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ABSTRACT: We analyze correlated-triplet-pair (TT) singlet-
fission intermediates toward two-triplet separation (T...T) using
spin-state-averaged density matrix renormalization group elec-
tronic-structure calculations. Specifically, we compare the triplet−
triplet exchange (J) for tetracene dimers, bipentacene, a subunit of
the benzodithiophene−thiophene dioxide polymer, and a
carotenoid (neurosporene). Exchange-split energy gaps of J and
3J separate a singlet from a triplet and a singlet from a quintet,
respectively. We draw two new insights: (a) the canonical
tetracene singlet-fission unit cell supports precisely three low-
lying TT intermediates with order-of-magnitude differences in J,
and (b) the separable TT intermediate in carotenoids emanates from a pair of excitations to the second triplet state. Therefore,
unlike with tetracenes, carotenoid fission requires above-gap excitations. In all cases, the distinguishability of the molecular triplets
that is, the extent of orbital overlapdetermines the splitting within the spin manifold of TT states. Consequently, J represents a
spectroscopic observable that distnguishes the resemblance between TT intermediates and the T...T product.

■ INTRODUCTION

Singlet fission (SF) exploits entanglement to make two from
onesplitting a single-photon-absorbing state into two
triplets.1−6 This splitting has been phenomenologically
recognized since the 1960s when the delayed fluorescence of
anthracene and then crystalline tetracene was rationalized as
the byproduct of annihilating two triplets.7−10 Today, it is
regarded as a potential breakthrough in the application of
third-generation solar-cell technologies because of the capacity
to transcend the Shockley−Queisser efficiency limit through
charge-carrier duplication.11,12 Yet what marks SF two-triplet
production is unclear.1,13,14 The central question that this work
is to address is how to quantify singlet-fission capacitythat is,
the propensity to produce uncorrelated triplet excitationsof
a nascent triplet pair (1TT)15 formed from a singlet excitation.
Specifically, the energy splitting within the lowest-lying spin
manifold of pair excitation states is calculated. When the
splittings are small compared to perturbations that couple the
states, the correlated triplet pair state is energetically
predisposed toward decoherence into uncorrelated triplet
excitations.
SF requires harvesting the spectrally distinguishable 1TT

intermediate,16−19 serving as the spin-conserving bridge
between the spin-singlet and spin-triplet manifolds,13,20,21 as
different molecular triplets. In the 1970s, 1TT was identified as
a dark excited state with symmetry identical to that of the
ground state22,23 a doubly excited singlet state that may be
accessible by two-photon excitation.23−27 The first step of SF
involves population transfer between the photoexcited and
optically dark 1TT excited states, featuring formally nonzero

coupling in the face of a reduction in symmetry28 or charge-
resonance-mediated configuration interaction.29−34 This nec-
essary, but not sufficient, condition for SF precedes
decoherence of 1TTitself a Fermionic singlet eigenstate
comprised of indistinguishable triplet excitationsinto two
separate decoupled triplet subsystem eigenstates.6 The
extensively reported two-intermediate mechanism of singlet
fission35 is

S TT T...T T T1 1* [ ] +F F F

where S* represents the initially photoexcited state, TT
represents the nascent intermediate, T...T represents the spatial
product of SF,1,13,36 and T1 + T1 represents the two-triplet
product of SF.
For SF to produce two distinct, uncorrelated, triplet

excitations, TT should be spatially decoupled (T...T)35,37,38

so as to enable mixing between degenerate spin states.13 This
spin-mixed wave function is a simple product state of spatial
wave functions localized on each molecule without correlations
between the molecular triplet spins. One can view the pair as
spin-disentangled by scrambling electronic population among
its spin-singlet, -triplet, and -quintet realizations.6,39 The
production of uncoupled triplet excitations by spin decoher-
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ence helps to decouple 1TT from the singlet manifold and
suppresses decay to the identically symmetric ground
state.16−18,30

In this report, we compare the differences in the orbital
overlap-dependent contribution to the triplet−triplet exchange
splitting40 (vide inf ra), which gives quantitative insight into the
energetic barrier to TT spin-state decoherence. We refer to
triplet−triplet exchange splitting as J. The strategy utilized in
this work is to use single-point computation of the non-
interacting 5TT state41 as a proxy for the T...T spatial
product42 that represents a totally degenerate TT spin
manifold.43 That is, computing 5TT clues us in to how close
1TT is to T...T. This approach provides key physical insight
into the extent to which singlet-configurational interaction
contributes to 1TT.44 Configuration interaction within the
singlet manifold, caused by electronic overlap, distinguishes
1TT from 5TT, and, in turn, the nonoverlapping T...T product,
energetically and compositionally (for a recent conceptual
review of this mixing, see Young and Wasielewski).45

Therefore, the gap between the two-triplet product and 1TT
intermediate can be gleaned from the energetic nondegeneracy
within the TT spin manifold. This experimental observable16,17

is the triplet−triplet exchange splitting (J).

■ COMPUTATIONAL DETAILS

Density matrix renormalization group (DMRG) electronic-
structure calculations using Block46−48 (Version 1.1.1)
interfaced with PySCF49 with bond-dimension 1000 and
DFT ground-state molecular geometry optimizations using
Gaussian 1650−71 were performed with the cc-pVDZ basis.
DFT ground-state geometric optimizations were performed
with the B3LYP functional. TIPS−tetracene crystal-structure
geometries were used in the electronic-structure calculations.
Reported calculations on the carotenoid neurosporene

involved DMRG(18,18)−SCF72 orbital optimization averaging
the lowest five singlets, lowest two triplets, and lowest quintet,
followed by state-specific NEVPT2 with the compressed
matrix-product-state perturber function.73 The choice of states
was based on the minimal averaging required to include the
excited singlets of interest: 1Bu, 2Ag, 2Bu, and 3Ag. Moreover,
the choice of method was meant to balance dynamic
correlation for the bright and static correlation for the dark
states, respectively. Yet, in this calculation, only the 2Ag, 2Bu,
and 3Ag

1TT states were computed as adjacent roots at the
zeroth-order DMRG level. For reference, the bright-state
excitation energy taken from smaller-active-space three-singlet-
state-averaged DMRG(4,4)−NEVPT2, where only the 2Ag
and 1Bu states were computed as adjacent roots at zeroth

order, was included. Otherwise, calculations of triplet
excitation energies and singlet−quintet TT energy splitting
involved spin-state DMRG(4,4)−SCF orbital optimization
averaging the lowest two singlets, lowest three triplets, and
lowest quintet.
This methodology, predicated on averaging 21Ag (

1TT), 3Bu
(T1),

3Ag (T2),
3TT, and 5TT together, was intended to

calculate the TT manifold self-consistently. For avoidance of
configuration contamination of 1TT within calculations on the
weakly overlapping tetracene dimers 4 and 5, the number of
singlet states averaged at the DMRG(4,4)−SCF level of theory
was increased to 4 and 3, respectively. Moreover, for
improvement of the computational efficiency, tetracene
dimer 4 was structurally truncated by replacing each
triisopropylsilyl group with a hydrogen. Analysis of the
zeroth-order DMRG wave functions was performed through
inspection of the one- and two-particle reduced density and
transition density matrices. Convergence in DMRG−SCF was
achieved with a change in energy below 10−7 hartrees and in
orbital gradient below 10−4 hartrees. Total energies of all
converged states were computed to within 10−11 hartrees.
Initial-guess orbitals for the (4,4) active space were generated
from a Hartree−Fock calculation, while for larger active spaces,
they were obtained from smaller-active-space DMRG−SCF
converged orbitals.74,75

■ RESULTS AND DISCUSSION
Intermolecular Singlet Fission within the Weak-

Coupling Regime. We focus on the crystalline unit cell of
triisopropylsilyl (TIPS)−tetracene for which the triplet−triplet
exchange interaction J underlying the pair has been
experimentally resolved.18

Correlated pair states can be thought of as the combined
electronic state of two molecules supporting four unpaired
electrons. In prior work,13 the branching diagram method was
used to calculate spin eigenfunctions of the states, showing the
manifold comprises one triplet pair that is an overall singlet
|X1⟩, one singlet pair that is an overall singlet |X2⟩, one set of
triplet-pair states with an overall quintet spin |Qj⟩, j = −2, −1,
0, +1, +2, and three sets of singlet−triplet pairs that are each an
overall triplet |Zn,j⟩, n = 1, 2, 3 and j = −1, 0, +1. Recently, Tao
and Tan14 have constructed all triplet-pair excited-state wave
functions from a four-unpaired-spin basis, but with two-triplet
correlations included explicitly, to yield a ladder of TT-state
energies split by the triplet−triplet exchange interaction (J).
This interaction produces a multiexciton binding energy,43

which is the energetic barrier from the interacting 1TT to the
noninteracting 5TT state. Lowering this barrier may expedite
the process of TT decoupling required to complete SF.42

Table 1. Summary of the Lowest-Energy Pair Excitation States

state approximate composition pair state spin eigenfunctiona excitation energyb
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aBasis functions θj are detailed in ref 13. bJ0 is half the singlet−triplet splitting of the monomer. The triplet−triplet exchange depends on
interchromophore orbital overlap (refs 1 and 14): J = (Jll + Jhh + Jlh + Jhl)/2, where “l” denotes the lowest unoccupied molecular orbital and “h” the
highest occupied molecular orbital.
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In the present study, we compute the nonrelativistic
transition energies for all lowest-lying (quasi-degenerate) TT
spin states as correlated many-body wave functions,76

arbitrarily for spin projection M = 0.40 A summary of
predictions1,13,14 for these states is given in Table 1.
Our calculations of 5TT−1TT splitting (3J) corroborate the

experimental result18 of a closely coupled dimeric 1TT state
that is distinguishable within the unit cell by an order-of-
magnitude larger triplet−triplet exchange interaction relative to
those of the other dimers (Figure 1a,b).
We find a total of three different regimes of J across dimers

1, 2, and 3 in the 5-dimer combinatorial space we explore
within the TIPS−tetracene unit cell (Figure 1b). Moreover, we

discern precise energetic equivalency between 1TT and 5TT
within dimers 4 and 5, intimating that the nonoverlapping
T...T product can be realized from these dimer-pair
combinations. To simulate the generation of this product
from dimer 1, we displace the two monomers incrementally
along the “slip” axis defined by the artificial bond between the
alkynyl carbons highlighted in Figure 1c. At 10.7 Å separation
between the monomeric centers of mass, J is reduced to a
μeVobfuscating the TT spin ladder in the face of intratriplet
dipolar coupling (the D and E spectroscopic parameters)77

that will commensurately split the spin states within 3TT and
within 5TT. Thus, this large-separation-length limit approx-
imates the T...T-product condition of degenerate spin-states, as

Figure 1. Differentiating TT states across different orientations of TIPS−tetracene dimers. (a) The five dimer-pair combinations within the TIPS−
tetracene unit cell considered in this work. “M” indexes the four distinguishable monomers in the cell. (b) The energetic splitting between 5TT and
1TT (3J) for each dimer-pair combination (on a meV scale). (c) The displacement axis of dimer 1 used to generate the geometries analyzed in (d)
because it leaves the intermonomer orientation unchanged with incremental center-of-mass separation. (d) Change in the energetics of the TT spin
ladder caused by center-of-mass displacement.
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evidenced by the energetic convergence of 1TT and 5TT
(Figure 1d).
The physical picture emanating from Figure 1d is one of an

energetically ordered manifold of 1TT, 3TT, and 5TT states
that monotonically converge to the T...T excitation energy
with increased spatial separation. Triplet−triplet exchange
serves as the physical parameter that energetically positions the
spin states in the order 1TT < 3TT < 5TT (the negative-
exchange condition),14 yielding the energetic relations 1TT =
3TT − J = 5TT − 3J used spectroscopically.18

Note the meV scale of the triplet−triplet exchange J relative
to the eV scale of singlet−triplet exchange (J0) in SF systems.13

In the adiabatic picturewhere intermonomer overlap is
inherent to the calculation of dimer-pair electronic structure
this theoretical exchange is revealed by calculating the spin-
adapted states. We find that the sign of exchange is negative,
which we interpret from the double-charge-transfer nature of
the TT excitation (Supporting Information). For in the face of
intermonomer overlap, the singlet charge-transfer (CT)
configurations are stabilized through hybridization with locally
excited (LE) character (drawing from the language of hybrid
LE−CT states78)pushing the 1TT adiabatic eigenstate down
in energy toward 3T1 (the so-called exciton binding energy79).
Absolving the 1TT state of all singlet mixing19 renders it
electronically, as well as spectrally, equivalent to a pair of triplet
excitations.1 Note that we have outlined here a framework for
couplings within the 5-state spin-coupled model outlined in
Tao.80

Intramolecular Singlet Fission within the Strong-
Coupling Regime. Intramolecular SF is defined by strong
coupling between covalently connected molecular units
supporting the bimolecular TT state. We explore the effect
of distinguishability between these units on J through
comparative calculations on linearly coupled acenes (bipenta-
cene),81 a subunit of the canonical benzodithiophene−
thiophene dioxide polymer (BTDO1),

30 and a carotenoid
(neurosporene).74 These structures are displayed in Figure 2a;
the geometries (in Cartesian coordinates) for these structures
in their optimized ground states are provided in the Supporting
Information. Note that our interest in determining, quantita-
tively, the energetic gaps between the 1TT states of neuro-
sporene necessitates dynamic- and static-correlation correc-
tions, leading us to perform a spin-state-averaged DMRG−
SCF/NEVPT2 calculation73 with an 18-orbital, 18-electron
active space. Yet for BTDO1 and bipentacene, where our
interest is in the relative splitting within the lowest-lying TT
manifold, we apply the same DMRG−SCF method as before
with a 4-orbital, 4-electron active space. We find that J
increases with relative indistinguishability of the molecular
units (from bipentacene to neurosporene) as a result of
stronger overlap-driven configuration interaction along the
purely one-dimensional conjugated path in neurosporene
(Figure 2b).
In all three cases, J is larger than that found in the dimers of

the model intermolecular SF system (TIPS−tetracene), but
the spike in J found in neurosporene is due to a fundamental

Figure 2. Comparative magnitudes of triplet−triplet exchange and excitation energies of TT states. (a) Molecular structures of (left to right)
neurosporene, BTDO1, and bipentacene used for the calculations. (b) J, computed as one-third of the energetic difference between 5TT and 21Ag
in the optimized ground-state geometries. (c) The manifold of low-lying singlet, triplet, and quintet states (spin multiplicities 1, 3 and 5,
respectively) in neurosporene. The group-theoretical relationships between the 1TT states {21Ag, 2

1Bu, and 31Ag} and their corresponding two-
triplet excitations {3Bu and

3Ag} are enumerated. The excitation energies of the fictitious two-triplet states are plotted as dashed lines.
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change in the electronic stucture. Valentine et al.82 recently
noted that the configurational mixing underlying the lowest-
lying 1TT state renders the SF pathway obsolete. Instead, the
TT manifestation in carotenoids should be thought of as a
family of {21Ag, 2

1Bu, and 31Ag} triplet-pair excitations, with
the latter constituting the SF intermediate state in carotenoids
and the former constituting that in conjugated polymers (such
as BTDO1) and acenes. Here, the labels correspond to the
irreducible representations of the canonical C2h point-group
symmetry that characterizes these planarized, highly con-
jugated SF chromophores with a 11Ag ground state.1

Nonetheless, as is the case with all SF systems, the
neurosporene 21Ag state lies energetically closest to the 11Bu
bright state.74

The implication of TT configurational mixing in carotenoids
(Figure 2b) is that, as observed recently through pump-push-
probe spectroscopy, optical pumping above the main
absorption band of carotenoids is necessary to activate the
SF pathway.83 We can make sense of this experimental result
by observing that, in agreement with the result of Valentine et
al.,82 the 31Ag state, while energetically furthest from the bright
11Bu state, is energetically closest to

5TT (5Ag)separated by
a 5TT−1TT splitting (3J) on the same meV-scale computed for
acenes. Such a result suggests that the 31Ag state, which
uniquely is defined as the superposition of two T2 (3Ag)
excitations (Figure 2c), is a TT state that effectively resembles
a double excitation of two triplets localized on either half of the
polyenic chain.24 That is, we observe a correspondence
between T2 of the full system and T1 of the half system
computed in Valentine et al.82 In contrast, 21Ag is made up of
T1 excitations delocalized over the full system, connecting its
energetic divergence from the noninteracting 5TT state to
excitonic effects between the two coupled chain halves.13

Therefore, the carotenoid 31Ag state likely serves as the TT
intermediate in intramolecular SF.
In summary, TT spin-state rungs on the energetic ladder

leading to the T...T SF product of degenerate states proceed in
the following order from bottom to top: 1TT, 3TT, and 5TT.
The 5TT intermediate falls below the T...T product because of
underlying nonlocality of the putatively molecular triplets
that is, intermolecular orbital overlap. This “overlap energy”
(which makes the triplets indistinguishable) can be understood
as lowering the energy of each individual triplet comprising the
TT state through one-electron transfer integrals between the
molecular frontier orbitals.6 In physical terms, this coupling
spreads each triplet wave function across the bimolecular pair,
thereby decreasing the triplet transition energyand con-
comitantly lowering the 5TT = T1 + T2 transition energy. Note
that only the energetic correction due to overlap (the terms of
order “S2” in Scholes,13 where “S” is the overlap integral)
differentiates the 5TT energy from the T...T energy, which is
equivalent to twice the monomer triplet energy for a
homodimer. As previously mentioned, the 5TT state is
noninteracting41 there are no other configurations to be
coupled to TT in the quintet manifold. Consequently, the
internal splitting within a TT spin manifold, unique to the
overlap inherent to a given intermonomer spatial separation
and orientation, manifests because of the unique singlet
configuration interaction (“interaction energy”) enabled by
quasidegenerate locally excited states and generally higher-
lying charge-resonance states in the singlet manifold. While
higher-lying charge-resonance configurations may also elec-
tronically couple to 3TT, the unique second-order mediated

configuration interaction between singlets, in which one-
electron couplings to charge-resonance configurations support
the mixing between local excitations and 1TT, causes 1TT to
split off from 5TT and lie below 3TT. Therefore, we may
disentangle the overlap-driven stabilization of the entire TT
spin manifold from the overlap-dependent configuration
interaction that splits the manifold as follows: 1TT = 3TT −
J = 5TT − 3J.

■ CONCLUSION
There are two essential physical parameters that split the
manifolds of TT states in space and spin: overlap energy
(stabilizing the entire TT spin manifold relative to T...T) and
interaction energy (stabilizing the mixed 1TT state relative to
the noninteracting 5TT state). The latter is responsible for the
experimentally observable triplet−triplet exchange (J) derived
from frontier-orbital delocalization across the two monomers
supporting the bimolecular TT state. In the weak-coupling
regime, this delocalization causes the 21Ag state of SF systems
to fall below the 5Ag state on the meV scale; in the strong-
overlap regime, however, substantial excitonic effects render
the 5Ag state energetically inaccessible from the lower-lying
21Ag TT excitation.
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