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Environmental effects on the singlet fission
phenomenon: a model Hamiltonian-based study

Pablo Roseiro 2 and Vincent Robert 2 *

In the screening of compounds for singlet fission, the relative energies of the constitutive units are
decisive to fulfil the thermodynamic rules. From a model Hamiltonian constructed on the local spin
states of an active chromophore and its environment, it is suggested that embedding greatly influences
the energy differences of the active monomer spin states. Even in the absence of charge transfer, the
field generated by a singlet environment produces an increase of the [E(Sy) — E(So)l/IE(Ty) — E(So)] critical
ratio by up to 6% as compared to the one of a free chromophore. Besides, variations are observed when
the intimate electronic structure of the singlet environment is modified. This propensity towards singlet
fission is even more pronounced (10%) when the environment is switched to the triplet state. Finally, the
embedding is likely to reverse the spin state ordering in the limit of vanishing atomic orbital overlaps.
Despite its simplicity, the model stresses the importance of the environment spin nature in the quest for
singlet fission candidates, and more generally in spectroscopy analysis.

Introduction

In the field of photophysics, singlet fission continues to attract
much interest from many fundamental and applied research
groups.’™ Back to its origin in organic compounds, the con-
version of excited singlets into pairs of correlated triplets was
revived from its utility in the design of efficient solar cells.” This
phenomenon differs from competing inter-system crossing or
multiple excitation generation in inorganic semiconductors
where conversion into vibrational energy occurs. Alternant
acene-like hydrocarbons are natural target systems; for the
excited singlet-triplet, splitting is sizable and connected to a
large exchange integral (ca. 1 eV) involving the highest occupied
molecular orbital (HOMO) and the lowest unoccupied molecu-
lar orbital (LUMO), so-called frontier orbitals®™® (see Scheme 1).
Following the three-class classification of organic chromo-
phores, many theoretical efforts have been dedicated to the
positioning of the relevant energy levels (first excited singlet S;
and triplet T; states) to foresee the chemical conditions to
stabilize the first excited singlet state S,. Since the T;-S,; energy
difference is almost insensitive to the acene size, the so-called
energy level matching condition of the singlet fission E(S;) —
E(So) > 2[E(T,) — E(So)] is attainable by a reduction of the S;-S,
energy gap. This is the thermodynamic condition.

In the meantime, the kinetics of the spin-allowed transition
was depicted based on electron transfer or energy transfer
theories.” ™" A critical parameter that governs singlet fission
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is the coupling between neighbouring units.'>"® Following this

concern, computational studies have also much contributed to
the definition of a well-balanced coupling strength and to the
identification of the best chromophores.'**® While too strong
an interaction is not favourable for the triplets to separate and
move apart, too weak a coupling reduces the rate of singlet
fission."®° The role of excimer formation in singlet fission still
deserves particular attention.>** Its formation is a critical step
for the generation of pairs of triplets and the energy positioning
is traditionally approximated from the monomer values.?*™>°
Irrespective of the level of theory, wave function-based theory or
density functional theory (WFT and DFT, respectively) calcula-
tions, such an approximation is considered to be satisfactory
for molecular crystals and more questionable in covalent
dimers.***

However, one may wonder how much the immediate
environment of a given monomer may modulate its spectro-
scopy. In the design of singlet fission compounds, we felt that
attention should be paid to the molecular description, and to
go beyond the free monomer description. Practically, one
would like to stress, if sizable, the influence of the electronic
structure of a monomer spin state (so-called environment) on
the relative energies of a given neighbouring unit (so-called
active chromophore). The importance of the environment is
known and was reported in complex systems for which local
and collective effects are likely to compete.*>*® Prime examples
are spin-crossover compounds where the magnetic response
can be modulated under crystallization conditions.?” Evidently,
the appropriate definition of the spin nature of the environ-
ment in ab initio calculations calls for particular care, not to
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Scheme 1 Schematic description of the singlet fission phenomenon from
the frontier orbital diagram of a class | compound built on A and B
chromophores.

mention the system size which might make it not tractable
from quantum chemistry methods. Our intention is to set the
environment characteristics to foresee its impact on the ener-
gies of the active chromophore. For a neighbouring closed-shell
chromophore, a single configuration might be an acceptable
approximation and one strategy would be to freeze the mole-
cular orbitals (MOs) to mimic such a closed-shell environment.
However, the presence of a neighbouring open-shell chromo-
phore (e.g. triplet) is more problematic since the electronic
structures and spin values of the sub-parts cannot be decided in
standard quantum chemistry calculations. Indeed, in a non-
relativistic description, the total spin is a good quantum
number and any calculation produces spin eigen-states of the
full system.

Therefore, a model Hamiltonian built on the local spin
states of the two H, sub-systems was considered to complement
the current views on molecules with potential applications for
singlet fission. A much more sophisticated environment may
enrich the description at a cost of a less comprehensive
analysis. The model aims at capturing the environment effects
using this minimal picture consisting of a single H, molecule.
The relevance of traditional approaches based on isolated
chromophores can be examined from this simple H, model.
Following the standard crystal-field theory that relies on a
closed-shell structure of the coordination sphere, we wanted
to trace the importance of the spin value of the environment
and the resulting modifications of the Coulomb and exchange
contributions.

Description of the model

Theoretical inspections greatly concentrate on the HOMO and
LUMO frontier orbitals.***! The S,-S; transition in popular
class I singlet fission chromophores is reasonably described by a
HOMO-LUMO electronic transition.”? Thus, the model Hamilto-
nian is constructed on local spin states of a pair of interacting H,-
like molecules (i.e. two electrons in two MOs). Indeed, the most
promising candidates are slip-stacked chromophores where the
direct mechanism can be optimized.****** Therefore, charge trans-
fer states which might become competitive were not included in our
description by simply constraining the number of electrons on the
active chromophore and the environment, a realistic picture when
L > [ (see Fig. 1). The possibility of mediation by the charge-transfer
mechanism was explored elsewhere in covalent dimers.*****> For
preliminary inspections, singlet fission is limited to the direct
coupling mechanism. In summary, the construction is nothing
but a projection of the configuration interaction space into a
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Fig. 1 Model system built on the active (A) and environment (E) chromo-
phores with relevant geometrical parameters [ = 0.74 A (fixed intra-
chromophore distance) and L (inter-chromophore distance).

selection of configurations that preserve the electron numbers
and spin states on the subunits.

The bonding (g, and gg) and anti-bonding (u, and ug) local
MOs of the active (A) and environment (E) subunits (see Fig. 1)
are easily constructed from a minimal 1s atomic orbital (AO)
basis set ia, ja, ir and jg. Then, the configurations are combined
into configuration state functions I'y, and Iy to span the
tensorial product space I'a ® I'g. All matrix elements were first
analytically calculated as functions of mono-electronic and bi-
electronic integrals expressed in the minimal AOs basis set.
Evidently, the model Hamiltonian parametrization could be
used. However, we preferred to introduce the chemical details
of the structure, as any ab initio approach would do, to possibly
extend to any realistic singlet fission chromophore. All integrals
are distance-dependent and numerically available from the
PSI4 suite of programs*® (see Fig. 1).

By construction, the MOs of the active subunit are not
orthogonal to the MOs of the environment. In fused-benzene
compounds, orthogonality between the carbon-2p AOs
becomes numerically acceptable in the n-n interaction regime
characterized by ~2.5 times the carbon-carbon n-bond dis-
tance (1.43 A). Indeed, the 2p carbon AOs c-overlap is calcu-
lated as 0.01 for L = 3.6 A. At shorter separation distances, the
AO overlaps can no longer be neglected, similarly is the hydro-
gen-1s AO overlap in the H,-model system for distances smaller
than L ~ 2.5/ ~ 1.9 A. Following the procedure described by
Slater,*” the matrix elements were corrected to account for non-
orthogonality. Four overlaps must be a priori evaluated between
the MOs localized on the A and E subunits. However, Sg, =
Su,g, = 0 for symmetry reasons.

All determinants are built in the Mg = 0 manifold and the
energies are compared to the ones obtained in the absence of
the environment subunit. Within our approach restricted to the
direct coupling mechanism (i.e. no charge transfer), the singlet
state environment S is constructed as a contraction on the
three configuration state functions (see Scheme 2):

_ _ 1 _ _
Sk = e1|grgs| + ex|ugiig| + 6375(|gEuE\ + upge|) 1)

Such a contraction allows one to (i) generate a given electronic
structure that is not affected by the presence of the active
chromophore (frozen embedding picture) and (ii) extend our
model to non-symmetric active-environment pairs. By varying
the coefficients in the contraction, the nature of the

This journal is © the Owner Societies 2022
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Scheme 2 Schematic representation of the closed-shell |gg|, |udl|, and

the open-shell |gdl, lug|, Ms = O configurations on a dimer. The singlet and
1 1
triplet configuration state functions are —(|gu| + |ug|) and —=(|gu| — |ug]).
plet config ﬁ(lg |+ ugl) ﬁ(\g | = [ugl)
respectively.

environment can be selectively modified to account for the

aggregate formation and to reproduce different regimes. In

contrast, the electronic structures of active chromophore sing-

lets Sa,0, Sa,1 and S, , are fully relaxed as linear combinations of
- _ 1 _ _ . .

|2agal, |ualta| and ﬁ(\g,\uﬂ + |uaga|) configurations:

1
Sai) = a1gagal + @luaiia| + a37§(|gAL7A| +[uagal)  (2)

Let us mention that a Sg environment is readily achieved by
freezing the occupied and virtual localized MOs of the environ-
ment in an ab initio procedure. Evidently, the triplet state

1
consists of a single configuration T ; = 7§(|gA12A\ — |uagal),

the energy of which is immediately calculated in the Sg field.
A similar inspection was then performed when the environ-
ment is switched into a triplet state Tg. However, some parti-
cular care must be taken since a global triplet state emerges
from the local triplet states T, and Tg. Such a triplet can mix in

1
with the triplet state built from the 7§(|gAﬁA\ + |uagal) x

%ﬂgEaE\ — |uggg|) configuration (i.e. Sy ® Tg). The eigenvector
analysis evidences the contributions of the singlet and triplet in
the active chromophore.

In this study, we are primarily concerned with the impact of
the environment spin structure on the energy level matching
conditions. Thus, the objective is to examine the sensitivity of
the low-energy state ordering of an active chromophore A in the
field generated by a L-distant environment E. Therefore, the
condition for singlet fission reads p = [E(Sa1) — E(Sa0)J/[E(Ta1) —
E(Sa0)] > 2.

Results and discussion

Let us first concentrate on the active chromophore energy levels
in the field of a singlet state environment Sg. In the M = 0
manifold, the S, ® Sg space is spanned by three determinants. A
single determinant built as T, ® Sg defines the local triplet state
energy on the active chromophore. Overall, three singlet states
Sa,; and one single triplet T,, energy are evaluated in the
presence of a frozen singlet environment. All energies depend
on the inter-dimer distance L as well as on the contraction
coefficients ey, e,, and e; (see eqn (1)).

This journal is © the Owner Societies 2022
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Fig. 2 (a) Critical ratio p = [E(Sa1) — E(Sa0)l/[E(Ta1) — E(Sa0)] in the fields of
the singlet environment as a function of the inter-dimer distance L. The
singlet environment Sg consists of a contraction e; = 0.85, e, = 0.45, and
ez = 0.27. (b) Upper panel: Variations of the low-lying triplet state energies
(eV) for a triplet environment. The ground state consists of a pure singlet
on A, and its energy is used as a reference. The excited triplet states are
labelled with the dominant contributions on A. The intra-chromophore
distance [ is set to the equilibrium H, distance to 0.74 A. The p value
variations are given in the lower panel.

In the long-distance regime (L > 3.5 A), the H, monomers
do not interact, all integrals becoming vanishingly small. The
asymptotic limit of the critical ratio p = [E(Sax) — E(Sao)l/
[E(Ta,1) — E(Sa0)] (ca. 1.60) corresponds to the value that is
usually reported from calculations performed on a single
chromophore. However, p is very sensitive to the presence of
a surrounding partner (see Fig. 2(a)), even in this simplified
picture. The nature and amplitude of the dipole-dipole inter-
actions are responsible for this differentiating effect. For inter-
acting m-systems, the ratio between the intramolecular carbon-
carbon distance and the packing separation is ca. 2.5. In
analogy, one expects that, below L ~ 2.5 ~ 1.9 A, charge
transfer contributions should be included between 1s hydrogen
AOs and our simplified view would be invalidated. However,
even at this low-distance limit, p is increased up to 1.70
(Fig. 2(a)).

As soon as the environment spin state is switched to the
triplet, the picture is somewhat modified. Irrespective of the
inter-dimer distance, the ground state singlet (reference energy
in Fig. 2(b)) is a pure singlet on A dominated by the |gaZa|
configuration. As mentioned before, the excited triplet states
result from the mixing between different spin-coupling
schemes (Sa®Tg and T,®Tg). From our numerical inspec-
tions, these states labelled as T, ; and S, ; in Fig. 2(b) are largely
dominated (ca. 98% at L = 2 A) by the triplet and singlet on A,
respectively. Thus, these energies can be compared to the ones
obtained from an isolated chromophore picture for which
p = 1.60. Not only does the S, ;-T4 ; energy difference increases
with the decreasing inter-chromophore distance, but also the
singlet fission thermodynamic condition p > 2 is fulfilled for L
values close to 1.9 A (see Fig. 2(b), lower panel). For compar-
ison, the triplet-singlet energy difference and the p value for
L =2.5 A were calculated as 14.8 eV and 1.61 at the CAS[4,4]SCF
level in a minimal 1s AOs basis set, respectively.*® In this
regime, the contracted view of the model (see Fig. 2(b) upper
panel) reproduces not only the CASSCF energy splitting but also
the asymptotic value p = 1.60.

Despite its simplicity, our model stresses that the presence
of the environment significantly modifies the spin state

Phys. Chem. Chem. Phys., 2022, 24,15945-15950 | 15947
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Fig. 3 Singlet and triplet state energies (eV) as a function of the inter-

dimer distance L in the vicinity of a contracted singlet environment Sg with
the increasing weight on the |uglg| configuration. (a)e; = land e, = e3 = 0,
(b) ey =0.91and e, = ez =0.29,and (c) e; = 0.85, e, = 0.45, and ez = 0.27.
All AO overlaps are set to zero. Following the Tanabé-Sugano representa-
tion, the ground state energy Egs is taken as a reference. Its nature changes
for a characteristic L distance which is marked by a vertical dashed line.
Horizontal dashed lines represent the spectroscopy of an isolated
chromophore.

ordering. As expected, the field generated by the environment
depends on its spin state, giving rise to an enhanced singlet
fission inclination in the presence of a triplet environment Tg.

The observed critical regime of 1.9-2.6 A in the H, model
agrees with the traditional range of the manifestation of n-
stacking interactions in conjugated organic molecules up to a
scaling factor based on the intra- and inter-molecular dis-
tances. In conclusion, the p variations for such hydrogen-
based model compounds are in accordance with what is found
for carbon-based compounds.

It is known that realistic synthetic systems for singlet fission
are acene-like and our model may look at first over-simplistic.
First, the hydrogen 1s AO c-overlap is 0.66 for [ = 0.74 A,
whereas the m-overlap between the 2p carbon AOs is reduced
down to 0.19 for a typical carbon-carbon distance. Then, the
density of states increases with the number of carbon atoms in
polyacene. Together, these elements favour a reduction of the
HOMO-LUMO gap within the chromophore. In the n-stacking
acene arrangements, the inter-chromophore interactions are
governed by negligible 2p carbon AO c-overlap (0.01 for L =
3.6 A). For all these reasons, we felt that setting all overlap
values to zero (intra- and inter-chromophores) in our model
would allow in making the contact with synthetic compounds
and in analysing the leading mechanisms at work in the
hierarchization of the spin states. Importantly, all the one-
electron and two-electron energy integrals were maintained as
numerically evaluated from PSI4. Different singlet environment
structures were generated by varying the amplitudes ey, e, and
es (see Fig. 3).

In the asymptotic limit, the spectroscopy evidently does not
depend on the environment singlet structure and exhibits a
singlet ground state S, o. Nevertheless, the absolute energy of
the latter is sensitive to the structure of the environment and
the p value is modulated. By inspecting the different contribu-
tions, the leading one arises from the two-electron integral
(iaja, teje)T- This a slowly decaying 1/L integral that destabilizes

(G, ki) = [ [dridryi* (r)j(n)rig K (r2)1(r)
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|ga Za g& Z&| and |ualizugity| configurations, whereas it stabilises
|ualia ge 8x| and |ga Zaurils| configurations. As a consequence,
the energy of the S, ¢ state increases in the presence of a mono-
determinantal environment |gg gg| (61 = 1, e, = e3 = 0). Con-
versely, it is lowered for the |ugitz| environment (e; = 0, e, = 1,
e; = 0). For symmetry reasons, the energy of S, , is not sensitive
1 = o — —

ﬁ(|gEuE| + uegs|) (€1 =€, = 0,
e; = 1). This state of affairs changes for the excited triplet Tx ;
and singlet S, ; states. Indeed, the dominant integral (i ja, irjE&)
has no impact on their energies and the S, ;-Ta; splitting
remains constant and equal to 2K, , (exchange integral). As a
result of the long-range 1/L potential, the critical ratio p is still

to the open-shell environment

sensitive to the environment even for L = 20 A where Plgezel =

170, Plugg| = 1.53 and p%ﬂ&'ﬁﬂg\#—hmgﬂ) = 1.6l

For L ca. 5 A, the p > 2 regime is reached, in sharp contrast
with what was observed previously. When L is further reduced,
the energy of the S,, state continuously increases, and even-
tually the nature of the ground state switches to high-spin Ty ;.
Such an observation somewhat reconsiders the traditional
picture ‘“strong field-low spin” in metal ion coordination
compounds. Interestingly, the switching L distance is shifted
to lower values (see Fig. 3 where all AO overlaps are set to zero)
as the weight of the |ugitz| configuration increases. This is a
reflection of the competing effects of the |ggge| and |ugig|
configurations on the stabilization of the S, state.

The examined electronic structure is evidently reminiscent
of the one in cyclobutadiene. As seen in Fig. 3, the ground state
of the four-electron four-orbital system is the singlet whatever
the structure of the singlet environment. This observation is in
agreement with the pseudo Jahn-Teller effect manifestation:
the triplet square structure is unstable and a distortion to
the rectangular geometry leads to a singlet ground state. In
contrast, our constrained wave function description favours
a triplet ground state (T,;®Sg) even for strong deviations
from the square geometry. The contracted structure of the
E part and the resulting absence of charge transfers are
responsible for this behaviour. However, our model highlights
the significant impact of the electronic structure of the
environment.

Conclusions

The importance of the spin structure of the environment on the
energy states of a two-electron active chromophore was exam-
ined by building up a model Hamiltonian that affords the
splitting into local spin states. The active chromophore state
ordering is much affected in the presence of a triplet or a
singlet environment. As a consequence, the critical ratio
p = [E(S1) — E(So)|/[E(T1) — E(So)] defined on the excitation
energies of the first singlet and triplet excited states may reach
the lower bound p = 2 value for the singlet fission condition to
occur. A simplified description that neglects overlaps leads to
an even deeper modification. The ground state is switched from
the low-spin singlet to the high-spin triplet when the distance

This journal is © the Owner Societies 2022
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between the active chromophore and the environment is ca.
2.5 A. This critical distance is governed by the structure of the
singlet state environment acting as a field that controls the spin
state hierarchisation. Even in the absence of charge transfers
between the subunits, our model suggests that spin-dependent
environment effects should be taken into account. The simpli-
city of the Hy-based model brings some insights and means of
interpretation that should be transferable in the theoretical
quest of singlet fission candidates.
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