 

07
/2

9/
22

. F
or

 p
er

so
na

l u
se

 o
nl

y.
 



PC70CH14_Clark ARjats.cls May 17, 2019 16:15

have been determined (28, 53, 63), with Eoptical
b ≈ 6Eexchange

b . Interestingly, taking Eb = 6J ≈ 30
meV matches the trend in Figure 4d, as expected if �EPIA is related to the intertriplet coupling
strength. The reason for the difference between the two binding energy values (from optical spec-
troscopy and magnetic-field effects) is not yet clear. The models presented in the first sections of
this review do not generally take into consideration geometric relaxation and nonadiabatic cou-
plings (12, 18, 40, 63). Taking these into account may result in the finding that the assumption
EQ = 2ET (3) is inadequate. Instead, as shown in Figure 1 and calculated in Reference 40, the
entire TT manifold may stabilize relative to 2ET . This would set �ESQ = 6J 
 2ET − E1(TT). An
alternative explanation could be that the quoted ET for triplets in the solid state is incorrect, which
is unlikely as ET in tetracene and pentacene has been measured using several methods for pen-
tacene (tetracene) in solution, 0.92 ± 0.03 eV (106, 107) [1.31 ± 0.04 eV (108–110)], and in the
solid state, 0.86 ± 0.01 eV (111, 112) [1.25 eV (111, 113)]. Finally, it is possible that the different
measurements probe different spatial regions of the film. In tetracene, for example, polycrystalline
films behave very differently from single crystals in optical spectroscopy (79): How do the two
sample types compare in other experiments?

Definitions of Eb aside, the high-field magnetic-field-dependent measurements show that
1(TT) is a pure spin state (strongly exchange coupled) in both systems measured to date. As such,
the Merrifield model no longer applies (21, 28–31). Yago et al. (29) instead described the full
field dependence with the stochastic Liouville equation and explicit incorporation of intra- and
intertriplet interactions, relative triplet orientation, triplet hopping, and spin correlations. A sim-
ilar formalism was applied to explain the TIPS-tetracene film and crystal resonances at low
temperatures (28).

3.4.3. Transient electron paramagnetic resonance reveals quintet formation. A more di-
rect probe of the spin states of the triplet pairs generated by singlet fission is electron spin reso-
nance (ESR) or EPR spectroscopy.EPR spectroscopy has previously been applied to study the spin
sublevel distribution of triplets formed by singlet fission (114), and it provides a unique resonance
profile to distinguish singlet fission from other mechanisms of triplet formation (115, 116).More-
over, in a recent breakthrough, time-resolved EPR spectroscopy measurements on thin films of
TIPS-tetracene (36) and the widely separated 2, 2′-pentacene dimers BP2 and BP3 (37) revealed
dynamics of the pure spin quintet state |Q〉 (Figure 5a,b), characterized by peak spacing D/3,
where D is the intratriplet dipole coupling term (Equation 4), and a ratio of Rabi frequencies
for pure quintet and triplet states of

√
3. This state was previously considered to be energetically

inaccessible (4), and its observation has sparked a re-evaluation of singlet-fission spin dynamics.
It has subsequently been observed in several other pentacene dimers (102, 103) and even in thin
films containing clusters of pentacene (117). Its observation is a direct demonstration of pure spin
states, attributed explicitly to strong exchange coupling, J in Equation 6 (Figure 1) (36, 37, 102,
103, 117), and only one study (37) suggests observation of a mixed-spin state (T…T). Although
Basel et al. (102, p. 5) observed EPR spectra consistent with pure (strongly exchange coupled) |Q〉,
which requires �ESQ �= 0, to explain their results, they suggested that the exchange coupling is
small enough “that the lowest-lying quintet state 5(TT) is nearly degenerate with the two lowest-
lying bright states and with 1(TT).” Transient EPR spectroscopy promises to provide many more
new insights into the fission mechanism in the coming years, including the interchromophore
geometries and the energetic and spin landscape arising from triplet-triplet interactions.

The obvious question raised by these observations of pure quintet states in EPRmeasurements
is, How can a pure spin quintet state be formed from the initial (pure spin) singlet state? This is
discussed in more detail in Section 5.
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3.5. 1(TT) Decay Mechanisms

Most studies that characterize a distinct 1(TT) state are concerned less with the nature of the
state than with how it decays. The greatest interest is in the separation of 1(TT) into free triplets,
the yield of which is important for solar cell applications. 1(TT) separation is often denoted as
1(TT) → (T…T) → T1 + T1, where the intermediate stage (T…T) denotes spatially separated,
unbound, or weakly bound pairs of triplets that maintain spin coherence (2, 13, 29–31, 59, 60, 85,
118–120). However, in optical spectroscopy, there seems to be no measurable differences between
(T…T) and T1 + T1 (60), and therefore we do not consider it explicitly in our discussion here.
Whether requiring one or two steps, separation of 1(TT) into free triplets is widely considered
to be the dominant decay pathway of 1(TT) in thin films (6, 58–65, 84–86, 119–124), although it
is unlikely to be the only decay pathway. As discussed above, 1(TT) can emit; therefore, it should
also be able to decay nonradiatively directly to the ground state.

3.5.1. Triplet hopping. The consensus mechanism for the 1(TT) → T1 + T1 process in thin
films is hopping of one of the constituent triplets to a neighboringmolecule, such that the coupling
between them is weakened and they can diffuse freely, a process first explicitly invoked in tetracene
dimers (58). In endoergic systems, the driving force for this process is attributed to the favorable
increase of entropy on the transition from a localized pair state to two freely diffusing, separated
triplets (58, 63, 125). This hopping picture is supported by temperature-dependent studies of
singlet fission revealing that the triplet-pair separation process is thermally activated (63–65, 122),
even in strongly exoergic (ES > 2ET ) systems (64, 65, 122).

In these systems (e.g., F2-TES ADT and TIPS-pentacene), the measured or estimated ac-
tivation energies for triplet-pair separation [≈20–80 meV (65, 86, 122)] are in reasonable
agreement with the 1(TT) binding energies determined from emission measurements (65)
(Figure 3f ). As these systems all exhibit significant π-π interactions, the intermolecular triplet
transfer integrals are high enough that they do not limit 1(TT) separation. This has been con-
firmed byMarcus–Levich–Jortner rate theory calculations showing that in these materials thermal
activation of 1(TT) separation is governed by Eb = 2ET − E1(TT) (65), rather than by triplet hop-
ping. This is not always the case, though. In systems where the triplet hopping integrals are small
due to reduced π-π overlap, it is triplet hopping that limits the activation of triplet-pair separation,
not Eb. This is the case, for example, in polycrystalline TIPS-tetracene, where the triplets remain
bound at all temperatures (63), or zethrene films, where the activation energies for triplet-pair
separation extracted from temperature-dependent transient absorption measurements are larger
than those determined from emission measurements (64). In short, in the simplest formulation,
1(TT) → T1 + T1 is controlled by the energy landscape for triplet hopping. Both the 1(TT)
binding energy and the intrinsic geometric barriers related to triplet hopping will contribute, and
whichever is greater in a given material system is likely to dominate thermal activation.

Two additional cases reveal limitations to this simple picture. First, in isolated 2, 2′-linked pen-
tacene dimers with two or three phenyl spacers (BP2 and BP3), a distinct temperature dependence
is detected on long timescales correlated with triplet-pair separation (37). However, in these sys-
tems, the triplets are not able to hop to a neighboring molecule, and the underlying mechanism
of this temperature dependence is not clear. Second, experiments suggest that disorder also plays
a significant role. For example, although triplet-pair separation is strongly thermally activated at
high temperatures, in polycrystalline films it is never entirely suppressed, even at 4–10 K, well be-
low the 1(TT) binding energy (65, 122). In contrast, in a single crystal of F2-ADT (65), which
exhibits very similar optical and singlet-fission properties to polycrystalline F2-TES ADT, no
free triplets could be detected below 200 K. The authors concluded that energetic disorder or a
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distribution of interchromophore couplings at grain boundaries in polycrystalline films reduces
the effective barrier for 1(TT) separation. This points to a wider problem in the interpretation
of complex singlet-fission dynamics in the solid state. The fission properties of polycrystalline
films can be well described on the basis of reported single-crystal packing geometries (50), but
spectroscopic measurements on single-crystalline versus polycrystalline samples often reveal com-
pletely different fission dynamics in endoergic (51, 52, 67, 79) and exoergic materials (56, 86,
118). These discrepancies are beyond the scope of this review but are a critical area for further
research.

3.5.2. The 1(TT) gap law of nonradiative decay. One of the central problems facing singlet-
fission materials development is overcoming rapid triplet decay. This is a particularly pointed
issue for intramolecular singlet fission, where the majority of the population typically decays at
<1 ns (58, 80, 81, 91, 94, 96, 100, 101, 126–128), but rapid population decay is also observed
in numerous intermolecular singlet-fission systems (13, 63, 64, 129). This behavior is generally
defined as geminate triplet-triplet annihilation or triplet-pair recombination (with the terms used
interchangeably). To understand its basis, we have approximated the rates of nonradiative decay of
1(TT) frompublished 1(TT)→ T1 + T1 kinetics inmaterial systemswhere triplet-pair separation
can be entirely suppressed such that the intrinsic 1(TT) lifetime is directly obtained.These include
covalent dimers (58, 91, 94, 101), polymers (80, 127), TIPS-tetracene (63), and F2-ADT (65).We
assume that krad 
 knr ∼ ktot, since generally 1(TT) emission is too weak to directly determine krad.
The resulting rates are plotted in Figure 6 according to the estimated energy of 1(TT), taken as
∼2ET unless it was directly characterized. For simplicity, we do not plot similar data previously
reported on zethrenes (64) because their singlet and triplet states all behave markedly differently
from nonbiradicaloid materials.

We compare these points to the nonradiative decay behavior of standard organic materials in
the singlet and triplet states (Figure 6). These systems exhibit well-known gap-law behavior, in
which the rate of nonradiative decay increases exponentially as the energy of the state decreases.
The reference materials exhibit three distinct gap-law regimes: The polyene 2Ag singlet state has
the fastest decay rate, while singlet states in isolated acenes and carbon nanotubes exhibit substan-
tially longer lifetimes. This is related to their conformational rigidity. Isolated triplet excitons also
follow a well-defined gap law, with much longer lifetimes due to the spin-forbidden nature of the
transition.

We see that 1(TT) nonradiative decay exhibits a wide range of behaviors. We can rationalize
the full set of singlet fission materials through the simple framework of triplet-triplet interactions
within 1(TT). In dimers with short spacers, polymers, carotenoid aggregates, and heteroacene
crystals that demonstrate 1(TT) emission, the nonradiative decay rate of 1(TT) follows the gap-
law dependence of their materials class (polyene or fused aromatic). This is to say that there is
nothing surprising about the fast nonradiative decay exhibited by many singlet fission systems:
It is a natural consequence of the fact that 1(TT) is a pure spin singlet state. In other words, in
the most strongly bound 1(TT) states, 1(TT) ceases to behave as a multiexciton. Instead, 1(TT)
behaves similarly to 2Ag in polyenes.

Materials with weakly interacting triplets [e.g., TIPS-tetracene (63) and well-spaced (91) or
nonconjugated dimers (101)] show knr several orders ofmagnitude below that expected for a singlet
state, as desired for singlet-fission photovoltaics. In these systems the orbital overlap is likely to be
small, resulting in small J and negligible �ESQ. These are likely to show mixed-spin triplet-pair
states. It is interesting that even in these systems, 1(TT) nonradiative decay is still closer to that
of a singlet, rather than a triplet, suggesting that the triplets in 1(TT) are nevertheless weakly
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Figure 6

Gap law for nonradiative decay. The plot shows the nonradiative decay, knr, of 2Ag in carotenoids (outlined black squares) as a function of
the 2Ag energy from Reference 137, of acenes from benzene to carbon nanotubes (gray circles) (110, 138), and of individual triplets in
fused aromatic molecules (139, 140), as a function of S(2)1 and T (2)

1 energy, respectively. The filled markers show the nonradiative decay
and estimated electronic energy of 1(TT) for the molecular structures shown around the figure (color coded). Abbreviation: PEO,
poly(ethlylene oxide). Data extracted from References 36, 37, 53, 56, 58, 63, 65, 80, 83, 91, 94, 101, and 126.

interacting. Indeed, sensitization studies of the same pentacene dimers show that, while individual
triplets follow the expected triplet gap law, singlet-fission-generated triplets decay significantly
faster.

4. OBSERVATIONS OF WEAK OR MIXED SPIN STATES

It is likely that weakly coupled triplet pairs occur in almost all singlet-fission systems, for instance,
as part of theTT separation pathway 1(TT)→ (T…T)→ T1 + T1 (2, 30).However, direct optical
detection of these states and distinction from noninteracting triplets are challenging. As discussed
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Figure 7

Photoluminescence quantum beating. (a) Beating is directly observed in photoluminescence decay kinetics, with field-dependent
magnitude and frequency. (Inset) Subtraction of multi-exponential decay yields a pure beating signal. (b) Variation of beating magnitude
and frequency as a function of field strength. The dashed lines show the expectation for noninteracting triplets. (c) The decay envelope
of quantum beating kinetics in polycrystalline F2-TES ADT and tetracene films [raw (gray) and smoothed (black)] closely tracks the
population kinetics of a pure spin state 1(TT) (red) measured separately. This is likely caused by dynamic equilibrium between pure and
mixed-spin states. Panels a and b adapted from Reference 33, licensed under a Creative Commons Attribution 4.0 International
License. Panel c adapted from Reference 65, licensed under a Creative Commons Attribution 4.0 International License.

above, these states are defined by negligible orbital overlap and configuration interaction, leading
typically to an absence of 1(TT)-specific excited-state absorption features.

The chief direct observable of weakly coupled triplet pairs in optical spectroscopy comes
from photoluminescence quantum beating (33, 64, 65, 68, 69, 130). This phenomenon arises
because 1(TT) is not an energy eigenstate of the spin Hamiltonian under zero magnetic field
in the absence of orbital overlap. Instead, it is a coherent superposition state 1(TT) = |S1〉 =
1√
3
(|xx〉 + |yy〉 + |zz〉). The component pair states, which each have mixed-spin character (25),

acquire relative phases, leading to oscillations in the delayed fluorescence intensity with frequen-
cies governed by the energy spacing between |xx〉, |yy〉 , and |zz〉. At zero magnetic field, this phe-
nomenon has now been observed in tetracene (68, 69, 130), F2-TES ADT (65) and zethrenes
(64), demonstrating that at least a small population of mixed-spin TT states is present in these
materials.

To determine the energetic coupling between triplets within this weak-coupling regime,Wang
et al. (33) measured quantum beating in tetracene under an applied magnetic field (Figure 7a,b).
The presence of an additional beat frequency at a field of 420 G was assigned to an anticrossing
resonance due to the presence of triplet-triplet dipolar interaction (DAB in Equation 6).Modeling
their data gaveDAB ∼ 30 neV, which, assuming the point-dipole approximation, suggests a triplet-
pair separation of two to three times the lattice spacing.

A strikingly similar conclusion was reached through optically detected magnetic resonance
measurements on TIPS-tetracene (21). This measurement, when using photoluminescence de-
tection, is uniquely sensitive to weakly exchange-coupled triplet pairs, probing the regime where
microwaves can drive a weakly emissive mixed 1(TT)-5(TT) state into pure, nonemissive 5(TT)
(21). Simulation of the data using a stochastic Liouville equation for the triplet-pair density matrix
yielded a small triplet-triplet coupling, DAB ∼ 60 neV, corresponding to a separation of ∼3 nm,
or roughly two lattice spacings. It is also notable that these measurements observed such weakly
coupled pairs on the same long timescales as the strongly exchange-coupled 5(TT) signatures seen
in EPR (Section 3.4.3).
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5. WEAKLY AND STRONGLY COUPLED TRIPLET PAIRS
IN THE SAME MATERIAL

Historically, singlet fission and triplet-triplet annihilation were described assuming weakly in-
teracting triplet pairs with negligible orbital overlap. At the other extreme, triplet-pair states in
polyenes were described as strongly coupled pure spin states, with significant orbital overlap (38,
39). It is now clear that both strongly coupled pure spin states |S1〉 and weakly coupled mixed-spin
states |SQ〉 can occur in the same material at the same time.The most studied materials where this
is observed are tetracene and TIPS-tetracene films or crystals and isolated pentacene dimers. In
tetracene, for example, the presence of 1(TT) emission (65) and activated triplet-pair separation
(67) suggests a population of strongly bound, pure spin states. At the same time, quantum beating
(33, 68, 69) and an intertriplet dipolar coupling of only DAB ∼ 30 neV (33) suggest weakly bound,
mixed-spin states. Interestingly, the fact that the quantum beating lifetime follows the 1(TT) life-
time (Figure 7c) suggests that both populations are in equilibrium at room temperature, a con-
clusion supported by recent emission measurements on TIPS-tetracene microcavities (131).

These observations can be reconciled through a dynamic equilibrium between weakly and
strongly exchange-coupled triplet pairs. For example, the observation of strongly exchange-
coupled 5(TT) in EPR suggests that the system passes through |S1〉 → |SQ〉 → |S1〉 / |Q〉 (36,
37) because singlet fission generates a singlet state, and in the presence of orbital overlap, without
spin-orbit coupling, |S1〉 cannot convert into |Q〉. A similar dynamic model was also proposed to
explain high-magnetic-field measurements (23, 29). This model may provide an explanation for
the very small magnitude of quantum beating observed in F2-TES ADT or other materials (33,
64, 68, 69, 130), for instance, if the equilibrium favors pure |S1〉.

Any process to account for this dynamic fluctuationmust occur fast enough that spin coherence
is not lost. A possible physical mechanism is low-frequency (intermolecular) vibrations: Calcula-
tions on organic thin films have shown that such off-diagonal dynamic disorder can give large (e.g.,
tens of milli–electron volts) fluctuations in short-range couplings such as the exchange interac-
tion (132). Alternatively, the change in exchange coupling could be accomplished through triplet
hopping. This idea is supported by the observation that weakly coupled |SQ〉 pairs in tetracene
(33) and TIPS-tetracene (21) are separated by approximately two to three lattice spaces and that
triplet hopping is estimated to occur on relatively fast, ∼100-ps timescales, from modeling high-
field effects (29, 133).

The salient point arising from these studies is that the couplings that govern TT interactions
need not be fixed, even in molecular crystals, and care should be taken when interpreting experi-
mental data in terms of a single parameter (e.g., exchange coupling).

6. CONCLUSIONS

Above we review recent literature in an attempt to develop a coherent picture of triplet-pair states
in organic semiconductors. Our review suggests that in both intermolecular and intramolecular
systems, singlet fission generates a pure spin, bound triplet-pair state 1(TT) that is similar to the
2Ag state in carotenoids and other polyenes. In many systems, the 1(TT) state appears to be in
equilibrium with a population of weakly bound (mixed singlet/quintet) triplet-pair states so that
pure singlet and quintet states exist in the same material at the same time as mixed singlet/quintet
states. Having reviewed the literature, we find that several challenges and open questions remain.

The transition from 1(TT) to (T…T) remains largely unexplored. This is partly because
(T…T) is expected to have the same optical signatures as free triplets and the transition is therefore
largely invisible (60). It is likely that transient EPR measurements (37), magnetic-field-dependent
transient spectroscopy (134), or possibly quantum beating measurements (33) will uncover the
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nature of these intermediate states: Do they remain coherent as they separate (2, 134, 135)? If so,
how far can the individual triplets separate before they can no longer be described as (T…T)? It
has been suggested that |Q〉 is a sequential step on the way to free triplets (102) [although this is
not the most accepted model (31, 36, 37)]. Does |Q〉 have a distinct role in singlet fission, and if so,
what is it? Beyond singlet fission, what is the role of these TT states in triplet-triplet annihilation
and photon upconversion? Do the same stabilized intermediates form, and can they be utilized
directly? Other avenues that remain to be explored are the definition of 1(TT) binding energy in
relation to the different experiments, the effect of morphology on 1(TT) properties and its forma-
tion and decay dynamics, and the importance of static and dynamic disorder in describing triplet
pairs.

We hope this review provides a snapshot of the current state of understanding of triplet-pair
states in organic semiconductors and that in the coming years the rapid rate of research continues
to provide answers to these questions.
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