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In this feature article, we review progress and future challenges in the development of computational
approaches for modelling triplet energy transfer processes. These processes are of fundamental
importance for understanding biological systems, developing new synthetic chemistry tools, photo-
chemistry and transition-metal based photocatalysis, as well as designing materials with improved
properties. Describing these processes requires calculation of diabatic states where the character of the
wavefunction is constant across the reaction coordinate. Diabatic states are often difficult to access
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directly and are poorly defined when trying to construct them from more easily obtained adiabatic
states. Another challenge is determining how to properly include the charge transfer states in the
DOI: 10.1039/d5cc07132a theoretical framework. Here, we review the previous developments within the field, as well as our recent

work on triplet energy transfer. Subsequently, we highlight the future directions and challenges that
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remain to provide reliable and computationally expedient predictions of triplet energy transfer kinetics.

1. Introduction

Energy transfer (EnT) is a fundamental phenomenon involved
in a host of photophysical processes."® EnT mechanisms have
been implicated in light-harvesting complexes and photosynth-
esis,
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solar energy conversion and photovoltaics, materials
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science, photocatalysis and photochemistry. EnT involves
the exchange of energy between molecules or molecular fragments.
There are two types of EnT mechanisms which have been identified -
Forster and Dexter EnT.>*** One key distinction between these two
mechanisms involves the distances between the molecules or mole-
cular fragments. Forster EnT involves the transfer of energy over long
distances, while Dexter EnT occurs over short distances.® In Forster
EnT, the electronic excitation of the acceptor results from dipole-
dipole coupling between the transition dipole moment of the donor,
associated with electronic deexcitation, and a resonant transition
dipole moment in the acceptor.** In contrast, Dexter EnT results
from the transfer of electrons between donor-acceptor molecular
species, which requires large overlap and so results in strong distance
dependence. Triplet EnT (TENT) is a subclass of Dexter EnT in which
energy transfer from a triplet donor leads to a triplet acceptor. EnT
remains an open area of research due to the lack of fundamental
understanding concerning the mechanisms and rates in a theoretical
framework. In this feature article, we describe progress towards the
computational modeling of EnT processes with an emphasis on
TEnT. We include a summary of some specific cases where Dexter
TEnT plays an important role.

TEnT belongs to the Dexter EnT category, and, unlike singlet
EnT, the spin on each fragment is not conserved. Rather, TEnT
involves a change in the electron spin and multiplicity of the
acceptor from the initial singlet state and final triplet state.
Ultimately the triplet donor will transfer energy to an acceptor
molecule or molecular fragment leading to a triplet state on the
acceptor. This TEnT process can be thought of as an electron
transfer (ET) process where two electrons of different spin are
transferred concertedly. As for ET, TEnT is most conveniently
described in terms of diabatic states, which represent electro-
nic configurations in which the frontier orbitals are localized to
one of the two fragments. Use of two diabatic states, in which
the triplet resides on either the donor or the acceptor fragment,
results in the two state-model, while inclusion of the sequential
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pathways, where each fragment is a doublet, provides a four-
state model (Fig. 1).>°>' The two-state model involves two
locally-excited (LE) states: the reactants (D*A) in which
the triplet resides on the donor, and the products (DA*) where
the triplet is localized on the acceptor (A*). The pathway
from D*A to DA*, called the direct path, is achieved by a
simultaneous two-electron transfer. TEnT is more accurately
described with a four-state model which, in addition to the LE
states (D*A and DA*), also includes two charge transfer (CT)
states. The two CT states can be described as electron (D'A”)
and hole (D”A") transfer intermediates (Fig. 1), respectively.
In the four-state model, energy exchange can occur by a
simultaneous two-electron transfer, ie. the direct (D*A —
DA*) pathway, or through two sequential one-electron trans-
fers, through either electron (D*A — D'A~ — DA*) or hole
(D*A — D”A" — DA¥) transfer pathways. The one- and two-
electron interactions that couple the donor and acceptor are
known as Dexter coupling.”® Systems involving transition
metal complexes or bridging moieties may require even more
states in the model.*®

Having identified the relevant intermediate states, EnT rates
can be determined from Fermi’s Golden rule*?

2n N 2
kTEnT = ?|<Tf|H|T1>‘ p(E). (1)

where (¥;|H|¥;) is the diabatic coupling element between
initial and final states. For the two-state system described
previously, the diabatic coupling element is (D*A|H|DA*).
The density of states per unit energy of the final state is p(E),
which depends on the nuclear reaction coordinate, and for a
harmonic oscillator is equal to 1//iw, where o is the angular
frequency.*> When EnT is more strongly coupled to nuclear
motion or solvent rearrangement, Marcus theory provides an
alternative formulation for krg,r. Consequently, the diabatic
states can be described as parabolas along this nuclear
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Fig. 1 Four-state model of triplet energy transfer containing concerted two-electron, direct energy transfer mechanism, and two sequential one-
electron energy transfer mechanisms involving either electron or hole transfer. The two-state model is also depicted (D*A — DA¥*, with the pathway

labeled as direct) and involves a concerted two electron transfer.

coordinate and p(E) obtained through geometric considera-

tions (eqn (2)).***
2
} (2)

where, / is the reorganization energy, and AG® is the free energy
difference between the initial and final states. The free energy
of activation (AG") is determined from the free energy differ-
ence between the initial state and the crossing of the two
parabolas and can be determined from A and AG°. A diagram-
matic illustration of these terms is given in Fig. 2a. Defining the
TEnT reaction coordinate for polyatomic systems remains an
ongoing area of research. Frutos and coworkers have developed
several approaches for calculating the reaction coordinate,**"*°
including most recently through a decomposition of the reac-
tion coordinate into donor and acceptor contributions.** How-
ever, generally the rate depends most strongly on the diabatic
coupling element due to the energy-gap law.***’

For a four-state model, additional diabatic coupling ele-
ments between the reactant/product and the CT states are requ-
ired ((D*A|H[D*A™), (D*A|HD"A"), (D*A~|H|DA*) and
(D-A*|H|DA*)). To calculate the overall TEnT reaction rate, it
is necessary to consider all these coupling elements simulta-
neously. Marcus theory can be extended to the four-state model
by considering CT and LE diabatic states as parabolas along the
reaction coordinate (Fig. 2b-d).*® Both the relative energies of
the CT states compared to LE states and the magnitude of the
diabatic coupling element defines the extent to which CT states
contribute to krgyr. Although CT states are generally relatively
high in energy, they show much larger coupling with reactant/
product states than for the direct coupling. If the CT states are

(1 +AG)
4)RT

2n
KTEnT = —{ (| H|P;

|\/ 4nRT {
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too high in energy, then even a large coupling element will
not enable them to stabilize the reaction coordinate (Fig. 2b).
However, when CT states are sufficiently low in energy, as shown
in Fig. 2d, all states must be accounted for to determine the rate.

As it is also difficult to assess the diabatic coupling element
experimentally, computational models for its calculation are
desirable.”> Approximating that the wavefunction can be
described as a product of the nuclear and electronic compo-
nents, the diabatic coupling element can be written as in

eqn (3);

(el H|) = (PREH| PR ET) = (P [ ) (T H|YE) ()

where n indicates the nuclear component, and e indicates the
electronic component. The nuclear wavefunction overlap term
in the last equation is the Frank-Condon factor, which is
responsible for the energy gap law, as transitions to states with
large vibrational quantum numbers have small overlaps. The
second term is the diabatic coupling element which can be
determined once the diabatic wavefunctions have been com-
puted. Although TEnT requires that the states in the electronic
coupling element are expressed in a diabatic representation,
computational approaches tend to express the wavefunction in
an adiabatic representation. Adiabatic states are eigenstates
of the Born-Oppenheimer electronic Hamiltonian and obtain-
ing diabatic states from transformation of the adiabatic states
is nontrivial.**>* As an example of the differences between
adiabatic and diabatic states, one can consider the ionic and
neutral states of NaCL>* Diabatic states preserve the ionic or
covalent character of the potential energy surface (PES) across
the dissociation coordinate, while the adiabatic ground state
changes from ionic (Na'Cl™) to covalent (in gas phase) as the

Na-Cl distance increases. In addition to the importance of
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Fig. 2 Schematic representation of coupling between diabatic potential energy surfaces used for determination of the rate constant according to
Marcus theory. (a) Pictorial definition of the Gibbs activation energy AG?, solvent reorganization energy 4, Gibbs reaction energy AG®°, and diabatic
electronic coupling (D*A|H|DA*). (b) Four-state model showing the case in which direct coupling outcompetes both CT pathways. (c) Four-state model
showing the case in which CT coupling outcompetes the direct pathway. (d) Four-state model showing the case in which both CT and direct pathways
are competitive. Reprinted with permission from J. Chem. Theory Comput. 2023, 19, 7685-7694. Copyright 2023 American Chemical Society.

diabatic states for EnT,**** diabats are involved in many other
areas including in the construction of PESs,**>® spectro-
scopy,”® ! scattering theory,®* ** molecular bonding,**®” and
proton tunneling.®®*”° Thus, a significant challenge in
describing EnT processes is the efficient construction of
diabatic states with the correct character.

In the remainder of this feature article, we will summarize
challenges and approaches for obtaining diabatic states in the
context of studying TEnT processes. Subsequently we will
discuss approaches for the construction of the diabatic cou-
pling elements. We then describe the use of these computa-
tional approaches to study TEnT in several technologically
relevant applications. Finally, we conclude with an outlook of
the challenges and future directions of research involving
modelling of TEnT processes.

2. Challenges in construction of
diabatic states

The challenge with constructing diabatic states from adiabatic
states is that it is not possible to create a strictly diabatic basis

Chem. Commun.

from an adiabatic basis - except in rare cases.*® Recall that we
previously described a qualitative picture of diabats as those
which do not change character regardless of changes in the
nuclear geometry. This qualitative picture holds true in math-
ematical sense as well, in that the derivative coupling between
two diabatic states vanishes at every possible nuclear configu-

ration (R). Thus, for a manifold of strict diabatic states (|¥{)),

iqﬂ?> =0 Vij,R

dj(R) = <Y’? SR

(4)

To construct the diabatic states from the adiabats, it would
be ideal if the diabatic states of interest could be completely
described by the subset of adiabatic states of importance (span
the same Hilbert subspace). Such a transformation could be
made through use of an adiabatic-to-diabatic transformation
matrix.**”! However, in practice this transformation leads
to conditions which cannot be satisfied.”*” Instead, a set of
diabatic states can be obtained that do not completely elimi-
nate the nonadiabatic couplings, which are referred to as quasi-
diabatic states.”**"7377

This journal is © The Royal Society of Chemistry 2026


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cc07132a

Open Access Article. Published on 10 February 2026. Downloaded on 3/17/2026 8:39:37 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

ChemComm

Owing to the fact that definitions of quasi-diabatic states are
not unique, different descriptions of diabatic states can be
obtained with different strengths and weaknesses. For the
purposes of this feature article, these approaches can be
broadly organized into those that optimize diabatic states
variationally, and those that construct diabats from approxi-
mate transformation of adiabatic states. Here, we first give a
brief outline of the different approaches to transform adiabatic
states to the diabatic representation, before providing a more
detailed discussion of how diabats can be directly optimized.
The major challenge with transformation-based approaches is
that they require a good quality description of a significant
number of adiabatic states to provide a suitable basis in which
to construct diabatic states. This often leads to situations where
relatively expensive computations must be performed to gen-
erate many states, from which much information is discarded
in constructing a few diabatic states of interest.>* Additionally,
it is not always obvious how the adiabatic states must be
constructed to correctly include all the required information
of the diabatic states. However, these methods have the advan-
tage of being more rigorously defined, at least in the limit of a
complete basis of adiabatic states or when the subset of
adiabatic states obey the curl condition.***® To transform from
the adiabatic representation to the diabatic representation,
variation of the parameters in the adiabatic-to-diabatic trans-
formation matrix can be performed to minimize some measure
of adiabaticity. Therefore, these methods are distinguished
based on the objective function that is used in the variational
minimization. Based on the definition of eqn (4), the most
obvious choice is minimization of the nonadiabatic derivative
coupling elements,”® although such a choice is not generally
practical. Instead, the transformation can be carried out through
ensuring ‘“‘configurational uniformity” such that diabatic states
change continuously along a given path.>>”°"%! Alternatively, a
similar outcome can be obtained through block diagonalization
of the Hamiltonian.®>®® The Hamiltonian must be partitioned
into active and external blocks, where the active block contains
states of interest. Diabatic states are then obtained through
minimization of the norm of the off-diagonal Hamiltonian
blocks. The active block after the block-diagonalization is an
effective Hamiltonian of diabatic states.

Rather than trying to ensure configurational uniformity
directly, properties can be used to identify diabatic states.
Minimizing the average transition dipole matrix elements
results in a form of Boys localization applied to states rather
than orbitals and ensures all states have as localized a dipole as
possible, which is particularly useful in studies of exciton
transfer.®*®> Generalized Mulliken-Hush (GMH) follows a simi-
lar approach, but in its most common form it ensures the
transition dipole matrix element between two states vanishes.*®
GMH is tailored for two-state charge transfer problems, and
so is popular for ET studies where the relevant diabatic states
are charge localized so that the dipole of each state does
not significantly change with nuclear coordinate. Use of an
Edmiston-Ruedenberg localization approach instead of Boys
localization, in which the off-diagonal Coulomb interaction

This journal is © The Royal Society of Chemistry 2026
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terms are minimized, leads to diabatic states with localized
charge density.*® Similarly, the GMH scheme can be modified
to use properties other than the two-state transition dipole
matrix element. In the fragment charge difference model (FCD)
the interfragment charge density is minimized, which has the
effect of localizing charge on a particular fragment in each
diabat.®” More useful for TEnT, the fragment spin density (FSD)
model uses the spin density instead to obtain spin-localized
diabatic states.*” For singlet EnT (SEnT), charge or spin density
are less useful, and instead the excitation number (number
of electron-hole pairs) can be used, as in the fragment excita-
tion number difference scheme.*®*® While property based appro-
aches to defining diabats are useful, they are often difficult to
generalize beyond two states and cannot easily describe diabats
with different character, such as those in the four-state TEnT
model (Fig. 1).

Rather than determine adiabatic-to-diabatic transforma-
tions, an alternative approach is the direct construction of
quasi-diabatic states. This approach avoids the need to con-
struct adiabatic states and circumvents the two-state limitation
of approaches like FSD. A particularly suitable framework for
such an approach is valence bond theory due to the use of
localized molecular orbitals. Using valence bond self-consistent
field (VBSCF), an effective two-state model permits variational
optimization of diabatic states.””?° However, in general valence
bond theory is used in combination with molecular orbitals
theory to provide a more computationally tractable description
of diabatic states. The block-localized wavefunction (BLW)
method optimizes orbitals such that they have zero contribu-
tion from atomic orbitals that reside on different frag-
ments.”"®> Similarly motivated, constrained density functional
theory (CDFT) uses density-based constraints, such as number
of electrons, charge, or spin, to define diabats.”*°* Rather than
constraining orbital localization, Beratan constructed diabatic
configuration interaction singles (CIS) states through transfor-
mation of orbitals to a natural localized molecular orbital
(NLMO) basis.?® Finally, it has been observed for some time
that solutions to the SCF equations can have quasi-diabatic
character, particularly in the context of ET.”>°° However,
only recently have developments in SCF optimization techni-
ques'®% been able to circumvent variational collapse and
allow reliable convergence of SCF solutions with quasi-diabatic
character.?>*" In our work, as we discuss below, these quasi-
diabatic SCF (QD-SCF) solutions feature orbitals that are localized
to different fragments and so can be used to represent diabatic
states. Deficiencies in the single-reference framework of QD-SCF
states can be overcome using orbital expansions based on
UNOCAS,'” or projection (including half-projection).'*®

3. Methods for calculating the diabatic
coupling

Having obtained a set of diabatic states, it follows that the next
goal in calculation of eqn (1) is the determination of the
diabatic coupling. The diabatic coupling is the off-diagonal

Chem. Commun.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cc07132a

Open Access Article. Published on 10 February 2026. Downloaded on 3/17/2026 8:39:37 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Feature Article

matrix element of the Hamiltonian in the diabatic repre-
sentation. When using adiabatic-to-diabatic transformation
approaches for determining the diabatic states, the diabatic
coupling elements arise naturally from the calculation. None-
theless, as we will discuss in more detail below, an analytical
form for the diabatic coupling may be available for two-state
methods that avoids the requirement to explicitly determine the
diabatic states (e.g¢ GMH, FCD etc.) However, where diabatic
states are directly variationally constructed, the matrix elements
between these states must be calculated from the diabats (e.g.
CDFT, QD-SCF etc.).

For models that are limited to describing two-states, the
diabatic coupling element can be determined analytically from
parameters of the two adiabatic states, without having to
explicitly compute the diabatic states. The formulas are derived
from analytical formulas for the characteristic roots of the
Hamiltonian matrix, and so in principle can be obtained for
up to four states (Abel-Ruffini theorem), although in practice it
is more straightforward to build and diagonalize the operator
matrix, which is equivalent to explicitly determining the dia-
batic states. In two-state GMH, the vertical excitation energy
(E, — E4), the difference between the adiabatic dipole moments
(t1—uz), and the transition dipole moment pu,, is used to
determine the diabatic coupling

(E2 - E1)|ﬂ12|

(Wi |H|W;) = .
(1) — o) +4ui,

()

The methods that are derived from GMH (FCD, FSD, FED)
all have formulas for the diabatic coupling that are analogous
to eqn (5), where a different property is used in place of the
dipole. For example, in the FCD model, the diabatic coupling
element is computed using the fragment localized charge
difference (Ag, Aq, and Agy,)

(E2 — E1)|Aqi2]

(Pe|H|W;) = -
(Aqi — Agx)"+4Aq3,

(6)

where Ag,,, is the difference in the reduced density or transi-
tion density spatially partitioned between the donor and accep-
tor. The property used in FSD is the partitioned spin density,
while FED uses the excitation number (Ax;, Ax, and Ax;,)
which is obtained from the partitioned sum of attachment
and detachment densities.

While the above methods construct diabatic states implicitly
to determine the diabatic coupling element, the connection
between the diabatic coupling strength and the fragment
orbital overlap permits the diabatic coupling to be assessed
without ever constructing the diabatic states themselves. These
approaches are closely based on energy gap formulation in
GMH and related approaches (eqn (5)) but motivated by elec-
tronic structure rather than state properties. You, et al., devel-
oped an approach based on CIS to compute the strengths of the
electronic coupling of TEnT.'*® Their analysis showed that the
energy gap between the two lowest triplet CIS states is propor-
tional to the TEnT diabatic coupling. An extension of the CIS
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energy gap method to more than two diabatic states was
developed so that transfer between a bridge-linked donor and
acceptor could be performed.”® In this case the CIS was
performed in a NLMO basis and the CIS energies obtained by
removing different components of the CIS Hamiltonian
depending on which diabatic coupling element was being
computed. Rather that approximate orbital overlaps based on
the energy gap method, empirical scaling of the frontier
molecular orbital overlap was also found to provide reliable
diabatic coupling elements for a four-state TEnT model.>

In cases where the diabats are calculated directly, the
diabatic coupling element must be computed explicitly. Unlike
in methods that transform the adiabatic Hamiltonian to a
diabatic representation, the computed diabats are generally
nonorthogonal, requiring special consideration of how to com-
pute matrix elements and orthogonalize states. In the case of
QD-SCF diabats, there are several different approaches for
computing the nonorthogonal matrix element.’'*™">* A parti-
cularly exciting development is that of the GRONOR program,
which is designed for deployment on leadership-class comput-
ing facilities, enabling accurate descriptions of diabatic wave-
functions on large systems.'"®">* Where states are all expressed
in a different orbital basis, a suitable approach is to construct
transition density matrices and contract them with the Hamil-
tonian operator

H = o[ 90) = 5o (W) 56 (02)) ) )

where the prime notation emphasizes nonorthogonal diabats,
Ny is the pseudo-overlap which comes from the product of the
nonzero singular values of the occupied-occupied orbital over-
lap matrix, p are the transition density matrices constructed
according to the generalized Slater-Condon rules,"'”'1%121:122
h is the one-electron integral matrix, G(p) is the contraction of
two-electron resonance integrals with p, and (---) indicates a
matrix trace. Similar equations have been used for computing
diabatic couplings with frozen density embedding (FDE).">®
The transition density matrices of eqn (7) are also used in
multi-state DFT (MS-DFT), to build the matrix density, which
can provide diabatic couplings.'?*™**® CDFT diabats are also
nonorthogonal, but the evaluation of diabatic coupling is
further complicated by the fact that the diabats are expressed
in terms of the density and are solutions of a constrained
Hamiltonian. By approximating diabatic wavefunctions with
the Kohn-Sham (KS) determinant |®/) where, as before, the
prime indicates these are nonorthogonal diabats, the following
expression is obtained
@ > (8)

PSS VR <
In the above equation, F; is the free energy and V; is the
constraining potential operator of the ith diabatic state, and Ng
is the diabat overlap.'*™*** Care must be taken when using
CDFT in cases of near-degeneracies in frontier orbitals that
allow for fractional electron transfer between fragments.™*

I}i + Vf
2
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Having computed the couplings in the nonorthogonal diabatic
representation, the remaining task is orthogonalization of the
diabats to determine the final diabatic couplings. While there
are numerous different orthogonalization methods, Léwdin
symmetric orthogonalization™*® is best suited to obtaining
orthogonal states that retain their diabatic character as the
transformation rotates all states equally, minimizing the angle
that any one state rotates from the nonorthogonal diabatic
state.*®*>'3! Where there are only two states of interest, it is
possible to construct an analytic formulation of the orthogo-
nalized diabatic coupling element

Hy — Ni(Hy + Nji)/2

Y H|Y) =
(Pr|H|¥:) = N2

©)

As eqn (9) orthogonalizes only two states at a time, it
provides an approximation of the true orthogonal diabatic
states. However, the results of the two-state approximation
can be compared to the results from full orthogonalization to
establish the extent to which the two-states of interest are
coupled to the remaining states. As highlighted below, we have
found that the two-state approximation underestimates direct
diabatic couplings, giving around half the value of four-state
models.*

4. Modeling TENT

Having explored how various research groups have tackled
the technical challenges in computing diabatic couplings to
determine TEnT kinetics, we now provide several examples of
areas where studies have made use of these computational
techniques.

4.1. Bridge-mediated Dexter energy transfer

There are many practical examples of bridge-mediated TEnT
chemical systems, where the donor-acceptor architecture
is connected by a bridging moiety, including solar-energy
harvesting,'® OLEDs,"** and light-harvesting complexes.”
Skourtis, et al. presented a theory of bridge-mediated TEnT
mechanisms using the CIS approach.”® The TEnT pathways
including the contributions of the bridge, in addition to CT
states, were investigated using alkyl-bridged and norbornyl-
bridged dienes as example systems. A key distinction between
this theory and earlier ones®”"* is that vertical excited states of
the bridge are considered in the assessment of the diabatic
coupling. It was demonstrated that the CT states with an
electron or hole on the donor and the other on acceptor were
the most significant contribution to the bridge-mediated TEnT
coupling involving systems with short bridges and high
tunneling-energy gaps. On the other hand, for systems with
longer bridges or a lower bridge energy gap the excitations
localized on the bridge dominate the coupling. In the case of
the bridge excitations, the electron and hole are both found on
the bridging unit. In the context of bridge-mediated TEnT, the
Fermi golden rule for the rate can also be used but the coupling
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term takes on a different form (eqn (10)) than that shown in
eqn (1) ((P¢|H|'P3)).

(D|H"|A)(D*|H°|A")
AEct

V=2 — (DA|D*AY) (10)

Beratan and coworkers computed diabatic couplings based
on the adiabatic energy-gap approach.'®® Their study focused
on noncovalently stacked naphthalene dimers and naphtha-
lene-ethylene-naphthalene  (Nap-Et-Nap)  bridge-mediated
assemblies. The minimum energy splitting approach was first
used to study the dependence of diabatic couplings on the
donor-acceptor orientation of an asymmetric naphthalene
dimer system (i.e. without the bridge). It was demonstrated
that the direct energy splitting method is unable to provide
diabatic couplings consistent with the reference results from
the FSD method.””®® In contrast, the couplings from the
minimum energy splitting method were in-line with the FSD
method. They also computed diabatic couplings as a function
of z-distance in a nonsymmetrically placed naphthalene dimer.
When compared to the results using the FSD approach, the
direct energy splitting method overestimated the couplings.
On the other hand, the minimum energy splitting results
exhibited close agreement with the FSD results. Their final
investigation was analyzing how the diabatic couplings varied
with the distance between the ethylene bridge and one
naphthalene monomer along the z-axis considering a nonsym-
metric Nap-Et-Nap structure. In agreement with the previous
case, the minimum energy splitting method provided accurate
outcomes compared to overestimated results of the direct
energy splitting method when contrasted with FSD results.
They also tested various quantum chemical levels of theory in
this study for determining the energy splitting and diabatic
couplings. For the basis set, it was concluded that diffuse
functions are more important than basis-set size. Regarding
the method, use of the Tamm-Dancoff approximation was
found to be an improvement over full TD-DFT and TD-HF
approaches. Finally, the accuracy of the diabatic couplings
was dependent upon the quality of the CT state energies, and
so functionals such as CAM-B3LYP were recommended.

In another investigation by Zhao and coworkers, the TEnT
processes involving a benzophenone donor to a naphthalene
acceptor via fluorene bridge, namely, the Bp-F-Nap system, was
studied using CDFT."” For this kind of donor-bridge-acceptor
(DBA) system, two transfer pathways for TEnT are possible -
tunneling (superexchange) and sequential hopping. In super-
exchange, the electron tunnels from the donor to the acceptor
through the bridges (*DBA — DB?A), whereas the sequential
hopping mechanism involves temporary localization of energy
on the bridges and production of intermediate states (*DBA —
D’BA — DB’A). Discussing the Bp-F system first, at the CDFT
optimized *Bp-F and Bp-°F diabatic state geometries, diabatic
couplings of 2.4 and 5.7 meV were obtained, respectively. The
variation in the diabatic potential energies of the *Bp-F
and Bp-’F states was also considered along the linear reac-
tion coordinate (LRC), along with the change in the diabatic
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coupling. The LRC was taken as the elongation of C=O0O in
benzophenone. The diabatic couplings showed near-constant
values of 3.9 meV at the crossing point of the two diabatic
potential energy surfaces. Next, the naphthalene molecule was
attached to the bridge to form the Bp-F-Nap system. At the
point along the LRC where the diabatic energies of donor
(*Bp-F-Nap) and acceptor (Bp-F-’Nap) states are equal, the
superexchange coupling is found to be two orders of magnitude
smaller than the direct coupling. Lastly, TEnT rates were
calculated using both Fermi’s Golden Rule and Marcus formu-
las, where it was found that the rates for the hopping pathways
are significantly higher than superexchange pathways.

4.2. Excitation energy transfer and TEnT

Chen and coworkers focused on developing a scheme to
account for the excitation energy transfer (EET) coupling with
the generalization of the FCD scheme used for electron-transfer
coupling.”® The short-range coupling, described by the con-
tribution from diabatic coupling and the overlap effect, was
obtained as the difference of EET coupling and the Coulomb
coupling. For a pair of stacked naphthalenes, the short-range
coupling was found to be very similar to the TEnT coupling in
terms of both magnitudes and distance dependence. In EET,
the electronic coupling consists of three terms, the Coulomb
coupling (Coulomb interaction between electronic transitions),
Dexter exchange coupling, and a third term arising from the
overlap of electron densities of donor and acceptor moieties.
In their proposed scheme, namely, fragment excitation differ-
ence (FED), the EET coupling is formulated as a function of the
difference in the excitation population and the energy differ-
ence between the diabatic states. Their new formulation of
Coulomb coupling involved the evaluation of two-electron
integrals in atomic basis functions. They first tested their
FED and Coulomb scheme with a pair of stacked naphthalene
molecules. It was seen that with increase in inter-monomer
distance, both the FED and Coulomb coupling showed decay
consistent with d > dipole-dipole interaction. For small basis
sets, a Gaussian decay was seen in the difference of FED and
Coulomb couplings. The basis set dependence of this decay was
observed to be very similar to that of TEnT coupling. This result
indicated that the difference of FED and Coulomb couplings
behaves almost like an “exchange” component such as the
TEnT coupling. In order to investigate through bond effects,
they considered truncated models of polynorbornyl-linked
dimers. Although the FED scheme is applicable to all of the
models regardless of their molecular symmetry, the Coulomb
coupling can only be obtained for systems composed of sepa-
rated fragments as individual calculation of donor and acceptor
excitations is needed. When all of the three low-energy excited
states of naphthalene, namely, Ly, L,, and By, were considered
for linked naphthalene dimers, the coupling values increased
when more bridge fragments were restored in the truncated
models. This confirmed the existence of through-bond EET
coupling. As seen by the increase of Coulomb coupling with
larger bridge fragments, the presence of significant Coulomb
effect in the through-bond EET coupling was concluded.
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The contribution of short-range couplings was found to be very
large, especially for L, and Ly, states. Compared to experimental
results, their calculated FED couplings were found to be
20-40% higher.

4.3. Singlet fission and the involvement of TEnT

Singlet fission is a photophysical process in which an excited
singlet state on one fragment, produced by photon absorption,
forms a correlated triplet excited state over two fragments
which decoheres to generate two distinct triplet excited states
(eqn (11))."**"*° While this section will primarily focus on the
involvement of Dexter energy transfer in the context of singlet
fission, a more comprehensive review of theoretical approaches
for modeling singlet fission can be found in the review from
Casanova.™*'

The mechanism for singlet fission can be represented with
the following stepwise kinetic model:*****?

S+ 81 < Y(TyTy) < Ty + T,

(11)

where S, is the singlet ground state, S, is the first excited singlet
state, '(T,T;) is the correlated triplet pair state (spin-coupled to
form a pure singlet), and T, + T; represents the two indepen-
dent triplet excitons. Singlet fission is spin-allowed in the sense
that the two resulting triplet excitons couple to form a pure
singlet state. For singlet fission to take place efficiently the
exoergicity criterion, E(S;) — 2E(T;) > 0, should be fulfilled."*?
The acene family has been extensively used to study singlet
fission processes. Pentacene is the smallest acene for which
singlet fission is exoergic'**™*® while for tetracene, singlet
fission is slightly endoergic."*” Scholes and coworkers used
transient absorption spectroscopy to demonstrate that the
singlet fission in pentacene derivatives involves a three-step
kinetic scheme (eqn (12)), rather than the two-step scheme
shown in eqn (11)

So+S; = [(TyTy)] < Y(T---T)] & T, +T; (12)

where '(T,T,) is an interacting triplet pair and (Ty---T;) a
separated triplet pair."*® Scholes showed that a TEnT mecha-
nism is used to convert the interacting triplet pair (also called
the correlated triplet pair), *(T;T;), to the separated (also called
entangled) triplet pair, *(Ty- - -T,)."*° Either *(T,T;) or *(Ty- - Ty)
can reversibly form the singlet state but they can also decohere
to form independent triplet states. TEnT is proposed to be the
mechanism through which (T;Ty) is converted to *(Ty- - -T;).**57*%
In addition, it is possible to form a quintet coupled triplet pair
state *(T,T,) via triplet-triplet exchange. Abraham and Mayhall
investigated the competition between triplet-triplet exchange
that leads to splitting of the biexciton state into different spin
states - '(TyTy), *(T,T4) and >(T;T;) - and TEnT which leads to
formation of the '(T;- - -T;) entangled triplet pair state.’>>*>* It
was found that there were relatively few geometries where,
formation of the entangled triplet pair state outcompeted
triplet-triplet exchange, and that the fastest rate of biexciton
dissociation was at around 60° in the relative monomer
orientation.
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In a combined experimental and computational study, Kor-
ovina and coworkers investigated the photophysics of two types
of covalently linked 5-ethynyl-tetracence dimers. The first
dimer had large cofacial overlap of the tetracene m-orbitals
(called BET-X), while the second dimer exhibited a twisted
geometry with less overlap of the m-orbitals (called BET-B).">"
BET-B exhibited a long-lived (T, T,) state, while BET-X, relaxed
to the ground state very rapidly. The possibility of TEnT in
the mechanism of *(T;T;) dissociation was explored by doping
BET-B into a film of 5,12-diphenyltetracene (DPT). The transi-
ent absorption spectrum of BET-B doped in DPA showed a
ground state bleach which suggests that TEnT occurs from the
BET-B '(T,T,) state to the film thus generating two independent
triplet states — one on BET-B and the other on DPA. Thus, it was
concluded that for systems with endothermic singlet fission,
TEnNT is essential to generate independent triplet excitons. The
experimental work was supported by computational assess-
ment of diabatic couplings, excitation energies and rates. The
calculations indicated that the '(T,T,) state of BET-X will be
short-lived compared to that of BET-B as the coupling of the
(T, T,) state to the S, state of BET-X is much larger than in BET-
B. Ultimately, the spectroscopy and calculations were used to
demonstrate that the relative orientation of the tetracence
analogues affects the energetics associated with the singlet,
triplet, and 1(T1T1) states, as well as the couplings between the
states. The relaxation pathways are also distinct depending on
the degree of n-orbital overlap. In BET-X, with a large amount of
overlap, the singlet excited state decays rapidly to either the
excimer pathway or to a trapped '(T;T;) that does not result in
triplet excitons. In contrast, in BET-B, where the m-orbital
overlap was lower than in BET-X, dissociation to the excimer
configuration was not observed, and instead the triplet was
generated through a singlet fission mechanism.

Scholes and coworkers also investigated the separation of
the correlated triplet pair using temperature-dependent transi-
ent absorption spectroscopy complemented by calculations."?
Their model system was 6,3-bis(triisopropylsilylethynyl)pentacene
(TIPS-Pn) films which exhibited exothermic singlet fission. They
found that the correlated triplet pair evolves into triplet excitons
by a TEnT mechanism on the picosecond timescale. While other
possibilities were considered, this analysis was used to corrobo-
rate the conclusion that the dissociation of the correlated triplet
pair in TIPS-Pn was governed by TEnT.

4.4. TEnT in molecular materials

TEnT has been observed in the family of azobenzene based
photoswitches.>®*°  Photoisomerization of azobenzene is
notably fast in solution but not in the solid state. A challenge
to overcome for efficient solid-state photoswitching of azoben-
zene is the low penetration depth of UV-vis light especially in
thick materials. It is also known that there can be competing
absorption between the isomers which complicates tunability.
For various applications of azobenzene-based photoswitches,
there is a need to red-shift the absorption as well as improve
the spectral resolution between the E- and Z-isomers. Triplet-
sensitized photoisomerization is one way to improve the
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efficiency and control of molecular photoswitches. Isokuortti
et al.,, demonstrated near-unity photoconversion efficiency of
Z — E isomerization of two ortho-functionalized bistable
azobenzenes.'®® TEnT was the driving force for the rapid
photoisomerization following red and near-infrared excitation
of porphyrin photosensitizers. It was further demonstrated that
the process of triplet-sensitized photoisomerization is efficient
despite cases where the photosensitizer’s triplet energy is
substantially lower than the azobenzene molecule.

TENT has also been implicated in azobenzene photoswitch-
ing mechanism within a host-photosensitizer complex.'®*
Gemen et al. tackled the challenge of obtaining the thermo-
dynamically disfavored Z-isomer by placing the E-isomer into a
supramolecular host along with a photosensitizer. They per-
formed the E — Z isomerization of azobenzene via various
wavelengths including red light, starting from stable E isomer
of azobenzene and a dye that acts as an antenna placed in the
supramolecular host. The dye was excited from the ground
state to the singlet excited state and confinement inside of the
host increased the dye’s ability to undergo intersystem cross-
ing, allowing for population of the dye triplet state for subse-
quent triplet sensitization. Interestingly, it was demonstrated
by simulations that a small C-N-N-C dihedral angle torsion in
the azobenzene reduced the azobenzene triplet energy, while
increasing the triplet energy of the coencapsulated dye, such
that the two triplet energies became quasi-degenerate. As a
result, the dihedral twist was suggested as a contributing factor
to the TEnT mechanism from the dye (donor) to the azoben-
zene (acceptor). One fate of the triplet azobenzene is conversion
to the Z-isomer. Subsequently, the Z-isomer is expelled from the
host molecule and cannot be resensitized.

While the azobenzene examples clearly highlight the bene-
ficial nature of TEnT for some applications, in other instances,
energy transfer is not a desired pathway. One such example is
in the context of organic light emitting diodes (OLEDs). Improv-
ing the efficiency of these devices, which is a measure of the
power required for a given amount of light produced, is a key
g0al.’®>'%® One approach for improving the efficiency of
OLEDs is through thermally activated delayed fluorescence
(TADF), in which population of the T, state, produced through
either intersystem crossing from the S; state to the T, state or
direct excitation in the triplet manifold, undergoes reverse
intersystem crossing (RISC) to the S; state and subsequently
fluoresces.”’*7> As a result, OLED efficiency is improved
because excitations in the triplet manifold can also contribute
to OLED fluorescence. The rate of RISC depends on both the
singlet-triplet energy gap (AEsr) and the extent of spin-orbit
coupling.'”® However, energy transfer to a nearby phosphores-
cent emitter is an additional possibility for the fate of the triplet
exciton besides RISC, as observed for some blue TADF
emitters.'”” An emerging area of research is developing TADF
materials which can suppress the energy transfer pathway in
order to ensure efficient OLEDs which do not suffer from
trapping in a triplet exciton state.'”* Reduction in the energy
transfer pathway has been demonstrated already with one
strategy being to reduce the triplet exciton population by fast

Chem. Commun.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5cc07132a

Open Access Article. Published on 10 February 2026. Downloaded on 3/17/2026 8:39:37 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Feature Article

krisc and another being to spatially separate the TADF host and
the emitter molecules.””®"7°

4.5. TEnT mediated photocatalysis

TEnT has been used in photocatalysis to access otherwise
inaccessible triplet states of organic substrates in order to
control reactivity in a variety of chemical processes such as
cycloadditions,'®*'®®  isomerizations®*'>*8¢7188 and  poly-
merizations.'®*™'%® Computational studies center on (i) calcu-
lating triplet energies of catalysts and substrates,"** (ii) model-
ing how coordination or environment shifts those energies>*'8
and (iii) analyzing donor-acceptor encounter complexes and
orbital overlaps that govern TEnT rates.>®'*>

TEnT photocatalytic reactions have been summarized in
recent review articles,?® including cycloadditions,'** " £ — z

195 strain-release

23,159,196,200-202

isomerizations,>>°%1867188 deracemizations,®
reactions®'**"*° and C-C bond formations.
Many of these reactions are driven by visible-light induced
TEnT from an iridium, ruthenium based or organic PS to an
organic substrate. [2+2]-photocycloadditions using direct exci-
tation give poor quantum yield due to low extinction coeffi-
cients and requirement of higher frequency radiation. Through
TEnT excitation of the olefinic substrate to its triplet state,
radical addition to a second olefin partner in its singlet ground
state readily occurs. [2+2] photocycloadditions have been
reported using TEnT using chiral Lewis acids, in which Lewis
acid coordination both reduces the triplet energy to allow
exergonic triplet energy transfer from the photosensitizer and
formation of enantioselective product.>® Thermodynamically
disfavored E — Z isomerization of alkenes can be made feasible
through the generation of high-energy twisted triplet species
via TEnT, where differences in photosensitization rates of
E- and Z- isomers controls stereoselectivity. Recent work>®?
shows that nitroarenes can function as PSs, where the triplet
configuration of nitroarenes (®n,n* vs. *n,n*) rather than the
triplet energy alone was found to govern TEnT efficiency. High
E — Z isomerization and [2+2] cycloaddition efficiency was
associated with 3m,m* nitroarenes, while ®n,n* nitroarenes
exhibited little or no reactivity. In deracemization reactions
mediated by TENT, a chiral PS binds to the substrate (cyclic>**
or acyclic'® allenes and alkylidenecycloalkanes® as well as
centrally chiral 3-cyclopropylquinolin-2-one**® derivatives and
spirocyclopropyl oxindoles®*®) stereospecifically due to steric
differences in steric repulsion between enantiomers, leading to
the depletion of the favored enantiomer. TEnT-induced energy-
transfer polymerization'®® uses generated triplet olefin species
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to perform polymerization without added radical initiators.
Aldehyde activation and various cycloaddition reactions have
been found to proceed in the presence of organic PSs, such as
thioxanthone, in which mechanistic work has revealed TEnT as
the operative pathway.>’”

To determine feasibility of proposed TEnT mechanisms,
studies have computed vertical and adiabatic triplet energies
of PSs and substrates to ensure that TEnT is thermodynamically
feasible or to rationalize endergonic transfer. For example, in the
Lewis acid catalyzed [2+2] cycloadditions of chalcone,*® the triplet
energy of free chalcone was computed (~51 kecal mol™") and
compared to a much lower triplet energy (~ 32 kcal mol ") upon
coordination to Sc(m), explaining why TEnT from [Ru(bpy);]**
becomes favorable only in the complex. Computation of energy
gaps has also been used to propose new structures to expand the
range of available PSs. These studies have shown that Lewis
acid,”*'®*'®! Brensted acid,"®* iminium catalysis,"®** and H-bond
donor'® species can lower the triplet energy of substrate, pro-
mising feasibility of TEnT in photocatalytic reactions. Recent
work'® has used dynamic vertical triplet energies sampled from
molecular dynamics to obtain distributions of triplet energies
from conformational ensembles. This work demonstrated how
conformational flexibility affects TEnT feasibility. Computational
modelling has also been used to provide evidence of TEnT in
order to distinguish the observed behavior from electron transfer
photocatalyzed processes. Calculations that showed Lewis
acid coordination mainly impacts triplet energy in the chalcone
system was consistent with TEnT rather than photoredox
activation.”>*® Several TEnT mechanism studies®*""'**> have
been reported that build explicit donor-acceptor encounter com-
plexes (PS + substrate) and compute electronic couplings and
orbital overlaps to observe TEnT rates and selectivity. These
analyses show how orientation and distance between m-systems
impact Dexter-type coupling. Work on mechanisms of endo-
thermic and irreversible TEnT?*® has been used to investigate
suppression of TEnT back-transfer and how multi-step or irre-
versible chemical follow-up reactions can allow effective
uphill TEnT.

4.6. Nonorthogonal approach to TEnT

The suitability of the NOCI framework for the calculation of the
electronic coupling element was recently demonstrated for
the four systems shown in Fig. 3. The systems included
the ethylene dimer, ethylene/methaniminium cation,*® as well
as naphthalene dimer and 2,2'-bifluorene molecule.?” For the
first three cases, the diabatic coupling elements were calculated

Fig. 3 The model systems which were used in the calculation of TEnT coupling elements using the nonorthogonal framework including (a) ethylene
dimer, (b) ethylene/methaniminium cation, (c) the naphthalene dimer, and (d) 2,2-bifluorene.
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as a function of the distance between the two optimized
molecules, while for the 2,2'-bifluorene molecule, the diabatic
coupling was calculated as a function of the rotation around
the C2-C2’ covalent bond. Geometries were optimized using
density functional theory with the ®B97xD functional, which
incorporates empirical dispersion, as well as constraints on the
point group symmetry.>*® For the ethylene and ethylene/metha-
niminium cation the 6-311+G(d) basis set was used while
6-31G(d) was used for the naphthalene dimer and 2,2’-bifluorene.
A modified version of Gaussian 16 was employed to locally optimize
the quasi-diabatic SCF solutions. Subsequently, the nonorthogonal
matrix elements were computed with a stand-alone in-house code
that requires the MQCPack library interfaced with a modified
version of Gaussian 16.”'%*"*

The ethylene dimer model system contains two identical
ethylene molecules and as a result the initially excited triplet
state (D*A) and the final triplet state (DA*) resulting from the
two-electron transfer are equivalent. Similarly, the CT states
(D'A™ and D~ A") which result from one-electron/hole transfer
are also indistinguishable. Several conclusions can be drawn
from the resulting orthogonal diabatic Hamiltonian (eqn (13))
which contains the relative diabatic coupling elements in meV
where the lowest diabatic coupling element is set as 0.0 meV
with other matrix elements shifted accordingly.

D*A DA* DtA~ D A"
D*A 0.5 —435 654.1 539.3
DA* —43.5 0.0 —536.9 —653.5 (13)
DtA~ 6541 —536.9 43653 —459
D"A" 5393 —653.5 —459 4365.6

There is an order of magnitude difference between the
coupling elements which involve one-electron transfer and
those which involve two-electron transfer. The two-electron
coupling elements, either along the direct pathway (D*A
and DA*, ~44 meV), or between CT states (D'A~ and DA,
~46 meV), were similar in magnitude. Table 1 summarizes
how the diabatic coupling elements change as a function of
intermolecular distance (3.5-5.0 A). For comparison, results
from the two-state model using eqn (9) are also included in
Table 1, along with the direct coupling and CIS results from
You et al."*®
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With increasing intermolecular distance, the coupling ele-
ments decrease with distance for both the direct and CT path-
ways. The coupling elements for the direct pathway are
consistently an order of magnitude smaller than those invol-
ving CT states at all distances. The results from the the four-
state model are in good agreement with those from the two-
state model. One distinction is that the coupling elements from
the two-state model for the direct pathway decay faster than for
those in the four-state model computed using the symmetric
orthogonalized Hamiltonian. This suggests that at long dis-
tances, the two-state model underestimates the involvement
of the direct pathway. Conversely, at short distances, the two-
state model overestimates the involvement of the direct TEnT
pathway.

The TEnT diabatic coupling elements were also determined
for the ethylene/methaniminium cation system.** Due to the
asymmetric monomers, the energies of the CT diabatic states
will be different, where the hole transfer path is much higher in
energy than the electron transfer path. Consequently, the
higher energy hole CT state can be neglected from the four-
state model. Like the ethylene dimer case, the coupling ele-
ments were determined as a function of the distance between
the face-to-face ethylene and methaniminium cation. Diabatic
coupling elements were determined for the direct and electron
CT pathways using symmetric orthogonalization of the Hamil-
tonian (Table 2).

As shown in Table 2, there are two orders of magnitude
difference between the diabatic coupling elements of the direct
and electron CT. The three-state model is in close agreement
with the two-state model for coupling along the CT pathway,
while along the direct pathway, there is a significant difference,
especially at short-distance (5.6 meV vs. 209.3 meV). Therefore,
while the two-state model suggests that both CT and direct
pathways are competitive, especially at short distance, the
three-state model, suggests that the rate only depends on
the CT pathway.

For the naphthalene dimer in D,;, symmetry, using the two-
state model, the electronic couplings were evaluated for inter-
molecular z distances 3.6 A-5.2 A, as well as for x- and y-
displacements 0.0 A-4.0 A of one naphthalene monomer with
respect to other.’® The electronic couplings obtained from the
four-state model are shown in Fig. 4. With increasing inter-
molecular distance in the z direction, the electronic coupling of
the direct and CT pathways decrease monotonically, which is

Table 1 Diabatic coupling elements (absolute values) calculated based on the four-state model using symmetric orthogonalization of the Hamiltonian
(SOH) and the two-state model (eqn (8)) for the ethylene dimer as a function of the distance between the molecules

Diabatic coupling elements, direct pathway

Diabatic coupling elements, CT pathways

Z.-Q. You, et al. J. Chem.

(D*A|H|DA*) (D*A|H|DTA™) (D*A|H|D™AY) Phys. 2006, 124, 044506.
. Two-state Two-state Two-state
R(A) SOH model (Vpa) SOH model (Vpa) SOH model (Vp,) DC'” CI1s'®
3.5 43.5 98.4 654.1 655.5 539.3 540.8 99.1 94.2
4.0 26.3 26.2 443.2 443.3 311.8 311.6 28.5 27.2
4.5 11.6 5.7 292.2 292.1 173.3 172.2 8.2 8.0
5.0 4.7 1.3 277.3 275.7 75.6 71.7 2.3 2.2

This journal is © The Royal Society of Chemistry 2026
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Table 2 Diabatic coupling elements (absolute values) calculated based on the four-state model using symmetric orthogonalization of the Hamiltonian
(SOH) and the two-state model (egn (9)) for the ethylene/methaniminium cation system as a function of the distance between the molecules

Diabatic coupling elements, direct pathway

Diabatic coupling elements, CT (electron) pathway

Z.-Q. You, et al. J. Chem.

(D*A|H|DA*) (D*A|H|DTA™) Phys. 2006, 124, 044506
. Two-state Two-state
R(A) SOH model (Vy) SOH model (Vy) DC' cis'”
3.5 5.6 209.3 497.1 476.9 212.3 171.4
4.0 4.3 60.2 278.9 275.0 78.9 56.8
4.5 0.4 19.2 158.9 158.3 21.2 16.1
5.0 1.6 7.6 87.8 87.8 5.7 4.5
90 90 20 : -
(@) g direct coupling | (d) g, ] directcoupling | (9) go] direct coupling
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Fig. 4 The TENnT coupling elements (absolute values) for naphthalene dimer using the four-state model for direct (a) and (d) and (g), electron (b), (e) and
(h) and hole (c) and (f) and (i) transfer mechanisms along intermolecular z distance (a)-(c), x-distance (d)-(f) and y-distance (g)-(i). Adopted with

permission from Ref. 31. Copyright 2025 American Chemical Society.

consistent with the decreasing frontier molecular orbital (MO)
overlap. The coupling element of the CT pathways is an order of
magnitude larger than the coupling element of the direct
pathway. With increasing x-displacement, the electronic cou-
plings decay and approach zero where the orbital overlap is
minimal. In the direct pathway, the electronic couplings vanish
at 0.7 A, 1.25 A, and 3.75 A x-displacements, due to nodal
structure in the m and n* orbitals of the donor and acceptor
naphthalene molecules at those geometries. Similarly, the CT
coupling elements show a similar trend, but with fewer nodes,

Chem. Commun.

at 1.6 A and 3.3 A. Conversely, maxima in the electronic
coupling elements occur along the direct pathway at 0.0 A,
0.9 A, 1.4 A and 2.6 A, and at 2.25 A along the CT pathways,
which indicate geometries where the frontier = and n* orbitals
have maximal overlap. For displacement in the y direction, the
direct and CT electronic couplings decay from 0.0 A to 4.0 A due
to the decreased overlap between the frontier © and n* orbitals
as y-displacement increases. Along the direct coupling pathway,
certain values of y-displacement (i.e.1.1 A) show vanishing
electronic coupling values due to nodal positions in the frontier

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 TENT coupling elements (absolute values) for (a) direct, (b) electron, and (c) hole pathways for 2,2’-bifluorene evaluated using the four-state
model along the torsional angle (degrees) between the two fluorene rings. Adopted with permission from Ref. 31. Copyright 2025 American Chemical

Society.

n and ™ MOs. However, along the CT pathways the electronic
coupling is always non-zero. As was seen along the z-direction,
the direct coupling for displacements along x- and y-directions
is also significantly smaller compared to the CT couplings.

The four-state model was also utilized to compute the
electronic couplings for 2,2’-bifluorene for both the direct
and CT pathways.*' Unlike the dispersion-bound naphthalene
dimer, in 2,2’-bifluorene, two fluorene rings are connected
through a C2-C2’ covalent bond. The direct and CT couplings
along the torsional angle ¢ for 2,2'-bifluorene are shown in
Fig. 5, where both types of couplings show a maximum at ¢ =0°
and @ = 180° due to coplanar geometry of 2,2-bifluorene where
the frontier MO overlap is maximized. The couplings have a
minimum at @ = 90° where the planes of the two fluorene rings
are perpendicular to one another. Compared to the naphtha-
lene dimer, where CT couplings are an order of magnitude
larger than direct coupling, in 2,2’-bifluorene, CT and direct
couplings are similar in magnitude. Therefore, the direct
coupling plays a greater role in the triplet energy transfer
mechanism in 2,2’-bifluorene than in the naphthalene dimer.
The change in the relative magnitude of couplings in 2,2’-bi-
fluorene results from both a decrease in the magnitude of CT
couplings compared to the naphthalene dimer, and an increase
in magnitude of direct coupling, rather than just a change in
the magnitude of any one type of coupling element. The reason
for the larger magnitude of the direct coupling in 2,2'-bi-
fluorene is the conductive pathway that is created between
the two fluorene rings through the C2-C2’ covalent bond,
resulting from n-conjugation between the fluorene rings at a
quasi-planar geometry. The decrease in the CT coupling mag-
nitude is a consequence of reduced frontier ® and n* MO
overlap in 2,2/-bifluorene, where naphthalene dimer can form
a parallel orientation of the monomers that is not possible in
2,2'-bifluorene.

The main challenge of using quasi-diabatic SCF solutions is
ensuring that the correct quasi-diabatic states have been iden-
tified. The spin densities and biorthogonal orbitals can be
analyzed to verify that the correct electronic structure has been
obtained through the calculations. The spin densities for the
LE states (D*A and DA*) as well as for the CT states (D'A™ and
D™ A") of the naphthalene dimer at the D,, symmetry with the

This journal is © The Royal Society of Chemistry 2026

intermolecular distance of 3.6 A are shown in Fig. 6. It can be
seen, as expected from the four-state model, for the LE states
(D*A and DA¥) there is net localization of spin density only on
one fragment of the dimer, whereas for CT states (D'A~ and
D™A") there is an equal distribution of spin density over both
fragments. Although spin densities provide a useful way to
verify that correct diabatic states have been obtained, the
specific information about the nature of the frontier orbitals
cannot be determined just from the spin densities, especially
for CT states. As a result, it is necessary to perform a biortho-
gonal orbital transformation in order to determine on which
monomer the unpaired electrons reside.

The biorthogonal orbitals for the D'A™ state are shown in
Fig. 6b. For the CT states, in contrast to the LE states, there is a
distribution of the two unpaired alpha electrons over both the
donor and acceptor moieties of the naphthalene dimer. The
biorthogonal orbitals can distinguish between the delocaliza-
tion of singly occupied orbitals over both monomers and the
localization of singly occupied orbitals on each monomer.
Similar analysis of spin density and biorthogonal orbitals can
be done for 2,2'-bifluorene. As was demonstrated for the
naphthalene dimer, the excess alpha spin density is localized
only on one fragment for the LE states (D*A and DA*) for 2,2’
bifluorene (Fig. 7a) whereas it is distributed equally over the
two fluorene rings for the CT states (D'A~ and D~A") (Fig. 7b).
Additional analysis of biorthogonal orbitals allows for the
correct identification of the localization of singly occupied
orbitals in the LE and CT states for this molecule.

Outlook, challenges and future
directions

While significant advancements have been made in the com-
putational modelling of TEnT processes, there are several
fronts that we can identify as areas for continued research.
We can divide these into two categories, the first being primarily
theoretical developments related to improving computational
models of energy transfer processes. The second category
broadly encompasses applications, in which new methodologies
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(a) Spin density plots for the initial or product state (D*A or DA*, top panel) and the CT state (DTA~ or D~A*, bottom panel) and (b) biorthogonal

orbitals of the D*A~ state for the naphthalene dimer. The first number in the parentheses indicates the molecular orbital number and the second number
indicates the overlap between corresponding alpha and beta orbitals. Reprinted with permission from J. Phys. Chem. A https://doi.org/10.1021/

acs.jpca.4c06478. Copyright 2025 American Chemical Society.

Fig. 7 Spin density plots for the (a) initial or product state (D*A or DA%)
and (b) CT state (DTA~ or D™A*) of the 2,2'-bifluorene. Reprinted with
permission from J. Phys. Chem. A https://doi.org/10.1021/acs.jp-
ca.4c06478. Copyright 2025 American Chemical Society.

will be applied to understand larger and more experimentally-
relevant systems.

The first challenge in improving the theoretical framework
is proper inclusion of the vibronic contribution to the rate
equation. While it is generally accepted that the TEnT rate
depends most strongly on the electronic coupling element,
the Franck-Condon weighted density of states modifies the
rate associated with each pathway.>***! A proper computational
approach requires calculation of the Frank-Condon weighted
density of states, which necessitates correctly identifying the
nuclear motion along which the states are connected nonadiaba-
tically. The second challenge is the development of a multistate

Chem. Commun.

formulation of the Fermi Golden rule. Our current approach is to
use the quasidiabatic states as a basis in which diabatic coupling
matrix elements are constructed using the two-state Fermi Golden
Rule formulation. Orthogonalization of the diabatic coupling
matrix generates effective diabatic coupling elements in which
multistate effects incorporating contributions from intermediate
charge-transfer states are introduced. Proper consideration of
intermediate states is of particular value to the study of TEnT
involving transition metals, which may involve additional states
than in the four-state model for organic systems, such as ligand-
to-metal charge transfer states. The third computational challenge
is the case of strongly correlated diabatic states. For TEnT, the
diabats are generally high spin, which are well described by a
single determinant. However, in singlet fission, photoinduced
electron transfer, or singlet EnT, the diabats are not high spin
and so not well-described by a single determinant. Additionally, in
the case of transition metals, there may be a low-spin open-shell
core that must be correctly symmetry adapted. Finally, the fourth
computational challenge is the inclusion of dynamic correlation
energy which can potentially be accomplished using multirefer-
ence perturbation theory.

This journal is © The Royal Society of Chemistry 2026
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The above developments in the computational tools for the
study of TEnT will permit investigation of systems that are
larger and of greater relevance to developing technologies and
chemical applications. As illustrated in this article, TEnT
mechanisms play a role in molecular materials and photocata-
lysts, and yet these systems are often challenging to model
computationally due to the presence of transition metals or
complex environments. Through continued development of
computational models, it will be possible to study of systems
containing transition metals, as well as reactions with singlet
oxygen. Although we focus our discussion on TEnT, the general
scheme is transferable to singlet EnT, photoinduced ET, singlet
fission, long-range ET, and proton-coupled ET. In all these cases,
the challenge is forming the correct effective Hamiltonian, which
involves identifying a suitable set of diabatic basis states.
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