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ABSTRACT: The importance of singlet fission as a fundamental
process with a variety of implications in energy harvesting cannot
be overstated. The challenge is to characterize the energy states of
these large singlet fission molecular aggregates that participate in
the process. Large dimensionality and essential multiconfiguration
nature of the electronic states of interest combine to make accurate
ab initio calculations prohibitively difficult. We present a spin-
resolved tight-binding excitonic model for singlet fission that can
be parametrized on the basis of ab initio calculations on monomers
and dimers of molecules and is highly suitable for the study of aggregates. This excitonic model is then used to solve for the
energetics of large aggregates. This coarse-grained model is demonstrated specifically on the pentacene crystal, where we evaluated
the spectra and density of states. We show the natural emergence of bands of states in some cases and characterize them. Through an
analysis of the participation ratio of the eigenstates, we gain crucial insight into the extent of their multireference character. This
method is useful in understanding not just the structure of these extended aggregates but also as a cornerstone for incorporation of
vibronic features and simulation of the singlet fission dynamics at a quantum-classical or semiclassical level.

■ INTRODUCTION
Singlet fission (SF) is a multiexciton phenomenon that
produces two triplet excitons on separate molecules/
chromophores from a localized exciton created on one
molecule or chromophore.1,2 The process happens via an
intermediate state referred to as the triplet pair state or
correlated triplet state (1(TT) state). This state conserves the
spin of the whole system to a singlet and, therefore, the process
becomes spin allowed.3 The first step of SF phenomena is
schematically shown in Figure 1. While the SF phenomenon is

typically observed in molecular crystals or aggregates of
molecules, the first step requires the molecule to follow the
basic energy conservation rule of E(S1 − S0) ≥ E(T1 − S0),
when considering the energetics of each molecule (mono-
mer).1 Due to this energetic restriction, there are only a few
molecules that can manifest SF phenomena, and these typically
belong to classes of acenes, polyenes, carotenoids, etc.

SF phenomena have been observed to be important in
improving the efficiency of solar cells, and especially in
circumventing the Shockley−Queisser limit.4,5 Therefore, it
becomes important to understand the electronic structure of
the states involved in the phenomena.

Several high-level, accurate calculations have been per-
formed on molecules that are known to undergo SF
phenomena. These accounts show that SF phenomena proceed
via intermediate states that have significant charge transfer
(CT) character in acenes6−10 and Ag or CT character in
carotenoids and polyenes.11−15 Constrained-DFT calculations
revealed substantial CT-state participation in pentacene.10 This
insight prompted subsequent high-level multireference studies
on acene crystals and their substituted derivatives.6,16−19

However, these calculations are on monomer or dimer
model systems, while in experiment, most of the observations
are typically on much larger aggregates or in crystalline
materials. Indeed, it has been observed that the initial
excitations of crystalline molecular systems can be quite diffuse
and spread out over several monomers.20,21 TDDFT and
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Figure 1. Schematic description of the SF phenomenon. Here, it can
be seen that the initial exciton is centered on one monomer (S1S0),
which subsequently forms two triplet excitons on two monomers
through the 1(TT)-pair state.
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RASSCF level calculations on tetracene derivatives and
rubrene show the participation of a minimum of seven
monomers.22 This observation was also in line with those from
time-resolved spectroscopy on tetracene.20 Similar observa-
tions were made on pentacene by Head-Gordon and co-
workers.23 By employing QM/MM strategies for pentacene,
the important role played by the environment in modulating
the SF yield depending on crystal packing was also high-
lighted.24 Due to all these reasons, the dimer model and
calculations become limited in their scope and interpretation.
However, accurate electronic structure on larger oligomers
becomes computationally prohibitive.

To circumvent such computational limitations, effective
Hamiltonians have been developed and applied successfully to
the understanding of several exciton transfer processes.25−34

Frenkel exciton-like model Hamiltonians have been developed
for the SF problem on a diabatic basis.35−37 While such
endeavors circumvent the steep computational cost of ab initio
calculations on large systems, they are still mired by difficulties
with respect to parametrization. Several parametrization
approaches have been tried, but it rarely retains physical
interpretability and predictive accuracy.8,9,38 Furthermore,
several strategies have been developed to construct effective
Hamiltonians for SF process. Fragment-based approaches, such
as the active space decomposition method, enable the
construction of diabatic Hamiltonians from monomer wave
functions and have been successfully applied to molecular
dimers to obtain the electronic couplings between diabatic
states.39 More recently, fragment-based nonorthogonal config-
uration interaction approaches have extended these ideas to
larger molecular assemblies and stack geometries.40 Simplified
frontier-orbital Hamiltonians have also been used to gain
analytical insight into couplings and to identify favorable
intermolecular packing geometries.41,42 Also, low-rank matrix
product state (MPS) representations have been introduced to
construct compact Hamiltonians for correlated molecular
systems.43 However, many of these approaches remain limited
to small molecular assemblies, and extending them to large
aggregates remains a challenge.

Therefore, we develop an excitonic Hamiltonian model
suitable for understanding the static and dynamic properties
within SF phenomena. We base this excitonic Hamiltonian on
a monomer basis to be able to extend the formalism for any
size of aggregates. We further incorporate on-site and within-
site terms in this Hamiltonian from accurate ab initio
calculations that are performed on the monomers and dimers.
We benchmark the performance of this method by comparing
the spectra of the molecular species in aggregates.

■ METHOD
Direct electronic structure calculations on SF aggregates
become infeasible for large aggregates. We circumvent the
problem in two steps − (i) developing a Frenkel exciton-like
model Hamiltonian, and (ii) parametrization by accurate
electronic structure calculations on monomers and dimers.
Model Hamiltonian

We develop and demonstrate the method for the family of
acenes, and pentacene in particular. For SF in aggregates of
acenes within a dimer model, the states of importance are the
ground state (GS), local excited (LE), CT, and TT states. If we
decompose this into monomeric states, we primarily arrive at
the ground state (|G⟩), the excited singlet (|S⟩), the triplet

state (|T⟩) and the cationic |C⟩ and the anionic |A⟩ states.
However, to be able to account for the spin dephasing process,
one needs to spin resolve this monomeric basis. This means
that we need to include the two spin-resolved cationic (|C↑⟩
and |C↓⟩) and anionic (|A↑⟩ and |A↓⟩), states and the three
triplet states (|T+1⟩, |T0⟩, and |T−1⟩). We consider all of these
states mentioned above as the set of monomeric basis states,
the direct products of which are used to construct the entire
Hilbert space for the aggregate. Each of the states with multiple
spin types would be denoted with two indices, the first for the
spin and the second for the monomer number. So, |Tsj⟩ would
imply the triplet state with spin s at the jth site. The ground
and singlet excited states, which do not have different spin
variants, would only have a single index corresponding to the
monomer number.

The Hamiltonian can be expressed in terms of these states.
To motivate the Hamiltonian, let us first understand the
structure of the terms:

= + + + + +

+ +

H H H H H H H

H H

S C S A S TT

CA TT AC TT

site int hopping

(1)

where Ĥsite are the terms in the Hamiltonian which correspond
to the one-body energies of the various states on each of the
monomers, Ĥint denotes the two-body interaction energies, i.e.,
the interaction energy in a CT state refers to the interaction
between a cationic and an anionic state residing on different
monomers. The hopping of different excitations across the
chain without losing their character is described by Ĥhopping. In
this notation, an example of a two-body singlet spin
conformers of charge-transfer states and the triplet-pair states
can be written as,
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Using these states, we can provide detailed operator forms
for each of the terms in the Hamiltonian.
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It should be noted that in the interaction terms, long-range
interactions are included, and their need, especially for CT
states, will be demonstrated later. On the other hand, the
hopping terms (eq 7), and the coupling terms to the charge
transfer and the triplet pair states (eqs 8−12), include only
nearest-neighbor interactions. This nearest neighbor approx-
imation of the couplings is supported by the negligible
coupling coefficients obtained for distant dimers. The formal-
ism does not require any such nearest neighbor approximation,
and one can easily incorporate distant couplings, albeit with an
increased computational cost. Since the ground state (GS)
diabat |G1G2⋯GN⟩ is energetically separated from all excited
states in SF phenomena, our approach does not consider
coupling with the GS.6 Furthermore, every state is associated
with its character, which determines the singlet excitation
component, the triplet excitation, and the charge transfer
components in the state. The various populations are
calculated as follows.

= | |S S S
j

j jpop
(13)

= | |T T T
j s

js jspop
(14)

= | |CT C C
j s

js jspop
(15)

Note that the charge transfer population can be calculated as
either the cationic population or the anionic population due to
the charge neutrality condition that every state satisfies.
Solver
With this Hamiltonian, the size of the Hilbert space is dN,
where d is the number of monomeric states considered (d = 9,
in this study) and N is the number of monomers. This
exponential scaling makes direct computations of large
aggregates unfeasible. However, it should be noted that the
exponential scaling is only valid when one considers all spin
states. Since the SF phenomena occur via singlet, triplet, and
quintet states, predominantly, the scaling of such states is
polynomial. Furthermore, in most of the benchmark results
that we show in this paper, we compare to the absorption
spectra, which are purely constrained to the singlet subspace,
scales quadratically, thus making exact diagonalization a viable
option. We have used exact diagonalization as the solver in all
the test cases shown here (we have also implemented DMRG-
based solver which can be used when the Hilbert space is truly
exponential and we endeavor to target only the low-lying part
of the spectra).
Parametrization
The parameters for site energies and the interactions between
the monomers are obtained from the accurate ab initio
calculation on the monomer and dimer geometries taken from
the crystal thin film structure as reported in ref 44 (shown in
Figure 2a). We focus our discussion on the two prominent
directions, the herringbone (Figure 2b) and parallel a (Figure
2c) directions. The herringbone and a directions are selected
based on the crystal packing geometry, as these directions
correspond to the dominant nearest-neighbor intermolecular
contacts. Interactions along the remaining directions were
neglected due to the significantly larger monomer separations
and therefore negligible coupling magnitudes (Tables S3 and
S4 in Supporting Information).

For parametrizing the Hamiltonian in eq 1, in addition to
the one-body terms, ab initio calculations on the dimers are
also required. We have taken an active space of (4e,4o)
comprising HOMOs and LUMOs on each monomer. This
suffices to describe all the required states necessary for SF in
the case of acenes.6,8 After localization of the canonical
CASSCF orbitals using the Pipek−Mezey scheme,45 we obtain
the diabatic basis. Quantum chemistry software Molpro was
used for these calculations.46 Detailed methods for obtaining
the parameters and their magnitudes are given in SI (Section
S2). In Figure 3, we show the distance dependence of the
energies of various diabats.

First, we discuss the site-based energy terms (eq 5). While
the diabatic energies can be obtained from the monomeric
calculations, they can also be derived from the dimeric
calculations. This is the route we take to ensure greater
consistency. To illustrate this, consider the energy of the GG
diabat as a function of energy, EGG(r) = ⟨GG|Ĥ|GG⟩. This is
the black line in Figure 3a. At long distances, the interaction
between the two monomers goes to zero. Consequently,
limr→∞EGG(r) = 2ϵ(G). The same argument is used to obtain
the value of ϵ(T). Now the singlet excitation energy, ϵ(S) can be
obtained as limr→∞ESG(r) − ϵ(G). The cationic energy ϵ(C) is
obtained from the monomeric calculations. Finally, to obtain
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the energy of the anionic state, we fit the charge-transfer
diabatic energy to E∞

(CT) + Ecorr
(CT)/r. The anionic value is then

obtained as ϵ(A) = E∞
(CT) − ϵ(C).

On closer inspection of the diabats, we notice that the
correlations in the energies of most of these diabats plateau off
within a separation of 2−3 units. However, the distance
dependence of the charge transfer diabats, |CA⟩ and |AC⟩, is
somewhat sustained. This is to be expected because the
asymptotic dependence for these diabats should be the same as
Coulomb’s interaction, decreasing as 1/r. For most of the
cases, the left−right symmetry is preserved�for example, the
energy of the |SG⟩ state is the same as the energy of the |GS⟩
state. The only exception is the large difference in energy of the

|CA⟩ and |AC⟩ states at the nearest neighbor herringbone
conformation. This owes its origin to multipolar effects
generated from asymmetric charge distributions due to the
particular conformation in question. From these curves, and
using some of the monomeric calculations, it is relatively
simple to obtain all the site-based energies, eq 5, and the
interaction terms, eq 6.

The interaction terms of eq 6 are now obtained by
subtracting the long-distance value of the energy from the
corresponding diabatic energy at single lattice separations. For
instance, ϵr(GG) = EGG(r) − 2ϵ(G) or ϵr(TT) = ETT(r) − 2ϵ(T). The
SG correlation is obtained as ϵr(SG) = ESG(r) − ϵ(S) − ϵ(G). The
last CT correlation terms are obtained by subtracting E∞

(CT).
For calculation of the coupling and hopping terms (i.e., h(i)s

in eqs 7−12), we also need the localized orbital description of
the dimer states. For the dimer, if |ψi⟩ and |ψf⟩ represent the
two diabatic states, then the coupling between them is given as
⟨ψi|Ĥ|ψf⟩. The expression of the coupling terms between
several diabatic states is taken from the refs 8 and 11. For
example, the singlet hopping term h(S) is expressed as ⟨SG|Ĥ|
GS⟩, where one singlet exciton has hopped from the monomer
on the left to the right. These coupling and hopping terms also
decay very rapidly with lattice distance.

To further understand the spectral properties of truly large
systems, we have incorporated a periodic boundary condition
in our parametrization scheme.

■ RESULTS

Excited States of Dimers

We have computed the low-lying adiabatic singlet excited
states of the dimer, and compared the excitonic Hamiltoninan
solution with ab initio calculations, 6SA-(4e,4o)-CASSCF/6-
31G(d) and RASSCF/6-31G(d). Table 1 presents a
comparison of the low-lying excited-state manifold of the
pentacene dimer in the herringbone orientation, with the
absorption spectrum in SI (Figure S4). There is consistent
agreement in the ordering and electronic character of the states
between our excitonic approach and the ab initio calculations.
The vertical excitation energies (VEEs) are captured with
qualitative accuracy. The reason for the slight discrepancies
arises from the absence of higher body excitations in the
excitonic Hamiltonian. Examples of such excitations are given
in the SI (Figure S5). This is also the reason that the excitonic
Hamiltonian solution is closer to RASSCF than CASSCF

Figure 2. (a) The crystal structure of pentacene. The crystallographic
axes are shown (the intermonomer separation along the herringbone

and the three crystallographic axes, a b, , and c , are 4.83, 5.98, 7.59,
and 15.60 Å respectively.) (b) Aggregate along the herringbone or
zigzag direction. (c) Aggregate structure along the a-axis.

Figure 3. Energies of the dimeric diabatic states as a function of neighbor index (n) (a) along herringbone orientation and (b) along a orientation.
n = 1, 2, 3··· corresponds to nearest neighbor, next-nearest neighbor, third nearest neighbor, and so on.
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results. However, despite this obvious simplification, the
restricted set of diabats captures the essential physics pertinent
to the phenomena.

We obtain the nature of the states by analyzing the
quantities Spop, Tpop and CTpop defined in the previous section.
Table 1 shows that the excited states of the pentacene dimer in
herringbone orientation exhibit significant mixing between LE
and CT character across a large part of the low-lying manifold.
Therefore, all the states have moderate optical brightness
except for the first excited state, which is predominantly a TT-
pair state and, therefore, dark. This LE−CT mixing in the
herringbone geometry can be understood as a result of the
near-degeneracy of the |SG⟩/|GS⟩ diabat and the |CA⟩ diabat
shown in Figure 3a. The mixed character of the eigenstates
results from a combination of coupling between the diabatic
states and their energetic proximity.

The nature of the excited states, along the parallel
orientation remain quite distinct (Table S3 in Supporting
Information). This is expected since the separation of the two
monomers being 5.98 Å. The lack of mixing of the CT states
with the LE and TT states makes this orientation of the
molecules less significant for the SF activity, as was also
observed in several previous accounts.16,24,47,48

Spectra of Linear Oligomeric Chains

After validating the methodology on dimeric systems, we
extend it to investigate the optical spectra of one-dimensional
linear aggregates. The model is systematically enlarged by
adding one molecular site at a time along each direction
independently, and spectral convergence is monitored at every
stage. This incremental construction allows us to isolate and
quantify the impact of aggregation along each direction on the
resulting spectral features.

As a representative case, we analyze the excited state and the
spectra of a decamer aggregate extended along the herringbone
direction. The resulting low-energy excited state manifold is
characterized by strong mixing among LE(S), charge transfer
(as, CA/AC), and multiexcitonic triplet (T) configurations.
The lowest-lying states are predominantly optically dark and
are mainly composed of TT configurations, already exhibiting a
finite admixture of CT components. Several states in the 1.8−
1.9 eV energy window display pronounced LE−CT hybrid-
ization despite carrying only weak oscillator strengths. In
contrast, the brightest absorption feature at 1.85 eV arises from
coherent superpositions of LE determinants delocalized over
multiple sites. At higher energies, a dense manifold of closely
spaced states with alternating bright and dark character
emerges, accompanied by increasing participation of CT
configurations, reflecting progressive electronic delocalization
and enhanced interstate mixing within the aggregate. Some of
the eigenstates, along with the energies and majorly
contributing configurations, are shown in Table 2. The

presence of multiple closely spaced LE−CT mixed states
facilitates the population transfer into correlated TT-pair
states. This distributed LE−CT−TT mixing across several
excited states highlights the important role of herringbone
aggregation in enabling SF in pentacene.

The stick spectrum of the decamer along the herringbone
direction is shown in Figure 4a. A uniform energy shift of 1.64

Table 1. Comparison of the Excited States from our Method and (4e,4o)-CASSCF and RASSCF Calculation along
Herringbone Orientationa

state nature SA-6-(4e,4o)-CASSCF SA-6-(4e,4o)-RASSCF our method

S1 TT 3.53 (0.00) 3.40 3.14 (0.00)
S2 LE + CT 3.81 (0.38) 3.66 3.48 (0.18)
S3 LE 3.86 (0.16) 3.78 3.64 (0.14)
S4 LE + CT 4.07 (0.15) 3.92 3.80 (0.28)
S5 CT 4.90 (0.01) 4.68 4.55 (0.00)

aThe excitation energies are in eV. Numbers in parenthesis indicate oscillator strengths.

Table 2. Selected Excited States of the Decamer Aggregatea

excitation
energies

(eV) fnorm LE CT TT dominant determinants

TT-Dominated States
1.71 0.004 0.02 0.06 0.91 GGGGGGGGTT (0.91),

GGGGGGGGCA (0.06),
GGGGGGGTGT (0.02)

1.72 0.003 0.02 0.04 0.92 TTGGGGGGGG (0.92),
CAGGGGGGGG (0.04),
TGTGGGGGGG (0.02)

1.94 0.000 0.17 0.03 0.76 GGGGGGTTGG (0.37),
GGTTGGGGGG (0.22),
GGGGGTTGGG (0.14)

1.94 0.000 0.05 0.02 0.87 GGTTGGGGGG (0.30),
GGGTTGGGGG (0.20),
GGGGTTGGGG (0.14)

Bright LE-Dominated States
1.85 1.000 0.68 0.22 0.00 GGGGGSGGGG (0.13),

GGGGSGGGGG (0.13),
GGGGGGSGGG (0.10)

1.92 0.369 0.95 0.00 0.00 GGGGSGGGGG (0.23),
GGGGGSGGGG (0.23),
GGGSGGGGGG (0.17)

1.96 0.244 0.91 0.07 0.00 SGGGGGGGGG (0.72),
GSGGGGGGGG (0.16),
CAGGGGGGGG (0.05)

CT-Dominated States
2.32 0.005 0.01 0.91 0.00 GGACGGGGGG (0.18),

GGGGACGGGG (0.18),
GGGACGGGGG (0.17)

2.36 0.002 0.00 0.90 0.06 GGGGGACGGG (0.22),
GGGACGGGGG (0.18),
GGACGGGGGG (0.13)

2.37 0.001 0.00 0.94 0.05 GGGGGGGCAG (0.54),
GGGGGGGACG (0.41),
GGGGGGGTTG (0.05)

2.54 0.580 0.27 0.71 0.00 GGGGCAGGGG (0.32),
GGGCAGGGGG (0.31),
GGGGGCAGGG (0.28)

aExcitation energies (E) are in eV and oscillator strengths ( f norm) are
normalized to the brightest transition. LE, CA, and TT denote local
excitation, charge-transfer, and triplet−triplet character (squared
weights). Only the three dominant determinants are shown for clarity.
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eV is applied to align the brightest calculated transition with
the corresponding experimental peak. Such a shift is necessary
to account for the dynamic correlation that is missing in the
parametrization scheme. The dominant absorption feature is
centered at approximately 1.85 eV, accompanied by weaker
transitions in the 1.9 eV region. This trend is consistent with
the state analysis summarized in Table 2. In addition, a higher
energy peak appears near 2.5 eV which, although predom-
inantly CT in character, retains a noticeable admixture of LE
components.

In contrast, the spectrum along the a orientation (Figure
4b) is dominated by a single intense peak at 1.9 eV. Notably,
the smaller satellite features observed in the herringbone
direction are absent here. This shows reduced mixing of LE
and CT configurations and suggests weaker interstate coupling
along the a direction, implying that this orientation plays a
less significant role in facilitating the SF process.

Although the decamer results offer qualitative insight into
the excited state character, the associated spectra are not fully
converged. We therefore compute spectra for larger oligomers
along both the herringbone and a directions. As the system
size increases, the spectral features sharpen, and at the 100-mer
limit, three well-defined peaks emerge, indicating convergence
toward the extended aggregate limit (Figure 5a). However, the

spectra along the a direction has only one bright peak around
1.8 eV, all the other peaks disappear in the bulk limit. This
comparison with experiment is shown in Table 3 with the
experimental numbers taken form ref 5. Here, it is important to
note that, if one performs TDDFT calculations, it is only
possible for much smaller aggregate sizes, and only a few low-
lying states can be targeted. On performing such a calculation,
a bright peak is obtained at 1.98 eV. Furthermore, none of the
states obtained could correctly depict the TT pair states. Also,
it should be noted that TDDFT is known to underestimate CT
states, leading to incorrect state ordering and limited
mechanistic insights. The excited states again exhibit mixed
LE and CT character, with the lower energy states being

predominantly LE-like, whereas CT contributions become
increasingly dominant at higher energies.

Periodic boundary conditions (PBC) were applied to
remove finite-size edge effects and restore translational
symmetry within the aggregate. Although the qualitative nature
of the spectra remains unchanged, PBC significantly accelerates
spectral convergence with respect to system size. A sequential
convergence study (Figure S6, in Supporting Information)
shows that the excitation spectrum is effectively converged
within 30−40 monomers.
Spectra of 2D Oligomeric Systems
Having analyzed the spectral features of the one-dimensional
aggregates, we now extend our study to two-dimensional
assemblies spanned by a and herringbone direction. While the
1D models capture the essential excited-state characteristics
along individual directions, inclusion of couplings in both
directions, in 2D provides a more realistic description of the
aggregate and allows us to assess how additional intermolecular
interactions modify the spectra and state mixing.

In Table 4 and Figure 5, the (8 × 8) 2D aggregate spectrum
is compared to the converged 100-mer spectra in 1D along the

herringbone direction. We observe that the spectral features
are remarkably similar, showing that the interactions and
spectra are driven by the herringbone direction only.
Nature of States
Figure 6 shows the characterization of the excited states
manifold together with their diabatic composition along both
crystallographic directions of the aggregate. A clear directional
dependence is observed. Along the herringbone direction,
mixing between the LE and CT subspaces appears in the low
energy region around 1.9−2.4 eV. In addition, CT−TT mixing
is evident in the 1.7−1.9 eV region for the herringbone
orientation. In contrast, along the parallel ( a ) direction, the
low-energy states in the same window remain almost purely LE
in character. CT-dominated states emerge only above 2.5 eV
and are energetically separated from both the LE and TT
manifolds. The CT−TT mixing seen in the herringbone case is
largely absent in the parallel direction. This behavior reflects
weaker intermolecular charge-transfer interactions along a .

Figure 4. Stick spectrum of the decamer of pentacene along the (a)
herringbone and (b) a orientation.

Figure 5. Comparison of the pentacene spectrum of (a) a 1D chain of
100-mer along the herringbone direction and (b) a (8 × 8) 2D lattice.

Table 3. Comparison of the Bright Excited States for the
100-mer Aggregate along Herringbone Orientation and
along a Direction with the Experimenta

1D-100 mer ( a ) 1D-100 mer (herringbone) experiment

1.85 (1.00) 1.85 (1.00) 1.85 (1.00)
1.95 (0.41) 1.97 (0.37)
2.54 (0.51) 2.13 (0.52)

aThe energies are in eV and f norm are shown in the bracket.

Table 4. Comparison of the Bright Excited States for the
100-mer Aggregate along Herringbone Orientation and in a
(8 × 8) Latticea

1D-100 mer (8 × 8)-2D

1.85 (1.00) 1.85 (1.00)
1.95 (0.41) 1.92 (0.43)
2.54 (0.51) 2.54 (0.54)

aThe energies are in eV and f norm are shown in the bracket.
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This anisotropy has direct implications for SF. CT
configurations can mediate the coupling between the photo-
excited singlet and the correlated TT state. The enhanced LE−
CT and CT−TT mixing in the herringbone direction suggests
a more effective superexchange pathway and stronger singlet−
triplet coupling. These results show the importance of crystal
packing for efficient SF phenomena. The same inference can
also arrived at from the state densities shown in Figure 6c,d. A
similar analysis for 100-mer is given in SI (Figure S7).

To quantify the degree of configurational delocalization, we
computed the participation ratio (PR) of each excited state.
For an eigenstate expanded in the diabatic basis as

| = |Cj
i

ij i
(16)

the participation ratio is defined as

= | |CPR j
i

ij
4

1i
k
jjjjjj

y
{
zzzzzz (17)

This measure reflects the effective number of diabatic
configurations contributing to a given state. A value of PR ≈
1 indicates a localized state dominated by a single
configuration, whereas higher values signify larger configura-
tional mixing. The participation ratio is summed across all
monomers and is shown for every eigenstate of the aggregate,
in Figure 7.

Although the exact PR for the different orientations of the
aggregates are different, there are similarities in their trends.
The PR of the low-lying states up to 60−70 is high, followed
by a region between roughly the 70th and 100th states where
the PR shows lower values. For even higher states, we observe
significantly low PR. When one considers the nature of the

states that these correspond to, we notice that the purely CT
states have a low PR. This behavior reflects a transition from
strongly mixed low-energy states to predominantly single-
configuration charge-transfer states at higher energies. As seen
in Figure 7, the reduced PR values in the 70−100 region
correspond to states dominated by localized CT character.
This is somewhat surprising since they comprise the states
given by eqs 2 and 3 in a Bell-like entangled state. However,
since these states are entangled only within dimers, the PR is
low.

In contrast, LE states in molecular aggregates inherently
exhibit multireference character. Describing an exciton requires
a coherent superposition of multiple local excitation config-
urations to capture excitonic delocalization.28,36,38 This
multireference character arises from near degeneracy among
local excitation configurations in the excitonic basis.

The energy dependence of the states shows a stepwise
increase (Figure 7). These reflect that the states of different
natures and multireference character have a propensity to
bunch together to form almost band-like structures of states.
Though the current work is not about dynamics, this entire
analysis sheds light on expectations that one should have when
time evolution is taken into account. If we are starting with an
excitation into the bright manifold, probably the states that we
would be most concerned about are the band near 1.8 eV or
the CT-like band up to 2.5 eV. Both these bands are
energetically isolated from the extremely high-lying CT states.
Moreover, the PR values of those states are also extremely low.
This isolation of the bright bands from the high-lying CT
states implies that, irrespective of the nonadiabatic couplings
between these adiabats, the dynamics would likely be restricted
to the manifold below the separation between the CT bands.
These ideas would be fully developed in the future once the
vibrations are also incorporated through appropriate means.

■ CONCLUSIONS
In this paper, we have demonstrated that a parametrized form
of the aggregate Hamiltonian can be solved to obtain
important information about the low-lying electronic states
and absorption spectra of singlet fission aggregates. Pentacene
has been explored as a particular example system.

For the tight-binding model, one has to choose a diabatic or
site-local basis to represent the problem. To ensure both
continuity with previous literature and simplicity, we have
chosen the ground state |G⟩, the singlet excited state |S⟩, the
three triplet states |Ts⟩ and the two cationic |Cs⟩ and anionic |
As⟩ states as our basis. This is an extension of previous
models6,36,49 used to study singlet fission in the pentacene
dimers. Those previous studies have created truncated dimeric

Figure 6. Energy-resolved diabatic character of the excited states for
molecular packing along the herringbone (left column) and a (right
column) directions for a decamer of acenes. Panels (a) and (b) show
the discrete eigenstate decomposition, where each vertical bar
represents an excited state partitioned into LE, TT, and CT
contributions. Panels (c) and (d) display the corresponding
character-resolved state densities obtained via weighted histogram
broadening with shared normalization.

Figure 7. Participation ratio of the 1D decamer of the pentacene
aggregate along the (a) herringbone and (b) a orientation.
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diabatic basis of interest from the five types of states. In our
work, we augment the traditional basis to incorporate the value
of Sz. This is important to describe the entanglement of the
triplet-pair state, for instance, and would, in the future, be
crucial for describing the dynamical loss of this entanglement
through vibronic couplings. With this machinery in place, we
test our model Hamiltonian parametrized at the CASSCF level
of theory with the adiabats obtained directly from dimeric ab
initio calculations. Following verification of the qualitative
features, we demonstrated the efficiency of the method in
trying to understand the structure of larger aggregates. We
predict and explore the spectra of aggregates along the a and
herringbone directions.

The particular diabatic basis used to describe an aggregate is
highly dependent on the system and phenomena at hand.
While for this specific problem, we have chosen the basis
accordingly, one could choose a different optimal set of basis
sets and Hamiltonian to understand a different phenomenon.
Our CASSCF calculations on the dimeric system at various
distances reveal significant contributions from monomeric
states with multiexcitonic character or di-ionic character.
Including the spin-resolved versions of these states would bring
higher accuracy to the tensor network results for the
aggregates, but at a much greater computational cost. Future
work would focus on incorporating more elaborate monomeric
Hilbert spaces and vibronic interactions through Holstein-like
interaction terms. Furthermore, the ultimate goal would be to
use these effective Hamiltonians and knowledge from the
resulting spectrum into a complete dynamical description of
the phenomena. Comparative study of the singlet fission
dynamics of such carefully modeled Hamiltonians at fully
quantum mechanical and various semiclassical and quantum-
classical levels of theory would be key to developing
mechanistic insights into the processes. Work in this direction
is also underway.
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